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Abstract 

Climate change concerns have set the transportation sector under increasing pressure 

to reduce its fuel consumption and greenhouse gas (GHG) emissions. At the same time, 

economists and policy-makers are concerned with the so-called energy efficiency paradox or 

energy efficiency gap: the notion of a gap between observed and supposedly cost-effective 

levels of energy efficiency. Besides environmental externalities, a number of further 

explanations—barriers to energy efficiency—for this seemingly suboptimal energy efficiency 

adoption behavior as well as policy recommendations to overcome these barriers have been 

brought forward. We review the academic literature on this issue and apply it to the domain 

of light-duty vehicle (LDV) fuel economy. The bottom line is that both theory and empirics 

suggest, although not entirely uncontended, that the market for fuel economy is characterized 

by several externalities as well as internalities (that is, welfare reductions—due to fuel cost 

undervaluation—consumers impose on themselves), leading to suboptimally low fuel 

economy levels and therefore providing a rationale for policy interventions. 

This thesis focusses on a policy instrument that is specifically dedicated to improving 

vehicle fuel efficiency and enjoys high popularity among policy-makers: mandatory 

standards for either fuel economy or specific carbon dioxide (CO2) emissions of passenger 

vehicles, which are key tools in many major automobile markets for meeting CO2 mitigation 

targets, for reducing dependence on oil imports, and increasing the welfare of motorists. By 

means of a theoretical model, we assess the relative favorability of different vehicle 

efficiency standard designs—uniform standards and manufacturer-specific standards based 

on a reference attribute such as weight (EU policy) or size (U.S. policy)—as well as the 

implications of credit trading across manufacturers.  

Uniform standards ignore heterogeneity in manufacturers’ abatement costs; thus, in 

the absence of a credit trading mechanism, they impair the cost-effectiveness of achieving the 

fleetwide efficiency target and cause perceived inequities. By differentiating the 

manufacturer-specific emissions targets, weight- or size-based standards may then improve 

the economic efficiency of the regulation and balance the cost distribution through a more 

equitable allocation of required abatement efforts, but they distort the decision among 

different available abatement options. This distortion can possibly offset the gains from 

differentiating emissions targets to a large extent or even worsen the regulation’s overall  

cost-effectiveness. We emphasize the crucial impact of the choice of the reference attribute 

on the magnitude of distortion-induced welfare losses and the overall economic efficiency 

properties of the regulation. Making fuel efficiency standards tradable tends to improve their 

cost-effectiveness; yet, in case of distortionary attribute-based standards, and under certain 

circumstances, introducing tradability may actually have a deteriorating effect. Conducting 
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numerical simulations, we identify the role of several structural factors (e.g., market 

concentration rates, technology cost structures, heterogeneity among vehicle manufacturers) 

for the relative cost-effectiveness and distributional equity of each kind of standard. We 

briefly contrast the U.S. and European policy approaches in the light of our theoretical 

results, arguing against the appropriateness of vehicle weight as reference parameter for 

attribute-based CO2 emissions or fuel economy standards. 

The subsequent chapters deal with the challenges arising from the upcoming, 

stepwise, and for ambitious GHG cuts indispensable electrification of the LDV fleet. Given 

growing market shares of electric drivetrains (battery-electric vehicles, plug-in hybrids, fuel 

cell electric vehicles), the currently widespread tailpipe CO2 emissions standards become 

increasingly inappropriate. With tailpipe standards implemented, electric vehicles have a 

large leverage on the (required) fuel economy of conventional internal combustion engine 

vehicles; as a consequence, uncertainty about the future market penetration of electric 

vehicles jeopardizes both achieving GHG abatement goals as well as the realization of 

beneficial fuel cost savings. Thus, we assess potential alternative metrics for regulating 

vehicle efficiency—with well-to-wheel GHG standards and energy consumption standards 

appearing particularly promising, despite methodological challenges remaining to be 

resolved. In addition, we examine the interactions of vehicle efficiency standards with the 

broader climate policy framework—emissions trading schemes with varying sectoral scope, 

in particular—under consideration of different standard metrics and the uncertain pace of 

LDV electrification.  

Finally, we explore the interplay of LDV efficiency standards with other policy 

instruments specifically dedicated to improving new vehicles’ CO2 performance or fuel 

economy. We show that—contingent upon the precise design of the efficiency standards—the 

implementation of such complementary policies can worsen the effectively realized fuel 

efficiency of the fleet. The simultaneous use of multiple instruments may still be beneficial 

and unfold synergies, however, if the regulator is aware of the instrumental interplay and 

adjusts the standards as well as the complementary policy instruments accordingly.  

 

Key Words:  Energy Efficiency Gap, Fuel Efficiency Regulation, Fuel Economy Standards, 

CO2 Emissions Standards, Climate Policy, Transportation Policy,  

LDV Electrification 

JEL Classification Numbers: D11, D62, H23, Q48, Q54, Q58, R48 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

v 

Zusammenfassung  

Im Rahmen der Bemühungen um eine Begrenzung der globalen Klimaerwärmung 

gerät der Verkehrssektor zunehmend unter Druck, seinen Energieverbrauch und seine 

Treibhausgas-Emissionen zu verringern. Zugleich findet in Wissenschaft und Politik eine 

Diskussion um das sogenannte Energy Efficiency Gap (Energieeffizienzlücke) oder das 

Energieeffizienz-Paradoxon statt. Das Energy Efficiency Gap beschreibt eine systematische 

Abweichung des tatsächlich realisierten vom vermeintlich optimalen bzw. kosteneffizienten 

Energieeffizienz-Niveau. Für dieses scheinbar suboptimale Verhalten hinsichtlich 

Energieeffizienzinvestitionen werden neben Umweltexternalitäten noch eine Reihe weiterer 

Gründe, sogenannte Energieeffizienz-Hemmnisse, sowie Politikempfehlungen für deren 

Überwindung diskutiert. In dieser Arbeit wird die wissenschaftliche Literatur zum Energy 

Efficiency Gap aufgearbeitet und auf den Bereich Personenkraftwagen (Pkw) angewendet. 

Sowohl Theorie als auch Empirie deuten darauf hin, dass der Pkw-Markt durch eine Vielzahl 

von Externalitäten sowie durch Internalitäten (d.h. eine dem rationalen Eigeninteresse 

zuwider laufende Unterbewertung der zukünftigen Kraftstoffkostenbelastung) 

gekennzeichnet ist, auch wenn dieser Befund nicht unumstritten ist. Resultiert hieraus eine 

gesamtwirtschaftlich zu geringe Kraftstoffeffizienz der Pkw-Flotte, erwächst eine 

grundsätzliche Legitimation für staatliche Eingriffe. 

Der Fokus dieser Arbeit richtet sich auf ein Politikinstrument, das gezielt die 

Effizienz von Pkw adressiert und in der regulatorischen Praxis weit verbreitet ist: 

Verbindliche Grenzwerte für den spezifischen CO2-Ausstoß bzw. den Kraftstoffverbrauch 

von Pkw sind in zahlreichen Ländern implementiert oder in der Planung, um die 

Treibhausgas-Emissionen des Verkehrssektors zu mindern, die Abhängigkeit von Ölimporten 

zu reduzieren und die Konsumentenwohlfahrt zu erhöhen. Mittels eines theoretischen 

Modells werden verschiedene Designs solcher Pkw-Effizienzstandards miteinander 

verglichen und bewertet. Zu unterscheiden sind hierbei insbesondere Standards mit 

einheitlichem Grenzwert und solche Ausgestaltungsformen, bei denen herstellerspezifische 

Zielwerte auf Basis eines Referenzattributs—wie beispielsweise das Fahrzeuggewicht in der 

EU oder der „Fahrzeug-Fußabdruck“ (d.h. das Produkt von Spurweite und Radstand) in den 

USA—zugewiesen werden. Zudem werden die Implikationen der Einführung eines 

sogenannten Baseline-and-Credit-Handelsmechanismus untersucht. 

Standards mit einheitlichem Grenzwert vernachlässigen die Heterogenität in den 

Vermeidungskosten zwischen den Fahrzeugherstellern. Dies beeinträchtigt—bei Fehlen eines 

Credit-Handelsmechanismus—die Kosteneffizienz, mit der das flottenweite Emissionsziel 

erreicht wird, und kann überdies zur Wahrnehmung einer ungerecht verteilten 

Kostenbelastung führen. Attributbasierte Standards, die—nach Fahrzeuggewicht oder 
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„Fahrzeug-Fußabdruck“ differenzierte—herstellerspezifische Grenzwerte zuweisen, können 

durch eine ausgewogenere Allokation der geforderten Verbrauchsreduktionen zu einer 

Verbesserung der ökonomischen Effizienz der Regulierung und einer als gerechter 

empfundenen Kostenverteilung beitragen. Allerdings verzerren attributbasierte Standards die 

Entscheidung der Hersteller zwischen verschiedenen Optionen zur Verbrauchs- bzw. 

Emissionsreduktion. Diese Verzerrung kann die Effizienzgewinne, die zunächst aus einer 

verbesserten Allokation der geforderten Reduktionsleistungen resultieren, weitgehend 

neutralisieren oder sogar überkompensieren, sodass sich die Kosteneffizienz letztlich 

insgesamt verschlechtert. Die Analyse unterstreicht die zentrale Bedeutung der Wahl des 

Referenzattributs für die Höhe verzerrungsbedingter Wohlfahrtsverluste und die 

Gesamteffizienz der Regulierung. Der Handel mit Credits (bei Über- bzw. Unterschreitung 

der herstellerspezifischen Vorgaben) führt grundsätzlich zu einer Verbesserung der 

Kosteneffizienz. Im Falle verzerrender attributbasierter Standards kann die Einführung eines 

Handelsmechanismus unter bestimmten Bedingungen jedoch auch zu einer Verschlechterung 

führen. Mittels numerischer Simulationen wird der Einfluss verschiedener struktureller 

Faktoren (bspw. Marktkonzentration, relative Kosten verschiedener 

Vermeidungstechnologien, Heterogenität der Fahrzeughersteller) auf die relative 

Kosteneffizienz der untersuchten Standard-Designs und auf deren distributive Wirkungen 

analysiert. Schließlich werden in knapper Form die europäischen und die US-amerikanischen 

Effizienzstandards für Pkw vor dem Hintergrund der zuvor abgeleiteten theoretischen 

Erkenntnisse miteinander verglichen. Hierbei ist insbesondere die—angesichts einer starken 

Verzerrungswirkung—mangelhafte Eignung des Fahrzeuggewichts als Referenzparameter 

der europäischen Regulierung hervorzuheben. 

Die nachfolgenden Kapitel beschäftigen sich mit den Herausforderungen, die aus der 

schrittweisen, klimapolitisch langfristig notwendigen Elektrifizierung des Pkw-Verkehrs 

erwachsen. Mit steigenden Marktanteilen elektrischer Antriebe (batterie-elektrische,  

Plug-in-Hybrid-, Brennstoffzellen-Fahrzeuge) wird der gegenwärtig weit verbreitete 

Tailpipe-Ansatz, d.h. die Regulierung der während des Betriebs im Fahrzeug selbst 

anfallenden CO2-Emissionen, zunehmend ungeeignet. Bei einer Regulierung durch  

Tailpipe-Standards hat die Zulassungszahl von Fahrzeugen mit elektrischem Antrieb eine 

starke Hebelwirkung auf die (geforderte) Kraftstoffeffizienz konventioneller Pkw mit 

Verbrennungsmotor. Unsicherheit hinsichtlich der künftigen Marktdurchdringung 

elektrischer Antriebe gefährdet somit einerseits die Erschließung aus gesellschaftlicher 

Perspektive und aus Konsumentensicht wirtschaftlicher Potenziale zur Verbesserung der 

Kraftstoffeffizienz sowie andererseits, dass die gesteckten Klimaziele erreicht werden. Daher 

werden im Anschluss an die kritische Bewertung des Tailpipe-Ansatzes potenzielle 

alternative Metriken zur Regulierung der Fahrzeugeffizienz auf ihre Eignung geprüft. 
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Energieverbrauchs- und sogenannte Well-to-Wheel-Standards, bei denen die über den 

gesamten Lebenszyklus des Kraftstoffs anfallenden Treibhausgas-Emissionen erfasst werden, 

erscheinen dabei—trotz noch zu lösender methodischer Probleme—als vielversprechendste 

Alternativen. Für verschiedene Metriken und unter besonderer Berücksichtigung der 

Unsicherheiten von Pkw-Elektrifizierungs-Szenarien wird zudem untersucht, wie 

Fahrzeugeffizienzstandards mit dem breiteren klimapolitischen Rahmen—insbesondere 

Emissionshandelssystemen mit unterschiedlicher sektoraler Abdeckung—interagieren. 

Abschließend wird das Zusammenspiel von Pkw-Effizienzstandards mit anderen 

Politikinstrumenten, deren explizites Ziel ebenfalls die Verringerung des spezifischen 

Kraftstoffverbrauchs bzw. der spezifischen Treibhausgas-Emissionen ist (z.B. CO2-basierte 

Kfz-Steuern, F&E-Förderung, Verbrauchsinformationen), beleuchtet. Es wird gezeigt, dass—

in Abhängigkeit vom jeweiligen Design der Pkw-Effizienzstandards—die Implementierung 

solch komplementärer Instrumente letztlich sogar zu einer Verschlechterung des tatsächlich 

erreichten Effizienzniveaus der Fahrzeugflotte führen kann. Ist sich der Regulierer des 

instrumentellen Wechselspiels bewusst und stimmt die Effizienzstandards sowie die 

komplementären Maßnahmen adäquat aufeinander ab, können durch den parallelen Einsatz 

verschiedener Politikinstrumente hingegen Synergien erzeugt werden.  

 

Schlagwörter: Energieeffizienzlücke, Energieeffizienz-Paradoxon,  

Pkw-Effizienzstandards, CO2-Emissionsgrenzwerte, 

Kraftstoffverbrauchsregulierung, Klimapolitik,  

Verkehrspolitik, Pkw-Elektrifizierung 

JEL-Klassifikation: D11, D62, H23, Q48, Q54, Q58, R48 
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1 Introduction 

The starting point of this dissertation project dates back to 28 May, 2008, the opening 

day of the first annual summit of the International Transport Forum (ITF), held in Leipzig. 

The summit was dedicated to the topic “Transport and Energy: The Challenge of Climate 

Change.” The afternoon of this day, a workshop on the subject “Changing Behaviour in 

Passenger Transport” was scheduled. Guiding people into smaller, less powerful, and more 

fuel-efficient vehicles was a leading theme of the workshop. By the end of the workshop, a 

bus shuttle service from the summit’s venue, the exhibition grounds, to downtown Leipzig 

was offered. Despite a large number of workshop participants heading into town, the bus was 

almost empty, however. The reason for this was found only a stone’s throw away: a fleet of 

heavy, luxury, high-performance, and gas-guzzling rather than fuel-sipping limousines—also 

providing a shuttle service, available to all ITF participants. Many speakers and attendees of 

the workshop, who extolled the virtues of fuel-efficient cars just a few minutes earlier, 

apparently almost naturally climbed into one of those thirsty limousines instead of boarding 

the bus. This “epiphanic experience” aroused interest for the deeply rooting barriers to fuel-

efficient passenger transport beyond the usual suspects. Whereas the focus on the attitude-

action gap with respect to modal shift (that is, using the bus instead of the limousine) faded, 

the determinants of fuel economy choices, obstacles to improving passenger vehicle’s fuel 

efficiency, and means to overcome these barriers attracted increasing scrutiny. Although 

quite a bit is achieved in exploring these questions, more work is to be done—and new 

challenges are waiting. This dissertation aims at making a contribution towards this end.  

Part A: Fuel Economy Standards as a Remedy to the Energy Efficiency Gap 

The transport sector accounts for 20 percent and 27 percent of the greenhouse gas 

(GHG) emissions in the European Union (EU) and the United States (U.S), respectively 

(European Commission, 2014a; U.S. Environmental Protection Agency, 2015).1 When 

considering only carbon dioxide (CO2) emissions, the transport sector’s shares rise to almost 

one-quarter and one-third in the EU and the U.S., respectively (European Commission, 

2014a; U.S. Environmental Protection Agency, 2015). In both regions, the major part 

thereof—roughly three quarters—derives from road transport,2 of which again most 

emissions—roughly 70 percent—can be attributed to passenger transport with light-duty 

                                                 
1 Including international bunkers, transport’s share in total European GHG emissions rises to 24 percent. 

2 In the U.S., the share is somewhat higher, whereas it is slightly lower in the EU. 
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vehicles (LDV) (S. C. Davis, Diegel, & Boundy, 2014; European Commission, 2014a; 

International Energy Agency, 2015; U.S. Environmental Protection Agency, 2013). Given its 

role as second largest GHG emitting sector,3 the transport sector has come under increasing 

political pressure to contribute its fair share in climate stabilization efforts. The sector’s share 

of the total final energy consumption is even higher than its GHG share (European 

Commission, 2014a; U.S. Environmental Protection Agency, 2013). As its energy supply is 

largely based on (imported) fossil oil, energy security concerns provide another motivation 

for cutting transport’s fuel consumption (Bohi & Toman, 1996; S. P. Brown & Huntington, 

2010; Fraas, Harrington, & Morgenstern, 2014; Leiby, 2011; 2012; National Research 

Council, 2002; 2013).4  

As both climate and oil dependency externalities are directly related to the 

combustion of fossil fuels, the first-best response would be to impose fuel taxes 

commensurate to these externalities—presupposing the absence of further market 

imperfections. The internalization of the external costs of oil consumption would trigger 

behavioral adjustments with respect to driving patterns as well as fuel economy 

improvements. Despite this seemingly straightforward remedy, policy-makers have identified 

dedicated policies to stimulate fuel economy improvements—such as LDV efficiency 

standards—as (additional) key levers for mitigating the transport sector’s climate impact as 

well as for reducing its oil dependency. The justification for market interventions that 

explicitly target vehicle fuel efficiency is typically a combination of the political infeasibility 

of sending sufficiently strong fuel price signals and failures in inducing the intended reactions 

through the transmission of price signals.5 

The latter justification directly refers to the so-called energy efficiency gap or the 

energy efficiency paradox: the notion of a gap between observed and supposedly cost-

effective levels of energy efficiency. The finding of beneficial—yet untapped—energy 

efficiency potentials is not exclusive to LDV, however, as it has been made for several other 

energy-consuming durables as well. The perception of barriers that inhibit or slow down the 

adoption of overall cost-effective energy efficiency technologies, thereby creating an energy 

efficiency gap, is a cornerstone in the energy policy arena. Therefore, we start the analysis in 

                                                 
3 Only the energy sector emits more GHG. 

4 In the U.S., the importance of the energy independence motive declined with the boom of domestic 

unconventional oil production. 

5 Given the notable differences in fuel taxation, the matter of lower than optimal fuel prices applies to U.S. 

rather than European fuel price levels (Parry, 2009; Parry & Small, 2005). 
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chapter 2 with an exploration of the conceptual foundations of the notion of an energy 

efficiency gap and its caveats. 

The cost-effective or optimal energy efficiency level is contingent on the 

perspective—that is, it can differ depending on whether an individual adopter’s or a social 

perspective is taken; the same holds true for the specific barriers that may impede its 

realization. At the individual level, an energy efficiency gap—also being denoted as an 

energy efficiency paradox in this case—emerges if potential adopters forego currently 

available energy efficiency opportunities that would be individually beneficial to themselves. 

An extensive body of behavioral studies disputes that, when purchasing durable energy-

consuming goods such as private vehicles, consumers behave in accordance with the 

economic rationality concept of expected utility maximization (see e.g., Allcott, 2011a; 2013; 

Allcott & Greenstone, 2012; Attari, DeKay, Davidson, & Bruine de Bruin, 2010; Elmer, 

2010; Gillingham & Palmer, 2014; Greene, 2010a; 2010b; 2011; Helfand & Wolverton, 

2011; Kubik, 2006; Kurani & Turrentine, 2004; Sallee, 2014; Turrentine & Kurani, 2007; C. 

Wilson & Dowlatabadi, 2007). Instead, consumers seem to act myopically, loss-averse and 

boundedly rational, demand rapid paybacks for fuel economy investments, be inattentive to 

the vehicle’s fuel economy or lack sufficient information and time for rational decision-

making, or rely on simple decision heuristics because of limited cognitive capabilities. 

Consequently, they do not take future fuel costs appropriately into account when choosing a 

new car, possibly leading to underinvestment in fuel economy.6 That is, even under current 

technology and energy prices, there would remain opportunities for fuel economy 

improvements with negative net marginal CO2 abatement costs. Their observed behavior 

appears to contradict with consumers’ own self-interests. 

The social perspective, embracing the broad notion of the energy efficiency gap, also 

encompasses costs and benefits accruing to others than the adopter of fuel-efficient 

technologies. Besides environmental externalities, several additional barriers may impede 

tapping socially beneficial fuel economy improvement potentials. These include a number of 

positive externalities related to the development and diffusion of fuel efficiency 

technologies—such as R&D, learning-by-doing, and learning-by-using spillovers as well as 

(indirect) network effects. Moreover, vehicles’ character as positional goods can constitute a 

further rationale for fuel economy regulations: as many status-conveying vehicle properties 

positively correlate with specific fuel consumption, mandated fuel economy improvements 

                                                 
6 If consumers valued fuel costs correctly, a dollar of fuel costs saved over the vehicle’s usage phase—after 

(temporal) discounting at the consumer’s “reasonable” discount rate and adjusting for risk—should offset a 

dollar in additional purchase costs to achieve this saving through better fuel economy. 
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may mitigate the positional externality. Further potential market barriers to better fuel 

efficiency can arise from distortionary tax incentives, capital market imperfections in terms 

of insufficient valuation of energy efficiency investments, or coordination problems with 

respect to the market rollout of innovative, energy-efficient drivetrain technologies and the 

concurrent build-up of complementary fuel supply infrastructure.  

In chapter 3, we review and extend the academic discussion on the existence of an 

energy efficiency gap in the LDV market and its potential causes. Despite a substantial and 

still further growing body of literature, there is still no scientific consensus reached on such a 

fuel efficiency gap’s actual existence, its magnitude, and the most suitable remedies to close 

the gap. Still, we deem the hypothesis of consumers’ undervaluation of fuel economy, and the 

evidence to underscore it, as sufficiently plausible to justify targeted fuel economy policies 

beyond taxing fuel consumption. Considering the potential underprovision of fuel economy 

by vehicle manufacturers, the supposed undervaluation of future fuel costs on the part of 

consumers, and the large fraction these costs represent in private households’ total 

expenditures,7 it becomes apparent that dedicated policy action to improve vehicle fuel 

efficiency seems warranted not only for tackling climate and oil dependency externalities but 

because it also serves consumer policy purposes. This is congruent with the results from the 

regulatory impact assessments for both the European and U.S. LDV efficiency standards: 

they find that the (tightened) standards will not only yield social benefits in terms of reduced 

GHG emissions and lower energy imports, but that they also decrease consumers’ total cost 

of ownership—without sacrificing valued vehicle attributes. Accepting the rationale for 

dedicated fuel economy policies does not necessarily imply that mandatory vehicle efficiency 

standards are the most appropriate means towards this end, however. Although we briefly 

touch upon this question, the remainder of the thesis will mainly focus on this instrument as 

the evidence of actual policy developments suggests that fuel economy standards and the 

closely related vehicle CO2 emissions standards are the politically most feasible intervention.  

The EU has adopted mandatory vehicle CO2 emissions standards for the first time in 

2009, limiting the specific tailpipe emissions of passenger cars to 130 g CO2 per vehicle-

kilometer (vkm). After a gradual phasing-in that started in 2012, full compliance with the 

standards is required by the year 2015. In 2014, agreement on a new fleetwide emissions 

                                                 
7 In the EU (in the year 2012), private households spent 13 percent of their entire consumption expenditures on 

transportation, and more than half thereof for the operation of personal transport equipment, mainly for fueling 

LDV (European Commission, 2014a). Thus, transport is the second biggest component in European households’ 

total consumption expenditures, just behind housing expenses (Eurostat, 2013). In the U.S., the shares of 

transport expenditures, and those for operating private vehicles in particular, are only moderately lower (OECD, 

2015; U.S. Bureau of Labor Statistics, 2013; U.S. Energy Information Administration, 2013). 
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target of 95 g CO2 per vkm for 2020, fully taking effect in 2021 after a one-year phase-in, 

was reached. Negotiations on the targets and modalities for the 2025 vehicle emissions 

standards are expected to start in late 2015. In the U.S., corporate average fuel economy 

(CAFE) standards for LDV were introduced already in 1975 in the wake of the 1973 oil 

crisis. Back then, the CAFE standards aimed at reducing the oil dependency of the U.S. rather 

than cutting GHG emissions. The Energy Independence and Security Act (EISA) of 2007 

encompassed the first major amendments to the federal CAFE standards after years of 

regulatory stalemate, setting a fuel economy target for LDV of 35 miles per gallon (MPG) by 

2020, thereby mandating a 40 percent increase in MPG. Meanwhile, California and some 

other states were heading for even stricter regulations than envisaged by EISA, which were 

eventually widely adopted by the Obama administration to maintain a nationwide consistent 

regulation—now aiming at 34.1 MPG in fuel economy and 250 g CO2 per mile in terms of 

(newly introduced) GHG targets as averages for the entire fleet of passenger cars and light 

trucks by 2016. In 2012, the GHG and fuel economy standards for model years 2017 through 

2025 were issued, setting the 2025 targets for the LDV fleet at 163 g CO2 per mile and about 

49 MPG, thereby going beyond the targets initially envisaged by EISA. Facing such 

regulatory pressure, substantial improvements in fuel economy and CO2 intensity of LDV 

have been witnessed in both regions. Besides these two major automobile markets, several 

other countries—including Japan, China, South Korea, India, and Mexico—have 

implemented fuel efficiency regulations or are planning to do so. A more detailed overview 

and comparison of fuel efficiency standards around the world is provided in chapter 4.  

Part B: Uniform versus Attribute-based Standards 

While the general merits and problems of mandatory fuel economy or vehicle CO2 

emissions standards received considerable scientific attention in the past, the question of how 

vehicle emissions standards should be designed in detail has been investigated to a much 

lesser extent. Hence, in chapter 5, we assess the relative favorability of different standard 

design options by means of a theoretical model. In doing so, we mainly focus on two key 

aspects. First, the approach taken to assign emissions or fuel economy targets to 

manufacturers is scrutinized. Basically, two approaches are to be distinguished: with uniform 

standards (e.g, CAFE until 2010)8, each manufacturer has to achieve the same target. 

Attribute-based standards differentiate manufacturer-specific targets through conditioning 

them on the value of a reference parameter such as weight (EU policy) or size (revised U.S. 

                                                 
8 This holds with exception of a differentiation between passenger cars and light trucks that was made in the 

CAFE regulation already prior to 2010. 
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CAFE standards). Uniform standards ignore heterogeneity in manufacturers’ abatement costs 

and thus create losses in cost-effectiveness (if not accompanied by a credit trading 

mechanism) as well as perceived inequities. Attribute-based standards, in contrast, may then 

improve the allocation of required emissions (or fuel consumption) reduction efforts and 

balance the cost distribution, but they can distort the decision between different available 

abatement options. This distortion may offset the gains from differentiating emissions targets 

to a large extent or even worsen the overall cost-effectiveness. We emphasize the crucial 

impact of the choice of the reference attribute for the magnitude of distortion-induced losses. 

Second, we examine the implications of establishing a baseline-and-credit trading mechanism 

to add compliance flexibility; this mechanism would allow offsetting of under- and 

overcompliance across manufacturers. Whereas credit trading tends to improve the 

regulation’s cost-effectiveness, it can possibly—under unfavorable circumstances— also 

have a deteriorating effect in case of distortionary attribute-based standards. Finally, we 

briefly assess the merits of accounting for systematic mileage differences across vehicle types 

in order to achieve an economically more efficient allocation of abatement efforts. 

In chapter 6, we parameterize the model, based on a highly stylized version of the 

U.S. vehicle market, to illustrate by means of numerical simulations the impact of several 

structural parameters—such as heterogeneity across manufacturers, regulatory stringency, 

market concentration rates, cost structures—on the relative cost-effectiveness and 

distributional equity of the presented standard design options.9 While tradable, non-distorting 

standards are robustly superior, the rank order among the remaining standard designs is 

highly contingent on these factors. We also accentuate the crucial role of the slope of the 

limit value function—that is, the sensitivity of manufacturer-specific emissions targets to 

changes in the reference attribute. Chapter 7 provides a wrap-up of the key results of the 

previous two chapters, highlights the limitations of the approach taken, briefly elaborates on 

the safety implications of different standard designs, and contrasts the U.S. and European 

policies in light of our theoretical results, thereby arguing against the appropriateness of 

vehicle weight as the reference parameter for attribute-based fuel efficiency standards. 

Part C: Future Challenges: Dealing with the Electrification of the LDV Fleet 

As yet, automobile markets are still dominated by vehicles running on fossil oil-based 

fuels. In the long run, however, the potentials for further improvements of their fuel economy 

                                                 
9 Additionally, Annex A provides a parameterization and some numerical simulations for a stylized version of 

the European LDV market. 
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will be insufficient to bring about the deep GHG emissions cuts needed in the transport 

sector. Given the unsatisfactory environmental and social sustainability of biofuels, other 

drivetrain technologies have to supersede the internal combustion engine (ICE): electric 

motors that are supplied either by batteries or by hydrogen-based fuel cells. Hence, chapter 8 

deals with challenges arising from the upcoming, gradual electrification of the LDV fleet. 

With growing market shares of electric drivetrains, the currently widespread tailpipe CO2 

emissions standards become increasingly inappropriate for regulating LDV fuel efficiency. A 

major difficulty of treating electricity-based and conventional vehicles jointly (by means of 

tailpipe standards) originates from differences in the well-to-wheel (w-t-w) emissions chains: 

whereas the largest fraction of GHG related to propelling ICE vehicles is released at the 

tailpipe during operation, most emissions attributable to electricity-based vehicles (EV) occur 

upstream during the generation of electricity or production of hydrogen.10 With tailpipe 

standards being implemented, EV have large leverage on the effectively required fuel 

economy of conventional ICE vehicles. In consequence, uncertainty about the future market 

penetration of EV jeopardizes both GHG abatement targets as well as tapping beneficial fuel 

cost saving potentials. As PHEV will likely play an important role in catalyzing the transition 

towards an electrified LDV fleet, we put special emphasis on the regulatory incentives for 

this technology–finding that the current (European) regulation’s modalities distort 

manufacturers’ decisions with respect to PHEV design (i.e., the installed battery capacity). 

As soon as EV constitute a sizeable share of the new LDV fleet, a new basis of 

assessment—other than tailpipe emissions—for fuel efficiency standards is needed. In 

chapter 9, therefore, we look into the merits of potential alternative metrics for regulating 

vehicle fuel efficiency. Although having some weaknesses themselves and despite remaining 

methodological challenges to be resolved, energy consumption standards as well as w-t-w 

GHG standards appear clearly superior relative to tailpipe standards. The assessment of 

alternative standard metrics also involves aspects of innovative technology development and 

diffusion: it is often postulated that fuel efficiency standards should be tailored such that they 

support the technological changeover from fossil-fueled ICE vehicles to renewables-based 

EV. The analysis of conceivable LDV standard metric reveals, yet, that simultaneously 

pursuing various regulatory objectives inevitably involves trade-offs. For instance, a 

fundamental trade-off can be identified between incentivizing the transition towards 

electricity-based drivetrains and reliably remedying fuel cost undervaluation. 

                                                 
10 Battery-electric vehicles (BEV) and fuel cell electric vehicles (FCEV) do not emit any tailpipe CO2 at all. For 

plug-in hybrid electric vehicles (PHEV), the shares of downstream (i.e., tailpipe) and upstream emissions 

crucially depend on the distribution of driving in electric and conventional mode. 
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Part D: Interactions among Policy Instruments 

LDV efficiency standards are not a stand-alone instrument, but usually form a part of 

a broad policy mix. Moreover, a (regulation-induced) shift in vehicles’ energy supply from 

oil-based hydrocarbons to electricity and hydrogen entails increasing intertwining of the 

transport, electricity, and industry sectors, calling for an intensified coordination of the 

respective sectoral policies. Within the climate policy mix, cap-and-trade emissions trading 

stands out as it (potentially) constitutes an overarching, cross-sectoral GHG quantity control 

regime; furthermore, emissions trading is a key pillar of climate policy in the EU, a growing 

number of further countries, and possibly globally in the future. Hence, in chapter 10, we 

assess the interactions between (a) vehicle efficiency standards using different metrics and (b) 

emissions trading schemes (ETS) with varying sectoral scope—under particular consideration 

of the uncertain progress in LDV electrification. We compare the effects of different 

combinations of standard metrics and ETS scopes with respect to overall domestic emissions, 

sectoral burden sharing, and possibly induced carbon leakage risks.11 Tightening the 

stringency of fuel efficiency standards can be a key driver for EV market uptake. Thus, we 

also look into the interplay of raising the standards’ stringency, the metric applied, induced 

fleet electrification, and the implemented GHG quantity control policy. Without carefully 

considering cross-sectoral interactions, tightened LDV efficiency standards will not 

necessarily translate into additional GHG reductions, but may instead cause adverse impacts 

on other sectors and possibly even increase economywide resource consumption and GHG 

emissions. 

In most major automobile markets, LDV efficiency standards are not even the sole 

policy instrument employed to improve the fleet’s fuel economy and GHG performance. 

Other policies include fiscal incentives provided to consumers or manufacturers, information 

disclosure measures (e.g., labeling schemes), R&D support, or obligations to bring a 

minimum share of innovative low-GHG technologies into the market. If these instruments are 

implemented in addition to binding fuel efficiency standards, they will normally interfere 

with the latter. In chapter 11, we explore the interplay of vehicle efficiency standards with 

other policy instruments primarily dedicated to achieving better fuel efficiency. Contingent 

                                                 
11 Note that—for emissions trading purposes—only GHG emitted during operation of the vehicle (i.e., mainly 

CO2 emitted when combusting hydrocarbon fuels) are attributed to the transport sector; this hold irrespective of 

the point of regulation (that is, whether motorists, fuel suppliers, or any other obliged party has to surrender the 

emission allowances). Upstream emissions from electricity generation (for charging batteries or hydrogen 

electrolysis) are assigned to the power sector, whereas emissions from refineries and the production of hydrogen 

by means of steam reforming are attributed to the industry sector. Given the current state of vehicle technology, 

with FCEV lagging somewhat behind, industry would be affected by (unanticipated) vehicle market 

developments in particular if subjected to a common ETS cap with the transport and/or electricity sector. 
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upon the precise design of the efficiency standards, the implementation of such 

complementary policies can worsen the effectively realized fuel efficiency of the fleet and 

deteriorate the regulation’s economic efficiency. The simultaneous use of multiple 

instruments may still be beneficial, however, if the regulator is aware of the instrumental 

interplay and adjusts the standards as well as the complementary policy instruments 

accordingly. 

Finally, chapter 12 concludes by summarizing the key findings, emphasizing the 

challenges ahead, and pointing out recommended policy responses. Throughout this thesis, 

we refer to regulations in the EU and the U.S. Both the U.S. and the EU are leading 

automobile markets, and they host several major vehicle manufacturers. Technological 

developments, technology diffusion, and changes in consumer preferences in the U.S. and 

Europe mutually interact, and they have a significant impact on vehicle markets worldwide. 

Furthermore, regulations implemented in these markets have always had a signaling effect 

that affected policy-making in other countries. Thus, an effective impetus towards the market 

penetration of fuel-efficient vehicles there will likely also spill into other vehicle markets. 
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Part A: Fuel Economy Standards as a Remedy to the 

Energy Efficiency Gap 

2 Background: The Energy Efficiency Gap 

A necessary, although not sufficient, condition for fuel economy standards to be 

economically justified is the existence of fuel efficiency improvement potentials that can be 

tapped at cost below the benefits (mainly fuel cost savings) arising thereof. Several—

particularly, engineering-economic—studies identify such potentials.12 The finding of 

beneficial energy efficiency potentials is not exclusive to LDV, however, but it has been 

made for several other energy-consuming durables as well. For more than three decades—

roughly, since the second oil crisis—economists, engineers, and policy-makers are concerned 

with the so-called energy efficiency gap: the notion of a gap between observed and 

supposedly optimal or cost-effective levels of energy efficiency. Thus, the discussion of the 

rationale for fuel efficiency standards should be embedded in the broader context of the 

debate on the energy efficiency gap. In this chapter, we provide an overview of the concept of 

the energy efficiency gap and its caveats—already with a (non-exclusive) focus on LDV fuel 

efficiency.13 Thereby, we lay conceptual foundations for the subsequent analysis of barriers 

to better fuel economy in the new LDV market.  

 

2.1 Elucidating Key Terms 

2.1.1 Energy Efficiency 

End-users demand energy services such as motion, heating, cooling, lighting, 

dishwashing, and many more. These energy services—instead of the consumed energy 

itself— provide utility to the consumers. Energy and the energy-consuming assets are the 

essential inputs for the production of desired energy services. Therefore, energy efficiency 

can be conceptualized as a determinant of households’ utility production function. Energy 

efficiency is defined in terms of input of energy (measured in Joule, for instance) per unit of 

                                                 
12 Among them, the McKinsey GHG abatement cost reports  (e.g., McKinsey & Company, 2009) might have 

received the largest attention. 

13 For illustration purposes, we will also use other examples, but these remain restricted to the domain of energy 

efficiency in private households. 
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energy service delivered (Gillingham, Newell, & Palmer, 2009).
14

 The inverse of energy 

efficiency is energy intensity; it describes the required energy input per unit energy service. 

Thus, the aggregate amount of energy consumed for a kind of energy service (during a certain 

period of time) is given by the amount of energy services consumed multiplied by its specific 

energy intensity or by dividing this amount by its energy efficiency.  

An important distinction from both the economic and the environmental perspective is 

whether the energy efficiency and aggregate energy consumption are denoted in final energy 

inputs or in primary energy inputs, which include upstream losses during the processing 

(extraction, conversion, transport) of energy carriers.
15

 Moreover, a differentiated view of the 

final energy carriers consumed and the primary energy sources used for their production—

beyond their energy content—can be warranted for economic and environmental analyses. 

The different final energy carriers and primary energy sources vary significantly in their 

economic value and their implications for the environment.
16

 Bearing these differences in 

mind, carbon efficiency or GHG efficiency can be used as an additional efficiency measure 

particularly apposite for climate policy purposes: it is defined as the amount of energy 

services delivered per unit (commonly metric ton) carbon dioxide equivalent emitted. Again, 

one can distinguish between the GHG emissions arising at the point of final energy 

consumption (e.g., tailpipe emissions of LDV) or accumulated along the entire fuel supply 

chain (for LDV, the term well-to-wheel emissions is used). 

Obviously, these differentiations are particularly relevant for comparisons of 

technologies that can run on different energy carriers as inputs for delivering the same kind of 

energy service. This is actually the case for those energy services that consume by far the 

                                                 
14See Patterson (1996) for a discussion of a number of alternative energy efficiency indicators. 

15 Kydes (2007) defines primary energy as “the energy embodied in natural resources prior to undergoing any 

human-made conversions or transformations.” For the remainder of the dissertation, we assume that for 

calculating the primary energy intensity of final energy carriers either the physical energy content method or the 

direct equivalent method is applied—and not the substitution method. Both the physical energy content and the 

direct equivalent method assign a primary energy conversion efficiency factor of 1 to electricity generation 

from—non-heat-based—renewable energy sources such as hydro, wind, or photovoltaic energy. For an 

overview and comparison of different primary energy accounting approaches, see e.g., GEA Writing Team 

(2012); Macknick (2009); Moomaw et al. (2011).  

Acknowledging that energy cannot be lost, we actually mean losses of available work or exergy when we refer 

to the colloquial language term of energy losses. 

16 For instance, whereas electricity can be used for a wide range of high-value energy services, the use of coal in 

private households is restricted to heating purposes—if at all. On the other hand, electricity usually requires 

substantially more primary energy than other energy carriers to obtain one Joule of final energy. 

In the domain of primary energy sources, for example, uranium has dramatically different environmental 

impacts than geothermal energy, or the GHG implications of lignite differ from those of natural gas. See e.g. R. 

E. H. Sims et al. (2007) for a comparison of various primary energy sources. 
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most energy in the private household domain: for transportation—but also for heating—

several energy carriers (e.g., liquid fossil fuels, electricity, natural gas) can be used as energy 

inputs. Technology comparisons may imply trade-offs among improving the final energy 

efficiency, the primary energy efficiency, the GHG efficiency, and the cost efficiency. This 

may apply, for instance, to a fuel switch to final energy carriers of relatively high economic 

value and with high on-site final energy conversion efficiency, but that can go along with 

large conversion losses further upstream the fuel supply chain—as it may be the case when 

comparing gasoline, electric, and fuel cell vehicles. Whereas measuring the final energy 

consumption is relatively straightforward, a technology’s primary energy consumption is—at 

least partially—beyond its manufacturer’s control and its assessment involves some 

complexities.
17

  

Turning to the denominator of the energy efficiency equation, the appropriate 

definition of a unit of energy service in the sense that it delivers comparable intrapersonal 

utility—independent from the commodity that produces it—is far from being trivial. To be 

well-measurable, energy services must be specified in (physical) terms that are assumed to 

provide (widely) equivalent utility.18 In practice, the hedonic equivalence is often in dispute. 

For many energy-consuming durables it is argued that the energy service definition does not 

capture all relevant attributes that contribute to the overall utility provided by a certain 

technology.
19

  

This leads to the question how narrow the energy service should be specified, which 

we illustrate by two examples from the buildings and the transportation sectors: The “closer 

the look through the binocular,” the larger the number of varying factors, which may possibly 

be accounted for in the energy service definition, will be. 

 LDV are assets that serve to transport people and goods. Measuring as well as 

regulating their energy efficiency is a highly controversial issue whose details 

regularly cause heated debates. The definition of the energy service delivered by an 

LDV could be differentiated, for instance, along the maximum number of passengers, 

                                                 
17 There often exist in parallel several production processes for the same final energy carrier. From an economic 

perspective, the focus should be put on the primary energy implications of the marginal production process. 

Although the upstream environmental impacts can greatly vary for homogeneous final energy carriers (e.g., 

lignite- vs. natural gas- vs. renewables-based electricity), this does not affect the comparison of technologies 

relying on the same energy carrier.  

18 For industrial energy efficiency comparison purposes, energy used per unit gross value added is used as an 

indicator, but this definition cannot be applied to energy services produced in private households. 

19 This issue is discussed in more detail in section 2.2.1. 
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the payload, the interior volume, the speed and acceleration profile, or even the 

comfort provided.  

 Heating systems and thermal insulation are the main assets contributing to the 

provision of the energy service space heating or—rather—maintaining a desired, 

comfortable indoor temperature. This energy service, obviously, needs some further 

specification in physical terms; yet the degree of specification is less obvious. 

Apparently, the desired indoor temperature (as well as the climate conditions within 

which this is to be achieved) needs to be stated more precisely. Notwithstanding, even 

after clarifying these cornerstones, there remain several open questions or degrees of 

freedom. Just to mention a few: Is the energy service denominated in heated floor 

space (m
2
) or heated volume (m

3
)? Does the ratio of floor space or volume to outer 

surface matter? Are windows and walls treated equally? What are the requirements 

regarding air exchange? While energy performance certificates commonly only 

disclose the expected energy consumption per square meter (or square foot), 

regulatory energy efficiency requirements (in the form of building codes) usually 

include further differentiations.  

Generally, it holds that the more detailed and specific the definition of a unit of 

energy service, the more homogeneous the delivered utility will be, thereby increasing the 

(technical and hedonic) comparability of the energy efficiency of different technologies. On 

the other hand, the more parameters are exactly specified, the lesser technological options are 

available for reducing the asset’s energy consumption within the scope of a given energy 

service definition; technologies that imply modifications in the captured parameters would 

not be eligible towards that end. Furthermore, the more specific the definition, the smaller the 

number of comparable alternatives that exactly deliver this service will be.  

Employing reference parameters in energy efficiency ratings is an often used 

approach to account for heterogeneity across different technologies, without substantially 

narrowing down the set of compared technologies.  Attribute-based energy efficiency ratings 

of energy-consuming durables factor in the value of one or more reference attributes which 

are supposed to reflect differences in the quality of the energy service delivered. Such 

attribute-based energy efficiency ratings are used, for instance, for building codes, appliance 

standards, and fuel economy regulations. For example, the fuel and GHG efficiency of 

passenger cars is first measured—using an identical test cycle and driving profile—as the fuel 

consumption and the GHG emissions, respectively, per vkm or VMT. Subsequently, 

additional parameters or vehicle features are accounted for: that is, a vehicle’s efficiency 
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rating for regulatory or labeling purposes is adjusted to its specific value of a so-called utility 

parameter (e.g., vehicle weight in the EU or vehicle footprint in the U.S.).20 

Besides the selection of utility attributes to be captured in the energy service 

definition, the specification of the usage patterns the energy-consuming can affect the 

measured energy efficiency and the rank order of a given set of technologies, which are 

capable of delivering the defined energy service. In other words, the supposed mode of 

service matters. To be meaningful for policy, the precise definition should be a good 

representation of common and desired usage patterns of the rated energy-consuming 

durable.
21

  

The specification of energy service definitions, their degree of differentiation using 

utility parameters, and the heterogeneity of technologies fitting in these specifications 

considerably differ across product categories. Occasionally, the definition of comparable 

energy services underlying energy efficiency regulations may appear somewhat arbitrary.22 A 

problem with many studies estimating the potential of (cost-effective) energy efficiency 

improvements is that they do not make their underlying definition of (supposedly equal) 

energy services sufficiently explicit, thereby mitigating their value for informing energy 

policy. We will get back later to the related implications for assessing the energy efficiency 

gap and potential policy interventions. Before, we turn our attention to two key terms in the 

energy efficiency literature: the energy efficiency gap and barriers to energy efficiency. 

 

                                                 
20 The effects of using this kind of attribute-based efficiency regulations are at the core of part B. For fuel 

efficiency labels it is internationally less common than for fuel economy or GHG standards to adjust the 

efficiency rating to a reference attribute, although Germany’s fuel economy label accounts for the vehicle’s 

weight. 

Interestingly, the allocation of abatement efforts across manufacturers differentiates for their vehicles’ average 

weight, whereas the fleetwide specific CO2 target of the European vehicle emissions regulation is set 

independent from changes in the utility attribute, however. Unless the European Commission expects the value 

of utility parameter to remain constant over time at the fleet level, this can be interpreted as if two different fuel 

efficiency definitions were applied simultaneously—one at the individual vehicle level and one at the fleet level. 

21 The driving cycle in the test procedure for LDV provides an easy-to-grasp example in this regard. Changes in 

the supposed usage profile laid down in the driving cycle can alter the relative performance and the rank order 

of different types of vehicles: for instance, the rating of heavier vehicles relatively suffers from more de- and 

acceleration, or vehicles with less air drag disproportionally benefit from higher top-speed in the driving cycle.  

22 For example, the separation of the LDV fleet into the categories of passenger cars and light trucks for 

regulatory purposes, which comes in additional to a footprint-based differentiation, appears questionable in this 

regard. As both vehicle groups are nowadays mainly used for private passenger transport purposes, fundamental 

differences in the energy service delivered are not obvious. 
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2.1.2 The Energy Efficiency Gap and the Energy Efficiency Paradox 

The energy efficiency gap has become a keyword in the energy policy literature. 

Different notions of the term energy efficiency gap (and even more attempts of its 

quantitative estimation) arose over recent decades. The term (energy) efficiency gap was used 

first in the economic literature on energy policy issues by E. Hirst and Brown (1990) and has 

been adopted by several other scholars in the field since then.23 “For a variety of reasons,” as 

Hirst and Brown (p. 1) state, “households, businesses, manufacturers, and government 

agencies all fail to take advantage of cost-effective, energy-conserving opportunities.” This 

would result in a “gap between the current and optimum levels of energy efficiency.” 

Following this hypothesis, they provide a discussion of “barriers that inhibit the adoption of 

cost-effective energy-efficient practices and measures.” 

Despite its prominence in the energy policy literature, the term still lacks precision 

and a concise, agreed-upon definition. Of particular interest is a clarification of the notion of 

cost-effectiveness or optimality—that is, how the optimal energy efficiency level is 

determined, which assumptions on the functioning of markets and the behavior of agents are 

made, and whose perspective is taken. With regards to the latter, there are basically two 

views: optimality from an individual adopter’s perspective and optimality from a social 

perspective. At the individual level, the energy efficiency gap can be interpreted as “a slower 

penetration of energy efficient products into the market than might be expected if consumers 

made all positive net present value investments.” (Gillingham & Palmer, 2013, p. 5) The 

occurrence of a gap between the level of energy efficiency that would be (supposedly) cost-

effective—under current technology and energy prices—from an individual adopter’s 

perspective and the actual level is also denoted as the energy efficiency paradox. 24 The social 

perspective also encompasses costs and benefits accruing to others than those immediately 

involved in the energy efficiency transaction and which remain without (financial) 

compensation—that is, externalities. Understood in this sense, the energy efficiency paradox 

is a subset of the energy efficiency gap. This distinction of a rather narrow energy efficiency 

paradox from a more broadly defined energy efficiency gap is adopted, for instance by Jaffe 

and Stavins (1994a) and Jaffe, Newell, and Stavins (2004). This distinction is not broadly 

                                                 
23 The observation of very high—seemingly irrational—implicit discount rates applied to residential energy 

efficiency investments, indicating untapped beneficial energy efficiency potentials, has already been made 

earlier. Particularly the seminal paper of J.  Hausman (1979) is to mention in this respect, but see also Gately 

(1980) and Ruderman, Levine, and McMahon (1987) as well as Newlon and Weitzel (1991); Sanstad, 

Blumstein, and Stoft (1995) and Train (1985) for early reviews.  

24 The term paradox for describing untapped, apparently economically beneficial energy saving potenials was 

already introduced by Shama (1983). 
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established, however; many other scholars use the terms energy efficiency gap and energy 

efficiency paradox synonymously.25  

Furthermore, using this distinction, it is not obvious under which category to classify 

energy efficiency improvements whose individual profitability is highly dependent on the 

interaction with another involved party. There are energy efficiency investment opportunities 

that could be—contingent on an appropriate benefit sharing structure—mutually 

advantageous for the involved parties. For such potentially energy efficiency investment 

opportunities, their mere existence is not sufficient to be actually taken. This requires that the 

involved parties have (credible) information about the potential benefits, can agree on how to 

share these, and that their respective benefits can be contractually safeguarded; fulfilling 

these requirements—to a satisfactory extent, at least—can be a quite complex task, 

particularly in an uncertain environment. Accordingly, these requirements are associated with 

transaction costs, which may inhibit the realization of the—net of transaction costs—

profitable energy efficiency investment. It is not entirely straightforward whether the 

abandonment of such energy efficiency opportunities, which can yield a gain for all 

immediately involved economic agents but whose actual individual profitability hinges on the 

                                                 
25 Moreover, even Jaffe and Stavins (1994a) and Jaffe et al. (2004) do not consistently follow through with their 

own distinction as they classify information spillovers as an explanation for the energy efficiency paradox, 

whereas environmental externalities of energy consumption are classified as a cause for the energy efficiency 

gap. Yet both types of externalities open up the gap between the private and the social net benefits of an energy 

efficiency investment: whereas environmental externalities render the private benefits smaller than the social 

ones, uncompensated information spillovers render the private costs of adoption larger than the social costs. 

Hence, it would be fully rational for an individual potential adopter to refrain from an energy efficiency 

investment if (a) she had to bear the associated information costs (for knowledge creation as well as information 

gathering and procession) entirely herself and without compensation and (b) these costs rendered the investment 

unprofitable from an individual perspective. Only under consideration of the—uncompensated—benefits 

generated for others, the energy investment may turn beneficial for early adopters. For adoption laggards, 

profitability of the energy investment may hinge on benefitting from information created by others, which 

reduces their own information costs. Thus, information spillovers appear to open up a (social) energy efficiency 

gap rather than to constitute an individual energy efficiency paradox. Notwithstanding, information cost in itself 

can be an explanation for the individual energy efficiency paradox, that is, the non-adoption of technologies that 

are profitable in purely financial terms. The inherent spillovers, however, become relevant only in a non-

individualistic perspective.  
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benefit sharing among them, should be attributed to the energy efficiency paradox or rather 

the energy efficiency gap.26  

In the following, we define the energy efficiency paradox and gap in a somewhat 

different way. The (individual) energy efficiency paradox applies to untapped energy 

efficiency potentials that would pay off for the individual adopter under current market 

conditions (such as prices, qualities, availability of complementary products, services, and 

infrastructure) and that are independent from the interplay with other economic agents. Thus, 

its existence is to be ascribed to intra-personal causes on the side of the potential adopter—

that is, deviations from the behavioral assumptions of the model of homo economicus which 

normally (implicitly) underlay the calculation of cost-effective energy efficiency potentials.27 

Thus, principal-agent constellations in which the potential adopter may have to fear 

opportunistic behavior of its transaction partners, leaving her reluctant to invest in better 

energy efficiency, are not captured under the notion of the energy efficiency paradox.  

The energy efficiency gap also captures energy efficiency improvement potentials—

beyond those already falling under the paradox—that pay off only if the impact on other 

economic agents than the immediate adopter are considered as well. These other agents may 

themselves be involved in the energy efficiency transaction as in the case of principal-agent 

relations, they may be other potential adopters as in the case of information spillovers or 

network effects, or they may enjoy very indirect benefits such as improved environmental 

quality as in the case of pollution externalities. Key roots for such energy efficiency shortfalls 

(compared to an engineering-economic optimum) are severe deviations from the conditions 

                                                 
26 In the energy efficiency domain, the most prominent of these principal-agent problems is the landlord tenant 

dilemma in the housing domain (L. W. Davis, 2012; Gillingham, Harding, & Rapson, 2012; Howarth & 

Andersson, 1993; International Energy Agency, 2007; Sanstad & Howarth, 1994a; Sudarshan, 2011). If the 

landlord cannot credibly convey information about the energy cost savings associated with an energy efficiency 

investment, inhibiting her from charging a higher rent, she will not invest in better energy efficiency. Renters, 

on the other hand, will not invest because they cannot be sure of reaping the financial benefit arising from the 

better energy efficiency if they may have to move out before the investment paid off and cannot contractually 

ensure that they will receive a financial compensation for leaving the investment to their successors; the high 

specificity of investments in better residential energy efficiency creates a hold-up problem. For LDV, principal-

agent constellations are present for privately used company cars, for instance. However, the incentives inherent 

to this principal-agent situation cause economic inefficiencies predominantly through stimulating too much 

driving; inefficiencies with regards to fuel economy will arise if the employee can choose her vehicle model 

without paying the fuel costs. Moreover, adverse selection may occur in the vehicle market. 

27 To describe “failures” in making best self-interest-conforming decisions (that have intertemporal 

implications), such as the purchase of energy-consuming durables, the term internalities is sometimes used (e.g., 

Allcott, Mullainathan, & Taubinsky, 2014; Herrnstein, Loewenstein, Prelec, & Vaughan, 1993; Levmore, 2014). 

For critical reviews of the model of homo economicus, in the face of ample empirical observations violating its 

canonical assumptions, see e.g., Aktipis and Kurzban (2004); Gintis (2000); Henrich et al. (2001) and Thaler 

(2000). 
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of prototypical markets, which affect the interactions among economic agents: in particular, 

violations of the assumptions of well-defined and enforceable property rights as well as the 

absence of transaction costs and market power. Moreover, the energy efficiency gap is 

defined broader in the sense that it includes a dynamic perspective. The set of available 

technologies and their costs is not entirely given and fixed, but may provide scope for overall 

beneficial progress—which is, however, not exploited if a dynamic energy efficiency gap is 

persistent.  

Although a perfectly stringent classification of causes that contribute to the (potential) 

existence of an energy efficiency paradox or gap is not always possible, we attempt to 

structure the analysis of barriers to fuel economy in chapter 3 along these lines. A totally 

clear-cut distinction between these terms is not essential for the analysis to come in the 

remainder. What eventually matters is whether policy can intervene to narrow the gap, 

including the paradox, through addressing its causes such that the benefits to be yielded 

exceed the costs incurred thereby.  

The energy efficiency gap is normally described either in terms of a too (s)low uptake 

of energy-efficient technologies within a narrow (often binary) set of given technologies or—

if energy efficiency is available on a more continuous scale—as a too low level of chosen 

energy efficiency in purchases of energy-consuming durables. Another way of stating the 

existence of an energy efficiency gap—particularly on the individual level (that is, a 

paradox)—is to calculate the implicit discount rates applied to future energy savings that 

“rationalize” the level of chosen energy efficiency (see e.g., Eto, Prahl, & Schlegel, 1996; 

Golove & Eto, 1996; Jaffe & Stavins, 1994b; Sorrell et al., 2000). If these implicit discount 

rates exceed the risk-adjusted capital costs of the required investment, the discount rate 

premium can be interpreted as another manifestation of the energy efficiency gap or energy 
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efficiency paradox.28 Importantly, a seemingly “too high” implicit discount rate does not 

imply that the potential adopters intertemporal discounting behavior is the actual cause of the 

energy gap—it is merely an expression of its existence. Hence, we consider this approach of 

measuring a supposed energy efficiency gap unsuitable as it may lead to conflating factors 

that determine actual energy choices: it may hamper disentangling the heterogeneous factors 

affecting energy efficiency decisions, while possibly directing too much focus on the 

temporal discounting dimension. Thus, we deem it more appropriate to express the notion of 

an energy efficiency gap as a wedge between the actually realized energy efficiency level and 

the level that yields the best performance in terms of—consistently—discounted benefits and 

costs.  

These definitions still leave open the essential question of what is the truly optimal 

level of energy efficiency from both the individual adopter’s and the society’s perspectives. 

While the actually realized level of energy efficiency is observable in principle, its 

counterfactual—that is, the optimal level—is not. The definition of the actual energy 

efficiency optimum has to take into account that closing the gap—that is, reaping so far 

untapped energy efficiency potentials—through policy interventions is not costless. A 

number of economic papers and studies offered a range of conceptual responses as well as 

endeavors of a quantitative answer. Amongst others, Jaffe et al. (2004) attempt to structure 

and enlighten the concept of the energy efficiency gap by defining five separate notions of 

optimal energy efficiency levels. These notions differentiate among different types of market 

barriers, distinguish between the private and the social perspective (the latter including 

externalities), and include the costs of potential policy interventions in the energy efficiency 

market. Their contribution is helpful in structuring the challenge of tackling the energy 

efficiency gap. Given the myriad of factors impacting the real-world costs and benefits of 

                                                 
28 This leaves open, however, the question of the appropriate capital costs against which the returns of energy 

efficiency investments are to be measured. Generally, rational investors would require returns no higher than 

those available for similar investment opportunities (Golove & Eto, 1996). In his seminal paper, J.  Hausman 

(1979) mentions interest rates on savings and credit card debts as lower and upper boundaries for reasonable 

capital cost rates, respectively. The issue will discussed in more detail in section 3.2.3. The appropriate discount 

rate may greatly vary across individuals due to differences, for instances, in the pure rate of time preferences 

and—in case of high-stake investments—risk preferences as well as the access to borrowing and alternative 

investment opportunities.  

As far as long-lasting social benefits (such as mitigating climate change) are involved, the social rather than the 

private discount rate should be applied to future energy savings in order to calculate the optimal level of energy 

efficiency and thereby the (social) energy efficiency gap. In this context, we will not discuss issues of the 

appropriate social discount rate and its relation to private discount rates, however, because there is no broadly 

accepted consensus on the methodology to calculate the social discount rate and even less on its “correct” value; 

this holds in particular for the discounting of highly uncertain, inter-generational impacts such as climate change 

(e.g., Dasgupta, 2008; Gollier, 2012; Gollier & Weitzman, 2010; Howarth & Norgaard, 1993; Martin, 2012; R. 

Newell & Pizer, 2004; Weitzman, 2012b). 
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energy efficiency improvements, yet, having a conceptual structure does not render the 

identification of energy efficiency improvement potentials that are cost-effective after all as 

well as the search for—and design of—policy instruments that are well-suited for tapping 

these potentials a straightforward task. In regulatory practice, policy-makers will start with 

(a) setting energy saving or environmental targets and then implement instruments to achieve 

these targets or (b) identifying specific market barriers to energy efficiency and then assess 

potential policy responses as to whether they help overcome these barriers—rather than 

aiming at closing a vague energy efficiency gap. The latter approach is also the perspective 

from which we evaluate the merits of vehicle efficiency standards. 

 

2.1.3 Barriers to Energy Efficiency 

The notion of a gap between observed and supposedly optimal or cost-effective levels 

of energy efficiency refers to another prominent term of the respective literature: barriers to 

energy efficiency. The widespread use of the term barriers traces back to Blumstein, Krieg, 

Schipper, and York (1980) who examine six classes of “social and institutional […] barriers 

that prevent the adoption of cost-effective energy conservation measures.” (Blumstein et al. 

(1980, p. 356) 

A perception of barriers to energy efficiency as being factors that inhibit realizing an 

overall cost-effective or optimal energy efficiency level implicitly presupposes a clear 

conception of this level. Facing the challenge of determining the real-world overall cost-

effective level of energy efficiency, a more tentative approach defines (market) barriers to 

energy efficiency as factors that impede apparently—that is, in an engineering-economic 

perspective—cost-effective investments, thereby acknowledging the possibility of costs and 

benefits unaccounted for as well as heterogeneous valuations (Eto et al., 1996). An even 

broader barriers definition captures any factors that disincentivize the diffusion or reduce the 

adoption probability of energy efficiency technologies (see e.g., Gillingham & Sweeney, 

2012; Jaffe et al., 2004). 

Within the two latter definitions, a distinction widespread in the economics literature 

is between market failure and non-market failure barriers, with only market failure barriers 

justifying policy interventions in the energy efficiency market.29 Further approaches of a 

                                                 
29 See e.g., Eto et al. (1996); Jaffe and Stavins (1994a); R.J. Sutherland (1991); Metcalf (1994). Some others, 

e.g., M. Brown (2001) and E. Hirst and Brown (1990) separate market failures from market barriers instead of 

considering them a subset, with both potentially justifying public policy interventions. 
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taxonomy of barriers to energy efficiency distinguish market failures from institutional 

barriers and behavioral issues.30 Given that effectively any real-world market is characterized 

by several deviations from the highly stylized model of perfect competition (including 

economic agents conforming to the behavioral assumptions of homo economicus), we will 

not adopt the traditional distinction between market failure and non-market failure barriers. 

Several of these failures (such as imperfect information or the existence of transaction costs) 

appear to be constituents of naturally occurring markets rather than particularly remarkable 

deviations from the norm. Moreover, even the economic literature on energy efficiency 

policy that applies this distinction does not consistently agree what barriers are to be 

classified as market failures and what features belong to normally working markets, although 

being deviations from the model of perfect competition. 

For the remainder of this work, the term market barrier is defined along the criterion 

of whether overcoming the barrier would principally allow to increase economic welfare. 

That is, a market barrier contributes to a resource allocation in the energy efficiency market 

that leaves scope for economic efficiency gains through reallocation. The altered allocation 

normally implies an increase of the resources invested to improve energy efficiency. 

However, whereas most barriers to energy efficiency tend to lower observed energy 

efficiency relative to (theoretically optimal) benchmark level, some barriers may rather work 

towards higher energy efficiency levels. Consequently, our notion of market barrier to 

(optimal) energy efficiency subsumes any obstacle that distorts the actually realized energy 

efficiency level away from the benchmark—irrespective of whether it impedes or catalyzes 

the adoption of energy-efficient technologies. The existence of such broadly interpreted 

market barriers is, yet, only a necessary but not a sufficient condition for improving overall 

welfare. The second condition is that the benefits that can be reaped from overcoming 

barriers to energy efficiency exceed the (policy intervention) costs incurred thereby.  

In chapter 3, potential market barriers to LDV fuel efficiency understood in this sense 

will be explored. Before, however, we turn our attention to possible explanations for 

discrepancies between engineering-economic estimates of the supposedly cost-effective and 

the actually observed energy efficiency level that do not create any scope for improvements 

in total economic efficiency. Instead, such differences represent shortcomings in the 

estimation of the optimal energy efficiency level. Thus, closing this gap even by means of 

costless policy interventions would not improve overall welfare.  

                                                 
30 See Gillingham and Sweeney (2012). The authors admit, however, that a clear-cut distinction among these 

categories is difficult. 
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2.2 Caveats to the Concept of the Energy Efficiency Gap 

This section discusses factors that—if not properly accounted for—can lead to the 

impression of a suboptimal market penetration of energy efficiency technologies, without 

being market barriers in the sense depicted above. Instead of justifying or even necessitating 

policy interventions, they are rather rational explanations for observed deviations of actual 

energy efficiency uptake from the optimality estimates. In contrast to (our understanding of) 

market barriers, these factors per se cannot be affected in a welfare-increasing manner 

through policy interventions. Knowing these caveats to a simplified engineering-economic 

picture of the energy efficiency gap is of relevance for public policy insofar as their 

consideration can compromise or even eliminate the justification for policy interventions. If a 

simple engineering-economic calculation finds that an energy efficiency-improving 

investment would be profitable in monetary terms for the average potential adopter, it is not 

necessarily beneficial for all—or any—potential adopters if all costs and benefits, including 

non-financial ones, are captured. The neglect of heterogeneity in the population of potential 

adopters, uncertainty and risk attitudes as well as non-monetary costs and benefits can bias 

the assessment opportunities for energy efficiency improvements. Carefully considering these 

determinants of the actually cost-effective energy efficiency level may contribute to 

narrowing down or even closing the gap. 

 

2.2.1 Hidden Costs and Benefits 

Engineering-economic studies aiming at quantifying an energy efficiency gap often 

suppose that all technologies are (instantly) identical in their entire quality attributes and the 

hedonic satisfaction they provide; that is, there are not even transitory differences in derived 

utility (and non-monetary costs) across technologies of different energy efficiency. In this 

section, we scrutinize this assumption and shed light on the consequences of its relaxation for 

the magnitude of the energy efficiency gap. 

Even if products with differing energy efficiency levels provide the same basic energy 

service as defined for engineering-based cost-benefit analysis, their net utility provided to the 

user may vary as the definition of the basic energy service may be an insufficiently precise 

representation of the entire utility provided by that kind of product. Optimization calculations 

that focus on minimizing out-of-pocket expenses often do not capture such differences in the 

utility delivered across technologies. In the energy efficiency literature, a suffered loss of 
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utility caused by energy efficiency-induced deteriorations in disregarded utility-relevant 

factors is regularly labeled hidden or unobserved costs.31 Hidden costs (and sometimes 

benefits as well) denote—mostly non-monetary—costs that are disregarded when conducting 

a cost-benefit-analysis or calculating the implicit discount rates of energy efficiency 

investments. The term hidden cost lacks, however, an unequivocal definition and therefore 

consensus on its precise meaning and implications. There is no common understanding in the 

literature on what falls into the category of hidden costs or would rather be a market barrier, 

and whether these are distinct categories or whether hidden costs are a subset of market 

barriers. In its broadest definition, it comprises all factors that inhibit the adoption of energy-

efficient technologies and that are not accounted for in a given cost-benefit analysis. Hence, if 

defined merely through the condition of being disregarded, the notion of hidden costs remains 

unspecified and hinges on the analytical approach applied to; if applied to a relatively 

simplistic engineering cost-based approach, this wide definition would subsume under the 

term hidden costs a broad variety of aspect that are conceptually very different from each 

other and may call for different types of policy responses.  

Although a clear-cut distinction will not always be possible in practice, we 

conceptualize hidden costs and market barriers as fundamentally different with respect to 

their impact on energy efficiency. Hidden costs (a) arise (normally to the adopter) during the 

acquisition, installation, and usage phase of (more energy-efficient) products, (b) are by 

definition not included in the cost-benefit analysis of different product alternatives, and—

importantly—(c) they cannot be reduced through policy interventions.32 Any other—

monetary or non-monetary—costs that may remain unobserved in cost-benefit analyses (e.g., 

transaction costs33 related to upgrading energy efficiency) are not captured insofar as their 

magnitude can be affected through policy interventions. That is, our understanding of hidden 

costs is that they do not constitute a market barrier; instead, they are simply a shortcoming of 

engineering-economic cost-benefit analysis, which may—if not properly acknowledged—

lead to misguided policy recommendations.  

 

                                                 
31 See e.g., Gillingham and Palmer (2014); Howarth and Sanstad (1995); Jaffe and Stavins (1994a); Koomey 

and Sanstad (1994); Levine and Sonnenblick (1994) and Nichols (1994) who use the term “omitted real costs” 

for depictions of the hidden cost argument.  

32 The hidden costs in the form of quality differences and switching costs discussed in the following are widely 

congruent with what Levine and Sonnenblick (1994) label “irreducible hidden costs.”  

33 Transaction costs related to energy efficiency improvements will normally partially fall into the category of 

hidden costs and partially be a market barrier that is receptive to policy interventions. 
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2.2.1.1 Differences in the Quality of Delivered Energy Services 

We distinguish two types of disregarded (dis-)utility components: those that are 

related to the ongoing use of the product and transitory disutility accruing during the 

acquisition, installation, and accustoming phase. We begin with differences in the quality of 

the delivered energy service; the latter source of disutility, switching costs, is depicted 

subsequently. Disregarded quality differences is an argument brought forward mainly by 

skeptics of any policy interventions in the market in order to rationalize the observed levels 

of energy efficiency; the existence of such differences is also acknowledged by proponents of 

an active energy efficiency policy, however. Indeed, for many energy-consuming durables, it 

appears implausible that the quality of their delivered energy services, as sensed by the 

consumers, is entirely equivalent—irrespective of the technology used for providing the 

service. The unobserved utility components can comprise amenities as well as disamenities of 

more energy-efficient product alternatives (see e.g., Gillingham & Palmer, 2014; Howarth & 

Sanstad, 1995; Jaffe et al., 2004; Ott, Jakob, & Baur, 2006). Some examples of (possibly) 

utility-relevant quality differences across technologies of different energy efficiency are: 

 Less luxury amenities, performance, and size of fuel-efficient vehicles  

 More frequent and time-consuming charging of an electric vehicle than fueling a 

conventional car; perceived inconvenience of battery recharging; less dense network 

of fueling stations for alternative fuels, implying energy and time costs due to longer 

trips to the next station (Krupa et al., 2014; Pierre, Jemelin, & Louvet, 2011) 

 Perceived worse lighting quality and delayed illumination as well as mercury-related 

health risks of fluorescent compact lamps compared to incandescent light bulbs 

 Possibly worse cleaning performance and hygiene of high energy efficiency washing 

machines and dishwashers 

 Consumers may prefer electric stoves over more energy-efficient gas stoves for safety 

reasons and ease of cleaning 

 In the housing domain, quality differences may range from additional comfort due to 

better indoor climate in well-insulated buildings to disamenities such as risks of mold 

growth and increased fire hazard resulting from Styrofoam building insulation, less 

brightness resulting from thicker insulation layers or felt discomfort of keeping 

windows closed in passive houses 

 Larger required—financial as well as non-monetary—maintenance efforts for energy-

efficient durables 

 Utility provided by “warm glow” feelings (Andreoni, 1989; 1990; Nunes & 

Schokkaert, 2003), for prestige reasons (Harbaugh, 1998a; 1998b), and due to 

conformity with social norms and one’s self-image (Akerlof & Kranton, 2000; 

Barbarossa, Beckmann, De Pelsmacker, Moons, & Gwozdz, 2015; Hahnel, Gölz, & 
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Spada, 2014; Johansson-Stenman & Martinsson, 2006; Ozaki & Sevastyanova, 2011; 

Schuitema, Anable, Skippon, & Kinnear, 2013; Whitmarsh & O'Neill, 2010) through 

using environmentally-benign energy-efficient equipment and thereby contributing to 

the public good climate protection 34 

As already mentioned earlier, the potential extent and relevance of differences in the 

service quality and therefore the provided (hedonic) utility across different technologies 

crucially depend on the precise definition of the energy service. The more specific and 

detailed the definition of a unit of energy service, the more homogeneous the delivered 

service and the sensed utility thereof will be. Yet, this comes at the price of reducing the 

number of products and technology alternatives that are eligible for energy efficiency 

comparisons. Conversely, the less specific the definition, the greater the probability will be 

that energy efficiency assessments may be biased by utility-relevant differences in the 

delivered energy service which are not captured. Thus, the estimation of truly cost-effective 

potentials for energy efficiency improvements, accounting for quality differences, becomes 

complicated if the actually delivered energy services are quite heterogeneous.  

To remain meaningful, cost-benefit analyses of different technology options have to 

account for substantial quality differences—for instance through adding a bonus or malus to a 

technology’s total cost of ownership contingent on whether it provides more or less utility 

than the benchmark technology. Alternatively, utility parameters could be deployed to 

consider differences in the energy service delivered. The more heterogeneous consumers’ 

valuation of the quality differences, the more challenging becomes the task of appropriately 

including them in cost-benefit analyses.  

 

2.2.1.2 Inseparabilities and Gold Plating 

In this context, it appears reasonable to distinguish between quality attributes that are 

physically linked to the specific energy consumption of the asset and those that are only 

empirically correlated. In case of technological interdependencies that cannot be 

disentangled, the notion of “inseparability” is used. By contrast, a merely empirical 

                                                 
34 For this line or argument, see also G. S. Becker (1974); Bernheim (1986); Kahneman and Knetsch (1992); 

Nyborg, Howarth, and Brekke (2006); van Dam and Fischer (2015); Welsch and Kühling (2011) as well as the 

references provided in footnote 691.  

Note that these factors can be affected to some extent, particularly in the longer run, by public policy through 

influencing environmental attitudes and social norms—if one dispenses with the assumption of homo 

economicus’ constant preferences. 
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correlation is referred to—in case of bundling energy efficiency technologies with other 

generally valued product attributes—as “gold plating“ (see Golove & Eto, 1996; Helfand & 

Wolverton, 2011; Ruderman et al., 1987). Gold plating may occur if manufacturers 

deliberately bundle better energy efficiency of the durable with other high-quality features in 

order to segment consumer demand and increase their rents by means of price discrimination 

(see section 3.2.2). 

For a static analysis explaining the observation of an apparent energy efficiency gap, 

being premised on a given set of technologies, this distinction does not matter—for the 

appraisal of prospective policy interventions, however, it does. Bundles of physically 

independent attributes that are combined by equipment manufacturers to maximize their 

benefits may—in the longer run—be alterable through policy interventions. That is, through 

unbundling, better energy efficiency can be achieved without necessarily affecting other 

features of the durable. Bundling is a source of hidden costs only in the short term. In the case 

of inseparability, policy-induced improvements in the products’ energy efficiency will 

inevitably go along with changes in other attributes. Such changes may affect the utility 

derived from the product adversely or lead to price increases that fall short of many 

consumers’ willingness-to-pay. Hence, only physical inseparability of gains in energy 

efficiency from changes in other quality dimensions constitutes hidden costs still in the long 

run.  

Again, the vehicle market provides straightforward examples. Larger vehicle size is—

via implying higher vehicle weight and air drag—physically associated with greater fuel 

intensity; decoupling opportunities are limited. On the other hand, some luxury amenities 

may be found more often in heavy upper class vehicles without having physical 

interdependencies with fuel economy, thus being merely empirically positively correlated. In 

the residential building domain, one could think of energy-efficient upscale flats with triple-

glazed windows that also come with luxury bathroom fixtures and parquet flooring as an 

example for gold plating, whereas large window fronts and ventilation systems (including 

heat exchange) are examples for (negative and positive, respectively) inseparabilities of 

energy efficiency and other quality features. 

In a realistic market setting, accounting for (unavoidable) costs of combining product 

attributes, the notion of (in)separability should be adjusted to economic considerations. That 

is, even if product attributes were technically separable and could be discretionarily 

combined from an engineering perspective, there remains the question of whether the actually 

available, restricted combinations of energy efficiency with other product attributes are the 

consequence of manufacturers’ market power and therefore result in economic inefficiencies 

or whether the offered bundles of product attributes represent an economically efficient 
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response to prevailing demand and supply side conditions in the market. Extending the 

number of available options within a product line is regularly associated with additional fixed 

costs (e.g., product design costs, reconfiguration of assembly lines, etc.) that may not be 

covered by the benefits from increased product variety. It may be rational not only from a 

profit-maximizing consumer perspective to bundle properties that receive relatively high 

valuation by the same consumer segment.35 Thus, taking account of the potentially high costs 

of making energy efficiency features separately available to the technically feasible extent, 

we do not necessarily judge a restricted choice set a market barrier stemming from abuse of 

excessive market power. 

 

2.2.1.3 Opportunity Costs of Energy Efficiency Improvements 

The distinction of inseparabilities from gold plating already shed some light on the 

dynamic perspective of the hidden cost argument, which will be developed further here. Not 

only deteriorations in quality attributes may be hidden from recognition by cost-effectiveness 

estimates of energy efficiency increases, but also foregone future improvements of energy 

service quality. Engineering-based studies estimating the costs of advancing fuel-efficiency 

technologies regularly ignore opportunity costs in the form of foregone further vehicle quality 

improvements. This would apply to the extent that technology developments and scarce R&D 

capacities are—regulation-induced, for instance—devoted to increase fuel economy instead 

of alternatively improving competing vehicle attributes (e.g., Hottenrott & Rexhauser, 2013; 

Klier & Linn, 2012a; Popp & Newell, 2012). Whereas the extent of such crowding-out 

effects in the automotive industry appears to be rather small according to Popp and Newell 

(2012), Klier and Linn (2014) find that the welfare loss from reduced horsepower and torque 

roughly offsets the welfare gains from larger fuel savings. Further unobserved costs may also 

arise related to vehicle manufacturing, e.g., for retraining of mechanics and restructuring 

assembly processes (see e.g., S. T. Anderson, Parry, Sallee, & Fischer, 2011; Fischer, 

Harrington, & Parry, 2007; Knittel, 2011; Portney, Parry, Gruenspecht, & Harrington, 2003). 

Besides intrafirm R&D crowding-out effects, (regulation-induced) R&D efforts 

towards more energy-efficient vehicles may divert scarce (human) resources from elsewhere 

in the economy. Given positive knowledge spillovers in most sectors of the economy, 

intensified climate-friendly R&D activities can therefore imply substantial social opportunity 

                                                 
35 For instance, if annual mileage and household income were positively correlated in the consumer population, 

bundling of expensive luxury product amenities and fuel-saving technologies (e.g., hybrid drivetrains) may well 

reflect consumer preferences and be economically efficient. 
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costs in terms of foregone benefits from innovations in those sectors reducing their R&D 

activity level (Popp, 2006). However, Popp and Newell (2012) find no evidence that induced 

GHG mitigation-related energy research draws away resources from alternative uses in other 

branches; that is, they reject the hypothesis of substantial cross-sectoral innovation crowding-

out effects. Similar conclusions are drawn by Nemet and Kammen (2007). At the same time, 

Popp and Newell (2012) observe a shift of R&D activities (as measured by patenting) at the 

firm level; according to the authors, this might be caused by changed market conditions 

rather than being a consequence of constrained R&D capacities, though. Eventually, the 

magnitude of social opportunity costs from potential (inter-sectoral) crowding-out effects is 

crucially dependent on the elasticity of the R&D (labor) supply36 and the extent of social 

returns to R&D in the different affected research areas. Regarding the latter, the results of 

Popp and Newell suggest that climate-friendly energy R&D delivers greater value to the 

society than most other R&D spending within the same firm. 

 

2.2.1.4 Switching Costs 

Besides differences in the quality of service between innovative energy-efficient and 

conventional less efficient technologies, there may accrue additional costs when adopting 

new technologies that remain disregarded in engineering-based cost-effectiveness or GHG 

abatement cost calculations.37 Such switching costs represent transitory disutility or 

opportunity costs occurring during the installation and accustoming phase. Although not 

being out-of-pocket expenses, they constitute real costs to the potential adopter that have to 

be added to the monetary expenses of the energy efficiency investment. Switching costs may 

comprise, for instance: 

 Loss of comfort during installation of energy-efficient equipment (e.g., dirt, noise) 

 Disruptions in provision of energy service 

 Opportunity costs of time required for installation or supervising installation 

(foregone leisure or working time)  

 Learning how to use a new technology and how to integrate it with existing 

equipment 

                                                 
36 For the sensitivity of climate stabilization costs with respect to R&D capacities, see e.g., Gerlagh (2008); 

Popp (2004). 

37 See e.g., Auffhammer and Sanstad (2011); Jaffe and Stavins (1994a) for this argument. 
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 Effort for finding energy suppliers (e.g., charging stations for EV) as well as reliable 

suppliers for replacement parts and repair service38 

When estimating switching costs related to the adoption of energy-efficient equipment 

it is important to distinguish between costs that are truly additional and linked to the energy 

efficiency improvement and those costs that would arise anyhow. Only costs of the first type 

constitute hidden costs in the sense used here. Costs of the latter type arise in the course of 

energy efficiency improvements, but are unrelated to the level of installed energy efficiency. 

Examples of such “coincidental” costs are the (“minimum”) time spent at the dealership 

during an—anyway—planned vehicle purchase, service disruption when replacing broken 

appliances with an energy-efficient substitute, or disamenities during building remodeling 

that includes improvements of the thermal shell, but is not primarily driven by energy 

efficiency objectives. Costs of accelerated depreciation of investments in conventional 

technology if replaced before the end of their regular service life could potentially also 

constitute hidden switching costs, but these costs are normally already considered in 

assessments of the (supposedly) optimal path for energy efficiency technology uptake. Other 

disregarded disamenities that are related to an early replacement (e.g., service disruption, 

time invested, etc.), however, are deemed switching costs in the sense set out here—as long 

as the early replacement is driven by energy efficiency motives.  

 

2.2.1.5 Efficiency-induced Changes of the Utilization Rate 

Energy efficiency improvements have an effect on the consumer surplus from energy 

service consumption not only via impacting the margin per unit consumed but also via 

affecting the consumed amount. Cost-benefit analyses often assume the energy service 

consumption to be constant irrespective of whether energy efficiency-improving investments 

are made. However, as better energy efficiency lowers the variable costs per unit of energy 

service delivered, consumers will increase their overall consumption of energy services 

unless the own-price elasticity of the energy service is zero. This allows energy efficiency 

adopters to yield additional consumer surplus (Allcott & Greenstone, 2012; Gillingham & 

Palmer, 2014). For instance, with better fuel economy, motorists may go on more leisure trips 

or accept a better paid, more distant job offer that becomes overall beneficial only with lower 

                                                 
38 The costs listed in the two latter bullet points constitute only partly hidden costs, while at the same also being 

market barriers as far as they can be mitigated through policy interventions. Given the non-rivalry in the usage 

of such information, there is certainly some scope for reducing the cumulated information costs (e.g., by means 

of public information provision measures).  
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commuting costs. This is the welfare-economic upside of the rebound effect.39 Neglecting it 

distorts the real (individual) benefits from energy efficiency downwards. Accounting for this 

consumed quantity effect on adopters’ consumer surplus further opens up the energy 

efficiency gap and increases the degree of the energy efficiency paradox. 

Nonetheless, in the literature, the rebound effect is often seen as a negative side effect 

of energy efficiency improvements rather than being a source of additional (consumer) 

welfare. This holds particularly true for environmentalists who are concerned with the 

rebound effect (partially) offsetting the initial energy savings. Adverse welfare impacts of the 

rebound effect are contingent on the occurrence of negative externalities associated with 

energy service consumption. For LDV, for instance, intensified usage may not only partially 

offset the initial decline in GHG emissions but also lead to rising external accident and 

congestion costs (Parry, Evans, & Oates, 2010). Applying the taxonomy used here, the 

potential effects on consumer surplus and external costs fall in different categories. Whereas 

the additional consumer surplus is a hidden benefit, a rise in external costs is a market barrier 

or rather a “market catalyst.”40 This is because the usage-related externalities, constituting a 

market imperfection, can in principle be internalized—thereby decreasing the rebound effect 

to its welfare-economically optimal extent.41  

Note that the above reasoning is based on the assumption that the amount of 

consumed energy services was held constant at the consumption level prior to the energy 

efficiency improvement. If, instead, the (financial) benefits from an energy efficiency 

improvement are calculated based on the—higher—consumption of energy services after the 

energy efficiency improvement is implemented, reversed effects occur. Neglecting the—due 

to higher variable costs per energy service unit delivered—lower consumption of energy 

services prior to the energy efficiency upgrade implies overstating the financial benefits that 

can be reaped through improving energy efficiency. Different from the previous case, this 

goes along with an overestimation of the total net benefits of the energy efficiency 

                                                 
39 Here, we only regard the direct rebound effect; that is, an increase in the demand for the energy service whose 

production technology has undergone an energy efficiency improvement—caused by the lower required energy 

input per unit of energy service delivered. In case of large-scale energy efficiency improvements, there may also 

occur indirect rebounds effects transmitted via a (demand-induced) drop in (fossil) energy prices. Lower prices 

for energy inputs reduce the variable costs of other, technically unaffected energy services, thereby stimulating 

their consumption and increasing the resulting consumer (and producer) surplus. 

40 With the term “market catalyst” we denote a market imperfection that accelerates the market uptake of energy 

efficiency technologies. If externalities related to the consumption of energy services were internalized, 

adopting energy-efficient technologies would become less attractive. 

41 If internalization is practically infeasible in reality, notwithstanding, the benefits from the rebound effect in 

terms of greater consumer surplus have to be weighed against the external costs from intensified usage. 
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investment. The lower actual energy cost savings cannot be compensated by the larger utility 

from higher energy service consumption; this is because the marginal utility per additionally 

consumed energy service unit necessarily falls short of the calculated but actually not realized 

energy cost savings (per energy service unit). In practice, this situation is particularly relevant 

for energy-saving building retrofits. In old, not retrofitted buildings the actual average 

temperature is significantly lower than in better insulated, retrofitted buildings. The room 

temperature in old buildings cools down quickly if the heat radiator is turned down when 

leaving the room for a while. By contrast, in well-insulated homes, the room temperature can 

be held widely constant due to the lower heat transmission. For calculations of energy 

savings from retrofits, the assumed indoor temperature is regularly based on the renovated 

building; that is, for both building conditions (i.e., with and without retrofit) the assumed 

temperature is kept at the same—constant and in average higher—level. In consequence, the 

energy consumption prior to the retrofit and thereby the energy savings yieldable from the 

energy efficiency improvement can be significantly overestimated. 

 

2.2.1.6 Critical Appraisal of Approaches to Identify an Energy Efficiency Gap 

The existence of a welfare-economic efficiency gap is premised on a situation in 

which the sum of benefits from an energy efficiency improvement exceeds the entire costs of 

carrying it into effect. Yet it remains questionable whether and to what extent studies that aim 

at identifying an efficiency gap are capable of embracing all relevant cost and benefit 

components. Engineering-centered estimations of potentials for cost-effective energy 

efficiency improvements are often confined to capturing direct monetary consequences, 

mainly initial out-of-pocket investment costs and energy costs accruing over the asset’s 

service life. Non-monetary components may remain disregarded, although they can have a 

significant influence on the overall utility provided by an energy efficiency measure. 

Obviously, cost-benefit analyses that capture only fractions of the actual costs and benefits 

are hardly helpful for both normatively determining the “economically optimal” level of 

energy efficiency as well as predicting actual technology adoption rates. Thus, extending the 

analysis to previously disregarded utility components is a useful contribution to bring 

analyses more in line with real-world energy efficiency decision-making as well as economic 

welfare criteria. 

From a normative perspective, a thorough welfare-economic analysis should include 

all characteristics of energy efficiency-enhancing investments that significantly affect the 

sensed utility. Otherwise, cost-benefit analyses will be biased towards those technologies that 

entail low monetary expenses, but perform relatively poor in non-financial respects. 

Unobserved utility-relevant product attributes are a particularly crucial issue if they are 
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systemically correlated with the attribute energy efficiency. Given such correlations, 

comparisons of technologies with different energy efficiency levels will be systemically 

biased, too.42 If better energy efficiency is negatively correlated with disregarded utility 

components, the bias systematically works in favor of better energy efficiency (at the 

expenses of other utility components), and vice versa. Hence, considering the satisfaction of 

consumer needs beyond the very basic provision of the defined energy service can change the 

economic efficiency (i.e., the utility delivered per energy input) as well as the rank order of 

different technologies.  

For positive analyses, accounting for these disregarded utility components might 

(partially) close the suggested efficiency gap, or explain the apparent energy efficiency 

paradox, if the unobserved costs are larger than the unobserved benefits of adopting energy 

efficient technologies. On the other hand, if an energy-efficient technology incorporates net 

disregarded benefits, engineering studies would actually underestimate the potential for cost-

effective energy efficiency improvements. Thus, in case engineering-based assessments find 

substantial potentials for seemingly cost-effective energy efficiency improvements despite 

ignoring further non-monetary benefits, there must be significant confounding factors that 

impede tapping these potentials.  

In order to increase the descriptive, predictive, and prescriptive power of energy 

efficiency technology assessments, the amount of blind spots needs to be reduced. This 

means—as far as possible—identifying and measuring potentially utility-relevant attributes 

of alternative technologies and estimating their utility contribution. This implies extending 

the number of explicitly considered explaining variables in hedonic regression or choice 

models used to estimate product-specific utility functions.43 Thereby, the remainder of 

unobserved quality differences possibly linked to differing energy efficiency levels would be 

reduced and potential distortions can be alleviated. Otherwise, disregarded or hidden costs 

may degenerate into a tautological explanation for the forgoing of financially beneficial 

energy efficiency investment opportunities; that is, unobserved costs would by definition—

without further specifying their precise nature and magnitude—explain the residual between 

                                                 
42 In the field of private vehicles, providing the most extensive research on consumer valuation of energy 

efficiency, utility function estimates have yielded implausible results that are likely owed to the omittance of 

quality attributes which are negatively correlated with energy efficiency (such as engine performance). 

According to these results, consumers would not at all appreciate energy efficiency improvements or—although 

not being statistically significant—would even attribute a negative value to better energy efficiency. See Berry, 

Levinsohn, and Pakes (1995); Fan and Rubin (2010); Gramlich (2010); Train and Winston (2007).  

43 As far as such attributes are correlated, one has to handle collinearity issues with care. 
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observed and “engineering-optimal” energy efficiency.44 Indeed, proponents of well-working 

markets with rational participants reject the assertion of a welfare-economically relevant 

energy efficiency gap by emphasizing the existence of unobserved costs of energy-efficient 

alternatives (see e.g., Austin & Dinan, 2005; Kleit, 2004; Nichols, 1994). According to this 

line of reasoning, engineering-based estimates are incapable of capturing all costs and 

benefits arising to the adopter; while not being reflected in these studies, observed market 

behavior—that is, consumers’ willingness-to-pay—would reveal the hidden utility 

components disregarded by engineers. 

Of course, empirically working researchers, not only in the field of energy efficiency, 

are cognizant of the complexities of estimating product-specific utility functions associated 

with unobserved product characteristics (see e.g., Bajari & Benkard, 2001; Berry, 1994; 

Gandhi, Kim, & Petrin, 2010; Imai & Sidibe, 2011; Klier & Linn, 2012a; Louviere et al., 

2002). In practice, however, it is far from being trivial to identify all relevant (non-monetary) 

utility determinants, to assign respective variable values to these components for the different 

technologies, and to assess their impact on consumer utility. Even if several further quality 

variables beyond one-off acquisition costs and energy costs are added to the analysis of 

different technology alternatives for the same basic energy service, there will likely remain 

unobserved properties that affect consumer utility and may be correlated with a technology’s 

energy efficiency. A potential approach to cope with this challenge is to introduce an 

unspecified quality parameter whose value depends on the energy efficiency of the durable 

and accounts for disregarded costs or benefits (see e.g., Parry et al., 2010). Thus, in such 

models, energy efficiency enters consumers’ propensity to buy a certain product not only by 

determining its energy costs, but also by being a determinant of the hedonic satisfaction it 

provides. A noteworthy approach of this kind has been chosen by Gramlich (2010). In his 

model of the vehicle market, Gramlich uses energy efficiency twofold: (a) as determining the 

costs per unit energy service delivered and (b) energy efficiency in terms of energy services 

per unit of energy input as proxy for unobserved attributes that are assumed to directly 

correlate with energy efficiency. 

However, approaches that attempt to capture hidden costs by directly attributing 

(negative) utility to better energy efficiency seem unsatisfying for informing energy policy 

and create their own problems. First, it appears questionable whether energy efficiency—that 

                                                 
44 See also  Hodgson (1988), cited in Sorrell et al. (2000). If market barriers can partially explain the gap 

between observed and “engineering-optimal” energy efficiency, hidden costs would serve as the tautological 

rationalization for the remainder of the gap. Note that similar issues (i.e., tautology problems) may also arise, 

however, with other difficult-to-quantify explanations of an alleged efficiency gap, such as transaction costs. 
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does not provide any utility by itself, except for possibly “warm glow”—is an appropriate 

proxy for a vector of potentially very heterogeneous quality attributes of the energy durable. 

Second, a compound parameter for (dis-)utility associated with energy-efficient technologies 

does not allow distinguishing between technologically inherent properties of highly energy-

efficient products (i.e., inseparabilities) and merely empirically correlated product attributes 

(e.g., gold plating).45 This lacking distinction implies, in case of a negative correlation 

between energy efficiency and quality, that energy efficiency improvements seem to 

inevitably go along with quality degradation. Third, this approach still leaves difficulties in 

disentangling disregarded costs (or benefits) of energy-efficient technologies from consumer 

undervaluation (or overvaluation) of future energy savings.46  

Separating energy efficiency from other product traits facilitates assessing whether 

(and to which extent) future energy savings may actually be undervalued, even though it is 

usually not possible to make all product attributes of utility-relevance explicit. Therefore, 

using fixed effect estimators, as done by Economics for the Environment Consultancy (2008), 

for instance, seems to be a more promising approach to disentangle energy efficiency from 

potentially correlated unobserved costs or benefits. These fixed effects represent common 

unobserved utility-relevant attributes for certain types of the regarded energy durable, but—in 

contrast to the approach of Gramlich (2010)—they are not immediately tight to energy 

efficiency. This approach requires large and detailed data sets, however. Another approach to 

rule out hidden costs as an overlapping factor when scrutinizing the existence of an energy 

efficiency gap and assessing consumers’ valuation of future energy savings is to examine 

                                                 
45 For the case of attributes that are inseparably linked to a product’s energy efficiency performance, using 

energy efficiency as an integrated utility parameter proxying the utility delivered by these attributes may be 

vindicated. For quality attributes that can be separated from energy efficiency, however, this approach distorts 

estimations of the actual (long-term) utility impact of implementing energy efficiency technologies and 

suggests—in case desired quality features correlate positively with energy intensity—unresolvable trade-offs 

between a durable’s energy costs and the utility from its usage. Due to the lacking disentangling of utility-

relevant product attributes that only empirically correlate with energy consumption, the potential for overall 

cost-effective energy efficiency improvements will be underestimated. This holds particularly true if the utility 

impact is derived from studies that attempt to estimate consumers’ preference satisfaction from different energy 

efficiency technologies by observing the willingness-to-pay for manufacturer profit-maximizing attribute 

bundles, whereas the monetary cost implications are taken from engineering-based bottom-up technology 

assessments. This is because the latter type of technology-driven cost assessment will regularly disregard the 

cost implications of adjustments of the bundled attributes that go along with a change in energy efficiency.  

46 Greene (2010a) discusses further problems of Gramlich’s approach to use energy efficiency as a measure of 

energy service quality. 
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changes in the prices of (used) assets with differing energy efficiency subsequent to 

variations in energy prices.47 

The relevance of disregarded utility components and switching costs varies 

significantly across the different energy durables within the realm of private households and 

needs to be assessed on a case-by-case basis. Whereas some energy-efficient products may 

predominantly have disregarded properties causing disutility, others may rather feature 

additional disregarded net utility or be almost identical in quality. For example, compact 

fluorescent lamps are often deemed to perform worse than incandescent light bulbs in some 

quality respects (see California Energy Commission, 1999; Figueiro et al., 2003; Sandahl, 

Gilbride, Ledbetter, Steward, & Calwell, 2006, Chapter 2). For buildings’ thermal integrity, it 

is well conceivable that unobserved quality attributes rather positively correlate with better 

energy efficiency.48 For vehicles, on the one hand, some means of reducing the vehicles’ fuel 

consumption, such as a general downsizing strategy, go along with adverse changes in 

desired vehicle attributes (e.g., size, performance, luxury amenities); on the other hand, there 

are seemingly cost-effective technological options for energy efficiency improvements 

available that leave these attributes widely unchanged.49  

Unobserved quality differences can be ruled out as explanation for reluctance to 

invest in better energy efficiency if the goods are (almost) identical except for their energy 

efficiency. In response to the assertion of well-functioning energy efficiency markets, 

proponents of considerable market deficiencies (potentially warranting policy interventions) 

demonstrate for several energy durables that excessive implicit discount rates—that is, an 

                                                 
47 See Allcott and Wozny (2012); Busse, Knittel, and Zettelmeyer (2013); Sallee, West, and Fan (2011) who 

apply this approach—with deviating results—to the market for used vehicles. For other energy durables, which 

are traded in less transparent used good markets, this approach may be less feasible. 

48 Such disregarded benefits—potentially providing both better comfort and positive health effects—may 

comprise amongst others improved indoor climate, less within-room temperature differences, less heat bridges, 

less moisture damages, better temperature control, better air quality through automatic ventilation, and 

protection against external noise. See e.g., Howarth and Sanstad (1995); Jakob (2006); Jakob, Baur, and Ott 

(2006); Levine et al. (2007); Schweitzer and Tonn (2002). Ott et al. (2006) provide a comprehensive overview 

of the co-benefits and –costs of energy-efficiency improvements in residential buildings. 

49 For instance, the impact assessments for the current U.S. and EU fuel economy regulations address the 

problem of disregarded quality costs by holding vehicle attributes relevant for consumer choices widely constant 

and still find significant potentials for efficiency improvements that would pay off within few years. See 

European Commission (2012a); U.S. Environmental Protection Agency (2012b); National Highway Traffic 

Safety Administration (2012a). Yet, this leaves the possibility of opportunity costs arising in the form of 

foregone further improvments in these attributes: instead of using technological advancements to reduce the 

vehicles’ specific fuel consumption, they could alternatively be directed towards potentially utility-providing 

increases in the vehicles’ size or performance. See e.g., S. T. Anderson et al. (2011); Fischer et al. (2007); 

Portney et al. (2003). 
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energy efficiency gap—persist even if unobserved quality costs can be excluded as 

explanation.50 

From a public policy perspective, there remains the question of how to deal with 

hidden costs differences across technologies of different energy efficiency. If an energy-

efficient technology entails hidden net costs that outweigh the achievable monetary benefits, 

it is fully in line with the consumer’s self-interest not to invest. Supposing stable consumer 

preferences and a given set of available technologies,51 there is not much to do for public 

policy: intervention striving for an intensified uptake of such energy efficiency technologies, 

e.g., by means of energy efficiency standards or mandatory technology prescriptions, would 

burden consumers with these hidden costs and reduces their overall welfare. Yet, if there are 

net hidden (non-monetary) benefits to be gained through improving energy efficiency and at 

the same time engineering-economic studies assert an underadoption of energy efficiency 

technologies with respect to financial outcomes, policy action is much warranted. Then, the 

energy efficiency gap would further open up. This calls for (a) scrutiny of the confounding 

factors that impede tapping the potentials for seemingly cost-effective energy-efficiency 

increases and (b) a careful assessment of whether policy interventions can overcome these 

market barriers in an overall welfare-enhancing manner. In any case, regulatory impact 

assessments have to take sufficiently care of costs and benefits of alternative technologies 

beyond their financial implications, requiring more comprehensive cost-benefit analyses in 

preparation of interventions in the energy efficiency market. Otherwise, hidden costs and 

benefits remain an argument used by both proponents and opponents of active energy 

efficiency policies.  

 

                                                 
50 See e.g., Greening, Sanstad, and McMahon (1997); Koomey and Sanstad (1994); Levine, Koomey, 

McMahon, Sanstad, and Hirst (1995). Levine and Sonnenblick (1994) give an immediate response to Nichols 

(1994) who claims disregarded utility components to partially explain low market adoption rates of energy 

efficiency technologies; based on common empirical grounds, they find no evidence of significant hidden 

quality costs, and point at methodological weaknesses in Nichols’ analysis.  

51 In the long run, policy may have an influence on the set of available technologies: policy may (a) support the 

development of improved energy-efficient products, featuring enhanced quality properties and less (disregarded) 

non-monetary costs or (b) foster—in case of “gold plating”—the disentangling and recombination of different 

product attributes in order to increase the “separate” availability of energy efficiency. Whether such 

interventions are justified on welfare-economic grounds needs to be assessed.  

The assumptions that (a) preferences are stable and (b) preferences—expressed through the willingness-to-

pay—for a product represent the actual utility derived thereof will be scrutinized in section 3.3.2. Deviations 

from these assumptions can affect the welfare-economic meaning of the (non-monetary) hidden costs and 

benefits discussed here. 
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2.2.2 Heterogeneity across Potential Adopters  

Potential adopters of energy efficiency technologies are heterogeneous in several 

respects. These heterogeneous traits can be important determinants of the cost-effectiveness 

of an energy efficiency investment. What is profitable for the average consumer does not 

necessarily pay off for all consumers. Neglecting heterogeneity can severely distort estimates 

of the cost-effective market uptake of energy efficiency technologies (e.g., Allcott & 

Greenstone, 2012; J. Hausman & Joskow, 1982; Howarth & Sanstad, 1995; Jaffe et al., 

2004). That is, the actually optimal energy efficiency adoption, accounting for heterogeneity, 

deviates from the uptake that is cost-effective for the average consumer. In consequence, an 

analysis ignoring heterogeneity may find an energy efficiency paradox, although all potential 

adopters behave fully rationally, given their individual circumstances. Among the factors that 

are heterogeneous across consumers and which determine the cost-effectiveness of energy 

efficiency investments are: 

 Usage patterns, i.e., the demand for energy services 

 Discount rates 

 Local energy prices and possibly the (upfront) cost of adopting a more energy-

efficient technology  

 Different preferences with respect to (unobserved) quality differences among durables 

of differing energy efficiency, implying differences in the received utility 

 The (baseline) energy efficiency level of the current equipment, which determines the 

energy savings yieldable from switching to a more energy-efficient technology52 

While all these factors find entrance in the calculation of the net present value of an 

energy efficiency investment opportunity, the effect of consumer heterogeneity on actually 

observed (and cost-effective) energy efficiency adoption rates—as compared to those 

predicted (or recommended) for the average consumer—is most easily illustrated using the 

example of differing usage patterns. The demand for energy services from a particular 

energy-consuming durable can be determined by a large number of factors: e.g., household 

size and age structure (heating and hot water demand, frequency of using appliances such as 

washing machines or dishwashers, transportation demand), the climate (utilization rate of air 

conditioning), commuting distance (annual and lifetime vehicle mileage). 

                                                 
52 This is relevant only in case of energy efficiency upgrades of existing assets (e.g., building retrofits) or early 

replacement of still working durables.  
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Misguidance of cost-effectiveness calculations that ignore heterogeneity is often 

demonstrated within the context of a choice among a finite number of technologies—in its 

simplest case, the choice between a conventional and an energy-efficient technology (e.g., 

Allcott & Greenstone, 2012; Golove & Eto, 1996). If the discounted energy cost savings of 

the efficient technology arising to the average consumer exceed the additional upfront costs, a 

widespread adoption would be expected and recommended without considering 

heterogeneity. In a heterogeneous consumer population, however, some consumers will yield 

above-average returns from the energy efficiency investment, whereas for others (i.e., those 

with low utilization) the energy cost savings fall short of the additional cost of the energy-

efficient alternative. Thus, for the latter fraction of potential adopters, it is fully rational not to 

invest.  

The misleading effect of neglecting heterogeneity can also be straightforwardly 

illustrated in a broader context, allowing energy efficiency to be available on a continuous 

scale. The benefits from improved energy efficiency in form of reduced energy costs increase 

linearly in the durable’s energy intensity. The marginal additional upfront costs can 

reasonably be assumed to be convex in energy intensity; that is, the costs for reducing the 

energy input per unit of energy service delivered increase convexly with ever-lower energy 

intensity, representing the disproportionally increasing complexity when approaching 

technological frontiers.53 Then, the optimal average energy efficiency level, being the 

arithmetic mean of the cost-effective energy efficiency level chosen by those with a high 

utilization and the level optimal for those consumers with a low utilization of the equipment, 

will be lower than the energy efficiency level that would be chosen by consumer with 

average utilization. Thus, calculating cost-effectiveness based on households’ average 

demand for energy services distorts the calculated optimal level towards higher energy 

efficiency—compared to the average energy efficiency resulting from each household 

making individually optimal choices. The larger the variance in energy service demand (or 

other heterogeneous determinants of optimal energy efficiency), the larger the gap will be 

between the level of cost-effective energy efficiency level for the mean household and the 

actually optimal (average) level. 

Similarly, applying uniform discount rates to energy efficiency investment 

opportunities distorts cost-benefit analyses if consumers are actually heterogeneous in their 

                                                 
53 For instance, the marginal cost curves for reducing LDV’s fuel consumption are regularly estimated to be 

convex (see FEV, 2012b; 2012c; International Council on Clean Transportation, 2013c; Kasab & Velliyiur, 

2012; Koffler & Rohde-Brandenburger, 2010; Meszler, German, Mock, & Bandivadekar, 2012b; Ricardo Inc. & 

Systems Research and Applications Corporation, 2011). 
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discounting behavior. It is a quite common finding that revealed discount rates correlate 

negatively with household income and wealth as well as with education (e.g., J. Brown, 

Ivkovic, & Weisbenner, 2013; Lawrance, 1991; Train, 1985). With respect to heterogeneity 

in consumers’ intertemporal discounting behavior it is important to note, yet, that some 

determinants of the discount rate applied to energy efficiency investments are genuine 

intertemporal preferences of the potential adopters, whereas others are market barriers that 

may possibly be overcome in a welfare-increasing manner. The first characterization mainly 

applies to the pure rate of time preference. Among the latter determinants of a consumers’ 

discount rate are factors such as credit constraints or high financing costs, short required 

payback period in accordance with planned ownership time, or usage of simplified 

discounting approaches due to a lack of financial literacy. Scholars (e.g., Metcalf, 1994; R. J. 

Sutherland, 2003) who rationalize poor households’ reluctance to invest in energy efficiency 

upgrades by pointing at their high discount rates (being due, for instance, to restricted capital 

market access and high opportunity costs of foregone current consumption) often do not 

clearly distinguish between the different sources of diverging discount rates. Given their 

conceptually different nature with respect to potentially beneficial market interventions (e.g., 

public loans for energy efficiency investments, providing life cycle cost calculation tools), 

disentangling the discount rates applied to energy efficiency opportunities seems warranted 

from a public policy perspective.54  

The degree of heterogeneity across consumers, and thereby the relevance of 

heterogeneity for cost-benefit analysis, greatly varies with the type of energy durable 

regarded. With regards to usage pattern, for example, the heterogeneity can be large for some 

appliances (e.g., dish washers, dryers), whereas for others it may be rather small (e.g., 

refrigerators, space heating within the same climate zone). LDV are among those energy-

consuming durables that feature considerable heterogeneity in the demand for energy service 

(i.e., mileage) (e.g., Frondel, Ritter, & Vance, 2012; Gillingham, 2011b). Hence, ignoring this 

heterogeneity may well lead to an identified energy efficiency gap which is larger than the 

actual gap—if it exits at all (Bento, Shanjun, & Roth, 2012; Grigolon, Reynaert, & Verboven, 

2014; Sawhill, 2008). The optimal pace of adopting fuel efficiency technologies will be 

overestimated if the heterogeneity among drivers remains unconsidered. However, not all 

                                                 
54 While investment reluctance may be rational from a household’s individual perspective, given unfavorable 

financing conditions and a high marginal utility from current consumption, restricted access to financing 

opportunities—although better energy efficiency increases a household’s repayment capability—may also 

indicate capital market imperfections. If potential adopters demand full payback during their ownership period 

because they do not expect that the better energy efficiency will be appropriately valued in the used product 

market, this also hints at—potentially remediable—market imperfections. 
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attempts to explore the existence of an energy efficiency gap are ignorant of heterogeneity. 

As Helfand and Wolverton (2011) emphasizes, mixed logit discrete choice models are well 

capable of accounting for heterogeneity across consumers, referring to papers in the LDV 

domain that do so (e.g., Bento, Goulder, Henry, Jacobsen, & von Haefen, 2005; Bento, 

Goulder, Jacobsen, & von Haefen, 2009; Berry, Levinsohn, & Pakes, 2004; Sawhill, 2008; 

Train & Winston, 2007; Whitefoot, Fowlie, & Skerlos, 2011). 

 

2.2.3 Uncertainty: Risk Aversion and Option Value 

2.2.3.1 Risk Aversion 

Another in the energy efficiency literature very prominently posited rationalization for 

consumers’ observed reluctance to adopt seemingly cost-effective energy efficiency 

technologies is uncertainty of their costs and benefits in combination with risk aversion. If 

consumers have (non-neutral) risk preferences, uncertainty of the outcomes of energy 

efficiency investments can rationally deviate energy efficiency choices from what would be 

chosen under certain conditions. Thus, ignoring uncertainty can yield flawed estimates of the 

existence and extent of an energy efficiency gap as well as misleading policy 

recommendations. The net benefits from an energy efficiency investment are subject to 

several uncertainties, among them: 

 Energy prices 

 Energy service demand (due to uncertainties in household size, commuting distance, 

climate conditions etc.) 

 Performance of the energy-efficient option—both in terms of actually achieved 

energy efficiency and hedonic satisfaction delivered 

 Energy and climate policy 

 Required maintenance  

 Service life or usage period of the product 

As long as these uncertainties are uncorrelated (or positively correlated with respect to 

their impact on an energy investment’s profitability) with each other, a higher variance of any 

of these factors will also imply a larger variance in the total net benefit from an energy 

efficiency investment. Still, not all of these uncertainties provide arguments in the same 

direction; indeed, the implications of the different sources of uncertainty may rather call for 

oppositional consequences. Thus, for a meaningful analysis of the implication of uncertainty 
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it is vital to disentangle the impacts of these different sources—although this is not 

necessarily done by scholars in the field of energy efficiency economics.  

For the assessment of whether (and the extent to which) risk aversion may explain and 

rationalize reluctance to invest in better energy, it is not sufficient to regard the variance of 

the investment’s outcome in isolation.55 The concept of risk aversion in expected utility 

theory is based on the assumption that individuals have a concave utility function with 

respect to their entire wealth, which (intertemporally) integrates all income sources of an 

individual—implying a diminishing marginal utility from additional wealth.
56

 Broadly 

speaking, an expected utility maximizer prefers certain or less risky choices over riskier 

ones—in terms of their implications on its overall wealth. The degree of risk aversion is 

dependent on the curvature of the utility function; it is often measured by the coefficient of 

absolute risk aversion or the coefficient of relative risk aversion (see Arrow, 1970; Pratt, 

1964). It becomes obvious that the impact of a given uncertainty on the variance of the 

adopter’s total wealth—rather than on the isolated profitability of the energy efficiency-

improving investment—is the relevant effect to examine. If an energy efficiency investment 

opportunity increases the variance of its cumulated wealth, a risk-adverse decider may 

rationally turn it down, although it features a positive expected net present value. 

 

2.2.3.1.1 Energy Price Risks 

At a first glance, the most salient uncertainty relates to future energy prices. The 

larger the energy price volatility, the more uncertain are the returns from an investment in 

better energy efficiency. The same holds true for uncertainty with regards to the (annual) 

energy service consumption, the product’s service life, and its performance in terms of actual 

specific energy consumption. Still, energy price risks have an exposed role in the discussion. 

First, energy prices showed great volatility in the past. Second, depending on the energy-

consuming durable regarded, energy costs can constitute the largest cost fraction over the 

product’s life cycle (Allcott & Greenstone, 2012).57 Having this in mind, risks of substantial 

energy price fluctuations appear to strengthen the rationale for investing in better energy 

                                                 
55 In reality, consumers often actually evaluate risky prospects in isolation, but this is in stark contrast to 

expected utility theory. See section 3.3.2.2. 

56 The theoretical foundations of risk aversion stemming from decreasing marginal utility go back to Daniel 

Bernoulli (1738; 1954). 

57 This holds particularly true for light bulbs and air conditioners, but an LDV’s fuel costs may also well exceed 

its purchase price. 
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efficiency rather than weakening it—despite increasing the variance of the returns from the 

investment. Improved energy efficiency serves as a hedge against energy price risks; it 

decreases the variance of the energy-consuming product’s total cost of ownership. Risk-

averse consumers should even be willing to accept additional upfront costs for better energy 

efficiency properties beyond the expected energy cost savings as these can be interpreted as 

an insurance premium. The previous reasoning holds, at least, as long as the energy price risk 

is uncorrelated to other economic risks that affect the adopter’s wealth.  

Yet, in reality, a consumer’s total wealth may change in the wake of fluctuating 

energy prices (and changes in her energy service consumption) not only via her energy bill, 

but other wealth components may also correlate with energy prices (and with individual 

energy service consumption).58 Here, we mainly focus on the correlation between energy 

prices and the domestic economic situation; the latter is interpreted as a (coarse) indicator for 

the adopter’s wealth, assuming that the value of her capital assets and her income correlate 

with the domestic economic situation. That is, a representative potential energy efficiency 

adopter’s personal economic situation is assumed to improve and deteriorate during an 

economic upturn and downturn, respectively. The strength and even the sign of the 

correlation between energy prices and the domestic economic situation are unclear and 

context-dependent, however. In case of a negative correlation, the former argument of energy 

efficiency as an insurance against energy prices hikes would be reinforced;59 risk-averse 

adopters should be willing to pay an insurance premium rather than demanding risk 

                                                 
58 It is well known that a household’s overall consumption of energy efficiency service positively correlates 

with the household’s income  (e.g., Advani, Johnson, Leicester, & Stoye, 2013; California Public Utilities 

Commission, 2012; Druckman & Jackson, 2008; Frondel & Sommer, 2014; Jamasb & Meier, 2010; Kunert et 

al., 2008). At the same time, however, the share of energy costs in a household’s total consumption expenditures 

decreases with rising incomes. In consequence, improved energy efficiency does not serve as insurance with 

respect to overall wealth—quite the reverse holds true. Even in a narrow perspective that focusses on energy-

related costs only, this correlation matters for energy efficiency considerations only if the amount of energy 

services delivered per (already existing) durable changes in the wake of a varying household income. If a 

household, after becoming richer, purchases new and additional energy-consuming durables, there will be no 

hedge: the change in income does not affect the total cost of ownership of the (pre-existing) durables. Indeed, a 

large share of the higher energy service consumption of richer households is attributed to more energy-using 

products in the households. Nonetheless, for some energy durables, a change in the individual’s personal 

economic situation may well have an effect on the usage frequency. The direction of the change in utilization 

may differ across durables, however. On the hand, the mileage of cars may grow if the owner gets a better paid, 

more distant job that requires a longer commute. On the other hand, unemployment can go along with greater 

use of electronic appliances (e.g., TV, computer), stoves, and higher heat demand if more time is spent at home. 

In the latter case of a negative correlation between income and energy service consumption, investing in better 

energy efficiency will serve as a hedge; with a positive correlation, the opposite holds true. 

59 This reinforced insurance argument is also proposed by Metcalf (1994), who applies the logic of the Capital 

Asset Pricing Model to energy efficiency investment decisions. 
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compensation. A positive correlation undermines—but not necessarily entirely offsets or 

even reverses—the insurance function of energy efficiency investments.60 

In the past, rising energy prices—oil prices, in particular—were identified as a 

depressing factor for the economic prosperity in Western industrialized countries, although 

there are indications that economies—possibly learning from the oil crises shocks—improved 

their resilience and became less vulnerable to energy price hikes (e.g., Aucott & Hall, 2014; 

Dhawan & Jeske, 2006; Hamilton, 1996; 2011; Jones, Leiby, & Paik, 2004; Papapetrou, 

2001; Park & Ratti, 2008; Sadorsky, 1999). However, the patterns observed in the past (i.e., a 

negative correlation between the world crude oil price and GDP in Western industrialized 

countries) seem to undergo a change in recent years (Vinhas de Souza, 2013), indicating a 

more demand-driven oil price development. In this case, a global economic upturn drives 

energy prices upwards, but may at the same time stimulate the domestic economic growth, 

thereby leading to rising capital asset values as well as an (lagged) increase in labor 

incomes.61 Also, a drop in economic activity caused by a rise in prices for (imported) energy 

may only be temporary and may foster economic growth in the long run through inducing 

investments in physical and human capital as well as in technological progress (Bretschger, 

2007).62 The depicted ambiguity of the correlation between economic growth and energy 

price developments basically applies to energy importers only; for (fossil) energy exporters, 

the positive correlation of (global) energy price levels and economic prosperity is quite 

straightforward.  

Particularly for poor households, energy costs constitute a large fraction of their entire 

household expenses. Hence, the direct impact (i.e., via the energy bill) of volatile energy 

prices is a substantial risk to their wealth. This tends to strengthen the insurance rationale for 

better energy efficiency irrespective of the correlation of energy prices with other 

                                                 
60 Whether the insurance function persists (to an attenuated degree) depends on the strength of the correlation as 

well as on the relative magnitude of the two energy price-related risks: i.e., the adopter’s energy bill and her 

“residual” economic situation. If the uncertain energy bill is the dominating risk with respect to the potential 

adopter’s total wealth or if the positive correlation is only weak, it can still be rational for her to invest in better 

energy efficiency. 

61 Here, the economic upturn, going along with an increased fuel demand, is the causal trigger for rising energy 

prices. In contrast, a negative correlation will normally be observable if (sudden) supply disruption causes an 

exogenous energy price shock, which is followed by economic struggle. See also Kilian (2008); Kilian and Park 

(2009) for the different implications of supply- and demand-driven energy price changes. 

62 Recall that risk aversion is derived from the curvature of the utility function with respect to lifetime wealth. 

Thus, a temporary drop in (capital and labor) income that is compensated in later years would be utility-neutral 

as long as consumption patterns do not have to be changed. 
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determinants of the adopter’s economic situation.63 Or to frame it another way, within a poor 

household’s portfolio, energy-consuming durables may be among those capital assets that 

have a relatively large impact on the household’s wealth. Their cost risks feature a substantial 

positive correlation. An increase in energy prices will equally apply to all other devices using 

the same fuel type and, moreover, energy prices of different fuels are often positively 

correlated.64 Hence, investing in better energy efficiency reduces the systemic risk of the 

household’s portfolio. An energy-efficient appliance serves as hedge against an inefficient 

one (Metcalf, 1994).The same logic applies to increases in the consumption of energy 

services. Utilization rates and the financial risks resulting thereof are normally positively 

correlated across many energy-consuming durables, too. Many reasons for an intensified 

utilization of one device such as an increase in household size also apply to other durables. 

This further strengthens the hedging impact of improving one device’s energy efficiency with 

respect to risks of increasing energy costs for other durables.  

The previous considerations regarding poor households’ risk attitudes towards energy 

efficiency investments are in stark contrast to the conclusions of R.J. Sutherland (1991), 

being an early and prominent advocate of cost uncertainty as a rationale for private 

households’ observed reluctance to invest in better energy efficiency. Sutherland focusses on 

the uncertain financial return from investing in improved energy efficiency, emphasizing that 

this risk can be significant relative to a household’s total income. Making reference to the 

Capital Asset Pricing Model,65 he argues that poor households cannot diversify away the 

unsystematic risks—due to transactions costs, illiquid assets, too few portfolio positions—

and therefore rationally require high returns from energy efficiency investments. Whereas 

this is true, a crucial flaw of Sutherland’s reasoning is that he ignores the specific structure of 

                                                 
63 If the poor household receives a large fraction of its income from social transfers, and if these transfers are 

regularly adjusted to compensate for energy price changes, this reasoning does not hold any longer from an 

individual perspective. Then, the welfare state assumes the energy price risk to a large extent. From an 

economywide perspective, hedging against energy price risks by means of better energy efficiency may still be 

economically efficient.  

64 First, different energy carriers are partially substitutable for each other (in electricity generation, for instance); 

second, a demand-driven energy price rise resulting from strong economic growth will normally not be 

restricted to one energy carrier; third, the prices of different energy carriers may be explicitly linked to each 

other through contractual arrangements (as it can be the case for oil and natural gas). Still, the correlation of 

prices across different energy carriers is far from being perfect. Moreover, the degree of price volatility differs 

across energy carriers. Thus, risk-averse consumers may (rationally) be reluctant to choose a more energy-

efficient durable if this also implies a switch to a more price-volatile fuel; the total energy price-related risk 

costs can increase if the effect of higher price volatility overcompensates the risk cost-decreasing effect of 

reduced energy consumption. 

65 Although referring to the Capital Asset Pricing Model, Sutherland acknowledges the model’s general 

shortcomings and its insufficient suitability in particular when analyzing private households’ investment 

decisions.  
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poor households’ economic risks. Given a lack of financial assets required for a diversified 

portfolio, he treats a poor household’s economic risk as a function of the uncertain returns 

from an energy efficiency investment. However, he neglects that energy price volatility 

constitutes a major risk to poor households’ wealth, and that this risk can be hedged through 

investing in better energy efficiency.66 The strong correlation—inherent to volatile energy 

prices—between the returns from an energy efficiency investment and required expenditures 

for maintaining a given energy service consumption in fact militates for demanding a rather 

low, possibly negative, risk premium. 

 

2.2.3.1.2 Climate Policy Risks 

Risks with regards to future climate and energy policy are another element to be 

factored by consumers when making energy efficiency decisions. By their very nature, 

climate policy uncertainty—and the risk costs arising thereof—would need to be classified as 

market barriers because they are a direct consequence of governmental action. Nonetheless, 

with the help of an “auxiliary” assumption on the climate policy-making process, it appears 

justifiable to discuss these risks in this chapter: i.e., the assumption that climate policy 

uncertainty is—at least partially—a function of (objective) climate science and technology 

uncertainty. Then, climate policy changes would merely be a reaction to resolving uncertainty 

(e.g., due to new climatological insights) as well as to unexpected technological progress 

rather than being the (arbitrary) result of political discretion. Interpreted in this sense, 

uncertainty regarding the magnitude of the social cost of carbon, for example, would translate 

into uncertain levels of climate policy stringency.  

If climate policy actually lived up to this—optimistic—assumption, climate policy 

risks would strengthen risk-averse deciders’ rationale for investing in better energy 

efficiency.67 This holds widely irrespective of whether stricter climate policy is enforced 

through carbon pricing or regulatory measures. In the first case, the variance of future total 

energy costs (including the carbon pricing component) incurred by consumers increases; this 

                                                 
66 Interestingly, Sutherland accounts for this hedging effect on an economywide but not on the individual level.  

67 If, instead, climate stringency were a function of the economic situation, with ambitious climate policy being 

more feasible during times of economic prosperity, the opposite would hold true. Then, economizing on energy 

efficiency would be a rational hedge for risk-averse consumers against income risks. 

It is also important to emphasize that changes in climate policy stringency are assumed to be entirely stochastic 

as seen from an energy efficiency adopter’s perspective. If the ambition level of future climate policy is affected 

by the current rate of energy efficiency adoption, deciders may strategically deny investing in better energy 

efficiency. See also section 10.6 for this so-called ratchet effect.  
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variance can be reduced through investing in better energy efficiency. In the latter case, the 

variance in wealth of a non-adopter (of energy-efficient technologies) increases with the risk 

of regulators’ tightening GHG or energy efficiency requirements beyond what is expected 

because this would entail an accelerated depreciation and early replacement of energy-

inefficient durables. Whereas energy efficiency investments can turn out to yield a negative 

return if the climate policy is actually relaxed, they still provide an insurance against the 

downside risk of raised stringency, thereby mitigating an adopter’s wealth variance. 

Even with a stable regulatory framework, potential adopters may face remaining 

climate policy-related investment risks—for instance, with regards to the cost burdens from 

carbon pricing. The two basic approaches to carbon pricing fundamentally differ in their risk 

profiles. Here, we briefly comment on the discussion as to whether carbon pricing by means 

of taxes or emissions trading is more effective in stimulating the adoption of energy 

efficiency technologies. It is often asserted that carbon taxes would ensure more certain 

returns to GHG abatement and energy efficiency investments than emissions trading, and 

therefore render such investments more attractive to risk-averse deciders. The reason behind 

this assertion is the constant carbon price, whereas allowance prices within an ETS are 

subject to volatility.  

Although sharing the final conclusion, that is, carbon taxes imply a stronger 

motivation for risk-averse consumers to invest in better energy efficiency than emissions 

trading, we disagree with this simplistic explanation. Considering the interplay of economic 

activity, (fossil) energy supply, and allowances prices, the issue is more complex. What 

eventually matters for a risk-averse potential investor is the development of the gross energy 

price (including the GHG cost component) and its correlation with the adopter’s residual (i.e., 

net of energy costs) wealth. Having this in mind, uncertainty regarding total wealth appears to 

be smaller if carbon pricing is implemented via an ETS than through carbon taxes (see Box 

1).68 First, flexible allowances prices cushion exogenous energy price shocks, implying less 

volatility of the gross energy price. Second, allowance price flexibility smoothens domestic 

economic cycles; that is, allowance prices perform an anti-cyclical function.  

 

                                                 
68 If the allowance price simply followed a random walk, uncorrelated to other wealth-determining factors, 

allowance price volatility would actually strengthen rather than weaken a risk-averse decider’s rationale for 

better energy efficiency in order to insure against this price risk. 
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Box 1. Risk Implications of Carbon Taxes versus Emissions Trading 

In the discussion on whether carbon taxes or emissions trading are the preferable 

approach for carbon pricing, it often stated that emissions trading would deter risk-averse 

investors from adopting energy-efficient technology due to allowance price volatility. Within 

an ETS, the carbon price is determined endogenously by the demand and supply of 

allowances, whereas emissions taxes can be set in a foreseeable manner. Thus, carbon taxes 

would ensure more certain returns to an energy efficiency investment, supposedly increasing 

their attractiveness to risk-averse deciders. However, overall riskiness of an energy efficiency 

investment is not determined by the volatility of the carbon price, but by the volatility of the 

gross price for energy inputs and its correlation to other economic risks. Thus, assessing the 

risk-related rationale for energy efficiency investments necessitates considering these factors 

jointly. In doing so, scrutinizing the above hypothesis, we distinguish three sources of 

allowances price volatility and their implications with respect to risk attitudes. 

 

Case A: Exogenous energy price shock 

The price of (imported) energy commodities changes (abruptly) due to exogenous 

developments; the price variation may result from changes in the supply of fossil fuels or 

from changes in the non-domestic energy demand. Higher (import) prices lead to a decrease 

in the demand for fossil energy, rendering emissions allowances less scarce, and thereby 

cause allowances prices to drop.69 Owed to the fluctuating allowances price, gross energy 

prices increase less than with a fixed carbon tax. The interaction between the allowance 

market and the fossil fuel market cushions the volatility of gross energy prices in case of 

exogenous price shocks. At the same time, economic growth may well slow down, negatively 

affecting consumers’ wealth. Because there is no cushioning effect on gross energy prices, 

the domestic economic situation responds more sensitively to the exogenous price shock with 

a carbon tax implemented. Accounting for both effects, the absolute value of the (negative) 

covariance of gross energy prices and economic growth will be larger with carbon taxes, 

implying that energy efficiency investments are more effective as a hedge against exogenous 

energy price shocks. 

 

                                                 
69 With falling energy commodity prices, these effects would be reversed. 
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Case B: Change in domestic economic activity 

Let us assume that the domestic economic activity level varies, whereas the energy 

supply situation remains widely stable. Supposing a positive correlation between domestic 

economic activity and domestic energy demand, economic cycles have a relatively strong 

impact on the gross energy price with an ETS in place. In times of an economic upturn or 

downturn, allowances prices—and thereby gross energy prices—will increase or decrease, 

respectively, due to the changing allowance scarcity.70 As shown earlier, there is no or only 

relatively weak risk aversion-related rationale for energy efficiency investments if the 

development of gross energy prices and the general economic situation concur (i.e., they 

show a positive correlation). Thus, for this case, too, energy efficiency investments are more 

attractive for risk-averse investors with carbon taxes; this holds unless (gross) energy price 

uncertainty is the dominating risk with respect to the potential adopter’s total wealth.71 

 

Case C: Global demand-driven changes of energy commodities 

As noted earlier, there is increasing evidence that global energy commodity prices and 

economic activity are positively correlated. Thus, in the case regarded here, both domestic 

economic activity and energy commodity prices rise or fall concurrently driven by global 

demand (for goods and energy) in the wake of a global economic upturn or downturn, 

respectively. Whereas economic growth tends to drive allowances prices upwards, rising 

energy commodity prices rather decrease them. The net effect is ambiguous: while domestic 

gross energy prices will certainly rise, it is unclear whether the increase is larger with carbon 

taxes or emissions trading. Generally, there is only weak—risk aversion-based—rationale for 

energy efficiency investments, given the negative correlation of gross energy price risks and 

“residual” economic risks.72  

                                                 
70 Even if the gross energy price also rose with carbon taxes due to the increased domestic energy demand, this 

rise would fall short of the one occurring under an ETS. In consequence, the covariance of gross energy prices 

and economic growth will be larger with emissions trading than with fixed carbon taxes. 

71 In the latter case, the higher gross energy price volatility inherent to emissions trading argues in favor of 

purchasing better energy efficiency as an insurance against this price risk. 

72 If the economic activity risk dominates the gross energy price risk, there can be a stronger rationale for 

economizing on energy efficiency under carbon taxes. Saving on energy efficiency investments increases the 

mutual neutralization of gross energy price and economic activity risks. With emissions trading, this rationale is 

weaker as the restriction on fossil fuel consumption imposed by an ETS mitigates the volatility of domestic 

economic activity. Accordingly, the opposite holds true if gross energy price risks dominate.  

Note that a positive correlation between gross energy prices and economic growth implies a negative correlation 

of the related wealth risks because rising energy prices decrease wealth, whereas higher economic growth 

increases wealth. 
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Obviously, this box merely provides a simplistic insight into the different patterns of 

allowance price volatility and their implications with respect to incentives for energy 

efficiency investments. This very brief analysis does not differentiate among different energy 

commodities. Moreover, allowance price volatility is affected by the temporal dimension of 

emissions trading, that is, the time horizon of the ETS and the extent to which banking (and 

possibly) borrowing is allowed.73 Furthermore, the impacts of different carbon pricing 

approaches on public revenues remain disregarded (that is, uncertainties in the amount of 

public revenues generated with carbon taxes or by auctioning off emission allowances). Yet, 

wealth risks and motivation for energy efficiency investments also depend on the 

redistribution of these revenues. The bottom line is that (a) the risk implications of carbon 

taxes versus emissions trading must not be assessed based on an isolated evaluation of the 

variance of financial returns from an energy efficiency investment, but have to consider 

systemic interactions with economic developments, (b) the question as to which carbon 

pricing approach entails stronger incentives for energy efficiency investments cannot be 

answered unequivocally, but carbon pricing seems to render energy efficiency improvements 

more attractive for risk-averse deciders. Lastly, it needs to be emphasized that we focused on 

the perspective of private, non-industrial investors. The reasoning may not equally hold for 

industrial (energy-intensive) emitters for which the relative competitiveness in (international) 

markets crucially matters. 

 

2.2.3.1.3 Performance Risks 

Whereas energy price risks—in combination with risk aversion—do not strike as an 

explanation for energy efficiency investment reluctance, other uncertainties may be more apt 

in this regard. Another source of uncertainty often mentioned in the energy efficiency 

literature are possible deviations of the actual technical performance—in terms of the actually 

realized energy efficiency—of the energy-consuming durable from the expected 

performance. For several energy-consuming durables it was found that the ex-post observed 

energy consumption significantly deviated from ex-ante engineering estimates or from 

                                                 
73 The longer the time horizon and the more temporal compliance flexibilities are provided, the larger is the 

impact of future expectations—relative to the current economic and fossil fuel market circumstances—on the 

allowance price and the less volatile is it. As (expected) wealth is also determined by medium- and long-term 

economic prospects rather than short-run economic cycles, this strengthens the insurance function of flexible 

allowance prices and weakens the necessity for hedging by means of energy efficiency investments. 
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officially for regulatory compliance measured values. This observation was made—amongst 

other durables—for the most energy-consuming assets in private household: LDV and 

buildings. The officially measured fuel economy figures that are also disclosed on fuel 

economy labels deviate considerably from actual on-road fuel consumption (see Box 2). For 

buildings, the engineering estimates of energy savings yieldable from energetic retrofits also 

appear to be of insufficient representativeness for real-world energy savings (e.g., Holladay, 

n.d.; Metcalf & Hassett, 1999; Nadel & Keating, 1991). 

 

Box 2. Fuel Economy Uncertainty  

New vehicles brought into the market undergo standardized test procedures to 

measure their specific fuel consumption and emissions. Despite legal requirements for 

manufacturers and dealerships to display the officially measured fuel economy values of 

(new) vehicles, car purchasers still face a substantial degree of uncertainty regarding the on-

road fuel economy they will actually get. First, the actual specific fuel consumption and CO2 

emissions depend on a number of individual factors such as driving style, the use of ancillary 

components (e.g., air conditioning), the share of urban and highway driving, and traffic 

conditions.74 Drivers do not know how much these individual factors divert their actual on-

road fuel economy from the official values. Second, the current type approval procedures 

used to measure fuel efficiency tend to systemically underestimate the vehicles’ actual on-

road fuel consumption: the test cycles do not represent actual driving patterns (e.g., lower 

speed and acceleration rates than what is common today); manufacturers exploit tolerances 

and loopholes in the emissions determination regulations to perform well in the test 

procedures; they increasingly implement technologies that yield greater fuel savings in the 

type approval than under real-world driving conditions; etc. In consequence, real-world fuel 

consumption and emissions regularly exceed the measured values by a wide margin 

(European Environment Agency, 2014a; Mock, German, Bandivadekar, & Riemersma, 2012; 

Mock et al., 2013; Mock, Tietge, et al., 2014; Posada & German, 2013; Transport and 

Environment, 2013; 2014). To which extent this problem can be resolved with the new 

WLTP (Worldwide Harmonized Light Vehicles Test Procedure) remains to be seen (Mock, 

Kühlwein, et al., 2014). In the EU, the gap between the fuel consumption observed on the 

road and the officially measured values further opened up particularly since 2007, the period 

                                                 
74 Another—individual duration of ownership-dependent—source of uncertainty may stem from the pace of fuel 

economy deteriorations that typically occur over time due to abrasion. 
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during which the EU-wide CO2 emissions standards (as well as CO2-based vehicle taxation 

schemes in several member states) were introduced. 

In order to account for such systematic deviations of real-world fuel consumption 

from fuel economy values measured for standard compliance, the U.S. Environmental 

Protection Agency (EPA) corrects the latter values for its fuel economy label to provide 

consumers with a more realistic picture. Until 2008, the EPA used fixed scalars to correct the 

officially measured fuel economy values; since then, a new 5-cycle test method is used to 

obtain more representative fuel economy estimates resembling real-world driving conditions. 

While these corrections widely eliminate the systematic bias for the entirety of vehicles, they 

still leave significant variance around the mean, mainly due to driver-specific factors; thus, a 

considerable degree of uncertainty regarding actual on-road fuel economy remains for 

individual vehicle purchasers (Greene, Goeltz, Hopson, & Tworek, 2006; Z. Lin & Greene, 

2011; U.S. Environmental Protection Agency, 2006).  

 

Studies that examined differences between ex-ante specific energy consumption and 

ex-post observations find both systematic deviations of actual energy savings from prior 

estimates and stochasticity. For the analysis of the impact of risk preferences on the adoption 

rate of energy efficiency technologies only the latter matters.75 Systematic overestimations of 

the energy savings achievable from an energy efficiency investment imply a lower actual 

expected net present value and therefore rationalize not undertaking the investment—

irrespective of the potential adopter’s risk preferences; thus, an—alleged—energy efficiency 

gap resulting from systematic deviations is nothing more than a measurement failure.76  

Technical performance risks will normally be uncorrelated to other risks related to a 

household’s wealth. Growing performance uncertainty increases the overall variance of a 

consumer’s total wealth. If technical performance risks are particularly large for energy-

efficient technologies, their insurance function with respect to energy price and utilization 

                                                 
75 In practice, disentangling stochasticity from subjective uncertainty due to deficient knowledge is not always 

straightforward, however. According to the taxonomy used here, subjective uncertainty that could potentially be 

resolved through policy interventions constitutes a market barrier. Stochasticity that causes risk costs (which 

cannot be eliminated through hedging), in contrast, does not contribute to an energy efficiency gap. If subjective 

uncertainty regarding a durable’s technical performance can be theoretically resolved, but not at reasonable cost, 

the implications of subjective and objective uncertainty are the same, however. See e.g. Campos, Neves, and 

Campello de Souza (2007); Helton (1997) for the distinction between subjective and objective uncertainty. 

76 As far as an ex-post higher energy consumption than ex-ante expected is due to an unanticipated—price-

induced—higher utilization rate (i.e., the rebound effect), the observed deviation is not a failure in estimating 

the technical performance of the energy-efficient durable but rather unawareness of induced behavioral changes.  
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risks will be undermined, thereby weakening their appeal to risk-averse investors. There are 

some good reasons to assume that the technical performance of energy-efficient technologies 

is more uncertain than the performance of conventional alternatives. For innovative 

technologies in particular, experiences regarding the long-term performance may be lacking. 

In case of building retrofits, the baseline energy consumption is known quite well, whereas 

the actual energy efficiency after implementing the measure is uncertain. If, however, the 

variance of the actual performance relative to its mean (i.e., the expected specific energy 

consumption) is identical for all technologies, the technical performance-related financial risk 

of the conventional technology is larger due to the higher mean energy intensity. Obviously, 

this would hold even more if conventional technologies featured greater relative performance 

risks.  

 

2.2.3.1.4 Lifetime Uncertainty and the Discounting Effect 

Another uncertainty that can provide a rational explanation for consumers’ reluctance 

to bear higher upfront costs in exchange for better energy efficiency relates to the 

intertemporal nature of the decision. The randomness of the physical or economic service life 

of the energy efficiency investment provides rationale for the purchase of an initially cheaper 

and less energy-efficient durable. If the durable’s actual lifetime varies around a known 

expected lifetime, the expected net present value of an investment in better energy efficiency 

is lower than for a deterministic lifetime (Kooreman, 1995; 1996). This is because the loss 

incurred by an early failure—requiring an early replacement investment—is discounted less 

than the benefit from a late failure, assuming any positive discount rate. Given their higher 

share of capital costs to be paid upfront, the discounting effect of uncertain lifetime is larger 

for the energy-efficient technology. The higher the variance of the durables’ lifetime, the 

greater is the magnitude of this effect. The discounting is amplified if innovative and less 

established technologies feature greater lifetime volatility, but it also occurs if the lifetime 

probability distribution is identical for both the conventional and the energy-efficient option. 

It should be emphasized that a reluctant attitude towards energy efficiency investments with 

uncertain lifetime is rational for any consumer with a positive discount rate, widely 

independent from her risk preferences.
77

 Eventually, the depicted discounting effect is best 

                                                 
77 The previous argument holds true for risk-averse, risk-neutral and even moderately risk-seeking investors. 

Only for very risk-seeking consumers could an increase of the lifetime variance be (expected) utility-

increasing—that is, for cases in which the discounting effect is dominated by a strong risk preference. 
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described as (financial) costs that remain hidden if cost-benefit analyses disregard the volatile 

lifetime of energy efficiency investments. 

Beyond this discounting effect, an uncertain service life renders an energy efficiency 

investment less attractive for risk-averse investors. Uncertainty regarding the investment’s 

net present value grows with the variance of its lifetime (i.e, the length of its payoff period). 

Assuming that they are uncorrelated to other risks, lifetime risks will increase consumers’ 

overall wealth risk. Again this effect is amplified if energy-efficient durables are 

characterized by comparably large lifetime volatility. From an individual adopter’s 

perspective, the same consideration takes effect if she is uncertain about the duration of her 

own usage phase of the durable (instead of its entire lifetime) and she doubts that the used-

product market adequately incorporates the superior energy efficiency in the resale price. 

Then, risk aversion will decrease the tendency to invest in better energy efficiency. Yet, the 

failure of the used-product market to appropriately value energy efficiency (due to problems 

of asymmetric information, for instance) is clearly to be characterized as a market barrier.
78

  

 

2.2.3.1.5 The Impact of the Sums at Stake 

As stated earlier, risk aversion in expected utility theory rests on the assumption of a 

concave curvature of the utility function over (lifetime) wealth, implying diminishing 

marginal utility with increasing wealth levels. A utility function that generates reasonable risk 

attitudes for large-stake risky investments predicts virtually risk-neutral behavior for small 

and modest stakes; significant deviations from risk neutrality are to be expected only for 

stakes that have a noticeable effect on an individual’s overall lifetime wealth.79 In turn, 

rejecting risky small- and moderate-stake (energy efficiency) investment opportunities that 

have a positive expected value implies a rapid decrease in the marginal utility of wealth. 

Individuals who turn down such rather low-stake risky investment opportunities would 

exhibit an incredibly risk-averse—and by most standards obviously irrational—behavior if 

higher sums were at stake (Rabin, 2000; Rabin & Thaler, 2001). These implications hold if 

                                                 
78 In the used-vehicle market, Allcott and Wozny (2012); Busse et al. (2013); Sallee et al. (2011) do not find 

evidence of vast undervaluation of fuel economy. For building energy efficiency, Dinan and Miranowski (1989), 

R. C. Johnson and Kaserman (1983), Walls, Palmer, & Gerarden (2013), and Kok and Kahn (2012) conclude 

that efficiency improving investments are capitalized by the U.S. residential housing market to significant 

extend into property prices, whereas Dubin (1992) suggests that the housing market does not fully capitalize 

energy efficiency improvements. 

79 That is, we suppose that the risks inherent to an (energy efficiency) investment actually increase uncertainty 

with respect to lifetime wealth and do not hedge against other risks. Otherwise, the validity of risk aversion as 

an explanation for reluctance to invest in better energy efficiency would be further weakened. 
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the reluctance to take small- and modest-stake risks were actually founded on maximizing the 

expected utility from a concave utility-of-wealth function. 

Having this in mind, risk aversion—based on expected utility theory—as a 

meaningful explanation for consumers’ reluctance towards energy efficiency investments 

needs to be called into question. For most energy efficiency decisions, the magnitude of the 

potential investments’ economic impacts already widely rules out risk aversion from having a 

noticeable effect on the technology choice. Expected utility-based risk aversion may play a 

certain role in decisions involving risks that can actually affect the decision-maker’s 

(lifetime) wealth to a significant extent, such as the purchase/construction of a new home or 

major retrofits. Even then, however, the incremental costs for better energy efficiency (being 

at risk) may not rationalize large risk premia.80 For decisions on household appliance 

efficiency or getting a hybrid vehicle, for instance, the impact of risk aversion will normally 

be negligible. These reservations about risk aversion as an explanation for energy efficiency 

investment reluctance with respect to the sums at stake comes just in addition to the crucial 

question whether the energy efficiency investment is the actually risky option or whether 

energy costs are the dominating risk that can be hedged against by better efficiency 

properties.81 

Finally, it should be noted that the attempt to elicit consistent risk preferences from 

actually observed behavior reveals that most individuals do not show risk attitudes compliant 

with the predictions of expected utility theory. In section 3.3.2, we will elaborate alternative 

explanatory models for individuals’ reluctance to engage in prospects which are (perceived as 

being) risky.  

 

Box 3. Implications of Small-stake Risk Aversion 

We may underscore the previous reasoning by providing a numerical illustration:
82

 

Assume a consumer can choose between two vehicle models (e.g., a conventional and a 

hybrid car) which are absolutely identical except for their fuel consumption and their 

durability. Model A entails higher purchase costs, but lower (ex-ante known) fuel costs; 

                                                 
80 Moreover, the required risk premium for a given risky investment option is normally assumed to decrease 

with the baseline wealth level, and homeowners will usually not belong to the poorest households. 

81 Given the mostly rather small sums at stake (relative to lifetime wealth), the willingness-to-pay a premium for 

the potential insurance function of better energy efficiency should be small, too. That is, for stakes that represent 

only a small fraction of an individual’s overall lifetime wealth, the utility-of-wealth function can be 

approximated by a linear function. 

82 Numbers are taken (and adjusted) from Rabin (2000). 
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furthermore, model A may be susceptible to early failure, while the service time of model B 

is certain. Cumulating purchase costs as well as energy costs, model A will save the 

consumer 1,100€ with a probability of 50% compared to model B; provided other 

circumstances (i.e., early failure) that are equally likely, the consumer will lose 1,000€ if she 

chooses model A. An individual who consistently refuses to buy model A owing to expected 

utility-based risk aversion would also refuse to take an investment opportunity that yields a 

50% chance of losing 20,000€ of lifetime wealth and a 50% chance of gaining 

122,108,800€—given any non-convex utility function.
83

 Whereas rejecting the first 

investment opportunity seems fairly reasonable at a first glance, few rational individuals 

would hesitate to risk 20,000€ if they had a 50% chance to get rid of any financial worries for 

themselves, their descendants, their friends etc. 

 

2.2.3.1.6 Risk Aversion in Multi-dimensional Utility Functions 

An approach to possibly “revitalize” risk aversion in an expected utility setting as an 

explanation for reluctance to invest in better energy efficiency involves the introduction of 

multi-dimensional utility functions. Multi-dimensional utility functions explicitly capture 

different commodities that contribute to an individual’s overall utility (see Binder, 2009; 

Hellwig, 2004; Kihlstrom & Mirman, 1974; 1981). One-dimensional utility functions, in 

contrast, implicitly integrate all utility-providing components within a single wealth 

indicator.These multi-dimensional utility-functions are often assumed—analogue to one-

dimensional utility functions—to be concave in any of the commodities. The impact of 

uncertainty on the expected utility of different choice options then also depends on the risk 

distribution over the different commodities.
84

 The required risk premium for a given choice 

option may be comparably high if it features considerable uncertainty in one of the utility-

relevant commodities, even though (a) other attributes are relatively certain and (b) the 

fraction of overall lifetime (financial) wealth at stake is small. The risk concentration on one 

                                                 
83 This calculation is premised on the assumption that the individual constantly turns down the first investment 

option (that could likewise be a fair coin toss with the payoffs -1,000/+1,100) as long as her lifetime wealth does 

not exceed a certain threshold (e.g., a lifetime wealth of 400,000€); that is, the individual features constant 

absolute risk aversion over this range. Then, the -20,000/+122,108,800 investment opportunity would be 

rejected for any lifetime wealth level below 300,000€. Extending the range over which the -1,000/+1,100 

gamble is turned down would even further increase the already bizarre risk aversion towards modest- and large-

scale risks. 

84 Farsi (2008), for instance, uses a multi-dimensional utility function to rationalize tenants’ reluctance to invest 

in energy-efficient insulation and ventilation systems. While assuming linear utility, i.e., risk-neutrality, for 

monetary outcomes, a concave slope is supposed for the non-market properties of the different energy efficiency 

investment options.  
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commodity implies that the curvature of the utility function for this particular commodity 

comes to effect, constituting a relatively large uncertainty-induced loss in expected utility.85  

Applying this concept, energy efficiency opportunities may be turned down if they are 

more risky than the conventional option in terms of such utility-relevant commodities; quality 

attributes that provide hedonic satisfaction could be interpreted as such commodities, for 

instance. Considering this commodity-specific uncertainty, a technology may still be assessed 

as inferior even if it is financially attractive, reduces the adopter’s financial risks, and—

moreover—its expected utility is higher for all commodities: the risk cost inherent to one 

highly uncertain commodity may outweigh the energy-efficient option’s superiority in other 

regards. For example, uncertainty with regards to the (future) availability of charging 

infrastructure or the adopter’s future range needs can significantly decrease the expected 

utility from adopting an electric vehicle in the commodity practicability. For (earlier) energy-

saving lightbulbs, the chance of breakage and subsequent leakage of mercury in children’s 

rooms may have caused significant risk costs in the commodity health impacts. If a utility-

relevant commodity applies to in-operation quality, there is an upper bound for the risk costs 

that can easily be translated into a maximum financial costs: the sunk cost of the energy 

efficiency investment that are lost if the energy-efficient durable, which may turn out to be 

considerably inferior in some respects, is replaced by the conventional alternative.86 

A key problem of the concept of multi-dimensional utility functions as depicted above 

is that it can be turned into a widely tautological explanation for observed energy efficiency 

choices. It provides wide scope for rationalizing decisions that do not only involve monetary 

trade-offs. For almost any choice set with asymmetrically distributed risks, a multi-

dimensional utility function can be constructed that allows asserting risk aversion to be the 

rational explanation for rejecting a given risky prospect.
87

 The expected overall utility of a 

prospect crucially depends on the definition and distinction of the different commodities 

contributing to the individual’s overall utility, the curvature of the commodity-specific utility 

function, and the functional interplay of the different commodities. The more disaggregated 

the utility function, the more flexibility is provided for rationalizing observed choices by risk 

                                                 
85 The effect of commodity-specific uncertainty on the overall expected utility of an uncertain prospect crucially 

depends on the functional form of the overall utility function: a cumulative overall utility function is less 

affected than a multiplicative utility function by a lopsided uncertainty distribution over the different 

commodities that affect overall utility. 

86 This holds unless the risks comprise irreversible damages as in the lightbulb example. 

87 With asymmetrically distributed risks, a situation is meant in which there is no consistent rank-order of the 

regarded prospects across all ”commodities,” i.e., the prospects’ relative downside risk varies across the 

different “commodities.” 



Background: The Energy Efficiency Gap 

57 

preferences. Hence, the advantage of multi-dimensional utility functions, that is, their 

capability of explicitly accommodating complementarities and non-substitutabilities of utility 

providing quality attributes, is at the same time a drawback as it increases the scope for 

arbitrariness. Notwithstanding, the concept of a single, concavely utility-providing wealth 

indicator is problematic, too, as it is practically infeasible to bring a diverse variety of utility-

providing goods and services, for which often no markets exist, to a common denominator. 

 

2.2.3.2 Option Value 

In the previous section, we focused on the attitude of risk-averse consumers towards 

several uncertainties related to energy efficiency investments. The concept of option values 

(Bjornstad & McKee, 2006; Dixit & Pindyck, 1994; Pindyck, 1991), in contrast, is applicable 

widely independent from risk preferences. It is premised on the assumption that the consumer 

is flexible with respect to the point in time when to (potentially) invest. That is, the real 

options approach can be used to analyze whether and when to invest in better energy 

efficiency. According to option value theory it may be rational—also for non-risk-averse 

investors—to delay an investment and to wait for uncertainty to (partially) resolve even if the 

investment’s net present value is positive (e.g., Hassett & Metcalf, 1993; B. E. Johnson, 

1994; Metcalf, 1994; Metcalf & Rosenthal, 1995; van Soest & Bulte, 2001). Many energy 

efficiency investment opportunities are characterized by—at least, partial—irreversibility; 

that is, a substantial fraction of the initial investment costs is sunk once the energy efficiency 

measure is taken—due to technical reasons (e.g., better thermal insulation) or relatively low 

salvage values (e.g., appliances, LDV)88 of the investment. Facing the earlier described 

uncertainties, waiting for additional information may provide the decision-maker with the 

prospect of avoiding possible losses in case of an unfavorable development of the uncertain 

variables. For reducing the probability of suffering a loss, the investor would be willing to 

incur costs—in the form of foregone energy savings—during waiting time. Waiting for 

uncertainty to resolve remains rational as long as these costs are less than the benefits of 

waiting in the form of reducing the downside risk of the investment (i.e., the expected losses 

in case of an unfavorable development). As both the cost of waiting as well as the 

investment’s downside risks change when new information arrive, the point can come at 

which it is more beneficial to take the remaining risks of the energy efficiency investment 

instead of further bearing the costs of waiting. 

                                                 
88 Immediately after first purchase, the value of these durables considerably drops; moreover, the costs of 

finding, acquiring, and installing the equipment are sunk. 
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Two examples can illustrate the concept of option value. Given in the past steeply 

rising—yet highly volatile—heating oil prices, the investment in a solar thermal heating 

system may have a positive net present value. However, delaying the investment would allow 

observing the future price trend and incorporating that information in the investment 

decision. If the prices stabilize or further increase, the investment is made as the remaining 

probability of suffering a loss with the investment has become small and the costs of waiting 

have increased. If, instead, the energy prices drop back to a level that renders the solar panel 

not profitable anymore, the investment is waived and a financial loss will be avoided. The 

second example regards the decision to replace the current vehicle by either a “normal” 

hybrid or a plug-in hybrid electric vehicle (PHEV). Both yield savings in total cost of 

ownership compared to the current vehicle, with the hybrid vehicle being currently more 

profitable. Yet the more innovative PHEV may undergo cost degression in the near future 

which is uncertain, though. In case of a substantial cost degression, the PHEV will become 

cheaper—in terms of its total cost of ownership—than the hybrid; in the equally likely 

scenarios of a small or moderate cost reduction, the hybrid remains superior. In this 

constellation, it can be rational for the consumer to put off her decision until the uncertainty 

with respect to the PHEV prices has resolved. The cost of waiting (i.e., higher fuel cost) may 

well be below the opportunity cost of not choosing the vehicle technology with the least total 

cost of ownership.  

In the latter example, the option value of waiting for better information does not arise 

for reducing the probability of suffering a financial loss, but for avoiding opportunity costs of 

a suboptimal decision. Waiting can increase the expected value of a decision among a 

number of investment opportunities, all of them delivering profits of uncertain magnitude. 

Awaiting better information on the relative performance of these investment options may be 

worth initially foregoing some profits in the meantime. Therefore, the adoption of any energy 

efficiency technology may possibly be delayed, despite all of them being superior to the 

current energy-inefficient technology, if the adopter expects the arrival of new information on 

their relative benefits. 

In this context, it is important to distinguish between the expectation of future 

performance improvements of energy efficiency technologies and the uncertainty inherent to 

the technological progress. Option value is related to resolving uncertainty. If a considerable 

technological improvement or a price decrease of an energy-efficient durable can be expected 

(e.g., to scale and learning-curve effects), it is entirely rational to delay its adoption, even if it 
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is already profitable to adopt it right now—irrespective of uncertainty.89 In case an increase 

of the investment’s profitability is expected, the main reason for waiting is not the resolution 

of uncertainty but the materialization of the improved investment conditions. The energy 

efficiency literature is not always clear with regards to this distinction. 

In the face of volatile energy prices as well as dynamic and hard-to-predict 

development of some innovative energy-efficient technologies (such as electric vehicles), 

option value can make a contribution in rationalizing hesitation to adopt these technologies. 

Still the explanatory power of option value remains limited and cannot explain implicit 

discount rates measured for energy efficiency investments that are far above reasonable 

financing costs (e.g., Baker, 2012; Sanstad et al., 1995). Moreover, option value is valid as a 

potential explanation only if waiting does not cause substantial costs (i.e., costs that exceed 

the value of the waiting option). For instance, if broken appliances need to be replaced, the 

cost of waiting will be prohibitively high. Also for many other energy-consuming durables, 

such as a new LDV or a new home, the decision on the purchase timing will normally not be 

predominantly driven by energy efficiency considerations. The option value argument can be 

valid for energetic refurbishments, for instance, as the building already exists and the 

provided hedonic satisfaction is relatively unaffected from the decision to implement an 

energetic retrofit.90 Given the high share of energy costs in the total cost of ownership, option 

value can also play a role in the timing of replacing an energy-inefficient air conditioning.  

 

2.2.3.3 Synopsis 

Some risks related to energy efficiency investments contribute to increasing 

uncertainty of the adopter’s wealth, while others decrease the variance of her wealth level. If 

the latter group of risks prevails, investing in better energy efficiency gains in attractiveness 

to risk-averse consumers, and vice versa. Whether, to what extent, and into which direction 

uncertainties influence a consumer’s decision on the implementation of energy efficiency 

measures depends on the regarded energy-consuming durable as well as on a number of 

                                                 
89 Rapson (2014) explores, using the example of air conditioning, how such expectations affect the choice of 

energy-consuming durables. Ansar and Sparks (2009) combine stochasticity and learning-curve expectations in 

their model of photovoltaic systems adoption. 

90 This is in stark contrast to the decision on energy efficiency upgrades in new building construction, which 

cannot be timed discretely. If the general decision to construct a building is already taken, the time for the 

investment is widely pre-determined since it is substantially more expensive—up to a factor of 3 (Jakob, 2006)
 

to install thermal insulation subsequently. Thus, insulation measures should be carried out with the initial 

investment or—otherwise—not until the first major renovation; an energetic refurbishment soon after the initial 

construction of the building will be hardly economical. 
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individual and general economic circumstances. Generally, risk aversion as derived from the 

expected utility framework can rationalize reluctance to adopt better energy efficiency only to 

a very minor extent, however. Only for large-scale high-stake energy efficiency investments 

tainted with considerable uncertainty, significant risk premia appear justifiable based on the 

theoretical foundations of expected utility. Energy price risks are normally not among the 

uncertainties that can explain a reluctant attitude towards the adoption of energy-efficient 

technologies. Through employing multi-dimensional utility functions, which explicitly 

thecapture uncertainty of the hedonic satisfaction provided by an energy-consuming durable, 

the explanatory contribution of risk aversion may be strengthened. Even in this conceptual 

framework, yet, the importance of risk aversion should not be exaggerated because durables 

that deliver inferior hedonic performance can still be replaced. 

Option value can play a certain role in rationalizing a lag in the actual adoption of 

energy efficiency technologies compared to what would be predicted based on simple, static 

net present value calculations of the technologies’ costs and benefits. The explanatory value 

is restricted to those energy efficiency opportunities for which waiting is a feasible option, 

however. Option value can hardly explain why, when a decision is actually made, an energy-

inefficient product is chosen, although the energy savings of the energy-efficient alternative 

would pay off for the higher upfront costs.  

Finally, we conclude with some remarks on the character of uncertainty in terms of 

our distinction between market barriers, which may potentially give rise to market 

interventions, and non-energy efficiency gap explanations of a slow uptake of energy-

efficient technologies. When strictly applying this distinction, merely objective, systematic 

risks remain in the latter category. First, subjective uncertainty as a result of deficient 

information held by an individual is clearly to be characterized as a market barrier if the 

information is generally available and can be disseminated in principle. Second, the cost from 

unsystematic and uncorrelated risks inherent to energy efficiency technologies can 

theoretically be hedged and bundled, respectively, such that the risk costs to be borne by 

individual adopters diminish. For instance, to reduce the risk costs of electric vehicle 

adoption, the regulator may prescribe minimum battery life guarantees (or offer them itself).91 

Given numerous real-world market imperfections, however, bundling and hedging of risks 

comes at a—possibly prohibitively high—cost (e.g., transaction costs, opportunistic behavior 

                                                 
91 Concerns about battery life are a major obstacle to the adoption of plug-in electric vehicles, being a 

prospective transitory technology for the long-term electrification of the transport sector (Krupa et al., 2014). 
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of insurance policy holders).92 In practice, there will remain many uncertainties for which no 

intervention is feasible—considering its cost and the yieldable benefits in terms of reducing 

consumers’ risk costs. If there are no cost-effective ways of reducing the (subjective) risks 

faced by an individual consumer, reluctance to energy efficiency investments or their delay 

due to risk aversion and option value can be a rational response and does not justify policy 

interventions in the energy efficiency market. Still, there will also be situations in which the 

regulator can intervene to reduce risk costs in an overall welfare-increasing manner. 

Moreover, uncertainty can inhibit the uptake of energy efficiency technologies in several 

ways beyond option value and concavity of the utility-of-wealth function. These involve a 

number of market barriers—such as loss aversion and the isolated evaluation of risky 

prospects (narrow bracketing)—that may give reason for environmental policy to take action; 

they are discussed in the next chapter.  

 

2.2.4 Wrap-up: Engineering-based versus Market-modeling Approaches 

and the Fuel Efficiency Gap 

As it is the case with other energy-consuming durables, too, the issue of an energy 

efficiency gap in the new vehicle market is controversially discussed. Despite a substantial 

and still further growing body of literature, there is still no final scientific consensus reached 

on the actual existence of a fuel efficiency gap, its magnitude, and the most suitable remedies 

to close it. Generally, the appraisal as to the welfare impacts of interventions in the “fuel 

economy market” is largely driven by the chosen assessment methodology. Whereas 

engineering-based bottom-up studies tend to find substantial scope for fuel efficiency 

enhancements that pay off relatively quickly and yield net welfare increases, market-

modeling approaches are rather skeptical with respect to the potential for welfare-increasing 

politically induced fuel economy improvements.93 For instance, the impact assessments 

underlying the U.S. and European legislations claim potentials for cost-effective fuel 

economy improvements even well beyond the targets laid down in the regulations (European 

Commission, 2012a; National Highway Traffic Safety Administration, 2012a; U.S. 

Environmental Protection Agency, 2012b). Market-modeling studies, on the contrary, 

                                                 
92 For instance, extended guarantees for electric vehicles can cause moral hazard, possibly leading to higher 

overall repair and replacement costs due to bad maintenance of the vehicles. If no such insurance option 

emerges in the market, this already indicates the existence of—possibly hard to overcome—market barriers. 

This comes in addition to the costs for implementing a policy measure. 

93 See S. T. Anderson et al. (2011) for a brief discussion of the differing methodological approaches of 

engineering-driven and market-modeling assessments of fuel economy mandates. 
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regularly attribute welfare losses to mandated increases in fuel economy (e.g., Austin & 

Dinan, 2005; Jacobsen, 2012a; Kleit, 2004).  

This discrepancy is explainable with a focus of technology-driven bottom-up analyses 

on the engineering costs for implementing fuel economy-increasing technologies. These 

technological changes are regularly assumed to be utility-neutral; that is, they would not 

affect the hedonic satisfaction provided by the vehicle, and do not cause transitory switching 

costs. In reality, however, mandated fuel efficiency enhancements may potentially go along 

with deteriorations in desired vehicle attributes that are (technologically) related to fuel 

economy (e.g., size, acceleration, etc.), thereby causing disregarded losses in consumer 

welfare. Moreover, these hidden costs, often partially ignored by engineering-based studies 

comprise opportunity costs in the form of foregone further vehicle quality improvements. 

Market-modeling approaches, on the other hand, are usually less detailed in terms of 

available technology options and derive the estimated costs of compliance with the regulation 

from observed market reactions. The models often implicitly assume that the new vehicle 

market works widely undistorted; thereby, they abstract from possibly severe market and 

behavioral imperfections, the latter potentially leading to consumer undervaluation of future 

fuel costs. Hence, reluctance to tap seemingly costs-effective potentials for fuel economy 

improvements is attributed to—and rationalized through—hidden costs neglected by 

engineering-economic studies. Furthermore, top-down market-modeling methods may 

exaggerate compliance costs if they overemphasize short-term constraints to behavioural and 

manufacturing adjustments to altered regulatory incentives or price signals; in the medium 

and long term, consumers and manufacturers will likely have greater and less costly scope for 

adjustment reactions (Jacobsen, 2012a; Klier & Linn, 2012a).94  

The next chapter examines potential market, institutional, and behavioural barriers to 

vehicle fuel economy that can contribute to an actual energy efficiency gap and may thus 

warrant policy interventions to overcome these barriers; moreover, it discusses the suitability 

of fuel efficiency standards towards this end. 

 

                                                 
94 Moreover, in the past, the technology costs for improving vehicles’ fuel economy have regularly proven to be 

lower than previously anticipated—mainly due to an underestimation of increasing returns to the widespread 

deployment of efficiency technologies. See Varma et al. (2011) for a comprehensive analysis—drawing on 

empirical data from the EU—of the effects of environmental regulations on vehicle costs and retail prices.  
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3 Barriers to Vehicle Fuel Efficiency 

After illustrating a number of rational explanations for observed deviations of actual 

energy efficiency technology uptake from engineering-economic optimality estimates, which 

do not justify policy interventions, we now turn to potential causes of an actual efficiency 

gap. The existence of a fuel efficiency gap is premised upon the presence of barriers to 

vehicle fuel efficiency that can potentially be overcome in an overall welfare-increasing 

manner through policy interventions. That is, the following market and behavioral barriers 

possibly inhibit achieving overall cost-effective LDV fuel efficiency levels and may be 

removed, reduced, or circumvent through appropriate policies. We structure the analysis of 

potential obstacles to better vehicle fuel economy by differentiating into three classes of 

barriers, although the distinction is not always entirely unambiguous. 

We start with a number of externalities related to LDV fuel economy and GHG 

emissions efficiency. The externalities that may impede the realization of better fuel economy 

can (a) be positive as well as negative, (b) concern the adoption as well as the supply of fuel-

efficient technologies, and (c) affect other motorists as well as the entire society. The second 

group can be classified as institutional barriers in a very broad sense. These barriers shape the 

institutional framework governing different fuel efficiency-related decisions and may prevent 

mutually beneficial fuel efficiency investments; they include principal-agent issues, 

coordination problems, and distorting incentives. The third class of barriers creates the energy 

efficiency paradox; these barriers to fuel efficiency have their roots in shortcomings of 

individual decision-making processes. Such intra-personal (or internality) barriers describe 

“failures” in making best self-interest-conforming decisions: due to decision-makers’ 

psychophysical characteristics that differ from the standard assumptions of rational choice, 

fuel economy potentials that would pay off for the individual adopter under current market 

conditions remain untapped. 

The very existence of barriers to fuel efficiency is a necessary but not a sufficient 

condition for improving overall welfare by means of policy interventions. For interventions 

to be warranted, the benefits to be reaped from overcoming these barriers have to exceed the 

costs incurred thereby. Obviously, whether this condition can be fulfilled crucially hinges on 

the precise policy measures taken. Even if there appears to be a robust rationale for dedicated 

fuel efficiency policies, this does not necessarily imply that mandatory fuel economy or CO2 

emissions standards are the most appropriate means towards this end. Moreover, the 

suitability of a policy instrument greatly varies across the different barriers to be tackled. 

Hence, we conclude this chapter with an appraisal of the relative merits of fuel efficiency 
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standards and their prospects to eventually improve welfare through triggering (supposedly) 

better fuel economy decisions. 

 

3.1 Externalities 

3.1.1 Fuel Consumption-related Externalities:  

Climate Change and Energy Security 

3.1.1.1 Environmental Externalities 

The use of energy resources is associated with several environmental externalities. 

The certainly most prominent—and probably largest in terms of total damage potential—is 

anthropogenic climate change, being a prototypical global externality. If climate change 

remains unhalted, severe and possibly catastrophic environmental, economic, and social 

consequences loom ahead (e.g., IPCC, 2014a; 2014b; N. Stern, 2007). Although the general 

threat of climate change is widely uncontested, there is disagreement on its scale. Many 

scholars have attempted to quantify the future damages from global warming: their estimates 

of the social cost of (current) CO2 emissions span a range clearly exceeding an order of 

magnitude (e.g., Ackerman & Stanton, 2012; Anthoff, Tol, & Yohe, 2009; Guo, Hepburn, 

Tol, & Anthoff, 2006; Interagency Working Group on Social Cost of Carbon, 2013; Kopp, 

Golub, Keohane, & Onda, 2012; Nordhaus, 2011b; Tol, 2008; Waldhoff, Anthoff, Rose, & 

Tol, 2014; Watkiss & Downing, 2008; Watkiss, Downing, Handley, & Butterfield, 2005). 

This great variance is due to uncertainty and disagreement on a number of key parameters 

such as climate sensitivity, economic impacts of a warming climate, discount factors, risk 

attitudes, equity weighting etc. 

Beyond accelerating climate change, the combustion of fossil fuels in vehicle engines 

also causes more local environmental externalities such as the emission of air pollutants (e.g., 

nitrous oxides, sulfur dioxide, and fine particulate matter); moreover, local environmental 

burdens can arise during crude extraction. The same holds true if fossil energy carriers are 

combusted in thermal plants in order to deliver electricity for electric vehicles (e.g., European 

Environment Agency, 2008; National Research Council, 2010a).95 Basically, any form of 

energy consumption and its provision, including the production of widely carbon-neutral 

transport fuels, goes along with some environmental harm. For instance, (a) renewables 

                                                 
95 With respect to caused damages it matters, however, whether a local pollutant is emitted by an internal 

combustion engine vehicle in dense urban areas or whether the same local pollutant (related to electricity 

generation for electric vehicles) is emitted from a stack in a remotely located power plant. 
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(biomass as well as electricity) may involve substantial land consumption, (b) biofuels 

production can adversely affect biodiversity and cause high nitrogen loads, (c) nuclear 

electricity generation (for supplying electric vehicles) does not only imply high risks but also 

problems (and follow-up costs) related to nuclear waste disposal. If not sufficiently priced, 

environmental externalities lead to an overuse of energy and underinvestment in energy 

efficiency relative to what would be socially optimal. 

 

3.1.1.2 Energy Security Externalities 

Particularly in the U.S., energy security concerns were a centerpiece of the motivation 

for fuel economy standards, being reflected by the time of their introduction shortly after the 

first oil crisis. Basically, three kinds of energy security benefits associated with curtailing 

transport’s fuel consumption are distinguished (Bohi & Toman, 1996; S. P. Brown & 

Huntington, 2010; Fraas et al., 2014; Leiby, 2011; 2012; National Research Council, 2002; 

2010a; 2013).96 First, reducing the dependency on energy—particularly, oil—imports through 

improved fuel efficiency attenuates the vulnerability of the economy to exogenous energy 

price shocks (e.g., Leiby, 2011; 2012; National Highway Traffic Safety Administration, 

2012a). Second, given the market power of major oil consumers such as the U.S. or EU, a cut 

in domestic demand would possibly drive down global oil prices, thereby further reducing the 

domestic energy bill—beyond the quantity effect—via this price effect (e.g., Fraas et al., 

2014; National Highway Traffic Safety Administration, 2012a). Third, national energy 

security costs may be related to ensuring reliable oil supply from politically unstable world 

regions (e.g., Bohi & Toman, 1996; Fraas et al., 2014).  

If public costs of preserving a reliable oil supply—e.g., via the military budget—are 

burdened to all taxpayers and not commensurate to their consumption of fuels to be secured, 

they may well be classified as external costs. Insofar as these costs are not reflected in the 

fuel prices faced by consumers, vehicle purchase decisions are distorted towards too little fuel 

economy. With regards to the two first benefits, it is contestable whether the—market-

mediated—“monopsony effect” as well as the macroeconomic resilience effect are real 

external effects that require internalization efforts or whether they are merely pecuniary 

external effects that do not warrant policy action.97  

                                                 
96 In the U.S., the importance of the energy independence motive declined with the boom of domestic 

unconventional oil production. 

97 See also Metcalf (2014) for a broader discussion on this matter, and section 2.2.3.1 for a discussion of the risk 

cost implications of volatile energy prices. 
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3.1.1.3 Implications for Policy Instrument Choice  

Environmental and energy security externalities are directly related to fuel 

consumption; therefore, the pivotal source of economic inefficiency is that fuel prices do not 

reflect the true marginal social cost of fuel consumption. The resulting distortion is not 

specific to fuel economy decisions but also affects driving behavior (i.e., higher-than-optimal 

mileages). Consequently, these externalities appear to be best addressed by directly pricing 

the consumption of fossil fuels. Indeed, in the absence of further barriers to energy efficiency, 

internalizing these external costs by means of fuel taxes would ensure that (a) manufacturers 

develop and offer fuel efficiency technologies and (b) consumers adopt these technologies so 

that the socially optimal fuel efficiency level is realized. Only if the price-based incentive 

mechanism fails in achieving optimal vehicle efficiency, regulatory market interventions may 

be vindicated. Generally, economists often tend to be sceptical towards regulatory 

interventions such as LDV fuel efficiency standards and rather trust in market-based solutions 

such as fuel taxes or emissions trading; see Box 4 for a brief overview of the academic 

discussion on the relative merits of fuel efficiency standards versus fuel taxes. 

Thus, the economic justification for mandatory vehicle emissions or fuel economy 

standards is typically a combination of failures in inducing intended behavioural adjustments 

(with respect to fuel efficiency adoption as well as driving behaviour) through the 

transmission of price signals and political infeasibility of sending sufficiently strong fuel 

price signals. The latter is found to apply rather to U.S. than to European fuel price levels. 

For instance Parry (2009) and Parry and Small (2005) find that U.S. tax levels are less than 

half of the optimal rate, while for the UK the current rate is more than double its optimal 

level. In their analysis, yet, congestion causes the highest external costs, exceeding those of 

climate externalities. Furthermore, their assessment of optimal fuel taxes goes beyond pure 

corrective taxes, but includes interactions of fuel taxes with the broader fiscal system. They 

explicitly consider how efficiently fuel tax revenues are recycled; for instance, the optimal 

fuel tax level tends to be higher if the revenues are used to cut distortionary taxes that bias 

factor markets. Eventually, it remains a controversial issue whether fuel prices are actually 

lower than warranted for (environmental and energy security) externality reasons. 

 

Box 4. Fuel Efficiency Standards versus Fuel Taxes 

There is no consent in the academic discussion on the appropriateness of vehicle CO2 

or fuel economy standards for tackling the transport sector’s GHG emissions. A quite 

extensive body of literature has examined the effectiveness and economic efficiency of fuel 

efficiency standards, primarily focusing on the CAFE regulations in the U.S., by contrasting 

them with other instruments of energy and environmental policy (e.g., S. T. Anderson et al., 
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2011; Austin & Dinan, 2005; Bento et al., 2005; Bento et al., 2009; Crandall, 1992; Fischer et 

al., 2007; Frondel, Schmidt, & Vance, 2011; Goldberg, 1998; Greene, 1998; 2010b; 

International Transport Forum, 2008; Jacobsen, 2012a; Parry, Fischer, & Harrington, 2007; 

Parry, Walls, & Harrington, 2007; Portney et al., 2003; Small, 2011). The overall appraisals 

by these authors are ambiguous, as are their assessments of whether vehicle efficiency 

standards or financial incentives—in particular fuel taxes—(or a combination of both)98 are 

preferable. Crucial determinants for the appraisal of vehicle emissions standards relative to 

fuel taxes are the extent to which (uninternalized) mileage-related externalities are 

incorporated in the evaluation and the degree of supposed undervaluation of future fuel costs 

due to further barriers to energy efficiency (see e.g., Parry et al., 2010; Small, 2011). In the 

absence of limitations to consumers’ fuel economy optimization behavior, gasoline taxes 

would be a more efficient method of reducing fuel consumption, as they also direct 

consumers to reduce VMT, whereas mandated fuel economy improvements will rather 

stimulate additional driving.99 Some scholars find that an increase in mileage-related 

externalities—mainly local pollution, congestion, and traffic accidents—triggered by the 

rebound effect may not only substantiate the superiority of fuel taxes over fuel economy 

standards, but it may even outweigh the reduction in climate and oil dependency externalities 

obtainable from decreasing gasoline consumption (Kleit, 2004; Parry, 2007; Parry et al., 

2010). In contrast, if consumers considerably undervalue future fuel costs (and/or fuel 

efficiency supply side imperfections are incorporated), fuel economy standards can 

substantially improve welfare and may potentially outperform fuel taxation and carbon 

pricing measures (e.g., Fischer, 2009; McManus & Kleinbaum, 2009). Moreover, contingent 

                                                 
98 Some scholars (e.g., Deuber, 2002; Ellerman, Jacoby, & Zimmerman, 2006; Flachsland, Brunner, Edenhofer, 

& Creutzig, 2011; Kampman, Davidson, & Faber, 2008; Karplus, Paltsev, Babiker, & Reilly, 2013) examine 

possible approaches for integrating vehicle emissions standards with a cap-and-trade system for GHGs, thereby 

interlinking fuel economy regulations with carbon pricing-based financial incentive schemes. 

99 Yet, current estimates of the rebound effect—that is, the increase in VMT subsequent to a reduction in the 

costs per mile driven—indicate a widely saturated demand (e.g., Gillingham, 2011b; Greene, 2012; Hughes, 

Knittel, & Sperling, 2008; C.-Y. C. Lin & Prince, 2009; Small & van Dender, 2007). Analyzing latest U.S. data, 

Gillingham (2013b) finds a very moderate increase in the fuel price responsiveness of driving during recent 

times of steeply rising oil (and fuel) prices and economic crisis. Forming a certain contrast to these findings, 

Frondel et al. (2008; 2012) estimate significantly larger rebound effects for Germany. Generally, the estimated 

strength of the rebound effect varies substantially across studies as well as across regions and income groups. 

For an overview of estimates of the rebound effect in road transport, see e.g., Sorrell et al. (2009); Goodwin et 

al. (2004); Graham and Glaister (2004); Lee and Wagner (2012). Interestingly, there is some empirical evidence 

suggesting that the amount of VMT reacts differently to fuel price variations than to changes in fuel economy 

even if their impact on the marginal costs of driving is identical (Gillingham, 2011b; Greene, 2010a; 2012; Linn, 

2013; Small & van Dender, 2007). Less responsiveness to changes in the vehicles’ efficiency would imply even 

weaker consequences in terms of mileage-related externalities subsequent to fuel economy improvements, and 

vice versa (Gillingham, 2011a; 2014; Gillingham & Palmer, 2014).  
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on the revenue recycling, fuel taxes and other types of carbon pricing may be regressive and 

therefore lack public acceptance (e.g., Bento et al., 2009; Gillingham, 2013b; West & 

Williams, 2004).100  

 

3.1.2  Status Externalities: Vehicles as Positional Goods 

In contrast to traditional economic theory, ample evidence shows that people do not 

only care about their absolute but also their relative consumption level (e.g., Alpizar, 

Carlsson, & Johansson-Stenman, 2005; Easterlin, 1995; Frank, 2005; Kahneman, Diener, & 

Schwarz, 1999; Solnick & Hemenway, 1998). That is, a person’s received utility increases 

with her own consumption level and decreases with the society’s or her peer-group’s 

(average) consumption levels; consequently, increasing own consumption imposes a 

positional externality on others who measure their consumption against this level. From a 

social perspective, too much of the positional good is consumed. The degree of positionality, 

a term coined by Hirsch (1977), greatly varies across goods. If the utility received from an 

environmentally harmful consumption activity includes a positional component, additional 

policy interventions beyond internalizing the environmental externality can be justified 

(Howarth, 1996; 2006). 

Vehicles’ character as status symbols may therefore constitute a further rationale for 

fuel economy regulations. For technical reasons, fuel economy improvements may conflict 

with improvements in other vehicle properties valued by consumers such as size or engine 

performance. Empirical evidence suggests these latter properties are at least partially 

positional goods (Alpizar et al., 2005; Carlsson, Johansson-Stenman, & Martinsson, 2007; 

Hoen & Geurs, 2011; Steg, 2005). Hence, perpetual increases in these positional vehicle 

attributes can create a (negative) positional externality whose mitigation through policy 

interventions may be warranted on welfare-economic grounds (Frank, 1985a; 1985b; 2005; 

Frank & Sunstein, 2001; Verhoef & Van Wee, 2000). Ignoring the (strong) positionality of 

some vehicle properties can cause allocative distortions at the expenses of less visible—and 

therefore less positional—vehicle attributes such as safety or fuel economy, and it may lead 

                                                 
100 Several studies observe a rather U-shaped fuel price responsiveness of the gasoline demand with respect to 

household income (e.g., Gillingham, 2011b; Wadud, Graham, & Noland, 2009; West, 2004), implying an 

unambigiously regressive fuel tax incidence only for higher income segments. Contrary to common argument, 

Jacobsen (2012a) finds that fuel economy standards might be regressive, too, via used vehicle market 

interactions. 
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to an overestimation of the welfare costs of fuel economy policies that trigger vehicle 

downsizing (Helfand & Wolverton, 2011; Hoen & Geurs, 2011).101  

 

3.1.3 Positive Externalities: Spillovers, Increasing Returns, and 

Technology Lock-in 

3.1.3.1 R&D Spillovers 

While much of the debate on the rationale for mandatory fuel economy standards 

revolves around demand side market imperfections, barriers on the supply side of the vehicle 

market may potentially impede the development and market penetration of fuel efficiency 

technologies as well. Among these potential barriers, the argument of insufficient incentives 

for manufacturers to invest in research and development (R&D) efforts is frequently stated. It 

is widely undisputed that—due to financially uncompensated knowledge diffusion—the 

social returns to R&D investments often exceed those captured by the private investor (e.g., 

Bernstein & Mohnen, 1998; Griliches, 1992; Hall, Mairesse, & Mohnen, 2009; Jaffe, 1986; 

C. I. Jones & Williams, 1998; Nadiri, 1993; Nordhaus, 2011a). Technology spillovers create 

a positive externality and render private innovation incentives weaker than socially desirable. 

In consequence, the prospects of not reaping the full profits of own R&D efforts and 

benefitting from competitors’ research activities leave the overall rate of technological 

progress below what would be socially optimal (e.g., Barla & Proost, 2008; 2012; Jaffe, 

Newell, & Stavins, 2003; 2005; Mohr, 2002; Spence, 1984; Weyant, 2011). Environmental 

regulation that spurs additional innovation towards better energy efficiency can therefore be 

warranted—unless it crowds out even more beneficial R&D in other fields.102 However, the 

empirical case for the latter seems to be weak (see section 2.2.1.3). Generally, spillovers 

                                                 
101 Similarly, the (hidden) opportunity costs of LDV efficiency standards in the form of foregone further 

improvements in vehicles’ performance or size may actually be substantially lower if positionality effects are 

considered. Accounting for this externality improves the welfare balance of sacrificing such positional 

properties in exchange for better fuel efficiency. 

From an environmental point of view, positionality might be beneficially exploited if environmentally benign 

(behavioral and product) traits—e.g., driving a hybrid vehicle or living particularly energy-efficient—could be 

established as symbolic and status-conveying. Furthermore, the pro-environmental properties have to be made 

well-visible. While there is some evidence in this direction (Delmas & Lessem, 2012; Griskevicius, Tybur, & 

van den Bergh, 2010; Heffner, Kurani, & Turrentine, 2005; Ozaki & Sevastyanova, 2011; Rezvani, Jansson, & 

Bodin, 2015; Schuitema et al., 2013), high symbolic value of environmental friendliness seems to be limited to 

certain, rather progressive consumer groups. 

102 Whereas strengthening intellectual property rights may allow more of the benefits from R&D investments to 

be appropriated by the investor and thus also strengthens R&D incentives, it can limit the diffusion of low-

emissions technologies and thereby their environmental yield. 
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appear to be particularly large for “clean” relative to “dirty” technologies (Dechezleprêtre, 

Martin, & Mohnen, 2013); analyzing patent data, Aghion, Dechezleprêtre, Hemous, Martin, 

and Van Reenen (2014) find evidence of substantial spillover effects with regards to clean 

innovations in the automobile industry. 

The most straightforward approach to stimulate clean technology innovation would be 

to (financially) support R&D activities (e.g., Fischer, Torvanger, Shrivastava, Sterner, & 

Stigson, 2012; Gillingham & Sweeney, 2010; Jaffe et al., 2005).103 But also fiscal incentives 

such as energy or emissions taxes as well as efficiency standards are found to be effective in 

inducing innovation (Fischer, Parry, & Pizer, 2003; R. Newell, Jaffe, & Stavins, 1999; Popp, 

2002; Popp, Newell, & Jaffe, 2010). As regards the latter, a distinction between minimum 

energy performance standards as common for many appliances and average energy 

efficiency-based standards such as the European vehicle emissions standards and the U.S. 

CAFE standards is noteworthy. Minimum energy performance standards tend to improve the 

average energy efficiency by forcing the least energy-efficient products out of the market, but 

provide relatively little incentive for improving those products that already comply with the 

required minimum level.104 In contrast, if vehicle manufacturers can average fuel economy 

within their fleet or may even trade overcompliance credits, the fuel efficiency standard de 

facto imposes a price on fuel intensity: the shadow price of the emissions or fuel consumption 

constraint. Irrespective of a vehicle’s fuel efficiency level, further marginal reductions in 

specific emissions or fuel consumption yield regulatory benefits amounting to the shadow 

price. Thus, average-based standards entail stronger incentives for technological 

advancement because they reward (further) energy efficiency improvements along the entire 

technology spectrum. Still, the shadow price cannot adequately internalize the positive 

externality from technological progress as the regulatory reward per incremental fuel saving 

is the same whether (a) an innovative fuel efficiency technology is developed and 

implemented or (b) low-efficiency vehicles are equipped with established state-of-the-art 

technology.  

 

                                                 
103 In doing so, government funding of basic research, which is still relatively far from actual market maturity 

and offers a wider range of potential applications, is regularly easier to justify on economic grounds than 

funding of more readily applicable research. This is because the magnitude of R&D spillovers depends on the 

stage in the development process, and usually decreases with proximity to commercialization. Some benefits of 

induced technological progress in rather basic components of energy-efficient LDV—for instance, batteries or 

fuel cells—may even reach out beyond the motor vehicle domain (Burke, Kurani, & Kenney, 2000). 

104 There may still be such incentives for product differentiation and—if manufacturers have market power, in 

particular—price discrimination purposes. 
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3.1.3.2 Learning-by-doing Spillovers 

One step further in the process of technological change, increasing returns from 

technology adoption and spillovers thereof can decelerate the diffusion rate of already 

available, widely mature technologies in an economically suboptimal manner. Increasing 

returns may not only slow down the market penetration of—in the long run superior—

technologies but they can even contribute to technological lock-in (Åhman & Nilsson, 2008; 

Arthur, 1994; Cecere, Corrocher, Gossart, & Ozman, 2014; Cowan & Hultén, 1996; Foray, 

1997; Kline, 2001; Sandén & Azar, 2005; Unruh, 2000). A key source of increasing returns 

are learning curve effects, that is, the decline in manufacturing costs with growing cumulated 

production volume (Arrow, 1962; Yeh & Rubin, 2012). However, learning curve effects do 

not per se provide a rationale for market interventions, but they can do if learning creates 

knowledge that spills to other firms without compensation, lowering their (future) production 

costs (see e.g., Ansar & Sparks, 2009; Fischer & Newell, 2008; Gillingham & Sweeney, 

2010; Jaffe et al., 2003; van Benthem, Gillingham, & Sweeney, 2008). Similar to R&D 

externalities, learning-by-doing spillovers create greater societal value than the benefits 

accruing to the firm generating the knowledge.105  

An important determinant of the risk of technological lock-in is the homogeneity of 

what is produced with the competing technologies—that is, the substitutability between the 

incumbent and the innovative technology (Kalkuhl, Edenhofer, & Lessmann, 2012; 

Mattauch, Creutzig, & Edenhofer, 2012). The delaying effect of learning-by-doing spillovers 

with respect to the market uptake of innovative technologies will be the stronger, the more 

homogeneous a product market and the less heterogeneous the consumer preferences. In 

rather heterogeneous markets with a considerable level of product differentiation, there exist 

niches for the market development of innovative technologies. As there are consumers who 

are willing to pay a premium for the innovative product, learning effects can be realized in 

such niches until the innovative technology can finally compete in the broader market. In 

very homogeneous markets such as the electricity market, new technologies are immediately 

subjected to price competition with the incumbent technology that has already undergone 

significant learning-by-doing (as well as economies of scales and other contributors to 

increasing returns).  

                                                 
105 In practice, however, policy interventions may be justified, although learning-by-doing knowledge does not 

spill—uncontrolled and to a substantial extent—across firms; this might be the case, for instance, if (a) 

innovators have difficulties to pre-finance the materialization of intra-firm increasing returns in the 

manufacturing processes due to capital market imperfections or (b) cooperation among firms to jointly realize 

increasing returns is impeded by high coordination costs. For the same reasons, economies of scale—being 

another source of increasing returns—can contribute to delayed uptake of superior technologies or even lock-in. 
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Fuel efficiency by itself hardly delivers any genuine hedonic utility—with the 

potential exception of non-tangible properties such as providing “warm glow” feelings or 

conformity with social norms within one’s peer group and one’s own self-image. At a first 

glance, the benefits from better fuel economy arise mainly in the form of saved fuel costs and 

(possibly) less vulnerability to energy price risks; accordingly, if these benefits did not pay 

for the higher upfront costs due to yet untapped learning curve potentials, fuel efficiency 

technology would be prone to “lock-out.”106 In reality, however, vehicles do not only differ in 

fuel economy but simultaneously in many other attributes; thus, there is more scope for 

product differentiation and marketing innovative technologies. Furthermore, adopters with 

high utilization rates (i.e., large annual mileage) may show a strong preference and therefore 

relatively high willingness-to-pay for fuel efficiency.  

Generally, fuel efficiency standards can help resolving the social dilemma 

constellation inherent to learning-by-doing spillovers by mandating that all manufacturers 

make their contribution towards tapping the available cost reduction potentials.107 However, 

as with regards to R&D spillovers, they are not well-targeted. That is, the (uniform) implicit 

price on fuel (in)efficiency does not reflect the magnitude of learning-by-doing spillovers and 

the need for intervention. Those innovative, fuel-efficient vehicle technologies that are most 

different from conventional technology—e.g., electricity-based drivetrains—normally feature 

the largest learning curve potentials at the same time.108 Evidence so far shows that 

heterogeneity in consumer tastes does not suffice to bridge the currently still large purchase 

cost gap between electric and conventional vehicles. Hence, given current standard 

stringency, it seems questionable whether the market for electric drivetrains will gain 

momentum without additional dedicated (financial) support.109 Whereas considerably stricter 

fuel efficiency standards can actually make a contribution towards promoting these vehicles, 

this may come at a high price as discussed in chapter 8. 

                                                 
106 In general, lock-in problems inherent to learning spillovers are of greater importance in energy markets than 

many other product markets as far as the provision of the energy service and not the (quality of the) energy 

service itself is concerned. 

107 Mohr (2002) illustrates the coordination function of environmental regulations, from which eventually all 

firms benefit, in the context of the Porter hypothesis discussion. 

108 Electricity-based vehicles considerable differ from conventional ICE vehicle not only in terms of the 

allocation of total cost of ownership between upfront cost and fuel cost, but also in their handling (regular 

charging) and hedonic properties (e.g., better acceleration, less noise). 

109 The economic rationale for such dedicated support of the early market diffusion of these technologies is 

similar to that for promoting electricity generation from renewable sources (see also footnote 495). Other 

possible means of dedicated support to realize increasing returns during early market development comprise 

public procurement measures or mandating a minimum market share as with the zero emissions vehicle mandate 

in California (see section 11.2). 
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3.1.3.3 Learning-by-using Spillovers 

The demand-side counterpart of (supply-side) learning-by-doing externalities is 

spillovers of learning-by-using in technology adoption: early adopters create a positive 

externality for other consumers in the form of valuable information regarding the availability 

and performance of a new technology as well as how to implement and use it (Jaffe et al., 

2003; 2004; Jaffe & Stavins, 1994b). Moreover, presupposing adaptive expectations, 

observing a new technology to work reliably will reduce perceived performance risks and 

thereby mitigates uncertainty-related barriers (Howarth & Andersson, 1993); that is, the risk 

premium required by loss- or risk-averse potential investors (as well as the option value of 

waiting to invest) decreases. Both learning externalities are similar in their effects, slowing 

down the rate of technology adoption below optimal levels. Whereas this source of positive 

externalities—alongside with network effects—will likely be of particular relevance for the 

switch to alternative drivetrains such as (plug-in) electric and fuel cell vehicles, learning-by-

using externalities are of minor importance as far as manufacturers incrementally improve the 

fuel economy of their conventional hydrocarbon-based ICE vehicles.110 Our appraisal of the 

relative merits of fuel efficiency standards to internalize this externality is widely the same as 

for learning-by-doing spillovers: dedicated (financial) support, such as purchase subsidies, 

seems to do a better job towards this end.111 

 

                                                 
110 Indeed, (perceived) uncertainties and concerns regarding battery range and lifetime, recharging time and 

inconvenience, and access to charging stations and maintenance services seem to be key obstacles to the 

adoption of electric vehicles as yet (Caperello & Kurani, 2012; Graham-Rowe et al., 2012; Hidrue, Parsons, 

Kempton, & Gardner, 2011; Krupa et al., 2014; Pierre et al., 2011; Sovacool & Hirsh, 2009). First-hand 

testimony (from friends, colleagues, or neighbors) of reliable service and convenient usage may then be an 

effective catalyzer for broader adoption as it increases subjective confidence in the new technology.  

Of course, the effect of adaptive expectations can also work in the opposite direction if early sales of the 

innovative technology perform poorly. Heutel and Muehlegger (2009) demonstrate the impact of expectation 

formation on sales of hybrid vehicles in different U.S. states. In states with a relative large share of the Toyota 

Prius, which was perceived as having good quality, in early hybrid vehicle sales, the subsequent hybrid diffusion 

was significantly higher than in states with a relatively large share of hybrid models of low perceived quality 

(Honda Insight). Whereas the Toyota Prius gave a positive signal with respect to the performance of hybrid 

vehicles and thereby promoted hybrid adoption, the expectation formation effect of the Honda Insight rather 

inhibited subsequent hybrid sales. See also Axsen, Mountain, and Jaccard (2009) and Mau, Eyzaguirre, Jaccard, 

Collins-Dodd, and Tiedemann (2008) for the “neighbor effect” in hybrid vehicle adoption. 

111 As is further elaborated in section 8.4.3, the amount of the (technology-specific) subsidy should decline with 

cumulated sales volume. Furthermore, picking—putatively—winning technologies too early should be avoided 

because it bears the risk of just ending up with lock-in in another—in the (very) long term—inferior technology 

path. See also Kverndokk and Rosendahl (2007) as well as Sandén and Azar (2005). 
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3.1.3.4 Network Effects and Complementarities 

Another source of increasing returns that possibly leads to suboptimal technology 

adoption are network effects, which can create a positive consumption externality (Farrell & 

Kllemperer, 2007; Katz & Shapiro, 1985; 1986; 1994; Liebowitz & Margolis, 1994; 1995; 

Shy, 2006). If a technology entails positive network effects, the benefits from its adoption are 

a function of the number of other users in the same network (that is, consumers who use 

compatible products). The higher a technology’s market penetration, the larger is the utility 

an individual adopter derives from joining (or already being in) the network. That is, 

incumbent technologies that already have a large base of adopters have a strategic advantage 

over new technologies outside the existing networks. 

For fuel efficiency choices in the LDV market, indirect network effects can be of 

relevance—insofar as new innovative drivetrain technologies and alternative fuels are 

involved.112 For a vehicle to be attractive to consumers, it should come with a sufficiently 

dense energy supply and maintenance services infrastructure, what has been a key obstacle to 

alternative fuel vehicles so far (e.g., Achtnicht, Bühler, & Hermeling, 2008; Krupa et al., 

2014; Pierre et al., 2011). The more electric, hydrogen, or CNG (compressed natural gas) 

vehicles on the road, the more extensive the network of complementary services as well as 

refueling or charging stations will become. Currently, these alternative technology systems 

cannot compete with conventional hydrocarbons-fueled ICE vehicles in terms of coverage 

with complementary infrastructure. Hence, the realized network effects of the established 

incumbent technology solidify its dominant position.113 Even with network effects, however, 

the market is not necessarily dominated by a single compatible technology system. There can 

exist different technology networks in parallel (e.g., battery-electric vehicles, hydrogen-based 

fuel cell vehicles, and fossil fuel ICE vehicles) in accordance with heterogeneous consumer 

needs (e.g., range requirements), but each has to achieve a critical mass to subsist. 

                                                 
112 Indirect network effects are related to the availability, quality, and possibly cost of complementary goods 

and services: the larger the network size (i.e., the in-place base of users), the better is the supply with 

complementary products and services. Importantly and often not made explicit in the literature, not all indirect 

network effects constitute a (non-pecuniary) indirect network externality; for real (or technological) indirect 

network externalities to occur, the complementary goods need to be at least partially non-rivaling in 

consumption (e.g., greater variety) or involve economies of scale. With direct network effects, the consumption 

externality arises from a direct (physical) effect of the total number of network users on an individual adopter’s 

utility—as it is the case, for instance, in telecommunication networks. There may also occur vehicle technology 

adoption-related direct positive and negative network externalities such as car-to-car communication services 

and congestion, respectively, but these normally do not affect decisions on fuel economy. 

113 Given current purchase cost differences between conventional oil-based LDV and battery-electric or fuel cell 

vehicles, the better energy supply and maintenance infrastructure for conventional vehicles is not the only 

barrier to the adoption of innovative drivetrains, however. 
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In the presence of substantial network effects, escaping lock-in and establishing new 

networks can be difficult and may require governmental support. If all—or at least a critical 

mass of—users (here, motorists) could possibly switch instantaneously to another—in the 

new equilibrium superior—technology, there would “merely” be a coordination problem in 

the way to establishing a new technology system; still, the cost of coordination (as well as 

unavoidable switching costs such as learning to use the new technology) may already prevent 

a successful technology switch. In reality, however, adoption occurs sequentially as there are 

additional switching costs associated with sudden technology changes (e.g., depreciation of 

specific investment in a durable using the incumbent technology) as well as heterogeneously 

distributed inertia and differences in preferences across consumers. This further aggravates 

the task of reaching a critical mass of adopters that renders the new technology viable. Early 

adopters increase the utility derivable from the new technology by initiating the 

complementary network to grow, but they may not benefit from switching to the new 

technology—relative to the incumbent technology—unless other adopters follow.114 If early 

adopters are not confident that a sufficient number of followers also joins the network so that 

switching to the new technology eventually turns out to be beneficial for the early adopters, 

they will stick with the incumbent technology. Moreover, the superior performance of the 

new technology once it has reached a critical mass may not suffice to compensate for the 

early adopters’ transitory loss in utility during the early development phase of the new 

network. In the latter case (that is, early adopters face transitory utility losses, whereas late 

adopters benefit right away from joining the grown network), the incentive structure widely 

resembles that with learning-by-doing or learning-by-using spillovers. 

It becomes obvious that expectations about future market developments play a crucial 

role for current technology choice. Given sunk cost of technology adoption as in the case of 

purchasing a durable such as a vehicle, consumers will select the technology that they expect 

to provide the highest utility during its usage phase, considering future adoption rates. The 

higher the sunk cost and the longer the durable’s usage phase, the more important 

expectations about future market developments become. This also implies a self-fulfilling 

prophecy effect: consumers choose technologies they expect to prevail (or persist, at least) in 

the market, thereby increasing the probability of this outcome. Beyond network effects, 

adaptive expectations further strengthen this self-reinforcing process.  

                                                 
114 This highlights the key difference to learning effects: early adopters still benefit from later adoption, whereas 

learning effects are a one-way street only benefitting laggards. 
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Besides possibly entirely preventing the establishment of a technology system, 

network effects could lead early adopters to prefer technologies that provide higher autarky 

value but lower synchronization value, although these technologies eventually become 

inferior when a large base of users is achieved. Autarky value describes the utility delivered 

by a product irrespective of the number of other users in the network; synchronization value, 

in contrast, results from interaction with other users and is the essence of network effects 

(Liebowitz & Margolis, 1996; 1998). PHEV and BEV (without any form of range extender) 

provide an example: Given their larger range, PHEV are less reliant on a dense network of 

charging stations, thus having a higher autarky value. In this case, yet, early adopters’ 

potential preference for PHEV would not result in (possibly inferior) technology lock-in 

because both technologies are compatible in the sense that they can use the same 

complementary charging stations network. 

As with the other sources of increasing returns, fuel efficiency standards are relatively 

blunt in purposefully addressing network effects. They neither provide specific incentives for 

adopting innovative drivetrain technologies on the side of consumers, nor do they stimulate 

building up a complementary energy supply and maintenance infrastructure network. 

Certainly, with ever-stricter LDV efficiency standards—leading ICE vehicles to hit their 

technological fuel economy limits—manufacturers are forced to equip an increasing share of 

their fleets with these innovative drivetrains. Thus, vehicle emissions or fuel economy 

standards may somehow stabilize expectations that new drivetrains technologies will broadly 

penetrate the market at some point since the set efficiency targets cannot be achieved 

otherwise. It remains unclear, however, when this will be the case for which technology. 

Hence, from a social perspective, the allocation of fuel efficiency improvement efforts 

remains distorted in favor of technologies with a well-established network; the market uptake 

of innovative drivetrains will lag behind its optimal pace. 

If network effects are a concern, policy responses have to be tailored to those 

technologies whose evolvement is inhibited by this particular barrier. Financial incentives 

that make up for initial inconvenience resulting from an underdeveloped network are a means 

towards this end.115 ZEV mandates can be even more effective (not necessarily more cost-

                                                 
115 Vehicle CO2 emissions standards and fiscal measures such as CO2-dependent registration taxes provide 

considerable implicit (via the shadow price of the constraint) and explicit financial incentives, respectively, for 

BEV and FCEV as they do not emit GHG at the tailpipe. For PHEV, however, these instruments already work 

less targeted: highly efficient hybrid vehicles and PHEV may feature similar tailpipe CO2 emissions and 

therefore receive the same regulatory benefits, but only the latter make a contribution to stimulating the 

extension of the charging station network. With other standard metrics (e.g., well-to-wheel GHG emissions 

standards) the regulation-inherent internalization of network externalities is even weaker (see chapter 9). 
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effective), particularly with respect to stabilizing expectations, but they may suffer from 

lacking credibility due to mispredictions of the technology progress as the example of the 

California ZEV mandate showed. Another leverage point to accelerate the growth of a 

network of complementary services for innovative drivetrain technologies, and to improve 

social welfare, is fostering compatibility among different suppliers.116 For instance, if 

vehicles from all manufacturers can use the same charging sites, the size of the relevant 

network increases so that each vehicle purchaser enjoys larger network benefits and 

achieving a critical mass of adopters for a self-sustaining development is facilitated. 

Conversely, a lack of compatibility at these crucial interfaces inhibits the materialization of 

network effects. Policy can play a role towards this end, too. Furthermore, loan guarantees, 

subsidies, and other support measures for the concurrent build-up of the complementary 

infrastructure can increase momentum for establishing alternative vehicle technology 

networks. 

 

3.2 Information Asymmetries, Coordination Problems, and 

Misplaced Incentives   

3.2.1 Adverse Selection: Lemons in the New Vehicle Market? 

In Akerlof’s seminal paper (Akerlof, 1970), the (used) car market serves as 

prototypical example for illustrating the occurrence of adverse selection as a consequence of 

information asymmetries (and a low purchase frequency). Thus, the question arises whether 

adverse selection problems distort fuel economy decisions. This crucially depends on whether 

manufacturers and retailers can credibly signal the quality—in terms of fuel economy—of 

their offered vehicles. In the new vehicle market, manufacturers and retailers are obliged to 

disclose information on fuel economy, expected fuel costs, and specific CO2 emissions. Yet, 

the figures provided, which are based on standardized test procedures, suffer from poor 

reliability; they often considerably deviate from actual on-road fuel consumption (see Box 7). 

Despite lacking accuracy, the disclosed fuel economy figures still indicate a model’s probable 

                                                 
116 Compatibility conflicts with sponsorship, though (Farrell & Kllemperer, 2007; Katz & Shapiro, 1986). A 

sponsor has property rights of a new technology and is thus willing to invest in its early market rollout—by 

means of penetration (that is, below-cost) pricing—in order to charge prices in excess of marginal costs once the 

technology has become competitive and the network is established. Whereas sponsorship may facilitate 

establishing a new network in the first place, its long-term risks and inefficiency likely preponderate—e.g., lock-

in to an inferior technology (with a potent sponsor) or inefficiently high pricing of the prevailing supplier 

(“bargain-then-ripoff”). Moreover, given the large financial stakes involved, it remains doubtful whether one 

sponsor can develop a market for new drivetrain technologies all alone. 
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relative performance within the new vehicle fleet, however. That is, given that official and 

actual fuel consumption differ for almost all vehicle models, consumers can still distinguish 

among offered vehicle options with respect to the quality attribute fuel economy. Hence, 

information asymmetries seem not to substantially distort the new vehicle market 

systematically towards lower fuel economy. 

For used vehicles, there are no equivalent fuel economy and CO2 information 

disclosure requirements in most vehicle markets. Consequently, adverse selection appears to 

be more of an issue in the used vehicle market; fuel economy would be underprovided in the 

used vehicle market.117 If this were actually the case, fuel economy distortions would feed 

back into the new vehicle market as most motorists hold their vehicles only for a limited 

number of years. The willingness-to-pay for improved fuel economy of new vehicle buyers, 

who do not intend to keep the vehicle over its entire service life, decreases if they cannot 

capitalize on better fuel efficiency properties in the used vehicle market. They (rationally) 

account only for the fuel cost savings accruing over their own usage phase as well as the—

inappropriately low—resale value of superior fuel economy properties; that is, any fuel cost 

savings occurring beyond the initial buyer’s vehicle holding period are heavily discounted.  

Obviously, the straightforward approach to tackle adverse selection issues in the 

(used) vehicle market is to reduce information asymmetries—by means of (a) obligating used 

vehicle dealerships to provide information on specific fuel consumption, CO2 emissions, and 

expected (annual) fuel costs as well as (b) enacting new test procedures in order to improve 

the real-world representativeness of measured fuel economy and CO2 data. Fuel efficiency 

standards should not be the instrument of choice to address this barrier, whose relevance is 

contentious anyway.118  

 

3.2.2 Market Power and Imperfect Competition 

The (abuse of) market power is occasionally listed as a further supply side barrier in 

the energy efficiency market; this would impede the availability of energy-efficient products 

(at competitive prices). Already Blumstein et al. (1980) claimed that incumbent firms in 

                                                 
117 Nevertheless, Allcott and Wozny (2012); Busse et al. (2013); Gilmore and Lave (2013); Sallee et al. (2011) 

find no evidence of large undervaluation of fuel economy in the used vehicle market. Seemingly, there are 

other—not too costly—ways to gather fuel economy information about the offered vehicles. Particularly with 

the rise of the internet as information source, the costs of gathering information about vehicle characteristics 

have substantially dropped. 

118 Minimum energy performance standards would reduce information asymmetries to some extent as they 

reduce the variance in fuel economy levels, but they remain an inappropriate means towards this end. 
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highly concentrated industries would have a strong stake in the status quo and therefore be 

reluctant to introduce considerable product changes. Moreover, powerful incumbent 

manufacturers would hinder the introduction of innovative energy efficiency technologies by 

small firms. They remain short, however, on well-founded empirical evidence or a market 

model that further substantiates their contention of market power-induced energy efficiency 

deadlock. An argument taking the same line is that manufacturers with a strong position in 

the market for conventional vehicles and a relatively weaker position with respect to 

innovative drivetrains may be inclined to strategically withhold these alternative drivetrain 

technologies (i.e., electricity- and hydrogen-based vehicles) from the market in order to avoid 

network effects to unfold.   

Another line of reasoning basically rests on the idea that firms with market power 

differentiate the supplied quality of their products in order to apply second degree price 

discrimination. For the extreme case of monopolistic supply, it has been shown that a quality-

differentiating and (imperfectly) price-discriminating monopolist will tend to distort quality 

downwards if it faces consumers with heterogeneous quality preferences (Hahn, 2001; Mussa 

& Rosen, 1978; Shabtai & White, 1988; L. J. White, 1977).119 Underprovision of quality 

would apply particularly to consumers at the lower end of the willingness-to-pay for quality 

range, whereas higher end consumers are provided with desired energy-efficiency levels;120 

this quality discrimination serves the purpose of strengthening the segmentation of 

consumers, allowing the monopolist to charge higher prices. In the presence of brand loyalty 

as it is observed in the vehicle market (Train & Winston, 2007), similar supplier behavior can 

be found in oligopolistic markets (Katz, 1984).121 Some scholars have applied this idea to 

markets for energy-consuming durables—such as household appliances (Fischer, 2005; 

Spurlock, 2013) as well as vehicles (Fischer, 2010; Plourde & Bardis, 1999)—with energy 

                                                 
119 As shown earlier, heterogeneous preferences for energy efficiency may stem from, for instance, different 

usage patterns, varying discount rates, or differing environmental attitudes. 

120 However, the assertion of a quality-deteriorating effect of imperfect price discrimination is not entirely 

uncontended. Under specific circumstances, the quality may even be distorted towards higher-than-optimal 

levels (Donnenfeld & White, 1988; 1990; Srinagesh & Bradburd, 1989).  

121 The upside of—moderate—market concentration is a positive impact on innovation activities (e.g., W. M. 

Cohen & Levin, 1989; Jaffe et al., 2003). Whereas consolidated monopolistic structures as well as an atomistic 

market structure normally hinder innovation, some degree of market concentration is regularly most fruitful with 

respect to dynamic product development processes. This is because competitive incentives remain, while 

barriers related to spillovers as well as to insufficient funding of R&D and for pre-financing increasing returns 

are less of an issue; with some degree of market concentration, both effects strike a balance. For models of the 

non-monotonic relation between an industry’s competition intensity and its innovation activity see e.g., Aghion, 

Bloom, Blundell, Griffith, and Howitt (2005) and Boone (2001). 
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efficiency being the distorted quality attribute.122 Market power would enable manufacturers 

to use the vehicles’ fuel efficiency properties to separate consumer segments and to maximize 

their producer rents, implying a suboptimal fuel economy of the fleet.  

Fuel efficiency standards may actually alleviate price discrimination-induced quality 

distortions and welfare losses because they reduce manufacturers’ scope for suboptimal 

(downside) quality differentiation (Fischer, 2005; 2010; Ronnen, 1991; Spurlock, 2013). 

However, minimum efficiency standards are likely more effective in tackling this potential 

barrier to fuel efficiency than average-based fuel economy standards. The latter still allow 

widely unconstrained price and quality discrimination as long as the average fuel efficiency 

target is met.123 Minimum efficiency standards set narrower boundaries to quality 

discrimination, but this comes at the price of (a) withholding flexibility from manufacturers 

to cater heterogeneous consumer demands and (b) providing fewer incentives for innovations 

as manufacturers are not—regulatorily—rewarded for further fuel economy improvements 

beyond the minimum standard.  

 

3.2.3 Capital Market Imperfections 

Capital market imperfections—information asymmetries and transactions costs in 

particular—can conceivably constitute a further barrier to energy efficiency investments.124 

                                                 
122 A peculiarity of the vehicle market is that fuel intensity (measured in terms of energy consumed per vkm) is 

positively correlated with a number of other vehicle quality attributes (e.g., size and performance). 

Consequently, Fischer (2010) as well as Plourde and Bardis (1999) conclude that fuel economy tends to be 

overprovided and underprovided in small- and large-vehicle segments, respectively. However, as large vehicles 

normally feature higher annual mileages than small cars, buyers of larger vehicles should have—if behaving 

rationally—a higher (marginal) willingness-to-pay for fuel economy improvements than small vehicle 

purchasers. Hence, if one corrects for utility-providing vehicle attributes that correlate positively with fuel 

consumption, larger vehicles should be equipped with more fuel-saving technologies than smaller and less-

driven vehicles: this would imply, for instance, that the fuel consumption per ton of vehicle mass moved one km 

should be lower for large vehicles with high annual mileages. This reasoning may be confounded, yet, if drivers 

from different vehicle segments show differing degrees of fuel cost undervaluation—that is, if buyers of large 

cars undervalued future fuel costs to a larger extent than buyers of small vehicles. More research in this 

direction seems warranted. 

123 This may imply overprovision of fuel economy to those consumers who value it more in order to uphold 

segmentation of the demand and maintain scope for price discrimination. Overprovision may occur with both 

types of fuel efficiency standards, though. 

124 As yet, the contribution of capital market imperfections to the energy efficiency gap has been investigated 

for energy efficiency investments in residential buildings rather than for fuel economy (e.g., Auffhammer & 

Sanstad, 2011; Golove & Eto, 1996; K. L. Palmer, Walls, & Gerarden, 2012). Their appraisals as to the impact 

of credit constraints and inappropriate financing conditions on residential energy efficiency are mixed. 

Attanasio, Goldberg, and Kyriazidou (2008) examine the impacts of credit constraints in the auto market—

without a focus on fuel economy implications, however. 
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This may apply to both the demand and the supply side of energy efficiency markets. First, 

we regard the demand side, that is, the adoption of fuel-efficient vehicles. A large share of 

new vehicle purchases is financed through loans.125 If car purchasers rely on loans to finance 

a new vehicle, the accessible amount and the loan conditions, particularly the interest rate, are 

determinants of the model choice. Lacking accessibility of the required financial resources or 

inadequately high borrowing costs may prevent the acquisition of fuel-saving technologies. 

Better fuel economy reduces the consumer’s future fuel costs and possibly her 

vehicle-related tax burden (for instance, in case of CO2-dependent registration or circulation 

taxes), thereby improving the borrower’s ability to repay the loan. Consequently, granting 

better credit conditions (that is, lower interest rates) to fuel-efficient vehicle choices would be 

justified on credit default risk terms. Accommodating the improved repayment probability 

requires, however, that the lender is aware of it. With asymmetrically distributed information 

and transactions costs, credibly conveying and verifying this information involves costs.126 

On the part of the lender, due to the relatively small margins of loans for durables it may not 

be worth the transaction costs incurred to assess whether and to which extent a fuel economy 

investment reduces the borrower’s default probability; also accounting for additional interest 

yieldable from a larger credit volume allowed for a fuel-efficient choice may not suffice to 

recoup the associated transaction costs. Instead, the decision to give or to withhold a loan 

(and as to its amount and conditions) will rather be made based on the borrowers’ general 

credit-worthiness (K. L. Palmer et al., 2012).127 For fuel-efficient vehicles, lenders will 

require higher interest rates than they would do in the absence of transaction costs and 

information asymmetries.128 Facing inadequately high interest rates, car purchasers 

underinvest in fuel efficiency technologies.  

                                                 
125 In the U.S., the share of loan-financed car purchases amounted to 85% in 2013 (Debord & Rudegeair, 2014). 

For the EU, there is no aggregate number, but figures for the United Kingdom (Barkham, 2013) and Germany 

(Aral, 2013) give reason to expect an only moderately lower share. 

126 Fuel economy labels alleviate the information asymmetry to some extent. These often include fuel cost 

information using standardized assumptions (regarding fuel prices and annual mileage, for instance). The actual 

fuel cost savings resulting from better fuel economy are also determined by various other factors, however. 

Hence, there remain information asymmetries between lenders and borrowers. Moreover, even evaluating the 

implications of fuel cost figures readily provided on labels causes transaction costs. 

127 Hence, capital market imperfections may be one explanation, among others, for the observation that low-

income households reveal higher implicit discount rates applied to energy efficiency investments that richer 

households. Yet, even if the lender accounted for the improved repayment capability implied by better fuel 

efficiency, low-income households still entailed larger default risks. 

128 Especially for financing institutions that are unfamiliar with energy efficiency issues it can be difficult to 

quantify the financial benefits (i.e., the increased repayment probability) resulting from fuel economy 

investments. However, even automakers’ own banks, which provide a large fraction of car loans, appear not to 

consider a vehicle’s fuel economy properties when determining the financing conditions. 
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Collateralizing the credit (i.e., using the vehicle as loan security), as it is already 

regularly done for car loans, can help mitigating the problem of unavailability of sufficient 

funds to purchase a fuel-efficient vehicle model that entails higher upfront costs: the 

investment in better fuel economy increases the value of the collateral and thereby decreases 

the default risk; this argument is premised, yet, on valuation of superior fuel economy 

properties in the used-vehicle market. However, collateralizing car loans does not necessarily 

eliminate the problem that interest rates do not reflect the link between fuel economy and 

credit default risk.129 Information asymmetries and transaction costs can still inhibit more 

fuel-efficient choices.  

Another potential demand-side barrier to investments in fuel economy results from 

debt aversion.130 There is some evidence that consumers are averse to incur debts (e.g., 

Caetano, Palacios, & Patrinos, 2011; Callender & Jackson, 2005; Eckel, Johnson, 

Montmarquette, & Rojas, 2007; Field, 2006; Meissner, 2014; Prelec & Loewenstein, 1998). 

Debt aversion may possibly deter fuel efficiency investments in particular if the consumer 

would have to take a loan to finance higher upfront cost of a fuel-efficient model (e.g., a 

hybrid vehicle) that would not be necessary for purchasing a conventional model. Even if 

redemption and interest on the loan can be repaid—with a remaining profit—from the fuel 

cost savings, aversion to taking the loan may preclude the fuel efficiency upgrade. The 

chosen fuel economy level would not be in the best financial self-interest of the consumer.  

All in all, we deem capital market imperfections not a major obstacle to fuel 

efficiency—at least not in the current state of the vehicle market. The benefits of potential 

policy instruments to tackle this barrier do not seem to exceed the associated costs. With 

regards to distorted interest rates, there are to the best of our knowledge no quantitative 

estimates as to the extent by which interest rates that account for fuel efficiency would 

deviate from those actually demanded in the market. Since future fuel costs are only one—

and not the dominant—determinant of a consumer’s capability to repay her debts, we suppose 

the difference and thereby the distortion to be rather small. Given the various opportunities 

for instalment purchases in the car market as well as the normally relatively small mark-up 

                                                 
129 The distortion of interest rates persists as long as defaulting occasions costs for the borrower. This will be 

the case if (a) the attainable price for the collateral does not cover the outstanding debts (e.g., due to rapid loss in 

value after a car’s first registration) or (b) cashing the collateral causes (non-refundable) costs to the borrower. 

130 Although debt aversion is to be classified as an anomaly, which contradicts with the axioms of expected 

utility theory, we briefly mention it here as it relates to consumer behavior in the capital market. Most analyses 

of the welfare implications of debt aversion are concerned with student loans for higher education (e.g., 

Burdman, 2005; Callender & Jackson, 2005; Cunningham & Santiago, 2008; Oosterbeek & van den Broek, 

2009). 
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for better fuel economy, unavailability of funds for fuel efficiency technologies as well as 

debt aversion do not appear to be an important barrier either.131 With EV becoming a more 

viable option, however, this issue may gain in importance because EV feature a substantially 

different distribution of fixed upfront and running costs than ICE vehicles. Loan guarantees 

or subsidies may then potentially become an option.132 General fuel efficiency standards are 

rather poorly targeted to tackle this barrier. 

On the supply side of the vehicle market, capital market imperfections may possibly 

impede capital-intensive R&D activities as well as the realization of increasing returns in the 

production of fuel-efficient vehicles through setting up large-scale manufacturing facilities 

and penetration pricing. Loan guarantees and direct public loans to manufacturers could 

reduce manufacturers’ financing costs and promote the market rollout of fuel efficiency 

technologies (McConnell and Turrentine 2010). It is not obvious, however, why the capital 

market would not provide the required funds (for expectedly beneficial investment projects) 

at adequate conditions. For high-stake industrial investments, the (transaction) costs for 

evaluating the investment project’s financial prospects are small (relative to the 

lending/investment volume) compared to consumer credits. Moreover, firms can raise capital 

by means of a number of different ways (e.g., bonds, issuing shares, venture capital). Indeed, 

the argument for public or guaranteed loans made by McConnell and Turrentine (2010) rests 

on the existence of spillovers rather than capital market imperfections. Fuel economy 

standards can also help to drive down demanded interest for fuel efficiency investment 

projects through augmenting the investment’s expected profitability; however, if the 

expected—private—profitability of the investment is actually lower without the standard, 

requiring higher interest is not a malfunction of the capital market. While there is hardly 

doubt that capital markets work imperfectly, it remains ambiguous whether such 

imperfections systemically inhibit the development and deployment of fuel-efficient vehicle 

technologies.133 In order to justify interventions in the vehicle market based on capital market 

imperfections, more research is needed.  

                                                 
131 Generally, capital market imperfections are more of an issue for high-stake energy efficiency investments 

such as major energetic retrofits of buildings. 

132 Loan guarantees (for the fuel efficiency mark-up) may still cause disproportionally high transaction costs. 

Subsidies—if used to correct lending failures—are not well-targeted and raise distributional concerns because 

they benefit both lenders and car buyers that do not take a loan; the latter would then possibly purchase too 

much fuel economy. Yet, subsidies for vehicles with innovative drivetrain technologies may be warranted for 

other reasons (e.g., internalization of spillovers) anyway. 

133 For instance, the company Tesla Motors, which specialized in EV, could raise large amounts of capital. 

Here, we refrain from discussing capital market imperfections (that may affect financing of firms’ R&D and 

market rollout activities) more generally. 
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3.2.4 Distortions from Company Car Taxation 

Preferential taxation regulations for company cars can constitute another institutional 

barrier to better vehicle fuel economy. In several countries, a major share of the entire new 

vehicle market is purchased as company cars; for instance, they account for roughly 50 

percent of all new car sales in the EU (Copenhagen Economics, 2010). Preferential tax 

treatment of company cars (e.g., deductibility of fuel costs, lump-sum benefit-in-kind 

taxation) can unfold multiple adverse effects on the fuel economy of the overall vehicle fleet 

(Copenhagen Economics, 2010; Diekmann et al., 2011; Elmer, 2010; Gutiérrez-i-Puigarnau 

& Van Ommeren, 2011; Harding, 2014; International Transport Forum, 2008). 

First, since the purchase costs as well as the fuel expenses for company cars are tax-

deductible, companies tend to acquire larger, more powerful, and consequently more fuel-

consuming cars than private buyers. Additionally, company cars can frequently be used for 

private purposes, too, and constitute a (tax-privileged) component of employees’ overall 

remuneration. Fuel expenses for private vehicle usage are also billed on the company’s 

account (where again subject to tax deduction). Employees have to pay a lump-sum tax for 

the private usage based on the car’s retail price. Thus, employees have a twofold incentive to 

dispense with fuel-saving technologies in their personal company car if they can choose 

among different models: for one thing, they do not have to take the fuel costs into their 

decision rationale; and for another thing, any fuel-saving technology that increases the retail 

price of the company car (e.g., hybridization) would increase their tax payments. In 

consequence, employees will mainly appreciate and demand vehicle attributes other than fuel 

economy. Vehicle registration data for the EU underscore this distorting effect. They show a 

stable positive correlation between vehicle size and the share of registrations as company cars 

in the respective vehicle class (Copenhagen Economics, 2010). Whereas only one third of the 

vehicles in the smaller segments are registered as company cars, this share rises to more than 

70 percent for upper medium and large vehicles. 

Second, these characteristics of company cars may shape consumers’ aspirations in 

the private vehicle market (International Transport Forum, 2008). This refers to the issue of 

loss aversion and context-dependent preferences (see section 3.3.2.3). If the features of 

company cars (regarding size, engine power, luxury amenities etc.) become the reference 

point of their users, they may develop an aversion towards “downgrading” in these vehicle 

properties and be reluctant to purchase smaller, more fuel efficient vehicles for private 

purposes. Moreover, company car privileges are an implicit subsidy to the positional 

externality inherent to high-performance cars. 

Third, company cars are regularly resold after a few years; thus, the efficiency 

properties of company cars largely determine the fuel economy levels available in the used 
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car market a few years down the road. Whereas manufacturers and car dealers are generally 

obliged to provide information on fuel economy and CO2 emissions for new vehicles, this 

requirement does often not apply for used vehicles. The thereby reinforced problem of 

asymmetrically distributed information can further obstruct the choice of optimal fuel 

economy levels (see section 3.2.1): if the used vehicle market does not value fuel efficiency 

properties due to insufficient (credible) information, the incentive to acquire a high-fuel 

economy vehicle as company car is further weakened. 

Whereas fuel efficiency standards might remedy to some extent the “symptoms” of 

misplaced incentives inherent to distorting company car taxation rules, they do not address 

their cause. As fuel efficiency standards affect the entire LDV fleet, correcting the distortion 

by means of a revision of the company car taxation schemes is certainly the more adequate 

response to this particular barrier.134 

 

3.2.5 Risk-averse Firm Behavior and Managerial Incentives 

In well-functioning capital markets, large public companies should not behave as if 

they were (significantly) risk-averse since stockholders can reduce their individual wealth 

risk through holding a diversified portfolio of assets (Alberts, 1966; Amihud & Lev, 1981; 

Levy & Sarnat, 1970). Despite stockholders having the (theoretical) possibility to largely 

diversify away the unsystematic risk of a single firm they partially own, firms appear to 

actually behave like risk-averse individuals maximizing expected utility from a concave 

utility-in-wealth (or rather utility-in-profit) function (Greenwald & Stiglitz, 1990; Swalm, 

1966). Consequently, when assessing the welfare effects of environmental regulations, it 

appears adequate to depart from the assumption of profit-maximizing firms and to consider 

principal-agent issues between owners and managers. Instead of maximizing the firm’s and 

therefore stockholders’ expected profits, managers may rather act opportunistically, self-

interest-maximizing, or boundedly rational.135 

Automobile managers that are conservative, risk-averse, or concerned about their 

personal reputation in the labor market may prefer rather conservative business strategies and 

be susceptible to herd behavior, potentially leading to underinvestment in innovative fuel 

economy technologies and sticking with conventional drivetrain technologies (see e.g., 

                                                 
134 See Diekmann et al. (2011) for a proposal to revise the taxation of company cars in Germany. 

135 See Ambec, Cohen, Elgie, and Lanoie (2011) for an overview of different approaches to incorporate the 

effect of self-interested or boundedly rational behavior of managers on the economic impacts of environmental 

regulations. 
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Aghion, Dewatripont, & Rey, 1997; Kennedy, 1994; Scharfstein & Stein, 1990). Particularly 

in the context of uncertainty regarding future fuel prices, consumers’ valuation of improved 

fuel economy, credibility of climate and transport policy etc., manufacturers’ reluctance to 

invest in better fuel economy can be further amplified by de facto risk-averse firm behavior: 

managers would be more inclined to steer the firm’s (scarce) resources into technology 

development and vehicle design towards vehicle attributes that appear to be valued by 

consumers with greater certainty and predictably allow to attain higher market prices 

(Greene, 1998; Helfand & Wolverton, 2011; International Transport Forum, 2008). Fuel 

economy standards may then help to trigger low-carbon innovations and their accelerated 

diffusion by stabilizing manufacturers’ expectations and creating a reliable regulatory and 

market environment (S. T. Anderson et al., 2011; Budde, Alkemade, & Weber, 2012; 

Whitmarsh & Köhler, 2010). Further potential sources of suboptimal fuel efficiency 

investment behavior are habitual and routine-driven management, present-biased preferences 

of managers, or incentive-orientated payment schemes based on current profits (see e.g., 

Ambec & Barla, 2006; Bloom & Milkovich, 1998; Gabel & Sinclair-Desgagné, 1998)—all 

possibly contributing to underinvestment in fuel economy technologies (that pay off mainly 

in the long term). Mandatory fuel efficiency standards can be conducive to overcoming these 

organizational barriers as well.136 Given these managerial disincentives, environmental 

regulation may not only yield social benefits, but could even be beneficial to the regulated 

firms.  

 

3.2.6 Complementarities and Coordination Problems 

Transitioning to more energy- and GHG-efficient vehicle technologies involves a 

great deal of coordination if these new technologies are not just incremental improvements of 

the currently predominating ICE technology but fundamentally differ from this. Coordination 

needs arise from complementarities among the different inputs jointly delivering the energy 

service (i.e., transport) as well as increasing returns. With increasing returns, an innovative 

technology can be superior—in terms of costs and benefits—relative to already established 

technologies if introduced on a large scale, but it may struggle to compete with incumbent 

technologies unless the increasing returns are realized or internalized. As discussed in section 

3.1.3, increasing returns often—but not necessarily—go hand in hand with positive 

                                                 
136 For a skeptical view on the capability of fuel economy standards to induce energy-efficient technology 

innovations in the automobile industry, see Crabb and Johnson (2010). Using patent data, they find fuel prices to 

be a stronger driver of fuel efficiency innovations. 
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externalities. However, even if there were no spillovers across manufacturers, they could 

create a market barrier. Realizing increasing returns in a timely (and socially optimal) manner 

requires that manufacturers apply penetration pricing to their early sales. That is, innovative 

vehicles whose production is characterized by increasing returns are priced below short-term 

production costs; instead, the price reflects the cost-reducing (and benefit-increasing) effect 

resulting from early sales. Moreover, fixed costs for R&D as well as building up production 

capacities add to the financing volume of technology vanguards. No single manufacturer may 

be capable of accomplishing timely rollout of new drivetrain technologies alone. The entire 

required pre-financing volume may overstrain their available funds or their willingness to 

bear the associated financial risks. This holds all the more with imperfect capital markets that 

do not provide the required capital (at reasonable interest rates). Through coordination of 

their activities, vehicle manufacturers can distribute the upfront financial burden of 

transitioning to new (electricity- and hydrogen-based) drivetrain technologies—for instance, 

by means of R&D co-operations or joint ventures to produce batteries for EV in large 

volumes, or establishing compatible interfaces to realize network effects. Fuel efficiency 

standards can make a—limited—contribution towards this end as they can signal the 

necessity of (jointly) advancing the development of innovative fuel-efficient technologies and 

set immediate regulatory incentives for bringing them into the market.137 

Besides horizontal coordination, the successful (and timely) market penetration of 

new vehicle drivetrain technologies may be even more reliant upon vertical coordination, 

particularly the concurrent rollout of vehicle models using these drivetrains and the 

complementary energy supply infrastructure. Establishing a new vehicle technology system 

requires large, mutually interdependent, and highly specific investments with several years 

lead time. Without vertical coordination, these investments likely get stuck. On the one hand, 

vehicle manufacturers may well be reluctant to set up a large-scale commercialization 

program for alternative fuel vehicles if they are uncertain about the availability of an energy 

supply infrastructure that is sufficiently dense to render the produced vehicles attractive to 

enough consumers so that the program becomes economically viable. On the other hand, 

energy suppliers may hesitate to build this infrastructure if they have doubts whether the 

customer base for their supplied fuels will be large enough to make the investment profitable. 

                                                 
137 With spillovers (that is, without full appropriability of increasing returns from growing sales volumes), 

improved voluntary coordination among the involved market actors may somewhat mitigate market barriers 

inherent to increasing returns, but it cannot solve the problem of underinvestment in innovative technologies as 

incentives for free-riding remain. The market price of early sales would still not incorporate the external part of 

their future cost-reducing impact, thereby decelerating the pace of the innovative technology market penetration. 

Coordination problems and spillovers are sometimes hard to disentangle and can blend into each other, 

particularly in the presence of increasing returns. 
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If coordinating the concurrent evolvement of vehicle and infrastructure availability fails due 

to uncertainty and high transaction costs, technological deadlock can occur. Public 

interventions may then reduce the uncertainty and associated transactions costs by means of 

incentivizing or mandating a more reliable development path for the complementary 

components. Again, there are clear limits to the coordinating function that fuel efficiency 

standards can take. Other policy interventions may well be more effective in overcoming the 

chicken-egg-problem: e.g., provision of public charging stations for EV (Reinke, 2014), 

subsidies and loan guarantees for hydrogen infrastructure build-up, mandating minimum 

market shares for alternative drivetrain technologies, establishing of platforms that foster 

exchange among the involved stakeholders. 

Beyond these direct technological complementarities, the success of establishing a 

new technological system also depends on the institutional environment within which the 

transition takes place (e.g., Bijker, 1995; Sandén & Azar, 2005; Unruh, 2000; 2002). Specific 

investments made in the creation of knowledge, institutions, and human capital form another 

barrier to transitioning to a new technological system. A technology switch would devalue 

these investments, leading to depreciation of sunk investment costs, and can therefore evoke 

resistance. For instance, vested interests organized in labor unions and industrial associations 

often center on entrenched technologies, defending specific investments; “technological 

challengers” do not match up to the same organizational level. Politicians may then hesitate 

to come in conflict with well-organized interest groups through vigorously promoting a 

technological changeover. Also the legal and administrative framework as well as the 

educational system is geared to the entrenched technology. These factors form a—as Unruh 

(2000) calls it—techno-institutional complex; they can contribute to political, institutional, 

societal, and habitual lock-in. Overcoming these multifaceted institutional (in the word’s 

widest sense) barriers requires more than fuel efficiency standards. A broad coordinated 

approach is needed—reaching from adjusting educational curricula, over redirecting public 

R&D funds, to adapting the legal framework. Once adoption of the new technology 

commences and the institutional environment begins to change in favor of the new 

technology system, self-sustaining institutional dynamics may unfold: with the magnitude of 

economic interests involved and the number knowledgeable technology proponents, the 

institutional support for the new technology will likely grow (Sandén & Azar, 2005). 

 

3.3 Internalities: Bounded Rationality and Behavioral Anomalies  

The final class of barriers to fuel efficiency consists of different potential 

shortcomings in consumers’ individual decision-making processes. For such “failures” in 
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making best self-interest-conforming decisions—particularly those with intertemporal 

implications—the term internalities is sometimes used (e.g., Allcott et al., 2014; Herrnstein et 

al., 1993; Levmore, 2014).138 These intra-personal barriers (on the side of vehicle buyers) can 

create an individual energy efficiency paradox. That is, fuel efficiency potentials that would 

be beneficial for the individual adopter under current market conditions (such as prices, 

qualities, availability of complementary services and fuel infrastructure) remain untapped. 

The benchmark from which to start the exploration are the (behavioral) assumptions of the 

model of homo economicus and rational choice theory. 

The purchase of a vehicle and thereby the choice of the fuel economy level is a 

complex multidimensional and intertemporal decision problem involving several 

uncertainties. Nonetheless, homo economicus would accurately assess each available vehicle 

option in all dimensions, having complete information and using unlimited cognitive 

resources, discount future costs and benefits to their present value, weigh uncertain outcomes 

with their respective probabilities, and finally choose the vehicle that delivers the largest 

expected utility to her. Unsurprisingly, the validity of the guiding principle of homo 

economicus and its predictive power is contestable. Behavioral research has found vast 

empirical and experimental evidence of systematic deviations from the standard assumptions 

of rational choice in real-world decision-making—not only, but particularly in uncertain and 

intertemporal contexts. In this section, we explore how such deviations can distort fuel 

efficiency decisions and may therefore justify policy interventions (by means of mandatory 

fuel economy or vehicle emissions standards). Thus, we focus on the question whether (and 

which) deviations may cause consumers to systematically undervalue future fuel costs 

relative to current upfront costs (for better fuel economy) or other vehicle attributes. 

There are several taxonomies conceivable to distinguish and classify different 

deviations from the assumptions of rational choice (Gillingham & Palmer, 2014).139 Although 

a clear-cut demarcation is not always possible, we use a binary classification in this section. 

We distinguish bounded rationality and heuristic decision-making on the one hand and 

behavioral anomalies on the other hand. These are to be understood in the following way. 

The notion of bounded rationality widely maintains the idea of stable preferences and 

consumers seeking for utility maximization, but it acknowledges external (incomplete 

                                                 
138 As Allcott and Taubinsky (2013) state, an “internality is directly analogous to an externality: it is a wedge 

between willingness to pay and social welfare;” the difference is that the welfare costs are borne by oneself.   

139 For instance, they might be categorized into (a) nonstandard preferences, nonstandard beliefs, and 

nonstandard decision-making (DellaVigna, 2009), (b) bounded rationality, bounded willpower, and bounded 

self-interest (Mullainathan & Thaler, 2001), or (c) prospect theory, heuristic decision-making, and bounded 

rationality (Gillingham et al., 2009). 
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information) and internal (cognitive limitations) constraints to optimization. That is, having 

stable preferences, boundedly rational agents aim at maximizing their utility under the 

constraints of imperfect and costly to acquire information as well as limited and costly-to-use 

cognitive capacities for—effortful and time-consuming—processing the available 

information. Therefore, consumers use decision-making routines and heuristics which reduce 

the cost of decision-making, but may lead to inferior outcomes relative to those that would be 

optimal without any such constraints. The validity of rational choice as guiding theoretical 

framework is further called into question by the observation of so-called behavioral 

anomalies. Anomalies describe systematical violations of the assumption of consistent, well-

defined preferences. These comprise the context-dependency of preferences, their time-

inconsistency as well as systematic deviations of—choice-revealed—decision utility from 

actual hedonic experience (i.e., experienced utility).  

Whereas bounded rationality can generally be reconciled with the concepts of 

(expected) utility maximization and rational choice through relaxing the latter’s restrictive 

assumptions and introducing costs of decision-making, anomalies pose more fundamental 

challenges for the foundations of traditional welfare economics.140 Still, as noted earlier, an 

unambiguous distinction of the observed behavioral deviations of real human decision-

makers from homo economicus is often hardly feasible, which is also mirrored by the 

different definitions and categorization approaches found in the literature. Indeed, many 

anomalies can possibly also be thought of as cognitive strategies to simplify decision-making 

(Gillingham & Palmer, 2014). Nonetheless, given their differing implications and posed 

challenges for the welfare-economic appraisal of policy interventions in the LDV market, we 

maintain the distinction of bounded rationality and anomalies along the lines outlined above. 

 

3.3.1 Bounded Rationality 

In a hypothetical textbook market for consumer durables without any transaction costs 

and with perfectly rational actors, merely pricing of (energy-related) externalities would 

ensure that consumers choose their respective optimal energy efficiency level. Under 

consideration of all available—and costless to gather and to process—information, they 

would invest in the energy efficiency level that minimizes the sum of the initial investment 

costs and the properly discounted operating costs arising over the durable’s life time; in a 

                                                 
140 Hence, the term internality seems to better fit the consequences of behavioral anomalies than bounded 

rationality. 
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multi-attribute decision setting, the consumer also precisely weighs the utility she receives 

from the different products’ attribute bundles. Ample empirical evidence suggests, however, 

that actually observed behavior hardly conforms to the predictions of rational choice theory; 

this holds for fuel economy decisions (Allcott, 2011a; 2013; Greene, 2005; Greene, Patterson, 

Singh, & Li, 2005; Kubik, 2006; Kurani & Turrentine, 2004; Larrick & Soll, 2008; 

Turrentine & Kurani, 2007; Turrentine, Kurani, & Heffner, 2008) as well as energy 

efficiency-related decisions in general (e.g., Attari et al., 2010; Auffhammer & Sanstad, 

2011; Frederick, Meyer, & Mochon, 2011; Kempton, Feuermann, & McGarity, 1992; 

Kempton & Layne, 1994; Kempton & Montgomery, 1982; Sanstad & Howarth, 1994a; 

1994b; P. Stern, 1985; P. Stern & Aronson, 1984; P. C. Stern, 1986).141 Instead of rational 

choice, the notion of bounded rationality has emerged to characterize consumers’ behavior in 

many instances (Conlisk, 1996; Gigerenzer & Selten, 2002; Kahneman, 2003; McFadden, 

1999; A. Newell & Simon, 1972; Rubinstein, 1998; Simon, 1955; 1972; 1976; 1986; Todd & 

Gigerenzer, 2003).  

In reality, decision-making—collecting and processing information—is effortful and 

costly (e.g., Conlisk, 1988; Shugan, 1980; Stigler, 1961). Given the complexities of real-

world decisions, the existence of transaction costs (including information search costs), time 

constraints, and limited information processing capacities, the concept of bounded rationality 

seems to be more realistic in describing human behavior than perfect rationality. In particular 

if consumers have to make complex multidimensional decision142, they cannot optimize on 

each variable at reasonable cost. For instance, when purchasing a new vehicle, the 

prospective buyer has to decide on a variety of attributes such as price, size, performance, 

equipment, comfort level, fuel economy, and more. Moreover, learning from past decisions 

and thereby steadily improving subsequent vehicle choices is inhibited by the relative 

infrequency of vehicle purchases as well as the technological progress and fuel prices 

changes occurring between purchases, which fundamentally alter the choice setting (Helfand 

& Wolverton, 2011). 

Boundedly rational consumers take into account the cost accruing from the decision-

making process. They—implicitly rather than explicitly—balance the potential benefits 

                                                 
141 For instance, by means of interview-based survey methodology, Kurani and Turrentine (2004) and 

Turrentine and Kurani (2007) find that U.S. consumers neither keep systemically track of their fuel consumption 

nor do they evaluate fuel cost implications when purchasing a private vehicle in a systematic way that is 

compatible with model of rational choice. 

142 Fuel economy is usually not a stand-alone vehicle attribute that can be selected independent from other 

vehicle attributes. If fuel economy is bundled with other vehicle attributes and not separately available, 

consumers cannot simply weigh the additional upfront costs against the expected fuel cost savings, but they 

must evaluate trade-offs between fuel economy and other valued vehicle properties. 
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against the effort as well as the financial and time costs of making a better-founded decision. 

Several models of optimality rules, algorithms, and heuristics for decision-making under 

time, cost, and cognitive constraints have been proposed (Gabaix, 2014; Gabaix & Laibson, 

2005; Gabaix, Laibson, Moloche, & Weinberg, 2006; Gigerenzer & Selten, 2002; Gigerenzer 

& Todd, 1999; Kahneman, Slovic, & Tversky, 1982; McCall, 1965; Stigler, 1961; Tversky, 

1972; Tversky & Kahneman, 1974). The basic idea behind most of these strategies, although 

not necessarily explicitly stated and formalized, is a—boundedly—rational one: the chosen 

search and decision routine should equate the marginal benefits from information acquisition 

and processing—in terms of better choice outcomes—and the marginal costs arising thereof.  

Among the proposed strategies and cognitive heuristics that boundedly rational 

economic agents use to navigate through complex choice settings, the probably most 

prominent one is satisficing (e.g., Simon, 1956; 1959; 1982). After reaching a certain quality 

level of the considered product attribute that is deemed acceptable, no more effort is invested 

in further optimization. The purchase of a private vehicle is an illustrative example for such 

satisficing behavior (Greene, 1998; 2010b). When purchasing an automobile the consumer 

has to decide on a variety of attributes such as price, size, performance, safety, comfort, fuel 

economy, and more. Instead of investigating each attribute in detail, the consumer may select 

a car that satisfies her minimum requirements in each category and performs rather well in 

categories of high importance for her. Within the packages of different vehicle features, fuel 

efficiency may be of relatively low importance and receive little attention compared to other 

attributes. In the past, retail price, performance, safety, or comfort actually seemed to be of 

higher importance for a majority of consumers than fuel economy.143 Expressing it pointedly, 

unless a considered vehicle is a fuel-guzzler, the criterion of fuel economy would be of minor 

relevance for the decision of a satisficing consumer.  

Another explanatory model for boundedly rational decision-making is rational 

inattention (Caplin & Dean, 2014; C. A. Sims, 2003; Wiederholt, 2010). As a consequence of 

consumers facing informational constraints, they may be rationally inattentive to some—

generally acquirable—information. Sallee (2014) argues that this might well be the case for 

energy efficiency information when consumers choose a vehicle or another energy-

consuming durable. The paper hypothesizes that motorists are rationally inattentive to the 

financial implications of fuel economy despite mandatory labeling requirements, which even 

include readily available fuel cost information. This is because the disclosed cost figures will 

usually not be representative of a motorist’s individual situation. She and her circumstances 

                                                 
143 See section 11.3 for the observed attitude-action gap with respect to the importance of fuel efficiency in 

vehicle purchase decisions.  
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may well deviate from the standard assumptions underlying the fuel economy label in several 

respects: e.g., her annual mileage, her share of urban and highway travel, her local fuel prices 

etc. Furthermore, the officially measured fuel economy is an unreliable indicator for actual 

on-road fuel economy (see Box 2). Most of these deficiencies of mandatorily disclosed 

information can be resolved, although uncertainty remains,144 through exerting information 

gathering (e.g., on websites that report actually realized on-road fuel economy) and 

calculation efforts. Sallee deems it plausible, however, that the costs incurred to improve and 

customize the informational basis exceed the benefits yieldable thereby. Hence, consumers 

might rationally prefer to act upon incomplete fuel economy information.145 Motorists may 

be rationally inattentive in particular to the mostly rather small fuel economy differences 

within a given vehicle class.146  

Notwithstanding, given the availability of fuel economy figures on mandatory labels 

as well as a number of further—mainly online—information sources, it appears that lacking 

information is not the major obstacle to cost-effective fuel efficiency choices.147 Constraints 

in processing them in a manner that enables such choices seem to be of even greater 

relevance. For instance, even if information is readily available, consumers may have 

problems interpreting it correctly. A striking example in this regard is the so-called MPG 

illusion (Allcott, 2011a; Larrick & Soll, 2008). The central metric to display fuel economy in 

the U.S. is MPG. Yet, many consumers struggle to make fuel economy choices based on this 

metric because they do not comprehend the non-linearity of fuel savings in MPG. In the high-

MPG segment, they tend to overestimate the fuel savings yieldable from an additional MPG, 

whereas they underestimate the benefits from a one MPG increase in low-fuel economy 

segments.148 

                                                 
144 Note that uncertainty of the outcome is not a rational explanation for inattention. 

145 Importantly, consumers do not entirely ignore fuel economy information, but they only abstain from 

acquiring comprehensive and customized fuel cost information beyond what is already provided widely costless. 

146 If consumers are inattentive to rather small within-class fuel economy differences, this can have adverse 

consequences on manufacturers’ innovation incentives: manufacturers may not invest in technologies that yield 

only small fuel economy improvements if they anticipate consumers’ inattention and resulting low willingness-

to-pay for them. Sallee (2014) concludes that this effect leads to an underestimation of the actual extent of the 

energy efficiency gap because the analysis of observed consumer choices within the set of offered vehicles does 

not capture the socially suboptimal development and supply of fuel efficiency technologies. 

147 This conjecture is also shared by Greene (2010b); Auffhammer and Sanstad (2011) come to similar 

conclusions for other energy-consuming durables in the residential domain. 

148 Allcott (2013) finds, though, that the welfare loss resulting from the MPG illusion is small. Moreover, the 

new U.S. fuel economy label provides fuel economy information in terms of gallons per 100 miles as well.  
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Whereas the use of heuristics and boundedly rational decision-making strategies 

entails less substantiated decisions than with perfect rationality (including perfect 

information), this does not necessarily imply a systematic distortion. That is, it is not a priori 

clear whether the fuel economy levels chosen under informational and cognitive constraints 

fall short of (or possibly even exceed) those that would be chosen if there were no such 

restrictions. There are some arguments, however, that support the hypothesis that bounded 

rationality leads to underinvestment in energy efficiency. First, total cost of ownership 

calculations involve more information, are tainted with uncertainty, and require more 

cognitive effort than simple purchase price comparisons. Second, in a satisficing context, fuel 

economy will normally be worse (than optimal under unbounded rationality) if it does not 

belong to the prioritized criteria that receive additional attention; this is because many other 

valued attributes (e.g., size, performance), which may enjoy priority in the consumer’s 

evaluation of different vehicle options, are positively correlated with specific fuel 

consumption.149 The same result will likely hold if consumers are rationally inattentive to fuel 

economy. Third, when it comes to the potential choice of a new, energy-efficient drivetrain 

technology (that is, an electric or fuel cell vehicle), information about these technologies are 

less well available than for conventional ICE vehicles. 

Defining the fuel economy levels that were chosen if there were no restrictions on 

information gathering and processing capacities as the (individual) optimality benchmark, 

bounded rationality will regularly implicate suboptimal fuel economy decisions. This holds 

irrespective of whether there is a systematic distortion or whether bounded rationality leads to 

unsystematic deviations from fuel economy levels chosen by unboundedly rational deciders. 

While the average cost implications of each individual boundedly rational decision may be 

relatively small, the sum of deviations from the optimum could accumulate to a significant 

loss in social welfare, given the pervasion of LDV ownership. Hence, policy interventions are 

warranted if they can help—at reasonable policy costs—to better align actual fuel economy 

choices with those fuel economy levels that would minimize motorists total cost of vehicle 

ownership.150 

Basically, it holds that the less information on fuel economy and lifetime fuel costs 

available as well as the more costly their gathering and processing, the larger the deviation 

from an optimal decision will be. Hence, the apparently most straightforward approach to 

                                                 
149 Conversely, vehicles chosen by boundedly rational consumers could be more fuel-efficient than under 

perfect rationality if fuel economy were a priority, whereas the consumer satisfices on those attributes that 

positively correlate with specific fuel consumption. 

150 The total cost of ownership is to be interpreted in a broad sense that also includes hedonic costs from 

forfeiting utility-providing vehicle properties. 
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tackle bounded rationality related to information deficiencies is to provide credible and easily 

comprehensible information that enables consumers to make cost-effective fuel economy 

choices. Given the public good nature of this information, the centralized measurement of 

fuel economy—as well as other crucial vehicle attributes—through public authorities and 

(mandating) their disclosure creates a positive externality and is vindicated on economic 

grounds (e.g., Jaffe & Stavins, 1994b). Yet having fuel economy data available is only a 

necessary condition for cost-effective choices; translating the data into numbers and metrics 

that are meaningful for consumers (e.g., cost figures) is needed to mitigate their information 

processing cost. Otherwise, that is, if the consumer perceives the provided data as a clutter of 

opaque technical details, she will still not take the fuel efficiency information into 

consideration when deciding on her new car. Or, if consumers misinterpret the information as 

in case of the MPG illusion, their decisions will be distorted.  

So far, fuel economy labels are the dominant approach to provide fuel consumption- 

and GHG-related information (see section 11.3). By providing information about the 

vehicle’s fuel consumption (as well as its environmental performance) labeling schemes 

should appeal to the customers’ rationality and trigger cost-effective fuel economy choices. 

However, as argued by Sallee (2014), the information provided on fuel economy labels may 

be insufficient to overcome rational inattention due to their lacking representativeness of an 

individual motorist’s personal circumstances. Internet-based tools can be an important means 

to reduce the private costs for customizing fuel cost and total cost of ownership information 

to personal driving profiles. Another way could be to deliberately sacrifice some accuracy in 

order to reduce consumers’ effort costs of considering fuel economy in their vehicle purchase 

decisions—through providing the information in a more coarse and catchy manner (Sallee, 

2014; Slemrod, 2010).151 Several studies underscore that easy-to-grasp information is 

regularly more effective than complex and detailed information that require higher mental 

effort to be evaluated (e.g., Grünig, Skinner, Kong, & Boteler, 2010; Song & Schwarz, 2008; 

U.S. Environmental Protection Agency & National Highway Traffic Safety Administration, 

2010a; 2010b; C. Wilson & Dowlatabadi, 2007). The most recent revision of the U.S. fuel 

economy label is a step in this direction. 

                                                 
151 Whereas simplifying and condensing data in order to provide more intuitive and less cognitive effort-

requiring information can itself cause some economic inefficiency, the benefits from increased consideration of 

fuel economy in vehicle purchase decisions may still outweigh the distortions from simplified information 

provision. The U.S. energy star label is an example for such rather coarse information elements that, on the one 

hand, increase attention to energy efficiency in durables purchases and, on the other hand, can induce consumers 

to use other pieces of available information less diligently (e.g., Houde, 2014; R. Newell & Siikamäki, 2013; 

2014). 
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While disseminating better and more easily comprehensible information as well as 

providing tools that assist well-founded decision-making are clearly the first-best option to 

tackle bounded rationality, mandatory energy efficiency standards may become a regulatory 

option if this does not suffice to overcome bounded rationality to a satisfactory degree. This 

might be the case, for instance, if (a) the costs of making a well-informed decision remain 

high despite informational measures, (b) the variance in energy costs across considered 

alternatives of the durable is small, or (c) there is a number of other variables the consumer 

has to simultaneously decide on and which are treated with higher priority (Sallee, 2014); in 

the latter situation, also considering energy efficiency diligently may cognitively overstrain 

the consumer. For LDV, explanations (a) and particularly (c) apply rather than the 

insignificance of fuel cost differences. 

If information provision is deemed insufficiently effective, the rationale for setting 

standards is that the centralized assessment of the costs and benefits of energy efficiency 

through public authorities, which (supposedly) have better expertise and more evaluation 

capacities at their disposal, and subsequent regulation will yield all-in-all net gains in social 

welfare, although the individual freedom of choice may be restricted. This is because the 

mandated energy efficiency level is—on average—closer to the optimal level than 

consumers’ own choices and because consumers’ decision-making costs are lowered through 

the standards. To assess the prospects of energy efficiency standards for tackling bounded 

rationality one should distinguish between systematical biased and randomly flawed energy 

efficiency decisions. Particularly in the latter case, the hurdles for energy efficiency standards 

to be overall welfare-increasing are high. This holds primarily if the ineffectiveness of 

informational measures is caused by heterogeneity across consumers (with respect to usage 

profiles, for instance). By the same token, this heterogeneity impedes defining energy 

efficiency requirements that adequately suit the different consumers’ individual 

circumstances so that standards may not be appropriate.152 Facing a systematical bias (that is, 

a distortion towards too high energy intensity), the prospects of improving welfare by means 

of energy efficiency standards are more promising—even if the optimal energy efficiency 

level is heterogeneous across consumers. While some consumers—those with low utilization 

rates of the durable—may still be worse off with the energy efficiency standard, the majority 

will benefit from remedying the bounded rationality-induced distortion. Average-based and 

even more tradable energy efficiency standards such as most fuel economy and vehicle 

emissions standards accommodate consumer heterogeneity better than uniform standards that 

                                                 
152 Consequently, (minimum) energy efficiency standards tend to deliver more certain net benefits for durables 

with rather homogeneous usage profiles such as refrigerators. 
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apply at the individual vehicle level; they better preserve consumers’ freedom of choice and 

provide more flexibility to manufacturers as they still allow fuel economy levels to differ 

across vehicle models. 

If the boundedly rational decision-making routines applied by consumers imply a 

systematic undervaluation of fuel economy, financial incentives (e.g., CO2-based registration 

taxes, feebates153) can also help to correct this distortion. The increase in upfront costs, 

normally being a high priority as well as relatively easily to comprehend and process decision 

variable, of fuel-inefficient vehicles would then serve as a surrogate for the inappropriately 

considered decision variable fuel economy. Notwithstanding, assuming heterogeneity in 

utilization patterns as well as in the bounded rationality-induced bias, financial incentives 

also distort fuel economy choices on their own. Eventually, for fuel economy standards and 

fiscal incentives as well as any other policy instrument,154 the costs of these market 

interventions have to be balanced against the welfare increases from remedying flawed fuel 

economy decisions due to bounded rationality. 

 

3.3.2 Anomalies 

Whereas boundedly rational individuals still seek to maximize their expected utility, 

based on stable preferences, under the constraints of incomplete information and limited 

information processing capacities, behavioral anomalies describe further deviations from the 

assumptions of rational choice beyond those already forfeited with the concept of bounded 

rationality. These include in particular the context-dependency and time-inconsistency of 

choice-revealed preferences and their potentially deficient representativeness of actually 

received hedonic utility. While there are numerous anomalies documented that have a bearing 

                                                 
153 This fiscal instrument imposes a tax on vehicles with specific emissions above a pivot point defined by the 

regulator, while granting a subsidy to vehicles which emit less than the pivot point’s emissions value.  

154 As section 11.1.1.3 shows, fuel efficiency standards and feebate schemes can be designed equivalently in 

terms of the financial incentives they set; with bounded rationality and behavioral anomalies, however, the 

objective equivalence may not necessarily yield equivalent outcomes. 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

98 

on environmental-related decision-making and implications for environmental policy,155 we 

confine the following analysis to those anomalies we deem most relevant for fuel economy 

choices and which may call for policy interventions. 

 

3.3.2.1 Prospect Theory as the Starting Point 

We begin the analysis of decision anomalies by highlighting the key findings of what 

may be considered the centerpiece of behavioral economics: prospect theory (Kahneman & 

Tversky, 1979).156 First, in contrast to the foundations of expected utility theory, people 

usually think of different prospects not in terms of final states of wealth but rather in terms of 

gains or losses, measured against a reference point. Second, people are loss-averse; that is, 

when evaluating a prospect, losses loom substantially larger than gains.157 Third, the decision 

weights consumers attribute to uncertain outcomes do not equal their objective probabilities: 

moderate and high probabilities are underweighted compared to certain and low-probability 

outcomes. Fourth, the decision value attributed both to gains as well as loss diminishes with 

their respective magnitude; that is, the decision value function is concave in the gain domain 

and convex in the loss domain. Starting from theses pillars, and extending them by further 

observed anomalies, we will present potential behavioral barriers to fuel efficiency.  

 

                                                 
155 For broader overviews of behavioral anomalies (or alternative views on consumer behavior), see e.g., 

Camerer and Loewenstein (2002); DellaVigna (2009); Kahneman (2011); Rabin (1998); Shogren and Taylor 

(2008); Starmer (2000); as well as the anomalies series in the Journal of Economic Perspectives 

(http://faculty.chicagobooth.edu/Richard.Thaler/research/anomalies.html). Several of these anomalies can (mis-

)guide energy-use behavior (e.g., the consumption of energy services) and affect attitudes towards 

environmentally benign behavior in general. For instance, the social context within which preferences are 

shaped is an important behavioral determinant and a lever for environmental policy that calls for further 

research. However, as these issues are not specific to fuel economy decisions, but touch very broadly on 

questions of behavioral-environmental economics, we do not further elaborate on this matter here. For the 

application of insights from behavioral economics to environmental economics and policy in general and 

energy-related topics in particular, see e.g., Croson and Treich (2014); Gowdy (2008); Hanley and Shogren 

(2005); Pollitt and Shaorshadze (2013); Shogren, Parkhurst, and Banerjee (2010); Shogren and Taylor (2008);  

Sunstein and Reisch (2014); van den Bergh, Ferrer-i-Carbonell, and Munda (2000). 

156 See also e.g., Camerer (2000); DellaVigna (2009); Kahneman, Knetsch, and Thaler (1991); Kahneman and 

Tversky (1984); Thaler (1980; 1999); Tversky and Kahneman (1986); Tversky and Kahneman (1992). 

157 The decision weight attributed to losses is found to exceed that attributed to gains of the same sum roughly 

by factor of 2-2.5 (Benartzi & Thaler, 1995; Kahneman et al., 1991; Kahneman & Tversky, 1979; Tversky & 

Kahneman, 1992).  

http://faculty.chicagobooth.edu/Richard.Thaler/research/anomalies.html
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3.3.2.2 Narrow Bracketing, Mental Accounting, and Money Fungibility 

As stated above, people tend to assess the outcomes of a choice situation in isolation 

rather than integrating them with other choices they have to make and their overall 

(economic) circumstances—that is, they do not bracket broadly (Read, Loewenstein, & 

Rabin, 1999; Read, Loewenstein, Rabin, Keren, & Laibson, 2000). Narrow bracketing may 

be cognitively more convenient as it reduces mental effort, but it implies the risk of losing 

sight of the total picture.158 A series of narrowly bracketed decision may yield substantially 

worse overall results as if the decider had evaluated the choices aggregately (e.g., Kahneman 

& Lovallo, 1993). 

Let us first consider the case of risk-averse—not loss-averse—deciders. If a consumer 

framed her choice situations in narrow brackets and decided each time based on constant 

relative risk aversion, she would forego (investment) opportunities that proved beneficial if 

evaluated in a broader frame. As Rabin and Weizsäcker (2009) show, narrow bracketing 

leads to dominated choices unless the decider has constant absolute risk aversion. Consider a 

vehicle buyer who frames the additional upfront costs for a more fuel-efficient vehicle as the 

investment and the resulting fuel savings as its—uncertain—return; the expected value from 

the investment is positive. Still, if she were risk-averse within the narrow bracket, she might 

refuse to invest in better fuel-efficiency. As was shown in section 2.2.3.1, demanding a 

noteworthy risk premium for fuel efficiency investments is widely inconsistent with rational 

choice and (expected utility-based) risk aversion—that is, it is incompatible with a reasonable 

curvature of the concave utility-in-wealth function. Loss aversion would further aggravate 

this effect.  

An anomaly closely related to narrow bracketing is mental accounting (Heath & Soll, 

1996; Shefrin & Thaler, 2004; Thaler, 1985; 1999). The concept of mental accounting 

describes cognitive operations governing the organization of individuals’ financial activities. 

People appear to run mental accounts for different income sources, saving purposes, and 

expenditures. Budgets that constrain spending can be assigned to the different accounts and—

importantly—money appears to feature restricted fungibility across accounts (Abeler & 

Marklein, 2008; Hastings & Shapiro, 2012; D. E. Hirst, Joyce, & Schadewald, 1994; Thaler, 

1990).159 Particularly the latter property of the mental accounting system may impose a 

                                                 
158 It becomes apparent that narrow bracketing and mental accounting are good examples for the blurry 

distinction of anomalies and bounded rationality as these mechanisms can also be interpreted as cognitive 

shortcuts to simplify—and reduce the costs of—decision-making. 

159 Hastings and Shapiro (2012) empirically examine mental accounting of fuel expenditures and find that 

“gasoline money” is subject to limited fungibility. 
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barrier to fuel efficiency. If future fuel expenditures are grouped in one account (e.g., “regular 

energy expenses and utilities”) and the acquisition cost of durables in another account, a fuel 

efficiency investment may be inhibited by a lack of money fungibility. The consumer 

possibly avoids overstraining her designated car acquisition budget, even if the “overdraft” 

would be more than offset by savings in the account that comprises energy costs. Overall 

cost-saving potentials could be tapped, if money were fungible across (initial) designated 

uses rather than being mentally earmarked. 

 

3.3.2.3 Loss Aversion, Endowment Effect, and Status Quo Bias 

3.3.2.3.1 Theoretical Background 

Loss aversion is one of the best known—and empirically most tested—decision-

making anomalies (e.g., Bateman, Kahneman, Munro, Starmer, & Sugden, 2005; Camerer, 

2000; Kahneman et al., 1991; Tom, Fox, Trepel, & Poldrack, 2007; Tversky & Kahneman, 

1991; 1992). When loss-averse deciders evaluate choice sets, losses loom larger than gains. 

That is, the avoidance of losses is more decision-guiding than the prospect of yielding gains. 

This holds for decisions under uncertainty as well as riskless choice. To assess whether a 

choice outcome involves a gain or a loss, it is measured against a reference point. This 

reference point is not stable and invariant, but highly context-dependent.160 Loss aversion 

does not equally apply to all kinds of goods and transactions; instead, it is moderated by a 

number of factors. For instance, the intention to exchange or trade a good (e.g., merchandise, 

transaction-dedicated money) rather than to consume it moderates or even eliminates loss 

aversion, and hedonic goods (being consumed for affective experience) trigger stronger loss 

aversion than utilitarian goods (being consumed for instrumental purposes) (Ariely, Huber, & 

Wertenbroch, 2005; Dhar & Wertenbroch, 2000; Novemsky & Kahneman, 2005a; 2005b). In 

risky prospects, Kőszegi and Rabin (2007) suggest that loss aversion may be moderated (and 

be replaced by risk aversion) if risk is anticipated rather than being surprisingly exposed to it. 

A natural reference point to measure outcomes against is the status quo or an 

individual’s current endowment with goods. Given the asymmetric impacts of positive and 

negative deviations from the reference point, loss-averse deciders would be biased towards 

maintaining the current situation—or at least not to depart too much from it. This supposition 

                                                 
160 If there is no natural (or construed) reference point to measure gains and losses against, decision-makers may 

rather evaluate the available options in terms of the advantages and disadvantages they feature relative to each 

other. Analogously to loss aversion, disadvantages would loom larger than advantages in such evaluations; 

preferences formed this way would still be context-dependent and inconsistent (Tversky & Simonson, 1993). 
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conforms to vast empirical evidence of (a) people tending to show inertial behavior in choice 

situations as well as (b) discrepancies between the willingness-to-pay for acquiring and the 

willingness-to-accept for parting with the same good. Following these observations, the 

notion of the endowment effect and a status quo bias has emerged to describe this behavior 

(Kahneman, Knetsch, & Thaler, 1990; Kahneman et al., 1991; Knetsch, 1989; Samuelson & 

Zeckhauser, 1988; Thaler, 1980). 

 

3.3.2.3.2 The Financial Dimension 

Loss aversion can possibly contribute in several ways to consumers underinvesting in 

fuel economy relative to what rational choice would predict as well as their best self-interest. 

Obviously, loss aversion is of relevance particularly in mixed prospects, which involve 

potential gains and losses. We start with the financial dimension of loss aversion and its 

implications for fuel economy choices. That is, we regard the case that the consumer chooses 

among different vehicle models, which differ only in their retail price and their fuel economy. 

Fuel-efficient vehicles, which have lower running costs, are more expensive upfront. If the 

consumer is loss-averse, she may turn down the opportunity to invest in better fuel economy, 

although the investment features a positive expected value. According to Greene et al. 

(Greene, 2011; Greene, Evans, & Hiestand, 2013; Greene, German, & Delucchi, 2009), her 

reluctance to pay upfront for better fuel economy can stem from loss aversion in combination 

with uncertainty regarding gasoline prices, actually realized on-road fuel economy, and other 

factors that determine the financial returns from the fuel efficiency investment. Given these 

uncertainties, there is a chance that the more fuel-efficient vehicle will be more expensive 

after all than the conventional alternative—despite its favorable expected value. This will be 

perceived as a loss by the consumer if—as Greene et al. assume—she adopts the costs related 

to purchasing a conventional vehicle as the reference point. Due to the substantially higher 

decision weight of potential losses relative to (more likely) gains, the investment opportunity 

may appear unattractive to the consumer.161 

Recalling (a) that decision outcomes are regularly evaluated in isolation rather than 

integrated and (b) that consumers tend to run separate mental accounts for different types of 

expenses, the potential contribution of loss aversion to a low valuation of fuel economy can 

be interpreted in an even more disintegrated perspective. On the one hand, consumers may 

                                                 
161 As consumers tend to exaggerate the probability of losses (DellaVigna, 2009; Kahneman et al., 1991), the 

reluctance to invest in fuel economy technology is further aggravated. 
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perceive the additional upfront payment (compared to the conventional less fuel-efficient 

alternative, being the reference) for better fuel economy as a sure loss, thereby attributing 

relatively large decision disutility to it. On the other hand, they give relatively little decision 

utility to the very probable—but not entirely certain—outcome of substantial future fuel cost 

savings (i.e., prospective gains) that may well more than recoup the initial costs. That is, with 

loss aversion and non-linear probability weighting, the separate evaluation of purchase and 

fuel costs could even further lessen the decision utility of a fuel economy investment. 

 

3.3.2.3.3 Importance of Framing 

These explications already indicate the importance the framing (or the perceived 

context) of a decision problem has for its evaluation. Preferences for different prospects or 

outcomes of a decision problem crucially hinge on how they are framed (Tversky & 

Kahneman, 1981). Of particular importance is the reference situation against which 

alternative outcomes are measured. In the above examples describing how loss aversion may 

lead consumers to hesitate to invest in better fuel economy, the reference point was a 

conventional vehicle whose fuel economy could be improved, yielding an expected net cost 

saving. That is, a status quo bias materialized. A preference reversal could be achieved, 

however, if the context were shaped so that—instead of the conventional vehicle—the fuel-

efficient alternative would serve as the reference point. Then, sticking with a conventional 

vehicle becomes the perceivedly risky bet,162 which appears unattractive to a loss-averse 

consumer. Although offering—in case of low fuel prices, for instance—the chance of 

yielding a perceived gain, purchasing a conventional vehicle entails a substantial risk of 

suffering a perceived financial loss. As the decision disutility from the latter will dominate 

the decision utility of the potential gain, the consumer’s preference will likely change towards 

the fuel-efficient vehicle in the wake of switching reference points.163 

 

                                                 
162 By shifting the reference point, a perceived fuel cost savings risk inherent to an investment in better fuel 

economy turns into a perceived energy cost risk of not-investing. This reference dependence of perceived risk 

underscores once again that context-dependent loss aversion is very different from traditional risk aversion 

according to which consumers are concerned with the variance of their overall wealth. 

163 In section 11.3.2, we discuss how policy interventions may alter fuel economy preferences through 

reframing the decision context and thereby changing consumers’ reference points by means of deliberate design 

of information disclosure measures. 



Barriers to Vehicle Fuel Efficiency 

103 

3.3.2.3.4 The Hedonic Dimension 

So far, we merely focussed on the financial dimension of fuel economy decisions and 

the trade-off between higher upfront costs for fuel-efficient vehicles and their lower running 

costs. Yet, consumers normally do not choose among vehicles that are exactly identical 

except for their fuel economy, but their choice set contains vehicles which vary in several 

attributes. Context-dependency and the aversion to perceived losses compared to a reference 

situation as well as the preference for certain outcomes have further implications for a multi-

dimensional decision such as the choice of a new vehicle. Loss aversion also applies to the 

quality attributes of a good (e.g., Hardie, Johnson, & Fader, 1993; Tversky & Kahneman, 

1991; Tversky & Simonson, 1993). E. J. Johnson, Gächter, and Herrmann (2006) examine 

and confirm the presence of loss aversion in the evaluation of vehicle attributes. Interestingly, 

fuel economy was subject to the weakest degree of loss aversion among the examined vehicle 

attributes. That is, consumers seem to be willing to sacrifice fuel economy rather than other 

vehicle quality properties. This finding conforms to the supposition of Greene (2011) that 

loss aversion makes fuel efficiency harder to sell than more tangible and sensory vehicle 

features such as comfort, performance, or size.164 This holds particularly true if consumers 

have already adopted these amenities into their endowment so that forfeiting them is framed 

as a loss: forgoing rather certain hedonic utility-providing vehicles attributes in exchange for 

more uncertain future fuel cost savings (due to uncertainty regarding actually realized on-

road fuel economy, mileage, fuel prices etc.) appears very unattractive to loss-averse 

consumers. 

Importantly, for an endowment effect to occur, the consumer does not necessarily 

have to physically or legally own the product. Mental endowment (or virtual ownership)—

that is, intensive imagination of a good’s possession—may already suffice to increase the 

valuation of that product or some of its attributes. Once mentally endowed with a good or a 

product trait, consumers do not want to part with it; that is, they require a higher 

compensation for giving it up than the amount they were previously—that is, before its 

mental adoption—willing to pay for its acquisition (Ariely & Simonson, 2003; Carmon, 

Wertenbroch, & Zeelenberg, 2003; J. E. Heyman, Orhun, & Ariely, 2004; Hsee & Tsai, 

2008).165 Following Dhar and Wertenbroch (2000), this effect would be particularly relevant 

                                                 
164 Whereas Johnson et al. (2006) identify a positive correlation between an attribute’s importance for the 

consumer and the degree of loss aversion applied to that attribute, they do not find such a correlation for an 

attribute’s perception of being hedonic, though. This result is in some contrast to the findings of Dhar and 

Wertenbroch (2000).  

165 This effect is considered an explanation for ebay bidders to increase their maximum offer over the course of 

the auction. 
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for affective goods and vehicle traits that create strong emotional attachment—for most 

consumers, fuel economy will not belong to these properties. Hence, it can be hypothesized 

that consumers may be swayed over the course of the vehicle purchase process towards less 

rather than more fuel economy. Intensively deliberating and even more experiencing—during 

a test drive, for instance—highly salient and tangible performance and comfort attributes may 

already suffice to create an endowment effect and shift the consumer’s reference point. After 

getting attached to these attributes, forfeiting them in exchange for better fuel economy, 

which does not provide direct hedonic sensation, becomes increasingly unappealing.166 As 

already explained earlier, company cars and their attributes can be another source of 

reference points. If these regularly rather large and high-performance vehicles shape 

consumers’ aspirations for private vehicle purchases, consumers may develop an aversion 

towards “downgrading” in these vehicle properties and be reluctant to purchase smaller, more 

fuel efficient cars.167  

Especially for the market uptake of alternative drivetrain vehicles, status quo bias and 

the endowment effect may create a severe barrier. Although these innovative vehicles feature 

several merits such as faster acceleration and smoother driving as well as (possibly) better 

environmental properties and lower (running) costs,168 they have some grave disadvantages 

compared to the incumbent (“status quo”) ICE technology. Motorists are particularly 

concerned about their range (so-called “range anxiety”), the battery’s reliability and lifetime, 

recharging time and inconvenience, access to maintenance services, and the lack of a dense 

fuel/charging infrastructure (Caperello & Kurani, 2012; Graham-Rowe et al., 2012; Hidrue et 

al., 2011; Krupa et al., 2014; Pierre et al., 2011; Sovacool & Hirsh, 2009). These actual and 

perceived drawbacks, which are framed as losses relative to the properties of the status quo 

technology, will receive disproportionately high decision weight by a loss-averse consumer 

                                                 
166 Besides sacrificing fuel economy, consumers may also be willing to extend their initially designated 

acquisition cost budget once (mentally) endowed with these performance attributes; this would be in line with 

the supposition of Tversky and Kahneman (1981) that loss aversion is larger for product quality than price. 

Consequently, loss aversion can lead consumers to settle on larger, more powerful, and less fuel-efficient 

vehicles. Car dealers may attempt to capitalize on loss aversion through creating attachment and rendering 

larger and higher-margin vehicles the endowment (or default), which consumers become prone to stick to. 

167 This effect can create a barrier to fuel economy even if company cars shape consumers’ aspiration in the 

used rather than the new vehicle market: the higher demand for large vehicles would increase their attainable 

resale prices in the used car market, thereby also rendering them more attractive in the new vehicle market due 

to the attenuated depreciation. 

168 The environmental and the cost performance of alternative drivetrain vehicles crucially depends on the 

upstream emissions of fuel (i.e., electricity and hydrogen) production and the amount of subsidies provided as 

well as energy taxation rates, respectively. 
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(compared to the attainable gains). Therefore, she will be reluctant to switch technologies in 

order not to give up the endowed quality in these respects.  

 

3.3.2.3.5 Loss Aversion, Sunk Cost Fallacy, and Decelerated Fleet Renewal 

Finally, it may be worth mentioning that loss aversion and endowment effects can 

also negatively affect the average fuel economy of the LDV fleet by slowing down its 

renewal rate. Consider the case that an old but still working vehicle could be replaced in a 

cost-effective manner by a newer, more fuel-efficient one; that is, the annualized purchase 

cost of the new vehicle would be more than offset by the fuel cost savings attainable thereby. 

If, however, the owner perceives scrapping the old vehicle as a loss, whereas the yieldable 

fuel costs savings are framed as a gain, she may stick longer to the old vehicle than 

economically rational. Loss aversion in combination with mental accounting would then 

contribute to the so-called sunk cost fallacy (Arkes & Ayton, 1999; Arkes & Blumer, 1985; 

Friedman, Pommerenke, Lukose, Milam, & Huberman, 2007; Kahneman & Tversky, 1979; 

Thaler, 1980; 1999). Emotional attachment to the old car would further reinforce this effect. 

Considering the decision in an option value framework (see section 2.2.3.2), loss aversion 

increases the value of waiting with an investment (in better fuel economy) because the 

downside risk receives more decision weight than in a traditional expected utility context. 

 

3.3.2.4 Salience and Focusing Effects 

Underinvestment in fuel efficiency might also stem from salience and focusing 

effects. According to these anomalies, consumers give disproportionate decision weight to 

information and attributes that are well-observable and eye-catching, tangible, and 

psychologically vivid (DellaVigna, 2009; Jarvenpaa, 1990; C. Wilson & Dowlatabadi, 2007; 

Yates & Aronson, 1983). For one, the attention given to a particular piece of information or 

vehicle attribute in the decision-making process is affected by its salience.169 Second, 

consumers tend to exaggerate the importance of the attributes at their focus for their actually 

received (that is, after their choice experienced) utility—the so-called focusing illusion 

                                                 
169 As far as salience correlates with ease of evaluation of the information, this behavior may be explainable 

within the concept of bounded rationality (i.e., consumers being rationally inattentive). However, salience 

effects seem to occur even if such a correlation is implausible. See Chetty, Looney, and Kroft (2009); 

Finkelstein (2009); Hossain and Morgan (2006) for empirical evidence of salience effects in the context of sales 

taxes, toll collection, and shipping charges. 
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(Kahneman, 2011; Kahneman & Sugden, 2005; Schkade & Kahneman, 1998).170 Therefore, 

if fuel economy remains a “shrouded” attribute (Gabaix & Laibson, 2006), its systematic 

undervaluation is the likely consequence. 

Among the financial characteristics of a vehicle, its initial costs (mainly the retail 

price) are considerably more salient than its future fuel costs.171 Hence, beneficial 

investments in fuel-saving technologies—e.g., a hybrid drivetrain—may be foregone if 

consumers give overemphasis to the related price mark-up. The same may also apply to 

other—non-monetary—vehicle attributes, which are negatively correlated with fuel economy. 

Being at the dealership, not only the price tag is very salient, but the same holds for several of 

the vehicle’s physical properties. Tangible vehicle characteristics such as interior space, 

luxury amenities, or engine performance can be directly experienced in the show room or 

during a test drive. Fuel economy and environmental friendliness, on the other hand, remain 

rather abstract.172 Thus, when presented with a selection of vehicles that involve trade-offs 

between performance attributes and fuel economy, consumers with context-dependent 

preferences may rather sacrifice the latter. Moreover, vehicle buyers are reliant on external 

information instead of own experience; if the information is presented in manner that is 

hardly comprehensible for consumers or they do not deem it credible, fuel efficiency’s 

decision weight will be further weakened. As is discussed in section 11.3, the salience and 

therefore the decision weight of fuel efficiency properties can be increased by means of 

providing easily comprehensible and attention-catching fuel economy information. 

 

3.3.2.5 Discounting Anomalies and Dynamic Inconsistencies 

So far, we did not explicitly consider the intertemporal dimension of the fuel economy 

choice. In intertemporal decision-making, several anomalies in consumer behavior—that is, 

deviations from discounted utility theory—can also be observed, some of them similar to 

those described in prospect theory; these well-documented discounting anomalies and 

dynamic inconsistencies have led to alternative descriptive theories of intertemporal choice 

behavior (e.g., Benzion, Rapoport, & Yagil, 1989; Frederick, Loewenstein, & O’Donoghue, 

                                                 
170 For biases in affective forecasting due to focalism that can misguide individuals’ decision, see e.g., Hoerger, 

Quirk, Lucas, and Carr (2010) and T. D. Wilson, Wheatley, Meyers, Gilbert, and Axsom (2000). 

171 During recent times of rapidly increasing fuel prices, generating greater media coverage, higher attention for 

fuel economy issues has been observed. 

172 Due to focusing and the isolated evaluation of the choice set, the opportunity costs of low fuel economy in 

terms of foregone fuel savings-financed, hedonic utility-providing consumption options in the future remain 

widely disregarded. 
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2002; Holcomb & Nelson, 1992; Laibson, 1997; Loewenstein & Prelec, 1992; Loewenstein 

& Thaler, 1989; O'Donoghue & Rabin, 1999; Prelec & Loewenstein, 1991; Thaler, 1981). 

Key elements of these alternative approaches to explain human behavior in intertemporal 

decisions, which can be of particular relevance for fuel efficiency choices, are the following. 

First, analogously to prospect theory, individuals do not integrate a decision’s potential 

consequences with other existing plans or expected future outcomes, but rather evaluate them 

isolated, framed as gains and losses measured against a reference point; hence, the valuation 

of future payments and other (dis-)utility providing events is greatly context-dependent. 

Second, future losses are discounted at a lower rate than future gains. Third, the discount rate 

applied to future payments depends on their magnitude: the lower the magnitude of the 

payment, the greater is the applied discount rate. Fourth, consumers tend to have strong 

preferences for immediate gratification and avoiding immediate cost or effort. Their 

evaluation of trade-offs between delayed costs and benefits strongly hinges on the temporal 

proximity of these events, implying non-stable and time-inconsistent discount rates.173 The 

discounting function seems to be better described as (quasi-)hyperbolic rather than 

exponential.174  

The returns to an investment in better fuel economy accrue distributed over many 

years, whereas the (financial) costs are—normally, at least in part—immediately due at the 

time of vehicle purchase.175 The returns do not come as a large one-off payment, but in the 

form of rather small savings on the bill each time the vehicle is refueled or longer intervals 

between refueling. If the consumer’s current vehicle or a standard conventional model serves 

                                                 
173 That is, consumers decide in a relatively far-sighted manner as long as the costs and benefits of their 

decision occur in the future, but become more myopic when some costs or benefits are immediate. The 

following—energy efficiency-related—example can illustrate this immediacy effect. Asked whether to tidy out 

the attic together with a friend to prepare it for a cost-effective roof insulation measure on a free weekend 6 

weeks from now or doing it alone later, the homeowner will clearly opt for the first option. Once the weekend 

has come, she might prefer to put off the effortful task and rather to go out. It becomes obvious why the 

immediacy effect is deemed a key cause of procrastination behavior. 

Dread and savoring with regards to future unpleasant and pleasant events, respectively, can interfere with these 

predictions of an immediacy bias, but we deem this of little relevance for fuel economy-related issues. 

174 Based on a model of temptation and self-control problems, Gul and Pesendorfer (2001; 2004)  provide an 

alternative explanatory approach for the energy efficiency gap. 

175 Besides higher monetary upfront cost, finding a fuel-efficient vehicle can go along with higher non-financial 

effort (e.g., search and switching costs). These immediately arising additional non-financial costs may be of 

particular relevance for innovative, alternative drivetrain vehicles, constituting another barrier for their market 

uptake. For instance, adopters of an electric vehicle may need to install a specific power socket for charging 

their new vehicle. This comes in addition to the higher retail price of electric vehicles. The immediacy effect 

will be stronger if consumers have to “withdraw” money from a mental account designated for consumption to 

finance the additional upfront cost for better fuel economy. They may prefer to spend the money on current 

consumption rather than investing it in fuel-efficiency technologies that enable more consumption in the future 

through the saved fuel costs. 
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as the reference point, fuel cost savings from investing in additional fuel economy are framed 

as gains compared to this reference scenario. In consequence, the discount rate applied to 

future fuel cost savings would be high and the decision utility of opting for a fuel-efficient 

model relatively small; investing in improved fuel economy appears less attractive than 

standard discounted utility theory would suggest. 

Again, framing of the financial implications of different choice options plays an 

important role for the applied discount rate and thereby the decision utility of the options. 

Aggregating fuel cost savings and framing them as avoided losses could increase their 

cumulative decision utility.176 For instance, presenting the excess fuel costs—compared to a 

fuel-efficient benchmark vehicle—arising over the vehicle’s entire expected mileage/lifetime 

or the average ownership period would have a stronger decision-guiding impact than 

presenting per month, per annum or per vkm fuel cost savings. Installment payment or 

leasing contracts (for the entire vehicle or—in the case of EV—for the battery) may attenuate 

the (financial) immediacy effect, but fuel-efficient and thereby more expensive vehicles 

likely still remain at a disadvantage due to behavioral anomalies. If the certain installment 

payments (framed as losses) and the uncertain-in-magnitude fuel cost savings (framed as 

gains) are mentally evaluated separately by the consumer, the expenses for the fuel economy 

investment will be discounted at a lower rate and therefore loom larger than its benefits.177 

 

3.3.2.6 Welfare Implications 

3.3.2.6.1 Decision Utility versus Experienced Utility 

The observed context-dependency and dynamic inconsistencies cast serious doubt 

about the foundations of traditional welfare economics. They challenge the assumption that 

choice-revealed preferences adequately represent the consumer’s actual utility derived from 

her choice options. If choice-revealed preferences are deemed an unreliable utility indicator, 

the question arises how to measure the welfare impacts of market outcomes and potential 

policy interventions. The notion of decision utility and experienced utility has been 

introduced to conceptually distinguish preferences revealed in decision situations and their 

actual hedonic welfare implications, respectively (Kahneman & Sugden, 2005; Kahneman & 

                                                 
176 See section 11.3 and Camilleri and Larrick (2013). 

177 In this context, it might be worth mentioning that some scholars regard risk and delay as psychologically 

equivalent, and that the same psychological processes govern choice under uncertainty and intertemporal choice 

(Li, Su, & Sun, 2010; Weber & Chapman, 2005); for differing views, see e.g., Andreoni and Sprenger (2012) 

and Sun and Li (2010). Recall, moreover, that consumers may be averse to taking a loan. 
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Thaler, 2006; Kahneman, Wakker, & Sarin, 1997). Referring back to Bentham’s (1907) 

“pleasures and pains,” experienced utility can be interpreted as the temporal integral of actual 

hedonic experience or “pleasures and pains” associated with a choice (Edgeworth, 1881). 

Decision utility is used to explain—and inferred from—choices; it describes an option’s 

“wantability” (e.g., Kahneman & Thaler, 2006). Leaving aside other behavioral motives (e.g., 

moral principles) or integrating them into the concept of hedonic experience, experienced 

utility would become the relevant welfare measure for evaluating economic outcomes and 

policy interventions.178 

Although context-dependency and dynamic inconsistencies conflict with rational 

choice theory (assuming stable preferences), this does not necessarily imply a deviation of 

experienced utility from decision utility; that is, consumers do not necessarily impose 

internalities on themselves. Possibly, context may have a strong effect on actually 

experienced utility that rationalizes preference reversals—different from traditional 

economics’ focus on absolute final states. Consider the case of a loss-averse motorist having 

a vehicle of type A as her endowment and who has to switch to another vehicle type B. This 

switch may well go along with a negative decision utility due to the loss of some vehicle 

attributes endowed with, which dominates the gain in other attributes. If she gets endowed 

with vehicle type B, switching back to vehicle type A would again leave her with a negative 

decision value because she now prefers her current endowment (i.e., type B). While 

effectively maintaining the same final state (owning vehicle type A), she suffered from two 

inferior decisions.179 The crucial question arising is whether the impact of context on decision 

utility is equal to its impact on actual experienced utility. If this were the case, policy should 

focus less on final states (absolute supply with goods and services) and be more concerned 

with framing choices and designing context such that consumers’ context-dependent utility is 

increased.180 Obviously, the opposite would hold true if consumers’ actual experienced utility 

                                                 
178 Kahneman and Snell (1992) suggest an additional measure to assess choices: predicted utility represents an 

individual’s beliefs about the experienced utility to be derived from a choice option. This conceptually allows 

disentangling the causes of suboptimal choices—that is, whether people hold incorrect beliefs about the 

experienced utility inherent to a choice option or (b) whether deciders struggle to translate correct beliefs into 

coherent choices. Yet, what eventually matters is whether the decision utility people attribute to choice options 

deviates from their experienced utility. Thus, we focus on these two measures here. 

179 This thought experiment considers solely mental costs associated with loss aversion and entirely abstracts 

from any switching costs (in the sense of section 2.2.1.4). 

180 The research on context design and presentation of choices in order to improve consumer welfare is termed 

hedonomics (Hsee, Hastie, & Chen, 2008; Hsee & Tsai, 2008). 

For the stylized previous example, this would mean that policy-makers should care less about whether the 

consumer drives vehicle type A or B, but should instead avoid that she has to depart from her endowment, 

which causes loss-induced disutility. 
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were sole determined by final outcomes, whereas the context within which the outcome 

materializes were irrelevant for the level of experienced utility; the influence of contextual 

factors on decision utility would be nothing but a “behavioral failure” that distorts choices 

away from their optima.  

Behavioral research in economics, psychology, and neuroscience generally suggests 

that the truth can be found somewhere in the middle. A large body of literature finds that 

people are generally prone to (sometimes substantially) mispredicting the hedonic impacts of 

their choices and regularly tend to underestimate their own capacities for hedonic adaptation 

to both deteriorations and improvements of their situation (see e.g., Frederick & Loewenstein, 

1999; Hsee, Rottenstreich, & Stutzer, 2012; Kahneman et al., 1991; Kahneman & Snell, 

1992; Kahneman & Sugden, 2005; Kermer, Driver-Linn, Wilson, & Gilbert, 2006; 

Loewenstein, O'Donoghue, & Rabin, 2003; Mellers & McGraw, 2001; Schkade & 

Kahneman, 1998; Strahilevitz & Loewenstein, 1998).181 Take the example of loss aversion: 

whereas there appears to be real (experienced) disutility from suffering a perceived loss, its 

representation in decision utility seems exaggerated. The loss-induced disutility is relatively 

large during an early transitory phase but fades afterwards as people adapt to the new 

situation; this diminishment seems to be underestimated in the formation of decision utility. 

As another example, focusing illusion can also contribute to significant mispredictions of 

actual impacts on future experienced utility. During intensive consideration of a choice 

option, its assets (and drawbacks) are highly salient and its contribution to overall well-being 

appears larger than it eventually turns out to be because other factors’ impact on well-being 

remains underrepresented when imagining the choice options’ impact on one’s life.182 Bottom 

line, whereas not only final states matter, (transitory) context-dependent impacts on 

experienced utility seem to be overrepresented in choice-revealed decision utility. 

 

3.3.2.6.2 Fuel Economy versus Retail Price versus Horse Power 

What do these general findings mean for fuel economy policy? This inevitably leads 

to the question of what are the true (experienced) utility implications of different vehicle 

choices to which policy should be geared. That is, how do fuel economy and other competing 

                                                 
181 For example, while being ex-ante aversive to the requirement and perceived discomfort of daily charging an 

electric vehicle, the consumer may quickly habitualize to this routine and feel much less disutility ex-post. 

182 For instance, being in the showroom and comparing vehicle models, the joys of a high-performance vehicle 

with faster acceleration than the alternatives may be very vivid. However, during daily commute to work 

(possibly even on congested streets), the positive impact on wellbeing may not materialize to the same extent as 

imagined. 
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vehicle attributes hedonically perform? Obviously, in order to justify interventions it is a 

necessary prerequisite that the decision utility assigned to vehicle attributes is not 

representative of the actual experienced utility they eventually deliver.183 The next question 

to ask is how large are the deviations between decision and experienced utility for the 

different attributes. If fuel economy delivers more experienced utility relative to its decision 

utility than other vehicle attributes that are traded off with fuel economy,184 there would be a 

basic rationale for policy interventions as this implies undervaluation of fuel economy.  

Whereas this reasoning is conceptually quite straightforward, its operationalization—

that is, the measurement of experienced utility—is by far not. For merely financial trade-offs, 

mainly between upfront and future running costs,185 matters appear less controversial. If 

investing in better fuel economy would yield financial returns clearly above reasonable 

interest rates (e.g., upper bound of interest to be paid for borrowing), there seems to be a case 

for public policy to intervene.186 When hedonic outcomes are involved, things become more 

difficult. This does not only hold true for trade-offs among hedonic experiences (e.g., 

between the joys of eating unhealthy food and obesity-related health problems), but also for 

trading off hedonic utility-providing and financially relevant vehicle attributes (e.g., 

performance or size versus purchase price and fuel economy). Eventually, it all comes down 

to hedonic trade-offs, however, as the money saved with a smaller, less powerful, and more 

fuel-efficient vehicle will be spent for consumption at some point down the road. For 

instance, the decision whether to forego more horsepower in exchange for better fuel 

economy might be translatable into a hedonic trade-off between better vehicle acceleration 

                                                 
183 At least for one vehicle attribute, decision and experienced utility must deviate. 

184 Framed differently, the actual experienced utility per “unit of decision utility” (measured as willingness-to-

pay, for instance) would be larger for fuel economy than for other competing vehicle attributes. 

185 If “administered” and evaluated in different mental accounts, consumers may also weigh (certain) 

installment payments and (uncertain) fuel cost savings against each other, both accruing in the future. 

186 Still, one would have to consider whether perceived losses incurred in mental accounts of a narrowly framed 

decision context reflect real experienced disutility commensurate to the revealed aversion to invest in better fuel 

efficiency. Given the factual fungibility of money, it appears implausible, however, that the emotional disutility 

of transferring money from one mental account to another outweighs substantial cost savings. Thus, an 

integrated evaluation of monetary outcomes, focusing on the resulting final financial state, seems warranted. 

Moreover, the perception of losses may be alterable through a changed framing of the decision context. 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

112 

and spending a weekend in New York with the money saved on gasoline.187 Yet, the hedonic 

utility that will be enjoyed through the fuel costs savings might well be unknown by the 

vehicle purchasers at the time of her choice—and even more by the regulator. Given these 

complexities, we will put more emphasis on untapped potential for financially beneficial fuel 

economy improvements in the remainder of the dissertation.188 

 

Box 5. Projection Bias, Hedonic Adaptation, and the Environment  

An issue of interest in this context and therefore worth briefly mentioning, although 

not specific to vehicle fuel efficiency, is the question whether there are systematic behavioral 

distortions with respect to environmental decision-making. To justify policy interventions 

that aim at guiding more resources towards environmental conservation on grounds of 

behavioral anomalies, failures in predicting the experienced utility contribution of 

environmental services and the consumption of environmentally benign goods must be a 

more severe than for other consumption options;189 more precisely, the valuation of “green” 

consumption and activities has to be systematically biased downward compared to less 

environmentally friendly consumption patterns. Welsch and Kühling (2010; 2011) and 

Welsch (2009) claim that—when making consumption decisions—consumers tend to 

underestimate the effect of (intrinsically motivated) pro-environmental behaviors on their 

subjective well-being (i.e., their experienced utility) relative to the effect of increasing the 

quantity of “conventional” consumption, which is subject to faster hedonic adaptation. 

According to these results, consumers would be systematically biased towards consumption 

patterns that are less environmentally-benign than would be well-being-maximizing. Note 

                                                 
187 In this context, the work of Scitovsky is of interest (Scitovsky, 1989; 1992). He advocates that “comforts” 

(roughly speaking, goods that make life easier) are subject to stronger hedonic adaptation than “pleasures” 

(stimulating activities), implying that the latter are at a disadvantage in decision situation and should be 

consumed more to increase actual experienced utility. Accepting this supposition, spending an enjoyable 

weekend with friends (in New York) in exchange for foregoing some vehicle amenities would be welfare-

improving. More generally, the welfare implications of mispredicted experienced utility gain in relevance and 

deserve more attention if the mispredictions systematically deviate across different classes of consumption 

activities. See also Box 5 as well as Dunn, Gilbert, and Wilson (2011); Easterlin (2003); Kahnemann, Diener, 

and Schwarz (1999); Nicolao, Irwin and Goodman (2009); and van Boven and Gilovich (2003). 

188 That is, the pivotal question is whether there are fuel-saving technologies vehicles could be equipped with 

that would improve their fuel economy without sacrificing vehicle size, performance, and comfort. Of course, 

these efficiency gains could alternatively be translated into larger size and higher performance—at constant fuel 

consumption. However, our criterion is whether consumers can maintain their current level of direct hedonic 

utility-providing attributes. 

189 Of course, there are many more economic justifications for environmental policy such as the presence of 

environmental externalities as well as ethical reasons. Here, we abstract from potential failures in translating 

correct experienced utility predictions in appropriate decisions. 
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that this finding applies to the environmental friendliness of the consumption by itself, rather 

than to the resulting improvement in the state of the environment. Mispredicting (i.e., 

underestimating) the ex-post hedonic valuation of good environmental conditions would 

further distort environmental quality away (i.e., downwards) from actually optimal levels.190  

Whether individuals under- or overestimate their capability of hedonic adaptation to 

changes in environmental quality—relative to other changes in life circumstances—is 

ambiguous, though. Loewenstein and Frederick (1997) find discrepancies between predicted 

and ex-post actually reported experienced utility from environmental changes: people seem to 

generally overestimate the impact of environmental changes on their well-being. As the same 

pattern can be observed for several other kinds of (more materialistic) consumption, the 

pivotal question remains whether there are systematical deviations in the relative 

misprediction of experienced utility derived from environmental goods and other potential 

uses of scarce resources. If such systematic differences to the detriment of environmental 

quality can be validated, advocates of behavioral welfare economics may recommend 

redirecting resources from usages with larger discrepancies between measured191 experienced 

utility and (choice-revealed) decision utility towards environmental conservation purposes.192 

While Loewenstein and Frederick (1997) do not broadly support this hypothesis, more 

research in this field is certainly required. Notwithstanding, the intergenerational persistence 

of environmental degradation and the environment’s function as the basis of humankind’s 

existence as well as moral and philosophical reasons can warrant a rather cautious approach, 

giving greater weight to environmental protection than to relatively short-lived consumption.  

 

3.3.2.6.3 Consequences for Public Policy 

If consumers actually undervalue vehicle fuel economy due to myopia, exaggerated193 

loss aversion, or other behavioral biases, what are appropriate policy responses? Obviously, 

                                                 
190 For studies estimating the impacts of environmental conditions on subjective well-being see e.g., Levinson 

(2012); Rehdanz and Maddison (2005); Welsch (2006) and Welsch and Kühling (2010). 

191 Measurement remains a highly challenging task, however. 

192 Loewenstein and Frederick (1997) also provide a critical discussion of this line of argument; in particular, 

they warn against cutting environmental conservation in response to people underestimating their hedonic 

adaptation to environmental deteriorations. 

193 Exaggeration of (transitory) loss-induced disutility—due to projection bias—implies an incommensurate 

(with actual experienced utility implications) endowment effect (Loewenstein et al., 2003). That is, vehicle 

purchaser may overestimate the hedonic costs of switching to a more fuel-efficient model. In consequence, 

exaggerated loss aversion can lead to consumers being locked in an inferior technology. Then, somehow 

analogous to lock-in due to increasing returns, external help may be needed to escape the status quo that is 

suboptimal in the long run. 
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there is no universally apposite remedy. Policy measures have to be tailored to the specific 

behavioral biases identified or surmised. First and foremost, an adequate informational basis 

for consumers’ decision-making has to be ensured. Fuel economy must not remain a 

shrouded attribute. The provision of information can include choice framing techniques that 

are—via presentation format—explicitly geared towards de-biasing consumers or “nudging” 

them towards choices that are in their (supposedly) best self-interest. Such measures should 

have an impact on the decisions of biased consumers only, while unbiased consumers should 

remain unaffected at the same time. This type of policy interventions is labeled libertarian (or 

asymmetric) paternalism (Camerer, Issacharoff, Loewenstein, O'Donoghue, & Rabin, 2003; 

Sunstein & Thaler, 2003; Thaler & Sunstein, 2003; 2008). We discuss information disclosure 

measures such as fuel economy labels and online tools in section 11.3. An issue that often 

remains disregarded in the debate on using choice architecture (i.e., nudges) to influence 

consumers’ decisions is emotional costs possibly incurred by changing the decision context. 

For instance, exploiting loss aversion and guilt can cause actual (transitory) disutility. When 

discussing the use of behavioral triggers, the focus is often put solely on the final states or 

decision outcomes that can achieved thereby. The (transitory) disutility caused by reframing 

the decision context may be small compared to the improvement related to achieving a 

different final state and therefore does not preclude the deployment of behavioral triggers; 

nonetheless, the “hedonomic” dimension should not be entirely neglected.  

If behavioral biases that lead to welfare-relevant undervaluation of fuel economy 

persist due to lacking effectiveness of information-based measures, more interfering policy 

interventions can be warranted—such as fiscal incentives (CO2-dependento registration taxes, 

subsidies, or feebates) or mandatory fuel efficiency standards. As already indicated above and 

elaborated in more depth in section 11.1.1.3, both mandatory fuel efficiency standards and 

fiscal incentives impose an implicit or explicit price—to be paid upfront—on fuel economy. 

For consumers with time-inconsistent preferences, the increase in upfront costs of fuel-

inefficient vehicles can help overcoming myopia: the price on specific fuel consumption 

would serve as a surrogate for the “lost” fraction of the (adequate) present value of future fuel 

costs that is “missing” in decision-making due to inappropriately heavy or rather (quasi-

)hyperbolic discounting, or it offsets temptation. Pricing fuel economy can also contribute to 

correcting biases (caused by loss aversion or focusing illusion, for instance) towards vehicle 
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attributes that negatively correlate with fuel efficiency.194 However, as the next section will 

show, both instruments may be poorly targeted if consumers are heterogeneous in the degree 

of their behavioral bias.195 

We conclude with some final remarks on the general implications of anomalies for 

welfare analysis. Inconsistent and context-dependent preferences shake the foundations of 

traditional welfare economics, which is based on stable, consistent, and actual utility-

reflecting preferences revealed through choices. In a traditional welfare-economic 

framework, public policy should be geared towards satisfying these preferences such that the 

utility represented by these preferences is maximized. Yet, the findings from psychology, 

neuroeconomics, and behavioral economics call for amendments of this approach. A key—

and still unresolved—challenge is to find ways how to reliably measure experienced utility 

(that is, to infer true preferences).196 If both final states and the context within which 

decisions are made are determinants of experienced utility, maximizing welfare is getting 

even more difficult than it is anyhow. Depending on the way to get to a given outcome, an 

individual’s well-being can differ, even abstracting from any incurred transaction costs. A 

relatively young branch of economic literature attempts to incorporate findings of behavioral 

economics into welfare analysis, defines principles for identifying (experienced) utility-

reflecting preferences, and develops alternative (or modified, at least) welfare-economic 

frameworks (e.g., Allcott & Sunstein, 2015b; Allcott & Taubinsky, 2015; Bernheim, 2008; 

Bernheim & Rangel, 2009; Beshears, Choi, Laibson, & Madrian, 2008; Bhattacharya & 

Lakdawalla, 2004; Kahneman & Sugden, 2005; Loewenstein & Ubel, 2008; Mullainathan, 

Schwartzstein, & Congdon, 2012; Robinson & Hammitt, 2011; Sugden, 2005).197 Compared 

to traditional welfare economics, this field is still in its infancy, however. Widely agreed-

                                                 
194 Mandating better fuel economy can also affect the immediately context-dependent utility as it changes the 

context within which the decision takes place. Fuel efficiency standards alter the reference points against which 

losses and gains are measured: the former reference points (e.g., relatively cheap to purchase but fuel-inefficient 

LDV) disappear with mandated efficiency improvements because these vehicles will not be offered by 

manufacturers any more. Consequently, consumers will not perceive a loss and the attributed decision disutility 

any longer when purchasing a more expensive to buy but cheaper to run vehicle. If consumers eventually save 

money with the more fuel-efficient LDV that can be spent for other utility-providing goods and activities, the 

net welfare impact will be positive as they do not suffer from context-dependent disutility. However, even if 

they do so, fuel cost savings may well outweigh such transitory disutility. 

195 For the issue of targeting behavioral biases in energy efficiency policy, see e.g., Allcott (2014); Allcott, 

Knittel, and Taubinsky (2015) as well as Allcott and Sunstein (2015a). 

196 For instance, with respect to time-inconsistency, this pertains to the question whether the long-term 

planning, but not immediately affected, self or rather the short-term acting self of a consumer knows better 

about the actual experienced utility she derives from different choice options. 

197 For critical views on approaches of behavioral welfare economics, see e.g., Gul and Pesendorfer (2008); D. 

Hausman (2010) and V. K. Smith and Moore (2010). 
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upon alternative welfare-economic approaches have not evolved yet. Thus, behavioral 

welfare economics (or behavioral public economics) is ripe for further work and will likely 

remain a dynamic research area. 

 

3.4 Synopsis: The Prospects of Fuel Efficiency Standards  

for Overcoming Barriers 

Climate change is a major threat to the development of human societies, calling for 

deep cuts in economywide GHG emissions. Hence, the transport sector has come under 

increasing political pressure to contribute its fair share in climate stabilization efforts. 

Improving fuel efficiency has been identified as a key lever for reducing (passenger road) 

transport’s climate impact as well as energy security externalities. As both climate and oil 

dependency externalities are directly related to the combustion of fossil fuels, the first-best 

response would be to impose fuel taxes commensurate to these externalities. The 

internalization of the external costs of fuel consumption would trigger behavioral adjustments 

with respect to driving patterns (e.g., mileage, vehicle occupancy, model shift), increase the 

demand for fuel-efficient vehicles, and incentivize technological progress geared to 

improving fuel economy. Premised on the absence of further market imperfections beyond 

fuel consumption-related (environmental and energy security) externalities, imposing a 

Pigouvian fuel tax would bring about the most cost-effective utilization of these abatement 

levers—including socially optimal fuel economy levels. 

Fuel Taxes are not Enough: Necessity of a Policy Mix 

Despite this seemingly straightforward remedy, policy-makers have proposed (and 

implemented) additional policies specifically dedicated to stimulate fuel efficiency 

improvements—such as vehicle CO2 emissions standards or the closely related fuel economy 

standards. This is because the vehicle market is characterized by a number of so-called 

barriers to fuel efficiency.198 These barriers inhibit the prototypical textbook economic 

efficiency of Pigouvian fuel taxes and may create an energy efficiency gap. In this chapter, 

we have discussed a number of potential barriers, being very different in their impacts on 

vehicle fuel efficiency as well as in their policy implications. That is, given their different 

nature, the various barriers to fuel economy cannot be overcome by one single policy 

instrument that addresses all barriers equally well; instead, they warrant specific policy 

                                                 
198 Moreover, raising fuel tax levels may face severe political opposition and could therefore be infeasible.  
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responses. Thus, a policy mix is needed to guide the allocation of abatement activities as 

cost-effectively as possible.199 The same holds true with a more narrow view on fuel 

efficiency only: in order to tap the full potential for beneficial fuel efficiency improvements 

(or at least most of it), the policy mix should comprise several components that are 

specifically tailored to the relevant identified barriers.200 

Targeting Technological Progress 

Particularly with regards to efficiently and effectively stimulating technological 

progress, neither fuel taxes nor fuel efficiency standards are well-suited to overcome the 

related specific barriers. This chiefly applies to innovative, energy-efficient drivetrain 

technologies that entail new fuel supply structures and thereby fundamentally differ from the 

currently dominating hydrocarbons-fueled ICE vehicles—that is, electricity- and hydrogen-

based drivetrains in particular. Key barriers for the uptake of these innovative drivetrain 

technologies are increasing returns (e.g., learning-by-doing, learning-by-using, network 

effects) and the presence of spillovers as well as transaction cost-intensive coordination 

requirements.201 If not appropriately tackled, these barriers can lead to a technological and 

institutional lock-in of the incumbent technology, which does not provide the abatement 

potentials needed to achieve ambitious climate targets. The development, market rollout, and 

adoption of these innovative technologies as well as the build-up of the required new energy 

supply infrastructure will likely lag behind the socially optimal path. In consequence, 

delaying a timely smooth transition would necessitate an abrupt and costly technology 

changeover if the climate targets remain to be met. 

Fuel taxes, fiscal incentives (due at the time of vehicle purchase), and fuel efficiency 

standards set the same explicit or implicit regulatory incentive per incremental improvement 

in specific CO2 emissions or specific fuel consumption—irrespective of the technology 

                                                 
199 See Lehmann et al. (2012) for the rationale of a policy mix in climate policy, without having a particular 

focus on the transport sector, and Bennear and Stavins (2007) for an even broader elaboration of the rationality 

of using multiple policy instruments to tackle one environmental problem. Taking account of market barriers, 

the Stern Review (Stern 2007) also emphasizes energy efficiency as a field in which carbon pricing needs to be 

complemented by other policies. 

200 We acknowledge that, in practice, it often proves difficult to disentangle the various barriers from each other 

as well as from the rational explanations for reluctance to invest in fuel economy improvements that were 

described in chapter 2. Also, different market barriers and policies to overcome them can interact and interfere 

with each other. Moreover, not every barrier to fuel economy justifies policy interventions—considering the 

cost of policy design, implementation, and enforcement as well as the risk of regulatory failure. 

201 See National Research Council (2013) for an analysis of the prospects of alternative vehicle technologies, 

barriers to their rollout, and policy approaches to overcome these barriers. 
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applied to achieve the improvement. With large spillovers, however, the social returns from 

realizing a given improvement in fuel efficiency through applying highly innovative 

technologies clearly exceeds those from deploying already well-established technologies. 

Hence, these instruments are poorly targeted to this type of barrier, which is distributed very 

heterogeneously across innovative and conventional drivetrain technologies.202 Consequently, 

additional temporary, dedicated technology-specific policies to induce a—in the long term 

cost-effective—transition towards alternative vehicle technologies appear justified. Policies 

to overcome lock-in and path dependency resulting from increasing returns, spillovers, and 

coordination problems can comprise amongst others: strategic R&D support, (temporary) 

dedicated financial incentives for the purchase of innovative drivetrains, public procurement, 

provision of public charging stations for EV, subsidies and loan guarantees for hydrogen 

infrastructure build-up, mandating minimum market shares for alternative drivetrain 

technologies, (support for the) formation of platforms and networks that foster exchange 

among the stakeholders involved in innovative drivetrain technology development, interface 

standardization, municipal privileges (e.g., preferential parking), promoted demonstration 

projects to improve understanding of how these technologies perform in practice. If 

promising new technologies are at different states of maturity, implying varying magnitudes 

of positive spillovers and further development potential, differentiation of policy support 

across innovative technologies can be warranted. Eventually, if there is uncertainty about the 

long-term prospects of different technology options, a balance has to be struck between broad 

support of all potentially beneficial technologies and focusing efforts on—given the current 

state of knowledge—most promising technology alternatives. Therefore, technology policy 

should be adaptable to new insights regarding technologies’ prospects. 

Fuel Cost Undervaluation as the Key Rationale for Fuel Efficiency Standards 

A (supposed) major barrier to fuel efficiency is that consumers inappropriately value 

the benefits—in terms of future fuel cost savings—arising from improved fuel economy. 

Proponents of dedicated fuel economy regulations claim that motorists would underweight 

fuel costs when purchasing a vehicle due to information deficiencies and behavioural 

anomalies. We highlighted arguments from the fields of decision-making, behavioural, and 

information economics that underpin this—still contentious—supposition. If consumers 

                                                 
202 Still, credible and increasingly stringent fuel efficiency standards can signal the necessity of (jointly) 

advancing the development of new technologies and therefore play a catalyzing role, but the impact will remain 

rather limited. Moreover, as is the case in the U.S. and the EU, fuel efficiency standards can include special 

provisions to promote innovative technologies. However, such provisions go along with high risks of 

undermining other objectives of the regulation (see part C). 
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actually undervalued fuel economy, this would imply that the price elasticity of vehicles’ 

fuel-intensity—estimated at approximately -0.12 – -0.2 in the long run and >-0.05 in the short 

run (Klier & Linn, 2010; Li, Timmins, & von Haefen, 2009; Small & van Dender, 2007)—is 

suboptimally low. That is, it is lower than it would be if rational, unbiased consumers 

considered future fuel cost to their full extent. With biased consumers undervaluing fuel 

economy, the fuel economy level that can be achieved with Pigouvian fuel taxes, which 

entirely internalize the environmental and energy security externality, falls short of the actual 

(i.e., unbiased) optimum.   

To realize this unbiased fuel economy optimum, fuel tax rates would have to clearly 

exceed the Pigouvian rate. This would come at the price of severely distorting driving 

decisions, causing possibly large welfare losses during the usage phase of the vehicle.203 If 

consumers undervalued fuel economy and fuel taxes were the only available policy 

instrument, a third-best tax would have to strike a balance between incentivizing demand for 

fuel efficiency and containing welfare losses due to distorted driving decisions. The third-best 

tax rate certainly exceeds the Pigouvian level and remains below the level that would achieve 

the unbiased fuel efficiency optimum (Allcott et al., 2014; Heutel & Muehlegger, 2009). 

Obviously, instruments that directly target—biased—fuel economy choices promise better 

performance in terms of economic efficiency.  

Thus, the key rationale for fuel efficiency standards is their capability of correcting 

consumer undervaluation of future fuel costs relative to a vehicle’s upfront costs (and 

possibly other, more hedonic vehicle attributes as well). Fuel efficiency standards share this 

major asset with fiscal purchase incentives such as CO2-dependent registration taxes or 

feebates.204 Both instrument types impose an either implicit or explicit price on specific fuel 

consumption (or closely related specific CO2 emissions) that is to be paid or received upfront. 

This price should substitute for the disregarded fraction of future fuel cost savings that can be 

attained with improved fuel economy. We refer to the gap between the value attributed to 

future fuel savings in the decision-making process characterized by anomalies and the value 

that would be in the consumer’s best self-interest as the internality. It is assumed that fuel 

economy will be given appropriate (i.e., experienced utility-maximizing) decision weight if 

the internality is made part of the upfront costs. That is, the price on specific fuel 

consumption—defined in Euro or dollar per liter-per-100km or gallons-per-mile—should 

                                                 
203 Driving decisions, having no intertemporal component, are assumed not to be subject to the same fuel cost 

undervaluation as fuel economy decisions. 

204 For a discussion of the—conditional—equivalence of both instrument types, see section 11.1.1.3. 
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reflect the marginal internality (i.e., disregarded future fuel costs savings over the vehicles’ 

usage phase arsing per incremental decrease in specific fuel consumption).205  

Aside from other market barriers, perfectly targeted internality pricing could 

theoretically even bring about first-best results in terms of fuel economy investment 

efficiency. Yet, with consumer heterogeneity, the magnitude of the internality varies across 

consumers—requiring highly differentiated prices on fuel economy in order to achieve 

investment efficiency. In practice, however, fuel economy pricing is often uniform or 

coarsely differentiated (and not necessarily aligned to the magnitude of the internality). With 

fuel economy standards allowing averaging within a manufacturer’s fleet, the marginal price 

on fuel economy is equalized within its fleet; if a credit trading mechanism is implemented 

and presupposing a working credit market, the price on fuel economy is equalized even 

across the standards’ entire jurisdiction. The lacking responsiveness to consumer 

heterogeneity is a key weakness of fuel efficiency standards as well as fiscal incentives that 

put a uniform price on specific fuel consumption. 

We differentiate heterogeneity along two dimensions, which have different regulatory 

implications: utilization (i.e., mileage)206 and undervaluation bias. With (a) heterogeneous 

usage patterns, (b) homogenous bias across consumers,207 and (c) if the price on fuel 

economy (“the internality tax”) cannot be differentiated across consumers, the internality tax 

rate should optimally be set at the average marginal internality level (Allcott & Sunstein, 

2015a). The fuel tax rate should remain at the Pigouvian level, internalizing the marginal 

environmental damage and possibly the energy security externality (Heutel & Muehlegger, 

2009). Whereas being the best policy response under these conditions, the internality tax rate 

will still be suboptimal for most individual motorists. For those with high vehicle utilization, 

implying high future fuel costs and therefore a large internality, the rate will be too low. 

Those using their vehicle infrequently are incentivized to purchase more fuel economy than 

would be optimal for their personal usage patterns. Whereas the first consumer group benefits 

from the uniform internality tax less than would be optimal, the latter group may suffer actual 

losses compared to the situation without fuel efficiency standards because their eventual fuel 

                                                 
205 Although we use price on fuel economy and price on specific fuel consumption (or on specific CO2 

emissions) widely interchangeably throughout the dissertation, this definition is the correct interpretation. 

206 Besides mileage, consumers differ in many more fuel cost-relevant respects (e.g., share of urban and 

highway driving, local fuel prices, true rate of time preference), but the implications of these hetergonenities are 

similar to those of heterogeneous mileage. 

207 That is, all consumers undervalue the actual net present value of future fuel costs by the same percentage. 
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economy choice can be distorted further away—although in opposite direction—from their 

individual optimum.  

Consumers may also vary in their susceptibility to decision biases.208 For instance, Leard 

(2015) and Sawhill (2008) find substantial heterogeneity in consumers’ valuation of future 

operating costs. In this case, too, a policy that changes the decision incentives equally for all 

consumers cannot deliver first-best results (Allcott et al., 2014; Leard, 2015). The optimal 

price on fuel economy is still determined by the average marginal bias, but the welfare-

maximizing fuel tax rate can differ from the marginal environmental (and energy security) 

externality of fuel consumption (Allcott et al., 2014). Consumers who are prone to 

substantially undervalue future fuel costs benefit from the implicit internality tax inherent to 

fuel efficiency standards, although their chosen fuel economy remains lower than optimal. 

Consumers whose fuel economy decisions are (almost) unbiased or those who even 

overestimate the fuel cost savings yieldable through better fuel efficiency will invest too 

much in fuel economy improvements relative to both their private and the social optimum. If 

consumers tend to undervalue fuel economy, but are heterogeneous in their bias, the fuel tax 

rate of a second-best combination of fuel and internality taxes would be lower than the 

marginal fuel consumption externality. For consumers with no bias, who overvalue fuel 

economy, or whose undervaluation is small, the lower fuel taxes partially offset the distortion 

of the fuel economy decision imposed by the internality tax. For consumers with a strong 

undervaluation bias, the additional distortion (of their fuel economy decisions) through the 

lower fuel tax rate is relatively weak as these consumers are quite insensitive to future fuel 

costs (including fuel taxes) anyway. Thus, the below-externality fuel tax combined with a 

relatively high internality tax strikes the best balance between “myopic” and more “rational” 

vehicle purchasers.209 

Still, internality taxes that cater to consumers’ individual degree of distortion would perform 

better than policies that treat all consumers equally. The scope for doing so in regulatory 

practice is limited, however. If the strength of the undervaluation—or, more generally, the 

magnitude of the internality—correlates with observable vehicle characteristics, there might 

be a leverage point for behavioural targeting of internality taxes. Consider, for example, the 

not implausible scenario that purchasers of more fuel-consuming vehicles feature a larger fuel 

                                                 
208 For instance, Frederick (2005) finds that consumers with better cognitive abilities, measured through 

Cognitive Reflection Tests, are less prone to behavioral anomalies. Besides education and cognitive capabilities, 

pro-environmental attitudes appear to moderate fuel cost undervaluation (Allcott et al., 2015; Attari et al., 2010). 

209 Of course, pricing fuel consumption below its social costs distorts utilization decisions and therefore creates 

a source of inefficiency on its own; the welfare loss incurred thereby crucially depends on the price elasticity of 

driving. This inefficiency needs to be balanced against enabling better fuel economy decisions. 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

122 

cost undervaluation bias than buyers of relatively fuel-efficient vehicles; that is, their 

marginal internality is above average. Then, for instance, progressive CO2-dependent 

registration taxes or feebates could perform better than linear tax or feebate schedules. With 

average-based fuel efficiency standards, there is little scope for introducing progressivity—

without substantially sacrificing compliance flexibility—in the implicit internality tax 

scheme.210 Basically the same logic applies if different vehicle types systemically vary in 

their lifetime mileage as the internality increases with mileage, assuming a constant relative 

bias. Then, mileage weighting would offer a means to improve internality targeting, but this 

approach faces similar difficulties in practical implementation (see section 5.7). 

Generally, heterogeneity in internalities raises the question how policies that aim at 

addressing behavioral anomalies can be tailored to those who are actually vulnerable to 

biases without adversely affecting those who are less susceptible. First and foremost, policy 

should aim at reducing the extent (and heterogeneity) of the internality by means of 

appropriate informational measures. This can include measures labeled libertarian or 

asymmetric paternalism which are explicitly intended to de-bias consumers (Camerer, 

Issacharoff, et al., 2003; Sunstein & Thaler, 2003; Thaler & Sunstein, 2003). In contrast to 

fuel efficiency standards, even more coercive instruments, or fiscal incentives, these 

measures do not change the financial and physical decision parameters of the vehicle and fuel 

economy choice. De-biasing consumers reduces the necessity for insufficiently targeted 

internality-correcting policies such as feebates or fuel efficiency standards; reduced 

internality heterogeneity lessens welfare losses from newly imposed distortions through 

uniform internality taxes. 

Nevertheless, even further improvements in the design of information disclosure policies (see 

section 11.3) may well be insufficient to widely de-bias vehicle purchasers and to enable 

welfare maximization-approximating fuel economy choices. As long as consumer decision-

making in the vehicle market is characterized by significant undervaluation of future fuel 

costs, fuel efficiency standards can make a contribution towards achieving given climate 

targets in a more cost-effective manner as well as improving motorists’ welfare. Thus, the 

appraisal of the welfare-economic appropriateness of fuel economy or CO2 emissions 

standards essentially comes down to the question of whether vehicle buyers adequately value 

the future fuel cost implications of their fuel economy choices or not (see Box 6). 

                                                 
210 Limiting the possibilities for within-fleet averaging and credit trading across vehicle (size) classes—in case 

of attribute-based standards, in combination with a relatively flat limit value function—would introduce some 

progressivity to implicit internality tax schemes created by vehicle CO2 or fuel economy standards. 
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Box 6. Do Vehicle Purchasers Undervalue Future Fuel Costs? 

Despite a substantial and still further growing body of empirical research, there are 

still many unresolved questions on the actual extent of behavioral barriers in the vehicle 

market that rationalize the implementation of fuel economy regulations. While it is widely 

undisputed that individuals do not (always) optimize in accordance with rational choice’s 

assumptions, the conjecture of a systematical bias is more controversial. Moreover, even if 

consumers misperceive the actual future fuel cost implications inherent to different fuel 

economy levels, the direction of this misperception and the resulting distortion of the 

purchase decision are not entirely unambiguous. Indeed, there is a vivid scientific discussion 

on consumers’ valuation of future fuel costs, and the assumption of excessive implicit 

discount rates applied to vehicle purchase decisions—implying underinvestment in fuel 

economy—is not uncontentious.211 Whereas a number of studies backs the undervaluation 

hypothesis (e.g., Allcott & Wozny, 2012; Arguea, Hsiao, & Taylor, 1994; Fan & Rubin, 

2010; Grigolon et al., 2014; Kilian & Sims, 2006), some studies argue that implicit discount 

rates in the market for automobile fuel economy are in line with normal private discount rates 

(e.g., Busse et al., 2013; Espey & Nair, 2005; Sallee et al., 2011; Sallee, West, & Fan, 2015; 

Verboven, 1999), and others even find that consumers overestimate future fuel costs and the 

savings attainable from better fuel economy (e.g., Brownstone, Bunch, & Train, 2000; 

Gramlich, 2010; Vance & Mehlin, 2009). Greene (2010a) and Helfand and Wolverton (2011) 

provide comprehensive overviews of the substantial body of empirical literature scrutinizing 

whether consumers systematically misvalue the financial implications of their fuel economy 

choices when purchasing vehicles; given the wide array of methodologies covered by the 

regarded studies, they also discuss (unresolved) methodological challenges in estimating 

consumers’ valuation of fuel economy. Their reviews emphasize the still inconclusive 

empirical evidence so far. Hence, in spite of the substantial research already conducted on the 

issue of fuel cost valuation, the remaining inconclusiveness of the results warrants further 

work. 

 

                                                 
211 Recall the problem of so-called hidden costs in this context (see section 2.2.1): unobserved utility-providing 

vehicle characteristics that are (positively) correlated with the vehicle’s fuel consumption can severely bias 

estimations of consumers’ valuation of mere fuel economy improvements and may potentially lead to misguided 

policy recommendations. 

Although we deem implicit discount rates not the most appropriate metric to measure fuel cost undervaluation, 

we refer to it here because it is used in several studies. 
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Despite a lack of scientific consensus and mixed empirical evidence, we deem the 

hypothesis of (moderate) consumer undervaluation of future fuel costs as sufficiently 

plausible to justify dedicated fuel economy policies. This is congruent with the results from 

the regulatory impact assessments for both the European and U.S. LDV efficiency standards: 

they find that the (tightened) standards will not only yield social benefits in terms of reduced 

GHG emissions and lessened energy imports, but that they will also decrease consumers’ 

total cost of ownership—without sacrificing valued vehicle attributes. Accepting a general 

rationale for dedicated fuel efficiency policies that is—mainly, but not exclusively—based on 

fuel cost undervaluation does not necessarily imply that mandatory fuel economy or CO2 

emissions standards are the most appropriate means towards this end, however. Other policy 

instruments—such as feebates—may be equally well or even better suited.212 Yet, the 

prevalence of vehicle CO2 emissions and fuel economy standards in several major vehicle 

markets worldwide suggests that this instrument type is the politically most feasible policy 

intervention, and it underscores the importance of examining the economic efficiency 

properties of different approaches to implement fuel efficiency standards. Hence, in the 

subsequent chapters, we presuppose that regulators have opted for fuel efficiency standards 

as their preferred instrument to achieve a given target defined in terms of specific fuel 

consumption or specific CO2 emissions; our focus is then put on the question how to design 

the regulation in a cost-effective manner. Before turning to the theoretical examination of 

different standard design options, we first provide an overview of the approaches taken in a 

number of major vehicle markets. 
 

                                                 
212 Whether and under which conditions financial incentives or a combination of both financial incentives and 

fuel efficiency standards would be superior is briefly discussed in section 11.1.1.3. In chapter 11, some more 

instruments deployed to improve the energy efficiency of the LDV fleet are discussed—yet with a focus on their 

interactions with mandatory fuel efficiency standards. 
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4 Fuel Economy Regulations around the World 

To inform the subsequent analysis of alternative design options for LDV efficiency 

standards, we begin with a comparison of the regulatory policies addressing passenger 

vehicles’ fuel economy—or specific GHG emissions—in major automobile markets around 

the world. 

 

4.1 European Union 

As part of the European Community’s integrated approach to reducing CO2 emissions 

from LDV, the European Union has enacted regulations to curb CO2 emissions from 

passenger cars by means of emissions performance standards (European Commission, 

2009c). The European Union’s regulation relies on attribute-based standards and adds some 

flexibility by allowing offsetting across different manufacturers. 

The target value of the regulation is 130 g CO2 per vkm as an average for the entire 

fleet of new vehicles sold in the European Union. Vehicle weight has been chosen as the 

reference parameter. Vehicles weighing the estimated average weight of newly sold cars 

(1,372 kg) are allowed to emit 130 g CO2 per vkm; for each kilogram above (below) that 

average weight, the assigned specific emissions limit increases (decreases). The increment of 

the specific limit per additional kilogram of vehicle weight is constant—in other words, the 

limit value curve is linear. The slope of the limit value curve is 4.57 g CO2 per vkm per 100 

kg vehicle weight. This means that the slope of the limit value curve was set flatter than the 

change in CO2 emissions physically associated with a variation in vehicle weight: simulations 

of weight-induced CO2 emissions changes—which assume technical adjustment measures 

such as powertrain resizing or an adjusted gear ratio—showed an impact approximately twice 

as strong at the time (see e.g., Eberle, 2000; Forschungsgesellschaft Kraftfahrwesen mbH 

Aachen, 2007; Helms & Lambrecht, 2006; National Research Council, 2002; Smokers et al., 
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2006).213 In 2016, the limit value curve will be adjusted to the new value of the average 

vehicle weight. 

The regulation came into force in the year 2012, although a gradual phasing-in means 

that full compliance with the manufacturer-specific targets will not be required until the year 

2015. Moreover, manufacturers can relax their effective emissions targets by means of 

implementing so-called eco-innovations or making use of super credits.214 Manufacturers that 

still exceed their limit have to pay increasingly progressive penalties (up to 95€) for each 

gram by which the average emissions of their sold cars exceed the target, multiplied by the 

number of cars sold. To avoid paying the penalty, manufacturers whose emissions exceed 

their target can group together with manufacturers remaining below their specific target to 

form a pool that jointly complies with the regulation. Of course, the more carbon-efficient 

manufacturers that offset the excess emissions of their pooling partners will demand some 

kind of (financial) compensation.  

In July 2012, the European Commission released its proposal for a regulation defining 

the modalities for reaching the 2020 target of 95 g CO2 per vkm (European Commission, 

2012b). After undergoing some modifications—with respect to a phase-in of the new target 

                                                 
213 Differences across studies in the estimates of the physical correlation between a vehicle’s weight and its 

specific CO2 emissions may largely stem from the fact that the emissions impact of weight reductions is 

contingent on other emissions-determining vehicle attributes, in particular the efficiency of the vehicle’s 

drivetrain. Knowing that vehicle weight influences a vehicle’s fuel economy by being a directly proportional 

determinant of its rolling, inertia, and gradient resistance, it holds that the higher the drivetrain’s efficiency, the 

lower weight’s impact on the vehicle’s specific emissions will be. For vehicles that allow recuperation of 

braking energy (that is, different kinds of vehicles featuring electric propulsion, including hybrids), weight’s 

impact on specific energy consumption further diminishes as the energy needed to overcome inertia and gradient 

resistance can be partially recuperated. Therefore, the slope of the physical and empirical correlation of weight 

and emissions will flatten with increasing market penetration of efficiency-improving technologies, implying 

variations of the slope in time and for different vehicle markets. Note that a simple regression of the observed 

correlation between vehicle weight and specific CO2 emissions is not accurate to assess weight’s actual physical 

impact on emissions because heavier cars often also have (disproportionally) stronger engines and other—

comfort-increasing—features that increase specific fuel consumption; on the other hand, heavier and more 

expensive upper class vehicles frequently incorporate more advanced technologies that can work efficiency-

improving.  

The slope of the limit value curve in the European regulation was designed to represent 60 percent of the 

estimated slope of the empirical correlation between a vehicle’s weight and its specific CO2 emissions in the 

year 2015; that is, technological improvements that flatten the slope of the correlation have been anticipated. 

214 Manufacturers can receive emissions credits if they equip their vehicles with innovative technologies (i.e., 

eco-innovations) whose GHG-mitigating effect is not accounted for in the test procedure. Vehicles with very 

low tailpipe CO2 emissions are granted super credits until 2015; that is, each eligible vehicle counts as more 

than one vehicle in the official compliance calculation of a manufacturer’s fleetwide average emissions, thereby 

bringing down the value of the latter. Eligible are all vehicles whose officially measured tailpipe CO2 emissions 

fall below the threshold value of 50 g CO2 per vkm. In the U.S., similar incentive multipliers are applied to 

promote innovative drivetrain technologies; yet eligibility criteria are technology-specific rather than 

qualification being contingent on reaching an emissions threshold. In China, both particularly fuel-efficient 

vehicles as well as those using innovative drivetrains are eligible for receiving super credits. 
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and to re-introducing super credits in particular—during the negotiation process, it was 

finally adopted in March 2014 (Regulation (EU) No 333/2014 of 11 March 2014 amending 

Regulation (EC) No 443/2009, European Parliament & Council of the European Union, 

2014).215 The revision widely maintains the current approach without any major amendments. 

Manufacturer-specific emissions targets continue to be assigned based on vehicle weight; the 

slope of the 2020 limit value curve (3.33 g CO2 per vkm per 100 kg vehicle weight) has been 

proportionally adjusted to the new overall emissions target.216  

 

4.2 United States 

In 1975, in the wake of the 1973 oil crisis, the United States was the first country to 

introduce fuel economy regulations. The CAFE standards aimed at reducing the oil 

dependency of the United States rather than cutting the emission of GHGs. The regulation 

divided the LDV fleet into two classes, light trucks and passenger cars, each with its own 

standard. The standard imposed on cars was stricter than that imposed on light trucks; a 

further—attribute-based—differentiation within these classes was not made until recently. 

Offsetting was allowed within a manufacturer’s fleet for the same vehicle segment, but not 

between cars and light trucks, nor among different manufacturers. To enhance the flexibility 

of the scheme, surplus credits generated by doing better than the standard could be banked for 

up to three years. Manufacturers not complying with the standards had to pay a fine of 

US$5.50 per vehicle for each 0.1 MPG that their actual fuel economy fell short of the 

standards. 

The CAFE standards proved successful in improving the fuel economy of both 

passenger cars and light trucks. Fuel economy improved (almost) steadily until 1988, even 

though fuel prices started falling in 1982. Since then, the fuel economy in both LDV 

segments remained almost constant until 2001, after which it rose again, reaching new peaks 

in 2010 with 33.9 MPG and 25.2 MPG for cars and light trucks, respectively, and 29.3 MPG 

combined. Despite the constancy of fuel economy within each segment between 1987 and 

2001, the combined fuel economy of the entire fleet decreased in the same period from 26.2 

MPG to 24.5 MPG (see National Highway Traffic Safety Administration, 2012b). This was 

due to shifts in the fleet structure from cars to light trucks. The share of light trucks increased 

                                                 
215 The new target will become fully effective by the year 2021; in 2020, only 95 percent of a manufacturer's 

new vehicle fleet will have to comply with the regulation. Super credits, which (temporarily) expire in 2016, 

will become available again from 2020 to 2022. 

216 (95 g CO2 per vkm / 130 CO2 per vkm) * 4.57 CO2 per vkm per 100 kg = 3.33 CO2 per vkm per 100 kg 
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from less than 10 percent of all new vehicles sold in 1979 to significantly more than 50 

percent in 2004 and 2005. Although this shift cannot be explained entirely by the introduction 

of the CAFE regulation (as real oil and gasoline prices fell, and consumer preferences have 

also changed over time), the differentiation in standards—with weaker standards for light 

trucks and tighter standards for cars—presumably had an influence on the observed 

development. This evidence highlights the importance of a standard design that does not 

provide for adverse incentives regarding vehicle design and fleet structure.217  

After years of regulatory stalemate, fuel economy regulations gained new momentum 

beginning in the mid-2000s. First, the CAFE standards for light trucks were raised from 2005 

onwards. Since 2011, standards for passenger cars have been tightened, too; furthermore, 

CAFE standards for both vehicle types were changed from uniform to footprint-based 

standards.218 According to the Energy Independence and Security Act (EISA) of 2007, the 

entire LDV fleet had to achieve an average of 35 MPG by the year 2020. California (and 

subsequently several other states) strived for its own emissions regulations; in 2004, the 

California Air Resources Board (CARB) issued a regulation for automobiles explicitly 

addressing GHG emissions. The proposed legislation divided the fleet into two classes—cars 

and small light-duty trucks versus bigger light-duty trucks. A uniform standard was to be 

applied to each class, setting targets of 205 g CO2-equivalents per mile for the first vehicle 

class and 332 g for the latter, to be achieved in the year 2016. Manufacturers were allowed to 

average within each class (California Air Resources Board, 2004). However, California’s 

plans for its own GHG standards involved the state in legal challenges with the Bush 

administration. 

In 2009, after president Obama took office, the U.S. Environmental Protection 

Agency (EPA) granted a waiver from federal regulations to California, allowing the state to 

implement its GHG standards. At the same time, the Obama administration widely adopted 

California’s (relatively ambitious) GHG emissions targets; thus, California allowed 

manufacturers to prove compliance with California’s standards by complying with the new 

federal standards. Altogether, the Obama administration enacted both fuel economy and 

GHG emissions targets, aiming at an average fuel economy of 34.1 MPG and average CO2 

emissions of 250 g per mile, respectively, for all LDV by 2016 (see U.S. Environmental 

                                                 
217 For a broader discussion of the impacts of so-called notches or edge effects in regulations related to vehicle 

fuel economy—such as the different treatment of light-trucks and passenger cars—on their effectiveness and 

economic efficiency, see Sallee and Slemrod (2012) and section 8.4. 

218 Manufacturers of light trucks could opt for being assigned footprint-based standards already from 2008. 
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Protection Agency & Department of Transportation, 2010).219 Beginning in 2012, the revised 

regulations came into effect. While the NHTSA will further on administer the CAFE 

regulations (under the Energy Policy and Conservation Act and EISA), the new GHG 

standards will be under EPA’s jurisdiction (under the Clean Air Act). Standards will remain 

separate for cars and light trucks; in both segments, the fuel economy and GHG targets will 

be differentiated according to the vehicles’ footprint (the product of multiplying a vehicle’s 

wheelbase by its track width), deploying an S-shaped limit value curve. The limit value curve 

will be fixed for the full compliance period; hence, changes in the average footprint are not 

succeeded by immediate changes in the limit value curve to ensure meeting the overall 

emissions target. Flexibilities in complying with the regulation are provided by permitting 

averaging within a manufacturer’s entire fleet, banking and borrowing, and by having a 

mechanism that allows credit trading across manufacturers.  

In August 2012, NHTSA and EPA issued their joint final rulemaking establishing fuel 

economy and GHG standards for model years 2017 through 2025 (see U.S. Environmental 

Protection Agency & Department of Transportation, 2012). The agencies set the 2025 targets 

at 163 g CO2 per mile and about 49 MPG as averages for the entire LDV fleet.220 The 

regulation’s general modalities were widely kept the same as before. A joint mid-term 

evaluation by EPA and NHTSA, in coordination with the California Air Resources Board, 

will review the appropriateness of the targets for model years 2022 through 2025. 

 

4.3 Japan 

In 1999, Japan introduced fuel economy regulations that distinguish between gasoline 

and diesel vehicles and that are based on the top-runner approach. The Japanese regulation 

uses vehicle weight as the reference attribute for allotting the vehicles to 16 classes, each with 

its own fuel economy target. As yet, full averaging is allowed only within weight classes, 

whereas averaging across different weight classes within a manufacturer’s fleet is 

restricted—that is, credits earned by vehicles performing better than the standard in one 

                                                 
219 The arithmetical transformation of EPA’s emissions targets into MPG does not exactly equal NHTSA’s fuel 

economy targets because both agencies have different objectives and thus employ slightly different compliance 

modalities. If the automotive industry were to meet the GHG targets entirely through fuel economy 

improvements, the 250 g CO2 per mile would be equivalent to 35.5 MPG. Yet, manufacturers can achieve 

compliance with the standards partially by improving the GHG performance of the air conditioners of their 

vehicles and by credits for advanced (off-cycle) technologies. 

220 Again, if the 2025 GHG target were to be met entirely through fuel economy improvements, the equivalent 

MPG target would be higher (54.5 MPG). 
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weight class are discounted when used to offset fuel consumption exceeding the standard in 

another weight class. Thereby, some flexibility is withheld from the market. Japan’s revised 

fuel economy standards, however, will employ a corporate average approach applicable 

across all weight classes. 

The fuel economy targets for each weight class are determined by the top-runner, a 

representative “best-in-class” vehicle selected by the regulator. Other vehicles and 

manufacturers that lag behind in terms of fuel economy have to catch up with the top-runner 

within a given time frame. Vehicles with unusual, very expensive fuel-saving technologies 

and with very limited sales are excluded from being the top-runner. Otherwise, a very carbon-

efficient niche vehicle could become the standard-setting top-runner for the mass of vehicles 

that are not meaningfully comparable to the top-runner. The top-runner approach shifts the 

decision on the fuel economy or emissions targets from the (environmental) authorities to the 

market participants, or, more precisely, to the technology leaders. This may strengthen the 

public acceptance and political feasibility of the fuel efficiency standards as the targets 

originate from the industry itself and have thus proven to be achievable. The effects of 

environmental authorities having less direct control over the fuel economy targets on the 

regulation’s environmental effectiveness and cost-effectiveness are ambiguous. On the one 

hand, it could happen that most R&D efforts and technological progress of the automotive 

industry remain to be directed towards improving the vehicles’ size, (engine) performance, 

and comfort, and only to a minor extent towards enhanced fuel economy. Therefore, if even 

the top-runner manufacturers act this way (as a consequence of consumer fuel cost 

undervaluation, uncompensated spillovers etc.), cost-effective fuel economy improvement 

potentials may remain untapped. On the other hand, the top-runner approach is possibly less 

vulnerable to lobbying efforts directed towards watering down the stringency of LDV 

efficiency standards, and it alleviates the—in practice rather low—risk of excessive 

abatement costs imposed on the automobile industry due to inappropriately ambitious 

standards. 

The discrete assignment of fuel economy targets based on weight classes, combined 

with the relatively steep slope of the Japanese limit value function, can facilitate edge 

effects.221 For vehicles at the upper boundary of the range defining a certain weight class, 

manufacturers have an incentive to increase their weight by an amount sufficient to shift them 

                                                 
221 Before the revision of Japan’s fuel economy regulations in December 2006, there were only nine separate 

weight classes. The relatively wide weight range within each class—implying potentially substantial differences 

in fuel economy improvement requirements and (marginal) fuel reduction costs of different vehicles within one 

weight class—augmented the relevance of edge effects. 
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to the next higher (i.e., heavier) weight class in order to boost the emissions limit of the 

vehicles. For manufacturers of vehicles at the lower end of a weight class, it is rational not to 

further reduce vehicle weight as the resulting emissions reduction will presumably be 

outweighed by the subsequent tightening of the standard due to the shift into a lower weight 

class. Yet, the impact of such edge—or notch—effects is somewhat alleviated through highly 

progressive taxation based on the vehicles’ weight and engine displacement. 

The penalties for manufacturers that do not comply with the standards are relatively 

small in Japan. Enforcement is expected to be achieved mainly through pressure from the 

public and the government, and the companies’ desire to avoid public embarrassment (see 

Dubbers , Forin, Glensor, & Ichiyanagi, 2012). Whether this punishment approach would be 

effective in another cultural framework, such as in Europe or the United States, is 

questionable. Currently, Japan’s enacted fuel economy targets for 2015, approximately 125 g 

CO2 per vkm, are the most ambitious worldwide. The ambition of the 2020 target of 

approximately 105 g CO2 per vkm, however, falls short of the European emissions target. 

 

4.4 Other Regions 

In addition to these three traditional major automobile markets, many other countries 

also have fuel economy regulations in place (see, e.g., An, 2007; An, Earley, & Green-

Weiskel, 2011; An, Gordon, He, Kodjak, & Rutherford, 2007; An & Sauer, 2004; 

International Council on Clean Transportation, 2012b; 2013b).222 For instance, China—which 

is becoming the world’s biggest vehicle market—also relies on discrete weight-based 

standards (WBS), with specific targets (in terms of maximum fuel consumption) for several 

predefined weight classes. So far, the Chinese regulation does not allow averaging within a 

manufacturer’s fleet; each model is required to individually meet the target for its respective 

weight class. This approach likely increases the compliance costs as it withholds flexibility 

from the manufacturers and disincentivizes efficiency improvements beyond vehicle-specific 

fuel consumption limits. The current Phase III of China’s fuel economy regulations, however, 

entails additional corporate average fuel consumption targets manufacturers have to comply 

with—in addition to mandatory vehicle-specific standards.  

For a long time, Canada relied on voluntary industry commitments to achieve its fuel 

economy and GHG emissions targets for the automobile sector. But starting in 2011, 

                                                 
222 Regular updates on current fuel economy/vehicle emissions standards worldwide are provided by the 

International Council on Clean Transportation (http://www.theicct.org and http://www.transportpolicy.net). 
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automakers are subject to mandatory standards. The Canadian standards correspond to the 

new footprint-based U.S. regulations; yet the expected fleetwide specific emissions in 2016 

are lower because Canadian LDV are smaller on average. The proposed Mexican standards 

will be aligned with the U.S. standards, too, yet being slightly weaker in their stringency. 

Thus, the entire North American LDV market will be subject to widely congruent fuel 

economy and GHG regulations. 

South Korea and Taiwan established attribute-based fuel economy regulations that 

employ neither weight nor the vehicle’s footprint as reference parameter, but instead used 

engine displacement. Whereas the Taiwanese regulation set specific standards for seven 

engine size classes, South Korea distinguished between only two categories of engine 

displacement; the latter approach in particular facilitates edge effects. The revised South 

Korean fuel economy and GHG emissions regulations, announced in 2009, will use weight-

based targets. 

Figure 1 and Figure 2 provide an overview of the level of ambition of fuel economy 

and vehicle emissions regulations worldwide, in terms of MPG and g CO2 per vkm, 

respectively. 
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Figure 1. Historical Fleet Fuel Economy Performance and Enacted, Proposed, or Studied 

Standards (Normalized to U.S. CAFE Test Cycle) 

 

Source: International Council on Clean Transportation (2012b; 2013b) 
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Figure 2. Historical Fleet CO2 Emissions Performance and Enacted, Proposed, or Studied 

Standards (Normalized to New European Driving Cycle) 

 

Source: International Council on Clean Transportation (2012b; 2013b) 
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Part B: Uniform versus Attribute-based Standards 

5 Model 

5.1 Introduction 

After discussing the general motivation for fuel efficiency standards (and reviewing 

the actual policy landscape), we now turn to investigating their implementation by means of a 

straightforward theoretical model. The remainder of the analysis is premised on the 

assumption that vehicle fuel efficiency regulations are warranted for one or more of the 

potential rationales discussed in chapter 3 and that policy-makers deem LDV emissions or 

fuel economy standards an appropriate means towards this end. More specifically, the 

following analysis takes an efficiency target for the new LDV fleet, specified by the 

regulator, as given. Thus, the focus of this chapter is put on how the given fleetwide fuel 

efficiency target can be achieved in a cost-minimizing manner. While the general merits and 

problems of mandatory fuel economy or vehicle CO2 emissions standards received 

considerable scientific attention in the past, the question of how vehicle emissions standards 

should be designed in detail to optimize their cost-effectiveness has been widely disregarded 

for a long time. When it comes to the implementation of vehicle emissions standards, two 

main design approaches dominate: 

 Uniform standards: Each manufacturer (or each vehicle) has to comply with the same 

target, defined in terms of grams CO2 per vehicle-kilometer (vkm)/vehicle mile or 

MPG (e.g., CAFE until 2010). 

 Conditional attribute-based standards: The manufacturer-specific (or vehicle-specific) 

emissions targets are defined with respect to a certain reference parameter, such as 

weight or size (e.g., EU standards and revised CAFE standards). By conditioning on 

such parameters, specific emissions targets should take into account cross-

manufacturer differences in the marginal abatement costs (MAC).  

In a heterogeneous vehicle market, in which each manufacturer must separately 

comply with the regulation, uniform standards are likely to cause excessive overall abatement 

costs, as marginal costs can vary substantially across manufacturers such that those producing 

large, heavy, high-performance vehicles will find it harder to meet the same standard than 

those producing smaller cars. On the other hand, conditional standards may distort the choice 

among different abatement options to the extent that changes in vehicle design (or fleet mix) 

with respect to the reference attribute can contribute to reductions in fuel consumption. In this 

chapter, we analyze (a) the implications of each approach for the overall cost-effectiveness of 
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the regulation and the cost distribution across manufacturers as well as (b) specific market 

structures that support each of these approaches. Furthermore, we examine the prospects of 

allowing credit trading to improve the regulation’s cost-effectiveness. Finally, we briefly 

assess the merits of accounting for systematic mileage differences across vehicle types for 

realizing an economically more efficient allocation of abatement efforts within the new 

vehicle fleet.  

 

5.2 Specifications 

The model that we develop for that purpose is essentially based on two functions that 

are presented in the following subsections: one describing CO2 emissions (or, equivalently in 

the model, fuel consumption) per vkm as a function of vehicle characteristics, and the second 

describing the cost of making improvements in fuel economy. For simplicity, and to focus on 

the effects of using weight as the reference parameter, we describe the vehicles by only two 

attributes: their weight ( wx ) and “others” ( ox ), which includes all remaining emissions-

relevant attributes (e.g., combustion technology, transmission, air drag, and engine 

displacement).223 While the general functional forms are common to all manufacturers 

1, ,i n , heterogeneity in costs and emissions is achieved through differences in 

manufacturers’ baseline values of vehicle weight (
0

,i wx ) and these other attributes (
0

,i ox ), also 

referred to as initial endowments in the following. 

Note that to focus on the role of heterogeneity across manufacturers, rather than 

within a manufacturer’s fleet, the model considers the fleetwide averages for each firm. Each 

manufacturer can determine the extent to which it uses each of two emissions abatement 

options—reductions in its average vehicle weight ( ,i wx ) and reductions in its average value of 

“others” ( ,i ox ).224 The reduction efforts of a manufacturer i ( ,i w  for weight and ,i o  for 

“others”) are expressed as the relative change in weight and “others” compared to the 

baseline period 0, such that 
0

, , ,(1 )i w i w i wx x    and 
0

, , ,(1 )i o i o i ox x   . We assume that 

manufacturers can determine ,i w  and ,i o  on a continuous scale in the range , ,, 1i w i o   . 

 

                                                 
223 For the theoretical part, weight could basically be replaced by any other reference attribute. 

224 For the purpose of our analysis, we defined “others” so that reducing its value will yield CO2 emissions 

reductions; that is, for instance, improved transmission efficiency is framed as reduced transmission losses. 
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5.2.1 CO2 Emissions Function 

Emissions per vkm of manufacturer i, iE , are determined by the weight of that 

manufacturer’s vehicles and all remaining emissions-relevant vehicle attributes, condensed in 

the parameter “others;” iB  are a manufacturer’s baseline emissions that remain unaffected 

by its reductions in weight and “others.” w  and o  are the emissions factors of weight and 

“others,” respectively, representing their impact on vehicles’ specific fuel consumption (and 

thereby emissions). Specifically, we assume that emissions are a simple linear function of 

these variables, without interaction between the two emissions abatement options:  

   0 0

, , , , , ,1 1i i w i w i w o i o i o i i w i oE B x x B E E            

with ,i wE  and ,i oE  being manufacturer i’s weight- and “others”-caused emissions, 

respectively.  

This formulation allows for constant marginal abatement: 
0

, ,/   i i w i w wE x  ,  

0

, ,/   i i o i o oE x  . Although the parameters w  and o  are identical for all manufacturers, 

differences in baseline values of 
0

,i wx  and 
0

,i ox  lead to different levels of marginal abatement 

as a function of the reduction rate across manufacturers. Of course in reality, some abatement 

measures are interdependent.225 For the purpose of this analysis, however, this is of secondary 

importance as our goal is to derive some general insights on the design of fuel economy 

standards rather than to give a realistic, detailed cost analysis. 

Average emissions (g CO2 per vkm) of the entire vehicle fleet of the economy are 

then given by  , ,

1

( , )



n

i i w i o i

i

E E MS  , with iMS  being the market share of manufacturer i: 

1
1




n

i

iMS . The market shares of manufacturers are assumed to be constant over time, as we 

focus on the first-order cost effects.  

 

5.2.2 Reduction Cost Function 

The reduction costs of a manufacturer, , ,( , )i i w i oRC   , depend on both the baseline 

values and the intensity of the reduction in the variables weight and “others,” reflecting both 

the relative as well as the absolute reduction. The specific cost of reducing weight and 

                                                 
225 For instance, the effect of weight reductions on a vehicle’s specific CO2 emissions depends on the efficiency 

of its drivetrain; the lower the efficiency of the drivetrain, the greater the effect of changes in vehicle weight will 

be.  
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“others” are determined by their respective cost factors w  and o . We define the reduction 

cost function to be constituted by the sum of costs for weight reduction and for the reduction 

of “others.” We again assume independence of the costs for using one reduction option from 

the use of the other option. 

Reduction costs per vehicle of manufacturer i are: 

   

   

0 0 0 0

, , , , , , , , , ,

2 2
0 0

, , , ,

( , ) (1 ) (1 )
2 2

2 2

w o
i i w i o i w i w i w i w i o i o i o i o

w o
i w i w i o i o

RC x x x x

x x

 
     

 
 

     

 

 

These costs are convex in reduction rates and linearly increasing in the baseline 

values of each variable. Costs increase disproportionally in abatement as more sophisticated 

technologies have to be employed for higher reduction efforts. Besides technology costs, the 

reduction costs also implicitly contain components such as possibly reduced attainable retail 

prices due to modified vehicle characteristics.226 Note that not only regulation-induced 

reductions in weight and “others” entail costs to the manufacturers, but also increases in 

weight and “others” compared to 
0

,i wx  and 
0

,i ox  do so.227 This is based on the underlying 

assumption that the baseline values of weight and “others” are optimal from the 

manufacturers’ perspective.  

The (partial) marginal reduction costs (MRC), ,

,

,i
i k

i k

RC
MRC k w o




  


, are 

linearly increasing functions of reduction rates and baseline values: 
0

, , ,i k k i k i kMRC x  . We 

assume that the cost parameters w  and o are strictly positive and common across 

manufacturers; the source of heterogeneity then lies in the baseline values of weight and other 

characteristics.228 

                                                 
226 Some emissions abatement options (e.g., vehicle downsizing) may actually lower the mere manufacturing 

costs, but reduce consumer utility provided by the vehicle at the same time. As already mentioned above, we 

abstract from shifts in vehicle sales across manufacturers. Furthermore, we assume that manufacturers cannot 

exert market power and thus do not earn excessive rents. 

227 When analyzing the impacts of WBS we will see how regulation may induce weight increases that cause 

costs and increase CO2 emissions at the same time.  

228 Some manufacturers may already have adopted more fuel-saving technologies than others at the beginning 

of the compliance period. However, as we assume that manufacturers implemented fuel-saving technologies—

before the regulation takes effect—only as far as it valued by their consumers, be it for financial (i.e., discounted 

fuel savings) or non-financial (e.g., environmental warm glow, status etc.) reasons, we deem it justifiable that all 

manufacturers start into the compliance period with 
, 0i k  .  
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The fleetwide average abatement costs across all manufacturers are given by: 

 , ,

1

( , )
n

i i w i o i

i

AC RC MS 


  

 

5.2.3 Definition of the Standards 

The regulator aims to reach a given specific emissions target for the entire vehicle 

fleet in terms of average CO2 emissions per vkm:  
1

n

i i

i

E E MS


 . We assume that targets 

are sufficiently strict to be binding for all manufacturers, so that the overall constraint also 

holds with equality. We consider two approaches for reaching the target: 

Uniform standards stipulate an identical target for all manufacturers: 

1, ,u

iE E i n   . Each manufacturer i has to comply with the same emissions standard E . 

Weight-based standards (WBS) account for differing initial vehicle weights among 

manufacturers and therefore differing MRC:  , 1, ,
wb

wb wb
i i w wE E x x i n     . The 

specific emissions target for manufacturer i depends on the average weight of its vehicles as 

well as on the average weight of the other manufacturers’ vehicles. In a nutshell, the heavier a 

manufacturer’s vehicles, the higher are the allowed specific emissions for its fleet. The 

parameter   reflects the degree of differentiation of manufacturer-specific emissions targets; 

the higher the value of  , i.e., the steeper the limit value function, the more differentiated are 

the manufacturer-specific emissions targets.229 To ensure that the economywide emissions 

target is achieved, manufacturer-specific targets are determined by the deviation of 

manufacturer i’s average vehicle weight from the economywide fleet average. Thus, the 

regulator sets the limit value curve of the WBS such that, in the eventual market equilibrium, 

it holds  ,

1

n
wb wb

w i w i

i

x x MS


 .  

                                                                                                                                                        
Early experiences with certain fuel-saving technologies can, on the one hand, reduce the costs of applying the 

respective technologies throughout the manufacturer’s entire fleet; on the other hand, there will be less scope for 

reaping low-hanging fruits. Yet, instead of specifying manufacturer-specific cost and emissions factors, we 

capture differences regarding the early adoption of fuel-saving technologies within the heterogeneity parameter 
0

,i ox . Early adoption of fuel-saving technologies results in a lower 0

,i ox  value; this implies that a given 

percentage improvement in “others” will be cheaper for the early adopters, but at the same time it will lead to a 

smaller absolute emissions reduction. Therefore, the CO2 emissions and cost parameters, 
o  and 

o , are kept 

constant across manufacturers. 

229 In the EU, for instance,   is defined in terms of (g CO2 per vkm)/(100 kg vehicle weight). 
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We consider three variants of WBS:  

 Fixed WBS have an exogenously predefined value of wbf

wx , meaning that the 

reference weight in the standard’s limit value function does not change as soon 

as the fleetwide average vehicle weight changes.230  

 On the other hand, adaptable WBS adjust the value of wba

wx  in accordance with 

changes in the current average weight of the fleet over time, and large 

producers may take this effect into account.  

 Historical WBS give extra allocations to manufacturers that produced larger 

vehicles in the past, without conditioning the standards on current weights.  

Finally, we assess the effects of allowing credit trading across manufacturers.  

 

5.3 Socially Optimal Standards  

Before we examine the efficiency properties of uniform standards and WBS, we first 

define the reference case for all regulatory approaches—the social optimum. In this case, the 

optimal set of reductions minimizes the total costs of reaching the chosen fleetwide emissions 

target, E .231 The Lagrangian is: 

   
, ,

, , , ,
,

1 1

min ( , ) ( , )
 

 
  

 
 

i w i o

n n

i i w i o i i i w i o i

i i

RC MS E MS E
 

      

                                                 
230 We assume that the regulator is capable of (correctly) anticipating the manufacturers’ adjustment reactions, 

enabling the regulator to set wbf

wx —ex-ante—such that it ensures achievement of the emissions target E . In the 

remainder of the analysis, when comparing the economic efficiency properties of different emissions standard 

designs, we generally presuppose that all approaches successfully reach the same overall emissions target. For 

the numerical simulations in chapter 6, all standards designs will always be automatically calibrated 

accordingly. 

231 For simplicity, we narrow down our definition of the social optimum to the minimum of aggregate reduction 

costs for the entirety of all manufacturers. This is justifiable to a certain extent through our assumption that a 

manufacturer’s reduction costs implicitly include possibly reduced consumer utility—being reflected in changes 

in attainable retail prices—resulting from regulation-induced vehicle modifications. 
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The first-order conditions reveal that, in the optimum, marginal abatement costs 

(MAC) are equalized across all manufacturers and across abatement options:232 

, , , , , 1, ,i w i o j w i oMAC MAC MAC MAC i j n       

We define ,i kMAC  as the marginal abatement cost, i.e., the marginal costs for 

reducing the average specific emissions by one emission unit, borne by manufacturer i for 

attribute k. 

Substituting in the functional forms: 

, , ,

,

, ,

/

/ /

i i k i k k i k

i k

i i k i i k k

RC MRC
MAC

E E

  

  

 
  
   

 

Thus, each manufacturer would undertake the same percentage reductions for each 

attribute, and the relative choice of weight versus other attributes depends on the relative cost 

and effectiveness parameters for those attributes: 

, ,, 1, ,opt opt opt opt opt opt opto w o w
i o o i w w o

o w w o

i n
   

      
   

        

In terms of absolute levels then, the higher the initial values of weight and “others,” 

the higher the optimal emissions abatement by means of a reduction in weight and “others,” 

respectively, will be. Comparably high initial endowments with weight and “others” imply 

relatively low MAC because they allow at the same costs a greater absolute reduction in the 

respective parameter. Yet, although a given emissions reduction can be achieved at lower cost 

by manufacturers with high initial values of weight and “others,” the absolute as well as the 

marginal abatement costs for achieving a given uniform emissions level are always higher for 

those manufacturers.  

                                                 
232 These conditions hold unless the optimum is a corner solution—that is, if one abatement option is used to 

the maximum feasible extent ( max

, , 1i w i w    or max

, , 1i o i o   ). To eliminate the possibility of corner 

solutions, one could use an alternative functional form for the reduction cost functions, such as 

   
0 0

, , , ,2 2

, ,

1 1
( , ) 1 1

1 1
i i w i o w i w o i o

i w i o

RC x x   
 

   
      
    
   

. However, although this would not have an effect 

on the essential results of our analysis, it would somewhat worsen the traceability and tractability. Here and in 

the remainder of this paper, we mostly abstract from corner solutions because they would also complicate the 

traceability and tractability without yielding significant insights with respect to the purpose of the analysis. 

Hence, we mainly focus on interior solutions where max

, ,i k i k  . It generally holds that the greater the required 

overall emissions reduction, the more probable are corner solutions. For required emissions reductions that yield 

a corner solution, the relevant cost functions feature a kink.  
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The allocation between reducing weight and reducing “others” is determined by (a) 

the cost factors βw and βo, (b) the emission factors δw and δo, and (c) the initial values of 

weight and “others” in the following ways: 

(a)  The more expensive the reduction in weight or “others,” the less it will be used as 

abatement option. 

(b)  The greater the emissions reduction per unit of weight or “others” reduced, the lower 

the MAC will be, and thus the more attractive the respective abatement option will be. 

(c)  As mentioned above, high initial values of weight or “others” imply lower MAC—in 

other words, the higher the initial values, the more important the respective abatement 

option is. 

The socially optimal emissions reduction of a given manufacturer is linear in its initial 

values of weight and “others.” The relative importance of the two abatement options is 

determined by the costs and the impact on emissions of the respective parameter. 

Rewriting the regulatory constraint gives: 

 0 0

, , , ,

1

1 1
n

opt optw o
i w i w i o o i o i o i

i o w

B x x MS E
 

   
 

    
        

    
   

Solving for ,

opt

i w  and ,

opt

i o  gives: 
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with      0 0 0 0

, ,

1 1 1

, ,
n n n

w i w i o i o i i i
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x x MS x x MS B B MS
  

     , and fleetwide initial 

emissions 
0 0 0

w w o oE B x x     

The shadow price equals the MAC and is common for all manufacturers; its value 

depends on the average baseline values and the emissions target: 
0
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Total abatement costs are: 
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To achieve this optimum with fuel economy regulations, however, each manufacturer 

would require a separate target (in absolute terms), based on its own baselines and the 

common variables: 

     0 0 0 0

, , , ,1 1 1 1opt opt opt opt opto w
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For the remainder of the analysis, the costs and allocation of abatement efforts derived 

for socially optimal standards constitute the benchmark against which uniform standards and 

WBS are measured. 

 

5.4 Uniform Standards 

To determine the compliance costs of a regulation based on uniform standards, we 

first regard the abatement decision from the perspective of an individual manufacturer. By 

choosing the allocation of abatement efforts between reducing weight and reducing “others,” 

a given individual manufacturer i will minimize its abatement costs subject to complying 

with the uniform standard:  

 
, ,

, , , ,
,

min ( , ) ( , )
i w i o

i i w i o i i i w i oRC E E
 

       

The results are to some extent similar to the case of the social economic optimum, 

with MAC being equalized across both mitigation options—but the MAC are not necessarily 

equalized across manufacturers, as the shadow prices of the emissions constraint are now 

manufacturer-specific:  
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Substituting in the functional forms, and solving these first-order conditions for the 

reduction rates, we get:  

, ,,u u u uw o
i w i i o i

w o

 
   

 
   

The shadow price of the constraint is primarily determined by the stringency of the 

target for that firm. Assuming that the constraint is binding,  

 0 0

, , , ,1 1u u uw o
i w i w i o o i o i o
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,  

and noting that 
0 0 0

, ,i i w i w o i oE B x x    ,  

we solve for:  
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Furthermore, the shadow price, also representing the MAC, for manufacturer i is: 
0
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Differences in the initial values of weight and “others” have a crucial impact on the 

MAC: the higher the initial values, the lower the MAC will be for a given emissions 

reduction. As noted above, however, the MAC for achieving a given identical emissions 

target will always be higher for manufacturers with comparably higher initial values of 

weight and “others”—although their MAC for a given identical emissions reduction are 

lower. Higher initial values of weight and “others” also imply higher initial emissions, which 

in turn mean a greater emissions reduction required to achieve a given uniform target.233 The 

relative difference across manufacturers in the required emissions reductions will always be 

greater than the relative difference in the initial values of weight and “others.” The disparities 

in the MAC (and equally in the shadow prices) are determined by the relative difference in 

the required emissions reductions (represented in the numerator) divided by the weighted 

relative differences in the initial values of weight and “others” (represented in the 

denominator). Thus, the MAC (and therefore the percentage reductions ,

u

i w  and ,

u

i o ) of 

manufacturers with larger-than-average initial endowments with weight and “others” will 

                                                 
233 This holds unless the higher initial endowments with weight and “others” are compensated by lower baseline 

emissions 
iB , a case we do not consider here. 
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always be higher than optimal from the social perspective. This result is reasonable and 

intuitive from an economic viewpoint.  

Note, however, that if a manufacturer features higher-than-average initial emissions, it 

does not necessarily imply u opt

i   and thereby , ,

u opt

i k i k  —although this relation will often 

hold true. If the manufacturer’s higher initial emissions are caused by high initial values of a 

cheaply-to-adjust vehicle attribute, whereas the manufacturer’s initial endowment with 

costly-to-adjust attributes is below average at the same, its MAC for achieving a uniform 

emissions target may possibly still be lower than the fleetwide average MAC, at the optimum, 

or even below the socially optimal level.234 

Meanwhile, total costs for each manufacturer i are: 
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And aggregate (average) abatement costs under a uniform standard are: 
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Achieving the emissions target at least cost under a uniform standard is thus possible 

only if manufacturers are totally homogeneous or, in the case of heterogeneity, if a 

manufacturer’s higher initial vehicle weight is compensated in a cost-neutral manner by a 

lower initial value of “others,” and vice versa.  

 

5.5 Weight-Based Standards 

With WBS, the firm’s decision on the allocation of abatement efforts between 

reducing weight and reducing “others” now has an impact on the specific emissions target it 

has to comply with.  

                                                 
234 The allocation of relative initial endowments with weight and “others” across manufacturers also determines 

whether—in an aggregate (i.e., fleetwide) perspective—weight reduction is used more or less than optimal 

relative to reductions in ”others” as means of emissions abatement. If manufacturers with high initial emissions 

and therefore larger abatement obligations feature disproportionally high initial average vehicle weight  

(i.e., 0 0 0 0

, , /i w i o w ox x x x ), weight reductions tend to be overused also on an aggregate level, and vice versa. 
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Again, the objective of the firm is to minimize its reduction costs, subject to an 

emissions target that is now endogenous (i.e., influenced by the firm’s behavior): 
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The first-order conditions reveal that the (physical)235 MAC are no longer equalized 

across abatement options:  
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By linking a manufacturer’s specific emissions target to its current level of the chosen 

reference parameter, weight adjustments as a means of abating CO2 emissions are devaluated 

as they entail a tightening of the manufacturer’s emissions target. With respect to the extent 

of this tightening and the manufacturer’s abatement strategy, an important question is 

whether the firm, knowing its significant market share, will expect the regulator to adjust the 

WBS in response to its choices—that is, whether ,/ 0wb

w i wx    . We thus consider two main 

scenarios using this approach: one with fixed values of wb

wx , and one in which standards are 

automatically adjusted to reflect ongoing industry averages. Subsequently, we also consider a 

third kind of standard, in which emissions target assignment is based on historical rather than 

current vehicle weight. 

 

5.5.1 Fixed Weight-Based Standards 

Let us begin by assuming that the WBS are fixed so that ,/ 0wbf

w i wx    . This case is 

more typical in the short run, when standards tend to be specified. 

Substituting in the functional forms, and solving the first-order conditions for the 

reduction rates, we get:  

, ,

( )
,wbf wbf wf wbfw o

i w i i o i

w o

  
   

 


   

                                                 
235 The physical MAC are defined as the marginal direct costs of adjusting emissions-relevant vehicle attributes 

divided by the immediately triggered decrease of the vehicle’s specific CO2 emissions; any subsequent 

(regulation-induced) changes in the allocation of abatement efforts and their cost implications for individual 

manufacturers remain disregarded. The physical (marginal) abatement costs constitute actual costs to the 

society; hence, their magnitude is the relevant criterion for assessing the overall cost-effectiveness of the 

regulation. 
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From these first-order conditions, we see that—for any given shadow price of the 

regulatory constraint—weight reduction will be used less as a means of emissions abatement 

than with optimal or uniform standards.236 Correspondingly, the shadow price must rise to 

meet the same emissions target, implying that the reduction of “others” will be overused 

whereas the use of weight reductions will be less than optimal. As a consequence, for any 

given manufacturer-specific target, the abatement cost for achieving that target is higher than 

would be optimal due to the diverging MAC across the two abatement options. The other—

compared to uniform standards potentially cost-reducing—effect of WBS is to change those 

individual targets, although not the (fleetwide) average one. 

Solving with the emissions constraint we get: 
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The shadow price of the regulatory constraint is: 
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Importantly, under such WBS, the shadow price no longer equals the physical MAC 

of both emissions reduction options. The shadow price still represents the marginal costs of 

emissions abatement by means of reductions of “others,” but it exceeds the actual physical 

MAC of weight adjustments. Yet it represents the individually perceived MAC as each 

manufacturer considers the tightening of the standard subsequent to a weight reduction—

implying further emissions reduction requirements—as part of its individual MAC. Thus, the 

real combined physical MAC are lower than the shadow price: 
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236 If 

w  , manufacturers have no incentive to use weight reduction as a means of emissions abatement at 

all (
w  ) or they may even increase the average weight of their fleets aiming at relaxing their manufacturer-

specific targets (
w  ). If weight increases were costless (or relatively cheap compared to reducing “others”), 

there would be no equilibrium for this case. In the model section we mainly focus on cases in which 
w  . 

See also section 6.2. 
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with 
,i w

i

E

E




 and 

,i o

i

E

E




 being the abatement contributions weight reductions and 

reductions of “others,” respectively, make to a marginal reduction in manufacturer i’s specific 

emissions 

Total costs for manufacturer i are: 

 
 

2
0 0

,

2 2
0 0

, ,

( ) / 2wbf

i w i wwbf

i

w o
i w i o

w o

E E x x
RC

x x



  

 

  





 

The total aggregate compliance costs to the economy are then: 
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Thus, WBS pose a certain trade-off. They allow emissions targets to be closer to the 

socially optimal manufacturer-specific targets, mitigating some of the inefficiency of uniform 

standards in case of manufacturer heterogeneity (as seen in the numerator).237 But they also 

distort the decision between options for improving fuel economy (seen in the denominator as 

a change in the relative cost parameters). Overall, weight reductions will be used too little 

and other attributes will have to be changed to a greater extent to meet the same average 

emissions target. Hence, WBS will result in a suboptimal fleet structure, with vehicles that 

are heavier than optimal. This distortion of the abatement decision constitutes additional costs 

to society. The (potential) advantage of WBS over uniform standards thus depends critically 

on the extent (and type) of heterogeneity among manufacturers and on the relative 

magnitudes of the abatement cost parameters. 

 

5.5.2 Adaptable Weight-Based Standards  

In the longer run, it may become common knowledge among manufacturers (or be 

explicitly laid down in the regulation) that the regulator intends to pursue a given fleetwide 

emissions target and will adjust the weight-based component, in particular 
wb

wx , accordingly. 

By defining manufacturer-specific emissions targets that depend on deviations from the 

                                                 
237 As will be shown in the sensitivity analysis, under certain circumstances WBS may, however, even worsen 

the allocation of manufacturer-specific emissions targets compared to uniform standards. 
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current fleetwide average weight, the regulator automatically ensures that the emissions target 

will be met even if the average weight of the fleet increases beyond its expected value. If the 

manufacturer recognizes that its choices will influence the regulation, we face an additional 

source of distortion related to market share. 

With adaptable standards, the manufacturer knows that 

0

, , ,(1 )
w

wba

i w i w i j w j

j i

x x MS x MS


   . Assuming, as we do, that market shares are given and 

constant, and that manufacturers also take their competitors’ vehicle weights as given, the 

direct effect of manufacturer i’s reductions in vehicle weight on the fleetwide average weight 

and therefore on the standard is 
0

, ,/wba

w i w i w ix x MS    . 

In this case, the first-order conditions are given by:  
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The shadow price for manufacturer i is now: 
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which can, alternatively, be written as 
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0
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The latter notation emphasizes that each manufacturer considers only the average 

vehicle weight of the other/residual manufacturers in the market ( ,

wba res

i wx 
) as given, whereas 

it is aware of its own impact on the overall average weight. 

Considering its own impact on 
wba

wx  renders weight reductions a more attractive means 

of emissions abatement from the manufacturer’s perspective: reducing its vehicles’ average 

weight will also lower 
wba

wx , thereby attenuating the subsequent tightening of the 

manufacturer’s emissions target. For a given value of   (and a given overall emissions 
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target), the equilibrium average vehicle weight is lower than in the case of fixed WBS: 
wba wbf

w wx x .238 The effects of adaptable standards vary according to manufacturers’ market 

shares: Larger market shares attenuate the distortionary effect of the weight-based component 

of the standard more effectively.  

In terms of total fleetwide abatement costs, the smaller distortion of decisions 

involving weight improves the aggregate cost-effectiveness. For the case of an identical value 

of  —as well as for the case assuming that the regulator is capable of choosing the 

respective optimal values of   (i.e., the ones that minimize overall abatement cost)—

adaptable WBS generally improve the aggregate cost-effectiveness compared to fixed WBS. 

This holds true, although the overall cost-effectiveness improving effect of an attenuated 

distortion of the abatement decision may be partially offset by a worsened allocation of 

manufacturer-specific emissions targets. For a given value of  , the intensified use of weight 

reductions for emissions abatement will likely decrease the weight differences across 

manufacturers, thereby also diminishing the differentiation of manufacturer-specific 

emissions targets.239 However, the costs potentially imposed in such a way cannot exceed the 

cost savings caused by the mitigated distortion. 

This latter effect can be of importance only if   is sufficiently large so that, first, 

switching from fixed to adaptable WBS leads to a noticeable decline in the weight differences 

across manufacturers and, second, these changes imply a considerable alteration of 

manufacturer-specific emissions targets. At the same time, a large value of   implies a 

severe distortion of the manufacturers’ abatement choices. Therefore, the cost savings 

resulting from diminishing this distortion (by switching to adaptable WBS) are relatively 

large, too; they necessarily overcompensate the adverse effects of a potentially worsened 

allocation of manufacturer-specific emissions targets.  

                                                 
238 To grasp the intuition behind this result, consider any given manufacturer i with a non-negligible market 

share. With adaptable WBS, the manufacturer will use weight reductions more intensively as a means of 

emissions abatement, thereby lowering wba

wx  in the first place. The decreasing value of wba

wx  then allows other 

manufacturers to emit more as their specific emissions targets will be relaxed. In the wake of this relaxation, 

they will increase both their weight and their value of “others.” This means that manufacturer i’s additional 

weight reduction is only partially offset by weight gains in the other manufacturers’ fleets. Hence, the net effect 

will be that the overall fleetwide average vehicle weight is lower than with fixed WBS. 

239 The switch from fixed to adaptable WBS does, however, not necessarily attenuate the differentiation of 

manufacture-specific emissions targets and thereby worsen the cross-manufacturer allocation of abatement 

efforts; it may even improve it. This may be the case if manufacturers with (afore) lower MAC have to increase 

their emissions abatement subsequent to switching to adaptable WBS—due to larger market shares—in favor of 

those manufacturers with (afore) higher MAC.  



Model 

151 

The reduction costs for a single manufacturer i are given by: 
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And the aggregate abatement costs are: 
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Not only does the shift from fixed to adaptable WBS reduce the aggregate compliance 

costs, it also has impacts on the cost distribution across manufacturers. Market shares affect 

two factors that determine the costs borne by a manufacturer: its marginal emissions 

reduction resulting from a tightening of the fleetwide emissions target E , and the marginal 

costs for reducing its specific emissions by one emissions unit (i.e., the combined MAC). The 

product of both constitutes a manufacturer’s marginal costs of a change in E :240 

   
 

  

wba wba
wbai i i i
i

i

RC E RC E
MAC

EE E E
 

The distortion of the abatement decision diminishes more for manufacturers with 

larger market shares, implying their intensified use of weight reduction as a means of 

emissions abatement. In consequence, they have to contribute a greater share of the overall 

emissions reduction effort as their specific emissions target will be tightened, whereas 

manufacturers with small market shares are partially relieved from their abatement burdens. 

                                                 
240 The integral (of the non-negative part) of this function in the interval between a given overall emissions 

target 
*

E  and the initial fleetwide average emissions 0E  equals a manufacturer’s reduction costs: 
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Ceteris paribus, a manufacturer’s marginal emissions reduction increases with its market 

share:  

2

0, 0i i

ii

E E

MSE MS

 
 

 
 

Regarding the combined MAC ( wba

iMAC ) we observe two oppositional effects of 

increasing market shares.241 The weaker distortion of the abatement decision implied by 

larger market shares leads to a smaller gap between the partial MAC of the two abatement 

options and results in lower values of wba

i . Yet, the combined MAC are determined not only 

by wba

i , but also by the actual partial MAC of weight reductions ( ,

wba

i wMAC ), which are 

significantly lower than wba

i  if this abatement option is barely used due to the distortion. 

With increasing market shares, the gap between ,

wba

i wMAC  and wba

i  is narrowed down: weight 

reductions are used more intensively and thus the relative importance of ,

wba

i wMAC  for the 

combined MAC and their magnitude rises. Still, an increasing individual market share 

flattens the slope of a manufacturer’s combined MAC function: 
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On the other hand, the—ceteris paribus—greater absolute emissions abatement of 

manufacturers with larger market shares implies an impulse towards higher MAC in the 

equilibrium—being reflected in a move along the (flattened) wba

iMAC  curve. The net impact 

of these contrary effects of increasing individual market shares on the combined MAC is 

ambiguous. The sum of both effects constitutes a convex function that typically features a 

negative slope in the beginning and can possibly turn to a positive slope for further increasing 

                                                 
241 To avoid confusion with our former supposition of constant market shares, a clarification is needed. The 

aggregate market shares across heterogeneous manufacturers still remain constant. Here, we solely vary the 

individual market shares within a group of manufacturers that is completely homogeneous in terms of their 

initial values of weight and “others;” thus, a decreasing market share in this sense can be interpreted as a spilt-

up of a manufacturer into two or more successive manufacturers that are identical to their predecessor except for 

their individual market shares. This distinction between constant market shares across heterogeneous 

manufacturers and varied individual market shares within a group of homogeneous manufacturers is needed to 

analyze the effects of (individual) market shares in adaptable standards while maintaining consistency and 

comparability with the other standard designs at the same time. We focus on the comparison of static equilibria 

and not on the transition inherent to changing market shares.  



Model 

153 

market shares.242 Hence, the impact of a change in a manufacturer’s individual market share 

on its MAC depends on the concrete set of parameters:  
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With regards to the response of a manufacturer’s total reduction costs to a change in 

its market share, the algebraic sign is ambiguous, too. As long as the effect of (possibly) 

decreasing MAC outweighs the effect of greater emissions reduction efforts, an increasing 

market share lowers a manufacturer’s total compliance costs (per vehicle) despite a greater 

emissions reduction obligation. 
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MS
 is therefore also characterized by a convex 

functional form; yet it reaches its minimum at lower market shares than the combined MAC: 
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So far, we have regarded the cost implication only for those manufacturers whose 

market shares change, but not for those whose market shares remain unchanged. Ceteris 

paribus, manufacturers always benefit from higher concentration rates of their competitors: 

the distortion of the abatement decision remains unchanged for manufacturers with constant 

market shares, whereas their specific emissions reduction obligation slackens because 

,

wba res

i wx 
 decreases in the wake of a rising concentration. They benefit in terms of absolute 

compliance cost and mostly also relative to those manufacturers with rising market shares:  
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242 The convexity of the combined MAC function (with respect to 

iMS ) is due to decreasing returns of a 

weakend distortion of the abatement decision. The smaller the gap between 
,

wba

i wMAC  and 
,

wba wba

i o iMAC  , the 

smaller the gains realizable through a reallocation of abatement efforts will be. In consequence, the MAC-

increasing effect of higher emissions reduction requirements gains in importance with greater market shares and 

is more likely to overcompensate the first mentioned—MAC-flattening—effect. 
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When switching from fixed to adaptable WBS, each manufacturer is subject to both 

effects: (a) to adjust its own allocation of abatement efforts towards an intensified use of 

weight reductions, leading to a flatter MAC curve and—ceteris paribus—tightened emissions 

targets, and (b) to passively benefit from the other manufacturers’ increased use of weight 

reduction, relaxing its own emissions target. Indeed, already the distortion-attenuating effect, 

i.e., (a), suffices to cut each manufacturer’s absolute compliance costs, independent from the 

distribution of individual market shares:244  

, 1, ,wba wbf wba wbf

i i i iRC RC MAC MAC i n     

However, the individual market shares determine manufacturers’ magnitude of cost 

savings: by tendency, the relative distributional position of manufacturers with small market 

shares improves at the expenses of those manufacturers with higher market shares. Crucial 

for this effect is the feedback via the now endogenous fleetwide average weight wba

wx . 

Whereas manufacturers with higher market shares are primarily responsible for the reduction 

in the average weight, all other manufacturers also benefit from the reduced wba

wx . 

In summary, for a given or respective optimized value of  , the switch from 

(nontradable) fixed WBS to adaptable WBS always lowers the overall abatement costs. And, 

importantly, compared to fixed WBS, each manufacturer benefits from lower absolute 

compliance costs, independent from its individual market share.  

 

5.5.3 Standards Based on Historical Weight 

An alternative approach that avoids the distortion of the abatement decision is to 

define the manufacturer-specific emissions limit based on historical or initial weight (
0

,i wx ) 

rather than current, weight. In this way, allocations reflect traditional heterogeneities in 

                                                                                                                                                        
243 This effect is not universally valid though. For certain constellations, the initial percentage drop in wba

jRC  

following an increase of 
jMS , being due to a weaker distortion of the abatement decision of manufacturer j , 

can outweigh the percentage drop in wba

iRC  resulting from a relaxation of manufacturer i ’s abatement 

obligation. Given the convexity of 
wba

j

j

RC

MS




, such constellations normally require a low value of 

jMS . 

244 As explained earlier, a substantial shift of abatement obligations to the disadvantage of manufacturers with 

larger market shares requires a relatively high value of  . In turn, such a high value of   implies a relatively 

large gap between 
,

wb

i wMAC  and 
,

wb

i oMAC ; hence, manufacturers with larger market shares also yield very 

substantial gains from a cost-reducing reallocation of own abatement efforts. Consequently, all manufacturers 

reduce their absolute compliance costs (as well as their combined MAC) subsequent to the switch from fixed to 

adaptable WBS. 
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weight among manufacturers, but they do not change with (and thereby affect) current 

behavior. 

Each manufacturer would then face the following compliance constraint, which is not 

affected by its current decisions: 

 0 0

,

wbh

i i w wE E x x    

Minimizing costs subject to this standard leads to first-order conditions that are 

identical to those with uniform standards:  
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Solving with the constraint, the main difference for the individual manufacturer is the 

reduction target: 
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Reduction costs for each manufacturer are: 
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And aggregate abatement costs under a standard based on historical weight are: 
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Historical standards essentially use the same mechanism to account for differences in 

the initial emissions and MAC across manufacturers, but they dispense with the distortionary 

effect of standards based on current vehicle weight. Consequently, manufacturers use weight 

reductions more intensively as a means of emissions abatement, and the resulting fleetwide 

average weight in the equilibrium is lower than with distortionary WBS. Thus, standards 

based on past weight always perform better than (or at least equal to) standards based on 

current weight if both approaches employ their respective optimal values of  —that is, those 
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values of   that minimize overall compliance costs. For a given market structure, the 

optimal   is always greater than (or equal to) the optimal   under the latter standards.  

Perhaps even more important is the fact that—suspending the assumption that the 

regulator chooses the optimal  —the potential excess burden resulting from a suboptimally 

chosen   is, in general, lower than with standards based on current weight due to the 

absence of the distortion. For the majority of reasonable market constellations, historical 

WBS entail lower overall abatement costs if all standard designs employ the same value  

of  .245 Furthermore, standards based on past weight dominate uniform standards in most 

instances. Obviously, historical WBS are necessarily superior to uniform standards if the 

value of   is optimized.246 

In the short and medium run, historical WBS are likely to outperform those standards 

based on current weight due to the undistorted abatement choice. In the long run, however, 

historical WBS may forfeit their suitability as an indicator of a manufacturer’s MAC. 

Changing product portfolios would require a readjustment of manufacturer-specific emissions 

targets to maintain high cost-efficiency; a static approach relying on increasingly outdated 

data cannot keep pace with dynamic market developments.  

In the next section, we assess the properties of a credit trading mechanism for 

reallocating emissions reduction efforts in a cost-minimizing manner. 

 

5.6 Tradable Standards 

Another potential option for improving the cost-effectiveness of the allocation of 

emissions reductions across manufacturers is to allow credit trading. To comply with the 

regulation, manufacturers falling short of their individual targets can purchase credits from 

those performing better than their individual targets. Then, what matters more for a 

                                                 
245 Yet there are constellations conceivable where standards based on current weight perform better than those 

based on past weight. For instance, a “too high” value of   could deviate the manufacturer-specific emissions 

abatement requirements away from their respective optima, inappropriately disburdening manufacturers of 

heavy cars from emissions reduction requirements. Compared to a standard based on past weight, under 

standards based on current vehicle weight, policy-induced weight reductions of these manufacturers would 

partially attenuate these inadequate differences in manufacturer-specific emissions reduction targets. However, 

such situations have theoretical rather than practical relevance. Even if “historical” WBS entail a worse 

allocation of emissions reduction efforts, the undistorted choice between the available abatement options will 

usually outweigh the first effect and render standards based on past weight the overall more-efficient approach. 

246 Only in the case of a (significant) negative correlation between the initial values of weight and “others,” and 

“others” is the dominating determinant of the overall emissions, must the optimal   be set to zero; in such 

cases, historical standards yield the same results as uniform standards. 
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manufacturer than its direct abatement costs are its entire compliance costs, which are subject 

to minimization. The compliance costs are the sum of the manufacturer’s own reduction costs 

and its expenses (revenues) for the purchase (sale) of credits: 

 
, ,

, , , ,
, ,

min ( , ) ( , )
i w i o i

ii i w i o i i i i w i o i
TV

RC pTV E E TV
 

         

iTV , i.e., trade volume of manufacturer i, is the (per vehicle) net amount of credits 

purchased by manufacturer i; thus, a negative value means that the respective manufacturer is 

a net seller of credits: 

 0

, ,(1 ) twb
ii i i i w i w wTV E E E E x x         

with 
1

0
n

i i

i

MS TV


  

Assuming a working credit market, this leads to an equalization of shadow prices 

across manufacturers. The resulting common shadow price of the emissions constraint 

represents the market price for credits:  

, 1, ,twb twb twb

i jp i j n         

Consequently, efficiency losses of the regulation can result only from a distortion of 

the choice between the two abatement options (reducing weight or reducing “others”). As 

long as the standard is not conditional on current weight (e.g., uniform standards or standards 

based on historical weight), the social optimum will be achieved as there remains no 

distortionary effect. 

While this result is not surprising, some important questions remain. First, in the 

presence of distortions from WBS, does trading always improve the aggregate cost-

effectiveness? And related to this, how large is the welfare loss from tradable standards that 

are based on current values of a manufacturer’s average vehicle weight? Second, what are the 

distributional implications of credit trading? Although trading may improve the allocation of 

reduction efforts across manufacturers in terms of economic efficiency, it does not 

necessarily ensure an equitable allocation.  
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5.6.1 Fixed Weight-Based Standards with Credit Trading 

As shown above, with a scheme of tradable credits, each manufacturer minimizes the 

sum of its reduction costs and the expenses (or revenues) for purchased (or sold) emissions 

reduction credits:  
twf twf twf twf

i i iCC RC TV p   

with   0 0 0 0

, , , , , ,( ) 1twf twf twf twf twf

i i i w i w w i o i o o i w i w wTV E E x x x x            , which also 

represents the manufacturer’s emissions constraint, and 
1

0
n

twf

i i

i

MS TV


  

As with any of the regarded tradable standards, creating a market for emissions 

reduction credits equalizes the shadow prices across all manufacturers:  
twf twf twf

i p    

Substituting in the functional forms, and solving the first-order conditions for the 

reduction rates, we get again: 
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Therefore, all manufacturers will conduct identical percentage reductions with each 

option, but the relative choice of options is distorted by  .  

Solving with the fleetwide emissions constraint 
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The common shadow price, which monotonically increases with rising values of   is 

given by: 
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The total social abatement costs per vehicle are: 
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Manufacturer i’s reduction costs per vehicle—without consideration of revenues or 

costs from credit trading—are: 
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Its total compliance costs per vehicle are: 
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We see that the magnitude of the overall social abatement costs 
twfAC  is independent 

of the distribution of weight and other emissions-relevant vehicle characteristics across 

manufacturers. The manufacturer-specific reduction costs per vehicle, on the other hand, are 

affected by this distribution.247 Differences in the initial endowments with weight and 

“others” imply varying manufacturer-specific reduction costs. The greater a manufacturer’s 

initial endowments with weight and “others,” the higher its reduction costs will be in the 

equilibrium, due to the larger emissions reduction attainable per dollar or Euro invested. 

Compared to nontradable fixed standards, tradable WBS eliminate variance in target 

reductions in the numerator, but they do still distort the relative cost parameters in the 

denominator. The distortion between the two abatement options remains the same as in the 

                                                 
247 And, of course, the initial values of weight and “others” are the crucial determinant of the manufacturers’ 

compliance costs, including expenses and revenues from credit trading.  
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case without trading. Does the reallocation of reduction efforts caused by the introduction of 

a trading option—going along with equalized shadow prices—necessarily reduce the overall 

abatement costs? Crucial for this comparison are the implications of trading on the 

differences in MAC across manufacturers. 

Equalized shadow prices imply that both the partial MAC for reducing “others” and 

the—lower—partial MAC for weight reductions are equalized across manufacturers, but they 

do not imply the equalization of the combined MAC. A manufacturer’s combined MAC lie 

somewhere in the range between the actual physical MAC of the distorted abatement option 

(i.e., weight reduction), and the shadow price (i.e., the MAC of adjusting “others”). The 

precise magnitude of a manufacturer’s combined MAC is determined by the relative weights 

of both abatement options for its individual emissions abatement strategy. These weights 

depend on the manufacturer’s relative endowments with weight and others:  
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Whereas the cost parameters ( w , o ) and the emissions factors ( w , o ), as well as 

the shadow price twf  and  , are identical for all manufacturers, the initial values of weight 

and “others” are likely to differ across manufacturers. Thus, MAC differences can result 

solely from these differences in initial values of weight and “others.” The greater the relative 

importance of weight reductions within a manufacturer’s abatement mix (i.e., the greater 
0 0

, ,i w i ox x ), the lower its MAC under tradable WBS will be.248 Such differences in the MAC, 

of course, cannot be optimal and indicate scope for reducing the overall abatement costs. 

They could be lowered if those manufacturers with relatively high initial weight, and thus 

relatively low MAC, would abate more, while those with relatively lower initial weight abate 

less. Although the shadow prices of the first group of manufacturers would then exceed those 

of the latter, the actual combined MAC would converge, thereby lowering the overall 

                                                 
248 Although each manufacturer conducts the same percentage reductions with each abatement option under 

tradable fixed WBS, the relative (and absolute) contributions of these options to a manufacturer’s overall 

abatement efforts is determined by the initial values of weight and “others.” Relevant for the relative importance 

of weight reductions within a manufacturer’s abatement strategy is the ratio 
0 0

, ,i w i ox x  and not the ratio 

0 0

,i w wx x . A manufacturer’s MAC are below the fleetwide average MAC in the equilibrium if it holds 

0 0
,

0 0

,

1
i w o

w i o

x x

x x
 . 
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aggregate costs. In principle, it is conceivable that the situation prior to trading might yield 

such a less costly allocation of reduction efforts. Through increasing the equilibrium 

fleetwide average weight by means of their trading activity,249 manufacturers may then 

increase overall abatement costs.250 Assuming a given distortion of the abatement decision 

(i.e., a fixed  ), the cost-minimizing allocation of reduction efforts implies differences in the 

shadow prices across manufacturers that satisfy the following condition: 

2 0 2 0 0 2 0

, , , ,

0 2 0 2 0 2 0

, , , ,

( ) ( )
, 1

( ) ( )

w j w o o j o w w w i w o o i o wi

j w w j w o o j o w w i w o o i o w

x x x x
i j n

x x x x

          

           

   
  

   
 

The allocation of reduction efforts implicit to such a set of shadow prices equalizes 

the combined MAC, but not the partial MAC, across manufacturers.  

Yet it is rather unlikely that the trading-induced equalization of shadow prices will 

create greater differences in the combined MAC than in the case with nontradable WBS; 

thus, the introduction of a credit trading option will decrease the overall compliance costs in 

most cases. A worsening of the overall cost-efficiency may occur subsequent to the 

introduction of trading only if manufacturers with relatively greater initial values of weight 

become net credit buyers so that trading reduces the relative contribution of the cheaper 

abatement option, i.e., weight reductions, to the overall emissions abatement efforts.251 

Nevertheless, trading does not necessarily improve the efficiency of the regulation. The 

probability of suffering a loss of social welfare from the introduction of trading increases by 

tendency with the variance of 
0 0

, ,i w i ox x  across manufacturers, and with the gap between 

manufacturers’ shadow prices and their actual combined MAC. This gap again depends on 

                                                 
249 Note that the—according to our assumptions, perfectly foresighted—regulator has to anticipate the trading-

induced change in the equilibrium fleetwide average weight, and adjust 
twf

wx  in the limit value function 

accordingly in order to achieve the same emissions target as before introducing trading.  

250 In case of 
w   such that 0twf

w  , the afore-described effects are reversed. Then, the fleetwide average 

weight will increases and the overall cost-effectiveness of the regulation may suffer from introducing credit 

trading if manufacturers with larger relative endowments with weight, i.e., ratios of 

0 0
,

0 0

,

1
i w o

i o w

x x

x x
 , become net 

credit sellers. Their higher relative initial weight implies that they rely more heavily on weight increases to 

comply with the regulation. Thus, larger realtive endowments with weight imply higher actual combined MAC 

in the (credit) market equilibrium. The case of 
w   is not further discussed here; see also the section 

“Considering the Slope of the Limit Value Function”. 

251 A reduction of the share of weight reductions in the overall abatement mix is a required, but not a sufficient, 

condition for an efficiency-decreasing effect of the introduction of credit trading. 
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(a) the strength of the distortion (i.e., the value of  )252 and (b) the relative cost structure of 

the abatement options.253 

Trading will always improve the efficiency of the regulation and all manufacturers 

will necessarily benefit if it holds that 

00

,,

0 0

, ,

, 1, ,
j wi w

i o j o

xx
i j n

x x
   . 

Regarding the distributional consequences of allowing trading, net sellers of credits 

usually benefit—relatively—more than credit buyers. Credit buyers do normally have greater 

initial emissions as a result of greater initial values of weight and “others,” implying a flatter 

MAC curve than for credit sellers. Thus, the credit price in the market equilibrium is closer to 

the buyers’ MAC before trading. In consequence, the difference between the revenue per sold 

credit and the incurred average costs for achieving the required additional emissions 

reduction is greater than the average net cost savings (per purchased credit) of credit buyers. 

Furthermore, the denominator—in other words, the reduction costs per vehicle before 

trading—is likely to be lower for credit sellers, bringing along a greater relative effect of 

trading on the compliance costs.  

With respect to the afore-described case that introducing trading deteriorates the 

overall cost-efficiency of the regulation, one should note that manufacturers do not trade to 

their own detriment. Trading takes place in a somewhat different, that is stricter, regulatory 

setting because twf

wx  has been adjusted in the wake of switching to tradable fixed WBS. If the 

reference weight were unchanged, i.e., 
wbf twf

w wx x , all manufacturers would benefit from 

introducing trading, but the overall emissions target would be missed. Given this regulatory 

adjustment, all manufacturers suffer in the first place. In the (new) trading equilibrium, net 

sellers of credits are again likely better off than credits purchasers; they suffer less or may 

even still benefit in terms of absolute compliance costs after switching from nontradable to 

tradable fixed WBS.  

Compared to uniform standards, tradable WBS will obviously perform superiorly if 

  is sufficiently small (indeed, 0   is equivalent to cost-minimizing tradable uniform 

standards). Thus, there is a large range of parameter sets over which tradable fixed WBS may 

                                                 
252 In the range 0 1  , the (percentage) gap between the manufacturers’ shadow prices and their actual 

combined MAC is represented by a concave function of  . Initially, the gap opens up with increasing values of 

 ; after reaching its maximum, the gap shrinks with further rising values of   because the highly distorted 

abatement option (i.e., here weight) will hardly be used any longer. 

253 The gap is greatest if weight reductions are—without the distortion—a competitive abatement option, 

neither exteremly cheap nor extremely expensive. If both manufacturers rely almost entirely on one abatement 

option due to an extreme cost discrepancy, the MAC cannot differ significantly across manufacturers in the 

credit market equilibrium. 
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be preferred. However, uniform standards can still perform better if the distortionary effect of 

WBS overcompensates for the welfare losses of uniform standards because of suboptimal 

manufacturer-specific abatement targets (implying diverging MAC across manufacturers).254 

This situation may occur in very homogeneous markets and/or with excessive values of  . 

Comparing tradable fixed WBS and (nontradable) standards based on past weight, the 

relative favorability is again determined by the trade-off between the welfare losses due to the 

distortion of the abatement decision and those incurred through (larger) MAC disparities 

across manufacturers; yet as the differentiation of emissions targets inherent to standards 

based on past weight already aims at harmonizing the MAC across manufacturers, the 

probability that historical standards outperform tradable fixed WBS is much higher than for 

uniform standards. 

 

5.6.2 Adaptable Weight-Based Standards with Credit Trading 

Trading has somewhat different effects if the regulator automatically adjusts the 

weight component of the standard to changes in the fleet’s average weight and if 

manufacturers are aware of such adjustments (i.e., 
0

, ,/twa

w i w i w ix x MS    ). The compliance 

cost function to be minimized by individual manufacturers is still given by: 
twa twa twa twa

i i iCC RC TV p    

with the (trading-adjusted) emissions constraint 
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The resulting equalization of shadow prices across manufacturers (
twa twa twa

i p   ) 

causes the percentage reduction in “others” to be the same for all manufacturers, but the 

percentage weight reduction varies according to manufacturers’ individual market shares: 

, ,

( (1 ))
,twa twa twa twa twaw i o

i w i o o

w o

MS  
    

 

 
    

As in the case of nontradable WBS, it necessarily holds again—for a given  —that 

w w

twa twfx x  as well as 
twa twf   because of the weaker distortion of the abatement decision.  

                                                 
254 The magnitude of the afore-explained differences in combined MAC across manufacturers that may remain 

under tradable fixed WBS will be rather small in most instances compared to the potential MAC differences 

across manufacturers under uniform standards.  
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Given the fleetwide emissions constraint 
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we get the common shadow price: 
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Although the shadow price is the same for all manufacturers, independent of their 

respective individual market share, the magnitude of the common shadow price is determined 

by the distribution of individual market shares. The higher the market concentration, the 

lower the shadow price will be: 0 1, ,
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The reduction costs of manufacturer i are: 
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Its compliance costs are given by: 

 
2 2

2
0 0

, ,

( (1 )1

2

twa

twa w i o i

i w i o twa

w o

twa

i

MS TV
x xCC

  


  

 
 

  
   

  
 

And the social abatement costs per vehicle are: 
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Compared to nontradable adaptable WBS, the trading-induced reallocation of 

abatement efforts addresses MAC disparities across manufacturers resulting from different 

initial emissions and therefore different levels of ambition regarding the required emissions 

reductions. Thus, the harmonization of 
twa  across manufacturers through trading will 

improve the cost-effectiveness of the regulation in most cases. Nevertheless, as seen with 

fixed WBS, the introduction of credit trading can also worsen the regulation’s overall 

performance with adaptable WBS. In the case of fixed WBS, solely the initial endowments of 

weight and “others” determine whether trading can deteriorate the overall cost-efficiency; 
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with adaptable WBS, the distribution of individual market shares additionally plays a crucial 

role. A manufacturer’s MAC are given by: 

0 0
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In the (credit) market equilibrium, differences in the combined MAC may remain 

even between manufacturers that have identical initial values of weight and “others” but that 

deviate in their market shares. Furthermore, compared to fixed WBS, manufacturers’ 

consideration of their own direct impact on the fleetwide average weight can also amplify the 

consequences of cross-manufacturer heterogeneity in relative initial endowments, 
0 0

, ,i w i ox x , 

for introducing credit trading. Imagine the case that w  . With fixed WBS, weight 

reductions are not used at all as a means of emissions abatement; thus, introducing trading 

necessarily leads to an equalization of the actual combined MAC across manufacturers 

because the combined MAC equal the partial MAC of reducing “others”, which again equal 

the market price for credits that represents the common shadow price. Introducing trading 

will inevitably improve the cost-effectiveness of fixed WBS in this case, despite 

heterogeneity in the relative endowments with weight and “others.” With adaptable WBS, 

however, the distortion of the abatement choice is attenuated such that weight reductions 

contribute to manufacturers’ abatement mix. Consequently, heterogeneity in relative initial 

endowments matters and MAC disparities across manufacturers can occur in the trading 

equilibrium. Hence, introducing trading may theoretically deteriorate the cost-effectiveness 

of adaptable WBS—by reducing the overall use of weight reductions—even if the individual 

market shares are identical for all manufacturers.255 

Moreover, the overall use of weight reduction as a means of emissions abatement—

being the physically cheaper abatement option—may decrease (and therefore wx  may 

increase) after trading even if manufacturers with relatively high initial vehicle weight  

(

0 0
,

0 0

,

i w w

i o o

x x

x x
) become credit sellers.256 This may be the case if these credit-selling 

                                                 
255 Note that tradable adaptable WBS will still likely outperform tradable fixed WBS, even if introducing 

tradability does not yield an improvement compared to nontradable adaptable WBS—due to the weaker 

distortion inherent to adaptable WBS.  

256 The reversal described in footnote 250 also applies to tradable adaptable WBS for the case of 

(1 )i wMS    such that 
, 0twa

i w  . 
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manufacturers that would normally rely more heavily on weight reductions face a stronger 

distortion because of smaller market shares. In consequence, there could potentially arise 

larger deviations in the combined MAC across manufacturers and a more costly overall 

abatement mix than prior to trading. When we turn to the distributional implications of 

allowing adaptable WBS to be traded, we will see another—however related—effect of 

asymmetrical individual market shares that may adversely impact the overall efficiency. 

On the other hand, deviating individual market shares may balance out cross-

manufacturer disparities in endowments with weight and “others” such that introducing 

trading to adaptable WBS equalizes the actual combined MAC across manufacturers in the 

equilibrium, whereas there remain MAC disparities under fixed tradable WBS. As 
twa

i
twa

i

MAC

MS


 

 
 


 is described by a convex function, it is ambiguous whether those 

manufacturers with larger relative endowments with weight must have smaller or larger 

individual market shares in order to equalize the combined MAC in the equilibrium of 

tradable adaptable WBS; this depends on the precise parameter values, particularly   and 

k .257 

Looking at the distributional effects of switching from tradable fixed WBS to tradable 

adaptable WBS, we find results similar to the nontradability case. Heterogeneity in individual 

market shares means different degrees of distortion; this normally entails a shift in the 

distribution of abatement efforts compared to tradable fixed WBS. Assuming the same  , 

under adaptable standards, each manufacturer will reduce its percentage reduction of “others” 

as the shadow price decreases; the effect on the percentage weight reduction is ambiguous, 

depending on whether the market share effect (increasing the use of weight reductions, i.e., 

,

twa

i w , by attenuating the distortion of the abatement decision) dominates the effect of lower 

shadow prices (decreasing the use of weight reductions). Whereas manufacturers with higher 

market shares more intensively use weight reductions as a means of emissions abatement, 

manufacturers with only small market shares may also show a smaller percentage reduction 

of weight. In sum, manufacturers with considerable market shares conduct higher reduction 

efforts, whereas those without a significant impact on the fleetwide average weight reduce 

their emissions abatement. Hence, compared to tradable fixed WBS, the latter are partially 

relieved of their abatement burdens. The entire compliance costs borne by an individual 

manufacturer, however, are not only determined by its abatement efforts, but also by its MAC 

                                                 
257 A more detailed analysis of the impacts of cross-manufacturer disparities in individual market shares on 

manufacturers’ MAC in the trading equlibrium can be found in section 6.3.6. 
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and the terms of trade of its credit trading activities. Particularly regarding the latter, fixed 

and adaptable WBS can differ considerably as shown in the following.  

Comparing the distributional consequences of introducing a credit trading option to 

previously nontradable standards, for adaptable WBS we observe effects clearly different 

from those under fixed WBS. Contrary to fixed tradable standards, credit sellers are now 

more likely to lose (or benefit less) from the introduction of a trading option than are credit 

buyers. This is due to our assumptions regarding manufacturers’ cognition of their influence 

on the fleetwide average weight and therefore the determination of manufacturer-specific 

emissions targets. According to our assumptions, each manufacturer is well aware of its 

individual direct impact on the fleetwide average vehicle weight, but not of the other 

manufacturers’ reactions triggered by its credit trading activities. For example, a credit seller 

recognizes that its additional emissions abatement by means of weight reduction will—in the 

first instance—decrease the fleetwide average weight. Thus, the credit seller expects that the 

immediate tightening of its individual emissions target subsequent to its weight reduction, 

which is conducted to generate the sold credit, will be partially offset by the supposed 

decrease of the fleetwide average weight. Yet this decrease of the fleetwide average weight 

actually occurs to a clearly smaller extent than expected because the seller disregards that the 

credit buyer will in turn increase its weight and thereby lift the fleetwide average weight. The 

sellers thereby underestimate their individual marginal costs for generating credits, which 

include the direct abatement costs and the costs of the induced tightening of their emissions 

targets. In consequence, they offer and sell their credits too cheaply. The credit price in the 

market equilibrium is below the sellers’ marginal cost of credit generation. Therefore, credit 

sellers may be worse off after the introduction of a trading option than they are prior to 

trading. Yet credit sellers can still benefit from trading. Although the last credit traded will 

almost certainly bring along a loss for the seller as the market price for credits does not 

suffice to cover the costs of its generation, the seller can still earn enough with its “early” 

trades to yield a net gain from trading.258  

Analogously, credit buyers underestimate their benefits from purchasing credits as 

they expect a weaker than actual relaxation of their individual emissions targets subsequent to 

a lessening of their own abatement efforts. They demand fewer credits than would be rational 

if they considered the credit sellers’ abatement activities, which have a relaxing effect on the 

buyers’ specific targets. However, although their perception of the benefits of purchasing 

                                                 
258.These early trades refer to the first credits generated through abatement efforts beyond the seller’s abatement 

obligation required by the regulation prior to trading. For these first credits traded, the marginal cost of their 

generation are likely still below the (equilibrium) market price for credits.   
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credits is biased, they still (almost inevitably)259 benefit from trading: the undervaluation of 

credit purchasing implies that they pay less for the credits than their actual benefit, which 

again consists of avoided abatement costs and a weakened emissions target. Moreover, they 

benefit from the (excessively) cheap credit supply. Hence, buyers are often the relative 

distributional “winners” of credit trading under adaptable WBS—in contrast to fixed WBS. 

Given our assumptions regarding the manufacturers’ awareness, the distributional 

consequences of introducing a trading option to adaptable WBS can be significant: even if the 

aggregate compliance costs of the regulation are considerably reduced by allowing trading, 

credit sellers can still be worse off, even in absolute terms, whereas credit buyers benefit at 

the expense of the sellers. Crucial for the distributional impacts of trading is the fact that, in 

the equilibrium, the credit price—that is, the common shadow price—is lower than both the 

sellers’ and the buyers’ marginal cost (benefit) of credit sales (purchases).260 These 

distributional disparities induced by manufacturers’ misperceptions of the impacts of their 

trading activities on the fleetwide average weight (and consequently the assigned emissions 

targets) are stronger with greater individual market shares. Furthermore, the importance of 

the weight component in defining manufacturer-specific emissions targets (i.e., ) and the 

relative cost of the available abatement options (i.e., w o  ) crucially determine the strength 

of the effect of manufacturers’ misperceptions of the feedback via wx . For low values of  , 

the misperceived changes in wx  have only minor consequences for individual manufacturers 

because they have a negligible impact on their emissions targets; thus, credit sellers are 

relatively better off with a small  .261 Credit sellers also benefit from large values of w o  : 

if weight adjustments are expensive, wx  is hardly affected by the manufacturers’ abatement 

and trading activities—neither actually nor as mistakenly expected by the manufacturers. 

                                                 
259 Credit buyers can suffer from switching from nontradable to tradable adaptable WBS only in the—very 

improbable—case that (a) the overall cost-effectiveness deteriorates through a trading-induced increase in 
wx  

and (b) the trading partners’ misperception of their impact on 
wx  is negligible, i.e., they have very small 

individual market shares. 

260 The shadow price is still higher than the actual physical MAC of both credit sellers and buyers because the 

market share impact only mitigates—but does not entirely suspend—the distortion resulting from the weight 

component of the emissions target assignment (i.e.,  ). 

261 In the (opposite) case that the value of   is large enough so that weight reductions are barely used as a 

means of emissions abatement anyway, the misperceived impact of these—then—minor weight adjustments on 

the overall average weight 
wx  is again of low importance. Of course, a large   still has significant 

distributional implications through the initial assignments of emissions targets. In the even more extreme case 

that (1 )i wMS   , there again occurs a reversal of the distrbutional impacts on credit sellers and buyers. 
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Importantly, however, individual market shares themselves also determine—

alongside with the manufacturers’ initial endowments of weight and “others”— whether a 

particular manufacturer acts as credit seller or buyer; this holds particularly true for otherwise 

very homogeneous manufacturers. The greater a manufacturer’s market share the greater is, 

ceteris paribus, its own emissions abatement; this again implies more stringent emissions 

targets, whereas the emissions targets of manufacturers with small market shares will be 

weaker. Notwithstanding, for values of   that satisfy w  , manufacturers with large 

market shares  (and being widely similar in other respects) will basically become net sellers 

of credits after introducing trading to adaptable WBS; this is because the increase in their 

own emissions abatement efforts outweighs the tightening of their specific standards. Put 

another way, for widely homogeneous manufacturers—as well as for most other parameter 

constellations—it holds 0

wba

i
wba

j

iMS




 
 
  


 if w  ; therefore, larger individual market 

shares regularly imply a tendency towards (greater) net credit-selling activities if tradability is 

introduced. 

In light of the biased trading mechanism, we come back to the effect of trading on the 

overall cost-efficiency of adaptable WBS. Contrary to fixed WBS, the aggregate compliance 

costs can rise if trading is introduced even if wx  decreases (i.e., the share of the—distortion-

induced—physically cheaper abatement option in the overall abatement mix increases in the 

wake of allowing trading).262 As seen above, the manufacturer-specific MAC under tradable 

adaptable WBS are determined not only by the (relative) initial endowments with weight and 

“others,” but also by the manufacturer-specific degree of the distortion, which depends on the 

respective market shares. Because of the underestimation of their costs of credit generation, 

credit-selling manufacturers with larger market shares may extend their abatement activities 

after the introduction of trading, such that the resulting increase in their actual physical 

(marginal) abatement costs outweighs the abatement cost decrease of the credit purchasers.263  

                                                 
262 Recall that, with fixed tradable standards, trading-induced worsening of the overall cost-efficiency 

necessarily requires that weight reductions be used less as means of emissions abatement than prior to trading, 

that is, 
twf wbf

w wx x . 

263 Yet a trading-induced worsening of the overall cost-efficiency of the regualtion can occur only if the MAC 

of the different manufacturers are relatively similar prior to trading; otherwise, the cost savings resulting from a 

shadow price-equalizing reallocation of abatement efforts will prevail.  
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This effect can be illustrated by a simple example. Imagine the following case, 
00

,,
0 0

, ,

 j wi w

i o j o

xx

x x
, 

0 0

, ,i w j wx x , i jMS MS (,  w  ), so that it holds wba wba

i jMAC MAC . In 

this constellation, manufacturer i conducts a greater relative emissions reduction than 

manufacturer j, but i abates more efficiently than j;264 thus, both manufacturers feature 

identical MAC in the equilibrium prior to trading. After the introduction of trading, 

manufacturer i, which has a lower shadow price prior to trading, becomes a net seller of 

credits. In consequence, iMAC  grows while jMAC  decreases so that in the new equilibrium 

it holds twa twa

i jMAC MAC . The opening of the gap in the MAC across manufacturers 

subsequent to the introduction of trading entails rising aggregate compliance costs. At the 

same time, wx  declines as weight reductions play a relatively greater role in the abatement 

mix of the credit seller—that is, the cheaper abatement option is used more intensively 

overall. However, this effect is overcompensated by the suboptimal trading activity, which 

leads to excessive abatement activities of those manufacturers with relatively large market 

shares. 

The manufacturers’ biased perception of their influence on twa

wx  does not, by itself, 

necessarily entail suboptimal trading activities. Both the credit sellers and buyers 

underestimate the costs and benefits of credit sales and purchases, respectively. Hence, both 

biases could, in theory, balance each other out so that the trading volume is the same as if 

both were aware of the actual impact of their trading activities on the fleetwide average 

vehicle weight; yet the distributional imbalance persists also in this case due to the low credit 

price. The risk of efficiency losses due to suboptimal trading activities usually, but not 

necessarily, increases with the disparities in market shares among credit sellers and buyers.265 

If the sellers have larger market shares than the buyers, then, by tendency, more credit trading 

occurs than as if the manufacturers had a correct perception of the influence of their trading 

activities on their specific emissions targets.266 A net loss in social welfare subsequent to the 

                                                 
264 Given the greater market share, the distortion in the choice between different abatement options is smaller, 

such that the slope of the combined MAC is flatter. 

265 As shown earlier, deviating individual market shares can also contribute to equalizing twa

iMAC  across 

manufacturers by balancing out cross-manufacturer disparities in endowments with weight and “others.” 

Moreover, due to the convexity of 
 twa twa

i

i

MAC

MS




, it is even conceivable that manufacturers which deviate 

in their individual market shares, but are identical in any other respect, feature equal combined MAC in the 

trading equilibrium; yet those manufacturers with the larger market shares will likely be worse off in terms of 

compliance costs as they are credit sellers. 

266 The crucial question is whether the bias in the buyers’ willingness to pay for credits or the sellers’ demanded 

credit price dominates.  
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introduction of trading (despite an increased overall use of weight reductions compared to 

nontradable adaptable WBS) is basically restricted to the case of too much trading.267 

We showed earlier that, in the case without trading, adaptable WBS always 

outperform fixed WBS, given an identical   for both standard designs. This does not 

inevitably hold true for tradable standards. Tradable adaptable WBS could, as we illustrate in 

the sensitivity analysis, conceivably achieve compliance at higher social costs than tradable 

fixed standards: particularly if i) weight reductions are very cheap compared to alternative 

abatement options and ii) there are significant disparities in individual market shares across 

manufacturers, the bias in the manufacturers’ perceptions of their influence on emission 

targets and the resulting suboptimal trading activities can outweigh the (efficiency-

increasing) smaller distortion to each manufacturer’s abatement decision. Nevertheless, the 

switch from tradable fixed to adaptable WBS mostly yields lower aggregate abatement 

costs—despite the possibility of suboptimal trading.268 

Finally, we acknowledge that it seems questionable whether manufacturers would, in 

reality, act so short-sightedly and entirely neglect their trading partners’ actions. If all 

manufacturers were instead perfectly informed about the other manufacturers’ abatement 

strategies and anticipated all effects inherent to credit trading, the introduction of trading 

would reduce the compliance costs of both credit sellers and credit buyers, thereby 

necessarily improving the regulation’s overall cost performance. The distributional imbalance 

would disappear as the credit price would represent the true costs of credit generation in the 

market equilibrium. In practice, real market behavior will probably resemble neither the case 

of perfectly informed and foresighted trading nor the stylized cases of fixed and (myopic) 

adaptable WBS as sketched here. 

From a societal perspective, however, limited foresight might not always be 

something to be corrected. Although perfect foresight reduces distributional imbalances, 

particularly in the case of credit trading, it can deteriorate the overall economic efficiency of 

the regulation. If all manufacturers have full knowledge about the entire consequences of 

their abatement and credit trading activities, weight reductions are very likely to play a 

smaller role in manufacturers’ abatement mix, possibly leading to higher overall costs for 

achieving the fleetwide emissions target. A perfectly informed manufacturer i conducts the 

                                                 
267 In the case of too little trading, the credit buyers likely still have higher MAC than the credit sellers after 

trading; however, the MAC disparities are reduced through trading so that the overall efficiency improves 

compared to the situation prior to trading. 

268 Although this holds true for the overall economywide compliance costs, for an individual credit-selling 

manufacturer, it is more likely to be worse off with tradable adaptable WBS than with tradable fixed WBS. 
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following reasoning: its weight reductions directly lower the fleetwide average weight wx , 

depending on its market share.269 This direct impact on wx  weakens the tightening of its 

individual emissions targets subsequent to its weight reduction, but it also relaxes its 

competitors’ abatement targets. Thus, they will, ceteris paribus, increase their emissions and 

therefore their vehicles’ weight. This adjustment of its competitors entails stricter targets for 

manufacturer i. Knowledge about the entire feedback via wx  renders weight reductions less 

attractive; the distortion of the abatement decision is amplified. Hence, the use of weight 

reductions as a—relatively cheap—means of emissions abatement is greater with partially 

myopic manufacturers. Limited foresight on the part of manufacturers attenuates the social 

dilemma situation that arises if manufacturers acted more strategically. This holds true for 

tradable as well as nontradable adaptable WBS. 

 

5.7 Accounting for Systematic Differences in Usage Patterns: 

Mileage Weighting  

In this final section, we discuss a regulatory feature that could be added to all of the 

considered LDV standard designs in order to improve the regulation’s environmental 

precision and economic effectiveness. In the previous theoretical analysis of different 

standard designs as well as in regulatory practice, the target of fuel economy or GHG 

standards is defined in terms of the sales-weighted arithmetic mean of the vehicle 

manufacturers’ specific fuel consumption or tailpipe GHG emissions. Analogously, a 

manufacturer’s fleet’s specific emissions are calculated the same way for compliance 

purposes, that is, as the sales-weighted average of its sold vehicle models’ fuel consumption 

or emissions per vkm. 

The arithmetic mean of the measured specific emissions values is not necessarily 

equivalent to the actual average CO2 emissions of the entire mileage driven by the new 

vehicle fleet, however. Besides lacking accuracy of the test procedure (see Box 2), systematic 

differences in vehicle type-specific mileages are of particular relevance in this regard. Such 

differences may imply that the actual emissions per vkm of the total mileage driven by the 

new vehicle fleet will not meet the target value—even if (a) all manufacturers comply with 

the standard and (b) each vehicle’s fuel economy as officially measured in the test cycle 

perfectly represents its on-road fuel economy. The actual emissions per vkm of the new 

vehicle fleet will regularly deviate from the regulatory target if vehicles with different 

                                                 
269 According to the assumptions used here for adaptable WBS, manufacturers only consider this direct effect. 
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specific emissions intensities feature systemically differing per-vehicle mileages. The actual 

average emissions per vkm driven by the new vehicle fleet are given by:  

 
1

q
MW

v v v

v

E E MS MF


 .  

vMF  is the specific mileage factor of vehicle model v . It represents model v ’s annual 

mileage vM  relative to the sales-weighted average annual mileage of all models q  in the 

new vehicle fleet:  
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v
v q

v v

v
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. 

In current regulatory practice, fuel economy and GHG standards dispense with the 

usage of vehicle model-specific mileage factors (or implicitly assume them to be equal across 

all vehicle models). This comes at the cost that the “true”—that is, the sales- and mileage-

weighted—average GHG emissions of the new vehicle fleet will deviate from the 

regulation’s target value if there are systematic differences in mileage factors across models. 

A positive correlation between a model’s specific emissions and its mileage factor (i.e., 

between vE  and vMF ) would imply that the actual average emissions of the overall mileage 

driven by the new vehicle fleet exceed the official specific emissions target, and vice versa. 

Given the empirical evidence that larger and thereby more emissions-intensive vehicles are 

driven significantly more on average,270 the mileage-weighted average emissions of the new 

vehicle fleet will likely overshoot the target. The extent of the deviation of the mileage-

weighted average emissions from the target depends on the heterogeneity in model-specific 

                                                 
270 See e.g., Hacker, Harthan, Kasten, Loreck, and Zimmer (2011), Institut für angewandte Sozialwissenschaft 

and Deutsches Zentrum für Luft- und Raumfahrt (2010a), Smokers et al. (2011), and also Vortisch et al. (2012) 

for data on mileages of vehicles with different engine size; engine size correlates positively with both vehicle 

size and weight. Average mileages do not only vary considerably across vehicle types, but also across regions 

within the same jurisdiction; see Enerdata (2012) for mileage differences within the EU. We will not elaborate 

further on this issue, however, as such regional differences are even more complicated to cope with in regulatory 

practice. 

The fact that relative discrepancies in annual mileages across vehicles of different size are particularly large for 

new vehicles also underscores the large impact of the preferential taxation treatment of company cars in 

Germany. It reflects that rather large company cars are usually bought new and resold after a few years. As the 

new private owners of the former company cars do not benefit from subsidized fuel consumption, the disparities 

in annual mileage diminish.  



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

174 

mileages, the heterogeneity in model-specific emissions per vkm,271 and the strength of the 

correlation between model-specific mileage and emissions per vkm.272 For all three 

determinants, it holds that the larger their value (i.e., the greater the mileage differences, the 

greater the specific emissions differences, and the stronger the correlation), the larger the 

deviation will be.  

While such mileage-related deviations from the targeted fuel economy could be 

addressed in principle by setting an official target that is somewhat stricter than what the 

regulator is actually striving for, this does not remedy economic inefficiencies inherent to a 

neglect of systematic mileage differences across vehicle types. In our previous analysis, we 

abstracted from differences in annual mileage across vehicle types because we focused on 

achieving the target as defined in current regulatory practice in a cost-minimizing manner. If 

the objective were, however, to minimize the cost for achieving an emissions target in terms 

of GHG per vkm as average of the total distance actually driven by new passenger vehicles, 

the distribution of vehicle-specific mileages needs to be taken into account. Achieving the 

latter goal requires that abatement efforts are allocated across the different vehicle types so 

that it holds: , 1, ,v w

v w

MAC MAC
v w q

MF MF
   . The higher a vehicle’s annual mileage, the 

larger will be the annual fuel and emissions savings arising from a marginal reduction in its 

specific emissions intensity. Thus, higher MAC273 are warranted for high-mileage vehicles in 

order to equalize the marginal costs per actually mitigated g of CO2 across all vehicle models 

within the new vehicle fleet. Based on the evidence of higher average mileages of larger 

vehicles, this modified optimality criterion implies greater abatement efforts from 

manufacturers of larger vehicles compared to the case without mileage-weighting; 

conversely, manufacturers that mainly produce smaller low-mileage cars would be partially 

relived from their abatement burdens. 

                                                 
271 Obviously, the heterogeneity in vehicle-specific CO2 emissions per vkm that remains when manufacturers 

comply with the regulation crucially depends on the standard’s design details. Under uniform standards that 

apply to each single vehicle, differences in annual mileage across vehicles do not matter at all; yet this does not 

hold true if manufacturers can average within their fleet under a uniform standard applying at the manufacturer 

level. For nontradable WBS, the heterogeneity in vehcile-specific emissions is determined to a large extent by 

the slope of the limit value function, particularly if averaging is restricted. For all kinds of tradable standards, 

the shape of the limit value function affects the allocation of abatement efforts across different vehicle types to a 

lesser extent because manufacturers will tend to equalize their (perceived) MAC across vehicles independent 

from the initial assigment of vehicle-specific targets. 

272 If the correlation between vehicle types’ specific emissions and their average annual mileages is only very 

weak, no substantial systematic deviation from the official target is to be expected because heterogeneity in 

specific emissions and mileages will likely widely cancel out.  

273 Recall that our definition of MAC denotes the marginal costs of reducing a vehicle’s specific emissions in 

terms of g CO2 per vkm. 
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To underscore the potential for improving the economic efficiency of fuel economy 

regulations through including mileage weighting, we can also argue from the consumer side. 

Assuming that consumers undervalue future fuel costs by a given percentage, the total 

amount of undervaluation will increase with the annual distance driven. Therefore, correcting 

consumer undervaluation would justify requiring greater (relative) abatement efforts from 

high-mileage cars.274  

Mileage weighting can be implemented with different degrees of sophistication and 

accuracy. Whereas the calculation of a manufacturer’s mileage- and sales-weighted average 

emissions is quite straightforward in principle, the determination of vehicle type-specific 

mileages is an empirically challenging and politically controversial task. A manufacturer’s 

mileage-weighted average emissions are given by:  

  , , ,

1

/
q

MW

i i v i v i v i

v

E E MS MF MS


   

with ,i vE , ,i vMS , and ,i vMF  being the specific emissions, the market share, and the 

mileage factor of vehicle type v  produced by manufacturer i  

Data on ,i vE  and ,i vMS  is available already today, but there is a poor empirical base 

for determining ,i vMF . While it is widely undisputed that (a) vehicles from larger segments 

tend to be driven more than those from smaller segments and (b) diesel vehicles have higher 

annual mileages than gasoline-fueled vehicles, a detailed breakdown for different models is 

missing.275 

                                                 
274 This conclusion is premised on similar degrees of undervaluation for the purchasers of vehicles from 

different segments. If, for instance, poorer households—purchasing on average smaller vehicles with lower 

annual mileage—acted more myopic or if drivers with high annual mileages considered fuel economy issues 

with more diligence, this argument would lose validity. Yet modifications in fuel economy standards will 

anyway take effect for low-income households a few years down the road because these households will usually 

purchase used rather than new vehicles.  

275 With respect to the average mileage of electric vehicles entering the market in the years to come, there are 

two opposing effects (Smokers et al., 2011). On the one hand, the small range of battery-electric vehicles 

without range extender argues in favor of rather low annual mileages. On the other hand, the higher investment 

costs for electric vehicles pay off only if users take full advantage of the lower operating costs; thus, it would be 

rational to purchase a vehicle for purposes with high utlization rates. Which effect will prevail in the future 

cannot be predicted with certainty. Among early adopters of electric vehicles, first evidence indicates below-

average annual mileages (Frenzel, Jarass, Trommer, & Lenz, 2015; Hoen & Koetse, 2014). The specific mileage 

of future electric vehicles may have a twofold effect on mileage factors across the fleet. First, a low specific 

mileage of electric vehicles can affect—that is, increase—the mileage factor of conventional vehicles via 

reducing the fleetwide average mileage, and vice versa. Second, a relatively low mileage of electric vehicles 

may be compensated—particularly in multi-vehicle households—through increased driving of conventional 

vehicles.  
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The highest accuracy and most precise control of actual average emissions per vkm 

driven by the new vehicle fleet would be ensured through defining own mileage factors for 

each model available in the market.276 The required data could—theoretically—be collected 

during regular mandatory vehicle inspections. However, as models undergo major overhauls 

every few years, the collected data may be already outdated not much after being analyzed 

and available to the regulator. Moreover, the determination of model-specific mileage factors 

for the European vehicle emissions standards is further complicated by the fact that mileages 

greatly vary across EU member states (Smokers et al., 2011); thus, the mileage factor of a 

given model would have to account for the model’s distribution of sales across the EU. 

Hence, determining and managing a vast number of vehicle model-specific mileage factors 

appears to be infeasible in practice.  

A more practical approach would be to identify a sufficiently good correlation 

between a vehicle’s mileage and a reference attribute, and to establish a function—analogue 

to the limit value function—that assigns mileage factors to vehicles based on their respective 

value of the reference attribute. For administrative ease, but not necessarily, the reference 

attribute for assigning mileage factors could be the same as the one that is used for assigning 

emissions targets in case of attribute-based standards.277 Separate mileage factor assignment 

functions should be established for different fuel types, given the systemically larger mileage 

of diesel vehicles.278 Yet it remains an ambitious endeavor to establish a generally valid and 

accepted function that relates a well-measurable reference attribute (or possibly a 

combination of attributes) to a vehicle’s expected annual mileage. Furthermore, the regulator 

has to minimize the vulnerability of the mileage factor assignment function to “gaming” 

attempts by manufactures—that is, adjustments in the vehicle design in order to reduce the 

mileage factor of inefficient models within a manufacturer’s fleet. 

In the scientific support for the revision of EU’s vehicle emissions standards, the 

effect of mileage-weighting within manufacturers’ own fleets was estimated (Smokers et al. 

2011); using six distinct vehicles classes with different mileages, they calculated that intra-

                                                 
276 Pushing the precision in target achievement and theoretical cost effectiveness—as well as the administrative 

complexity and data requirements—even further, weighting factors that account for different profiles of vehicle 

types with respect to urban and highway driving could theoretically be introduced. However, this option was not 

even considered by regulators and appears entirely infeasible in practice.  

277 If the reference attribute used for assigning emissions targets to vehicles is poorly correlated to vehicle-

specifc mileage, different reference attributes should be employed for reasons of economic efficiency, 

environmental effectiveness, and legal contestability of mileage weighting.  

278 For new drivetrains using electricity-based fuels, more data on usage patterns is required due to the small 

number of vehicles in the market as yet. 
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firm mileage weighting would yield aggregate compliance cost savings of roughly 2 

percent.279 A cost-minimizing reallocation of abatement efforts across manufacturers under 

consideration of differences in annual mileages was not conducted; yet, further significant 

cost reduction potentials can be expected from a fleetwide optimization. Still, in the impact 

assessment for its 2020 vehicle emissions standards regulation, the European Commission 

discarded the option of introducing mileage weighting for reasons of administrative 

complexity, and it claimed that a comparable effect to mileage weighting could be achieved 

by lowering the slope of the limit value function (European Commission. 2012b). Given the 

modalities of the European regulation, this claim does not hold true, however.  

Even if the reference attribute used for assigning manufacturer-specific emissions 

targets in the European regulation (i.e., vehicle weight) were also a good indicator for a 

vehicle’s annual mileage, flattening the slope of the limit value function would have 

markedly different effects from implementing mileage weighting. Indeed, lowering the slope 

could serve as a partial remedy to the absence of mileage weighting as it addresses 

differences in the average annual mileage of new vehicles across manufacturers: that is, 

manufacturers of heavy and often high-mileage vehicles would have to abate more. However, 

the allocation of abatement efforts within a manufacturer’s fleet is hardly affected by a flatter 

slope.280 Manufacturers will still allocate their abatement efforts across different vehicle 

models within their fleet so that , , , 1, ,i v i w v w q    .281 Differences in the annual 

mileages within a manufacturer’s vehicle portfolio do not enter the decision on the allocation 

of abatement efforts. Consequently, there will remain cross-vehicle type disparities in the 

marginal costs of reducing vehicles’ actual annual GHG emissions.282 In case that 

manufacturers can trade credits (or pool their fleets to comply jointly with the regulation), 

                                                 
279 Smokers et al. (2011) kept the aggregate CO2 emissions for each manufacturer identical to the non-mileage 

weighting case and reallocated the abatement efforts within each manufacturer’s fleet such that the overall 

emissions budget is met with minimal additional vehicle costs. The restriction to intra-manufacturer mileage 

weighting under unchanged manufacturer-specific total emissions budgets might entail that different mileage 

factors are attributed to basically the same vehicle type across different manufacturers. 

280 Of course, a flatter slope of the (weight-based) limit value function will affect the allocation of abatement 

efforts with regards to the different abatement options. That is, in the case of weight-based standards, weight 

reductions will be used more intensively as a means of emissions abatement. The attenuation of the distortion in 

the choice of abatement options can be a valuable, compliance cost-reducing side effect. Yet, the distribution of 

reductions in specific emissions across vehicles types remains widely unaffected. 

281 
,i v  are the (perceived) MAC of reducing the specific emissions from model v  produced by  

manufacturer i . For non-distorting vehicle emissions standards, it holds 
, ,i v i vMAC  . 

282 This will be of particular relevance for full-range suppliers such as Volkswagen that produce vehicles from 

very different segments. Given this heterogeneity in offered vehicle types, the ignorance of considerable 

disparities in the annual mileages of sold vehicles can entail substantial welfare losses.  
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even the first-mentioned remedy will be rendered widely ineffective. As shown earlier, with 

tradable standards, the equilibrium allocation of abatement efforts across manufacturers (as 

well as across vehicle types) is widely unaffected by the initial assignment of emissions 

targets. Credit trading will equalize the shadow price across manufacturers and vehicle 

models: , , , 1, , , , 1, ,i v j w v w q i j n      . The differentiation in i  that should 

account for systematic differences in annual mileages across manufacturers disappears with 

allowing credit trading; flattening the slope of the limit value curve might merely have a 

distributional impact.283 Furthermore, adjusting the limit value function does not capture the 

gap in annual mileages between diesel- and gasoline-driven vehicles. Hence, amendments of 

the slope of the limit value curve are not an appropriate lever to optimize vehicle emissions 

standards with respect to systematic differences in annual mileages across vehicle types.284  

Importantly, we reemphasize that the mileage weighting approach presented above 

contributes to improving the cost-effectiveness of achieving an emissions target that is 

defined in terms of average GHG emitted per vkm actually driven by new vehicles on the 

road. Thus, an approach applying factors based on annual mileages aims at minimizing the 

costs for achieving an intensity target, and it implicitly assumes that the vehicles are in use 

for the same duration. If the regulator seeks to minimize the costs for achieving a given 

cumulated GHG mitigation by means of technical LDV efficiency improvements, mileage 

factors have to be based on cumulated lifetime mileages instead. This would require factoring 

in the specific lifetimes of the different vehicle types as well as the specific pathway of 

(declining) annual mileages over their usage phase. Thereby, lifetime-based mileage 

weighting could facilitate equalizing the marginal cost of abating a given amount of 

cumulated GHG through vehicle efficiency improvements. Given the nature of GHG as a 

stock pollutant, it seems reasonable to calculate mileage factors under consideration of 

lifetime mileages.  

Given the potentials of mileage weighting for increasing the regulation’s economic 

efficiency and environmental effectiveness, viable approaches for its introduction should be 

further investigated. In the wake of a future electrification of passenger road transport (see 

                                                 
283 Still, with attribute-based standards that include a credit trading mechanism, flattening the slope of the limit 

value function will inevitably reduce the overall fleetwide abatement costs because it alleviates the regulatory 

distortion among different technological abatement options. 

284 Only in case emissions targets are applied at the vehicle level—that is, both credit trading and averaging 

within a manufacturer’s fleet are not permitted—differences in annual mileages across vehicle models may 

potentially be addressed in an appropriate manner through adjusting the slope of the limit value curve. Due to 

the withheld flexibility, approaches requiring compliance at the vehicle level are economically inefficient, 

though.  
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Part C), mileage weighting may even gain in relevance if high-efficiency electric vehicles and 

low-efficiency ICE vehicles feature significant differences in their specific mileages. 

Research should focus in particular on the establishment of feasible, sufficiently precise, and 

agreed-upon procedures for assigning mileage factors. Without a robust scientific base for 

assigning mileage factors, implementing mileage weighting will likely provoke legal 

challenge by manufacturers that will face higher abatement ambition with mileage weighting. 

Moreover, mileage factors that are unrepresentative of actual driving patterns undermine the 

potential welfare-increasing effects of mileage weighting provisions. 

Given these still unresolved issues, and in accordance with current regulatory 

practices around the world, we maintain the approach taken so far. That is, we refrain from 

adding a mileage component to our considered standard designs. The following numerical 

analysis assesses and compares the different standard designs under the assumption that all 

achieve a common target defined as the sales-weighed, but not mileage-weighted, average of 

vehicles’ specific emissions. 

Finally, it may be worth mentioning that mileage weighting can conceivably be 

applied as well to other policy instruments that aim at improving LDV’s fuel economy. 

Looking at fiscal instruments such as feebates or vehicle ownership taxes (see section 11.1.1), 

for instance, the feebate or tax rate (per g CO2 per vkm) could be differentiated according to 

the vehicles’ expected annual mileages. It would also be possible to differentiate the mileage 

assumption underlying fuel cost estimates on fuel economy labels (see section 11.3); 

however, the latter may severely confuse consumers and damage the label’s perceived 

credibility, thereby undermining its effectiveness.  

 

Box 7. Distortions from Inaccurate Test Procedures 

The probably most important confounding factor that leads to deviations of the actual 

on-road average specific emissions of the new vehicle fleet from the regulation’s emissions 

target (and the average specific emissions as officially measured) is the insufficient real-

world representativeness of the test procedure. Real-world fuel consumption and emissions 

regularly exceed the officially measured values by a wide margin (Mock et al., 2012; Mock et 

al., 2013; Mock, Tietge, et al., 2014; Posada & German, 2013; Transport and Environment, 

2013; 2014); to what extent this problem can be resolved with the new WLTP (Worldwide 

Harmonized Light Vehicles Test Procedure) remains to be seen (Mock, Kühlwein, et al., 

2014). The inaccuracy of emissions test procedures can have a bearing on the impact of 

systematic mileage differences across vehicle types. 
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If the deviation can be approximated by a fixed relative mark-up on specific 

emissions across all vehicle types, implying greater absolute deviations for larger and thus 

emissions-intensive vehicles, this would further exacerbate the economic inefficiencies from 

lacking mileage weighting. If, instead, (a) the deviation resembles a uniform absolute mark-

up on officially measured CO2 emissions per vkm (so that vehicles with higher mileages and 

simultaneously higher specific emissions feature a smaller percentage deviation) or if (b) the 

magnitude of the deviation is not correlated to any emissions-relevant vehicle attribute but 

rather distributed stochastically across models, then the allocation of abatement efforts within 

the fleet does not have an effect on the fleetwide discrepancy between official and real-world 

emissions: the fleetwide gap is given by (a) the uniform absolute mark-up or (b) the non-

mileage-weighted average deviation.  

Current evidence on this issue is mixed. Some studies (e.g., Mock, Tietge, et al., 

2014) indicate that the absolute gap between officially measured and real-world fuel 

consumption only slightly grows for larger and more emissions-intensive vehicles, implying a 

diminishing percentage gap; others (Transport and Environment, 2013; 2014) find that even 

the percentage deviations grow with a vehicle’s size and emissions intensity. An explanation 

for the latter observation may also be found in different driving patterns, though: large cars 

tend to be driven faster, contributing to a greater gap between official values measured in 

the—rather slow—test cycle and fuel consumption actually experienced by motorists.  
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6 Numerical Simulation 

The previous theoretical analysis provided general insights into the assets and 

drawbacks of a number of LDV efficiency standard design alternatives. This chapter serves to 

further elaborate on the particular circumstances that render one standards design superior to 

another. By means of numerical simulations, we investigate which and how structural 

parameters—and their interplay—shape the rank order and relative performance of different 

LDV standard types. Hence, we parameterize the above model to illustrate the effects of 

greater heterogeneity, regulatory stringency, and market as well as cost structures on the 

relative cost-effectiveness of the presented regulatory options. In doing so, we make a few 

extra simplifications. First, we consider only two types of manufacturers, both of which are 

subject to the same regulation. Those of type 1 specialize in larger vehicles (sport utility 

vehicles and light-duty trucks) and collectively hold share n of the overall market, whereas 

those of type 2 specialize in smaller vehicles and represent (1 – n) of the market. Individual 

market shares are still represented by iMS . Second, we normalize the average baseline weight 

and other technology parameters such that 0 0 1o wx x  ; , , ,w o w o     will be adjusted 

accordingly. And we let 
0/E E   be the emissions target as a share of baseline emissions.  

 

6.1 Baseline Parameterization 

We begin with a baseline parameterization based on a highly stylized version of the 

U.S. LDV market.285 Large-car manufacturers are represented by the domestic manufacturers 

or “the Big Three” (GM, Ford, and Chrysler), which comprise n=59.3 percent of the market; 

individually, their market shares average LMS =20 percent. Small-car manufacturers are 

represented by Toyota, Honda, and all other manufacturers, with (1–n)=40.7 percent of the 

overall market and with individual market shares averaging about SMS =10 percent.286 Small 

cars have a baseline fuel consumption rate of 
0

SE =3.30 gallons per 100 miles (~183 g CO2 per 

vkm), whereas large cars consume 
0

LE =4.37 gallons per 100 miles (~243 g CO2 per vkm).287 

                                                 
285 See Appendix A for a parameterization and some numerical simulations for the European (model year 2011) 

vehicle market. 

286 Weighted average, based on 2005 data. See National Highway Traffic Safety Administration (2006). 

287 We assume that small-car manufacturers produce only passenger cars (according to NHTSA nomenclature) 

with an average fuel economy of 3.30 gallons per 100 miles, whereas large-car manufacturers produce all light-

duty trucks in the market (51.8 percent market share; 4.52 gallons per 100 miles) and the remaining amount of 

passenger cars (7.5 percent of the entire vehicle market; 3.30 gallons per 100 miles).  
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By using these cars as the representative vehicles of the manufacturer types, we are 

amplifying the heterogeneity, as in reality all manufacturers produce a range of types. But 

because heterogeneity is the key issue for determining policy rankings, we take this more 

extreme basis as the starting point and conduct sensitivity analyses.  

For the cost parameters, we refer to the National Academy of Sciences report 

(National Research Council, 2002). They find that a 5 percent weight reduction leads to a 3–4 

percent increase in fuel economy. Thus we set 00.03( ) / 0.05 2.36w E    (recalling that 
0 0 0(1 )L SE nE n E   ). For all other technologies, we fit an abatement cost curve with total 

costs as the dependent variable and “others”-induced percentage reductions in fuel 

consumption squared as the independent variable: 
0 2

, , , ,( )i o i o o i o i oRC Z x  . The resulting 

coefficients are ,S oZ =1,706 and ,L oZ =1,246. From our assumed functional forms, we 

interpret these values as , 2

,2

o
i o

o i o

Z
x




 , which contribute two equations for solving for our 

parameters. Similarly, we construct a cumulative abatement cost curve using weight only, 

yielding the coefficients ,S wZ  = 7,587 and ,L wZ = 5,163, which we use in two additional 

equations , 2

,2

w
i w

w i w

Z
x




 . The normalization of average baseline weight and technology 

implies  0 0

, ,1 / (1 )  S k L kx nx n  with 0 1kx . Our final two equations are 

0

, ,L L w L w o L oE B x x     and 
0

, ,S S w S w o S oE B x x    . Finally, we set the intercepts in the 

emissions equations to be identical for both manufacturer types, L SB B . Thus, we get seven 

equations and are now able to solve for the parameters, 
0 0

, ,, , , , , ,L w L o L S o w ox x B B    . 

The resulting baseline parameter values are: 

2.36w   0.67o   

66,148w   1,258o   

0

, 1.15L wx   
0

, 1.12L ox   

0

, 0.78S wx   
0

, 0.82S ox   

0.90LB   0.90SB   

0 4.37LE   
0 3.30SE   

0.20LMS   0.10SMS   

Given these baseline values, we first solve for the equilibrium costs under each 

scenario (i.e., the different standard designs described above), assuming a goal of a 20 

percent reduction in fuel consumption (CO2 emissions). But first, for the three (nontradable) 
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WBS, we need to choose a respective   because each scenario will have a different optimal 

parameter value.  

 

6.2 Considering the Slope of the Limit Value Function 

Figure 3 plots the average costs of the different policy scenarios for a range of 

[0, ]w  . Average costs are expressed as a ratio of optimal average costs, so they are 

bound below by 1; the upper bar is uAC . We observe that costs for tradable WBS are strictly 

increasing in the slope of the limit value function (i.e.,  ) as the optimal level of   is zero; 

furthermore, they do not intersect the cost curves of the respective nontradable WBS.288 For 

the nontraded scenarios, we see that average costs are lower and the cost-minimizing   is 

higher as the distortion in the choice between abatement options diminishes—that is, going 

from fixed WBS to adaptable WBS to historical WBS. For our parameterization, the rank 

order of the three WBS is unequivocal. This emphasizes the importance of the distortionary 

effect of standards based on current weight if weight reduction is a viable means of emissions 

abatement. Nevertheless, we also observe that, given the significant heterogeneity in 

manufacturers’ baseline emissions, WBS can reduce overall costs compared to uniform 

standards. 

 

                                                 
288 Yet this is due to our specific parameter values and not a necessary property as we explain above. 
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Figure 3. Overall Abatement Costs (AC) for Different Values of   

Notes: Here and in all following figures depicting overall abatement costs (AC), manufacturer-

specific reduction costs (RC), or manufacturer-specific compliance costs (CC), the plotted average 

costs per vehicle for the different policy scenarios are expressed as a ratio of the optimal average costs 

per vehicle. 
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The optimal values for   are 1.42, 1.63, 2.24wbf wba wbh     . Using these 

optimal values, we find the excess cost burdens (relative to the social optimum) shown in 

Table 1. 

 

Table 1. Excess Cost Burdens for Different Policy Scenarios 

Scenarios 

  

1.42wbf    1.63wba    2.24wbh    

uAC  28.9% 28.9% 28.9% 

wbhAC  3.9% 2.1% 0% 

wbfAC  12.3% 12.8% 20.8% 

wbaAC  9.9% 9.4% 13.4% 

twfAC  7.1% 9.8% 20.8% 

twaAC  4.7% 6.5% 13.4% 

,th tuAC AC  0% 0% 0% 

Notes: AC, (overall average) abatement costs; u, uniform standards; wbh, historical WBS; wbf, fixed 

WBS; wba, adaptable WBS; twf, tradable fixed WBS; twa, tradable adaptable WBS; th, tradable 

historical WBS; tu, tradable uniform standards.  

 

Given the substantial weight heterogeneity in our baseline parameters, along with the 

positive correlation of weight and “others” and because weight reductions are a relatively 

costly source of emissions reductions, we find that the WBS clearly outperform the uniform 

standards. Historical WBS, as expected, have the lowest costs; furthermore, with only two 

types of manufacturers, it is straightforward to solve for a value of   such that the reduction 

targets are optimally specified.289 

Trading, unsurprisingly, makes the biggest difference when   is small and thus 

heterogeneity in reduction targets is stronger. Perhaps interestingly, for higher values of  , 

the influence of market shares that attenuates the distortion in the case of adaptable WBS 

dominates the effect of trading, although the individual market shares are not extremely high. 

                                                 
289 For more than two manufacturers, historical WBS will normally not replicate the optimum. 
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The choice of   also has an important influence on the distribution of costs across 

manufacturer types. Figure 4 and Figure 5 plot the reduction costs and—in case of tradable 

standards—the compliance costs of large- and small-car manufacturers relative to the 

fleetwide average costs in the optimum. Increasing   monotonically decreases costs for the 

large-car manufacturers and increases them for the small-car manufacturers. Note that 

historical WBS with the optimal wbh  leave the cost distribution at the optimal cost levels, 

whereas fixed and adaptable WBS with optimally chosen wbf  and wba , respectively, leave 

large-car manufacturers with higher costs and small-car manufacturers with lower costs 

relative to optimal policy; this is owed to the trade-off between better balancing emissions 

reduction efforts across manufacturers and the thereby incurred costs of distorted abatement 

decisions.. For low values of  , and if a credit trading mechanism is implemented, small-car 

manufacturers are even better off than without any regulation as the revenues from credit 

sales overcompensate the burdens inherent to the imposition of emissions standards. Yet each 

WBS also improves the situation of large-car manufacturers—in terms of absolute 

compliance costs—compared to uniform standards.290  

Note that in the optimum, the reduction costs of large-car and small-car manufacturers 

are not equal. In the optimum, both manufacturer types conduct the same percentage 

reduction in weight and in “others;” given their greater initial endowments with weight and 

“others,” this implies higher reduction costs per vehicle for large-car manufacturers compared 

to small-car manufacturers and to the average costs in the optimum.291  

 

                                                 
290 The adverse distributional effects that can happen to credit sellers under adaptable WBS by introducing 

trading are of minor importance here because (a) the individual market shares are relatively small and (b) weight 

reductions are a relatively expensive and therefore rarely used means of emissions abatement.  

291 Although the absolute costs per vehicle differ across different manufacturers, equal percentage reductions in 

weight and “others” guarantee equalized MAC.  
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Figure 4. Reduction Costs (RC) or Compliance Costs (CC) of Large-Car Manufacturers  

for Different Values of   

 

 

Figure 5. Reduction Costs (RC) or Compliance Costs (CC) of Small-Car Manufacturers  

for Different Values of   

 

 

Accordingly, with increasing values of  , the percentage reductions in emissions 

decrease for large-car manufacturers and increase for small-car manufacturers. As shown in 

Figure 6 and Figure 7, these changes in percentage reductions clearly vary less than the 

reduction costs for the different standard designs.  
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This is mainly because the convex shape of the reduction cost function amplifies the 

effect of different abatement efforts on the reduction costs; moreover, the expenses and 

revenues from credit purchase and sales, respectively, are important determinants of a 

manufacturer’s compliance costs in the case of tradable WBS. Given our parameter values, 

the allocation of emissions reduction efforts across manufacturer groups shows only small 

disparities among the different (nontradable) WBS designs. This is again due to the high 

costs of weight reductions, rendering them unattractive as a means of emissions abatement; 

thus, the emissions reduction requirements of small-car and large-car manufacturers are 

mainly determined by their initial endowments with weight and “others.” The manufacturer-

specific emissions reduction requirements are widely unaffected by the type of WBS (and the 

consequently chosen abatement strategies) as both manufacturer groups anyhow largely rely 

on reductions in “others.” 

For tradable WBS, the allocation of emissions reductions to manufacturer groups is 

close to the optimum. The deviation in overall abatement costs observed earlier is thus due to 

a suboptimal use of the different abatement option as inherent to distorting WBS. In the 

optimum, large-car manufacturers conduct a slightly higher percentage reduction of their 

emissions than small-car manufacturers. This is simply a mathematical implication of our 

baseline parameterization: if both manufacturer types conduct identical percentage reductions 

in weight and in “others,” the percentage reduction of the initial emissions will be greater for 

large-car manufacturers because of the identical baseline emissions (i.e., 0.90 L SB B ) in 

the denominator.292  

 

                                                 
292 Abstracting from the baseline emissions, small-car manufacturers would actually conduct a slightly greater 

percentage emissions reduction in the optimum: because they have a relatively larger endowment with “others,” 

that is, 
0 0 0 0

, , , ,/ /S o S w L o L wx x x x , small-car manufacturers ought to use their relatively greater scope for cheap 

emissions abatement by means of reducing “others.” 
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Figure 6. Percentage Emissions Reduction (ER) of Large-Car Manufacturers  

for Different Values of   

 

 

Figure 7. Percentage Emissions Reduction (ER) of Small-Car Manufacturers  

for Different Values of   

 

 

As yet, we mainly focused on cases in which w  . Hence, the weight-dependence 

of manufacturer-specific emissions targets lessens the attractiveness of weight reductions as 

means of emissions abatement, but manufacturers are not incentivized by WBS to 

intentionally increase their vehicles’ average weight for the purpose of relaxing their 

individual emissions targets. The latter would be the case if the regulator set w   or—in 

the case of adaptable WBS— (1 )i wMS   . Then, weight adjustments do not contribute to 
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a manufacturer’s compliance with the regulation by reducing its vehicles’ specific emissions; 

instead, their intended contribution to the compliance strategy is to affect the manufacturer’s 

emissions target: the slackening of the target exceeds the increase in emissions inherent to 

weight increases.293 

Suboptimally large values of   that incentivize weight increases as part of the 

manufacturers‘ compliance strategy may not only deteriorate the overall cost-effectiveness of 

the regulation, but they can even prevent achieving a market equilibrium in which the overall 

emissions target is met. First, this equilibrium will inevitably be missed if the manufacturers’ 

weight increases go along with an emissions increase that exceeds the emissions abated by 

means of reducing “others.” Then, the manufacturers’ compliance strategies actually increase 

the overall emissions. The cheaper weight adjustments and the larger their—relative—direct 

impact on emissions (i.e, w

o




), the lower the 
w




 will be that is required for this situation. 

Under fixed WBS, a manufacturers compliance strategy actually yields increasing emissions 

if it holds 
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   . Second, the regulation will have no 

equilibrium if the difference of the (maximum) emissions abatement by means of reducing 

“others” and the parallel emissions increase due to increasing vehicle weight does not suffice 

to achieve the targeted emissions reduction. For tradable fixed WBS, this situation is given if 
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   .294 

Nevertheless, for certain parameter constellations the optimal value of   for 

nontradable WBS may exceed w  (or / (1 )w iMS   for adaptable WBS). Obviously, a 

regulation that incentivizes weight increases, thereby rising costs as well as emissions, cannot 

be overall optimal, but WBS employing such values of   can still (clearly) outperform 

uniform standards. This may be the case if (a) the chosen reference attribute is a good 

                                                 
293 As shown in the model section, some effects of—particularly tradable—WBS based on current weight that 

are related to the (perceived) impact of   on the allocation of manufacturer-specific abatement efforts, and that 

influence the overall cost-effectiveness as well as the distributional consequences of the regulation, are reversed 

if it holds 
w   or, in the case of adaptable WBS, (1 )i wMS   . 

294 To get the maximum emissions abatement for this type of regulation, we set 1twf

o   and 

( )twf w o
w

o w

  


 


 , abstracting from technical limits on weight reductions. 

For nontradable and adaptable WBS, we have to differentiate for different manufacturer types that vary in 

individual market shares and relative endowments with weight and others.” Yet the basic logic remains the 

same. 
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indicator for a manufacturer’s initial emissions (or rather its MAC) and (b) adjusting the 

attribute itself is generally of minor importance as means of emissions abatement; the latter 

holds true if (a) the attribute is very costly to alter (high k ) and (b) it has only a weak direct 

own impact on the vehicle’s emissions (low k ). A high k  and a low k  ensure—even if 

k  — that the reference attribute will be increased only very modestly to relax a 

manufacturer’s emissions target, and that this modest increase will not lead to a significant 

increase in emissions which needs to be offset through substantially greater emissions 

reduction efforts by means of other abatement options.  

As the results from our baseline parameterization (see Figure 3) already suggest, for 

vehicle weight as reference attribute, the optimal value of   that minimizes the regulation’s 

overall compliance costs will not exceed w  because the weight’s impact on a vehicle’s 

emissions is too strong.295 For other potential reference attributes, however, it may well be 

the case that   exceeds their respective k . The following sensitivity analysis will discuss 

in more detail, among others, the crucial impacts of cost factors ( k ) and emission factors (

k ) on the performance of WBS and the optimal value of  .  

 

6.3 Sensitivity Analysis 

In this section, we explore how sensitively the performance of the different LDV 

efficiency standard types and their rank order responds to changes in the structural 

parameters. Beyond numerically demonstrating the effects of changing parameter values, we 

systematically discuss their impacts on the relative performance of different standard designs. 

Thus, the scope of the following analysis actually reaches beyond the scope of a usual 

sensitivity analysis that merely examines rather small parameter variations. 

 

6.3.1 Heterogeneity in Weight 

Starting from the values of our baseline parameterization, we now manipulate 

heterogeneity in the weight parameter, 
0

,i wx . Figure 8 plots the overall average costs of the 

different standard designs (relative to the optimum) as a function of large-car manufacturers’ 

initial weight endowment, 
0

,L wx . We set the values of   to those which minimize costs for 

                                                 
295 Accordingly, most of the following sensitivity analysis—unless explicitly noted otherwise—deals with 

parameter constellations in which 
w  . 
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each WBS scenario, given the baseline weight and “others” parameters (i.e., we do not 

reoptimize it).296 

 

Figure 8. Overall Abatement Costs for Different Values of 
0

,L wx  

 

 

We see that uniform standards and WBS reach their respective cost minima when 

there is almost no weight heterogeneity.297 Because of the remaining heterogeneity in 

“others,” large-car manufacturers have slightly higher initial emissions and therefore face 

greater emissions abatement requirements, both with uniform standards and with WBS. 

Given our parameter values, the required emissions abatement is achieved to the greatest 

extent by reductions in “others;” both manufacturer types will cut back ,i ox  almost to zero, 

thereby entirely neutralizing the initial difference in emissions abatement requirements. 

Hence, the percentage reductions in weight and in “others” are (almost) the same for large-

car and small-car manufacturers if there is no heterogeneity in the initial weight endowments.  

Deviations from the homogeneous weight distribution (in both directions) will 

consequently lead to higher overall costs, leaving the manufacturer type having greater initial 

weight with higher (marginal) abatement costs. This cost increase is steeper for uniform 

                                                 
296 For the tradable fixed WBS and adaptable WBS, we apply the values of   that are optimal for the 

nontradable fixed WBS and adaptable WBS, respectively. Obviously, 0  is optimal for all tradable standards 

as it enables replication of the optimum.  

297 Because of the distortion of the manufacturers’s abatement strategy inherent in the WBS, only uniform 

standards can replicate the optimum. 
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standards than for WBS because uniform standards do not provide for a mechanism that 

attenuates the rising discrepancies in emissions reduction requirements. Furthermore, the 

distortion of the abatement decision inherent to WBS causes only modest negative 

consequences as weight reductions are relatively expensive and therefore of minor 

importance for manufacturers’ abatement strategies. Thus, WBS make up for their 

disadvantage stemming from the distortion relatively quickly and become the superior 

standard for a wide range of weight distributions. Introducing tradability to any type of WBS 

leads to costs nearly equal to the minimum costs for the respective type of standard, 

independent of the degree of heterogeneity; trading ensures an efficient allocation of 

reduction efforts, irrespective of initial baseline values. Because of the relatively low 

importance of the distortion, the cost minima of fixed and adaptable WBS are very similar. 

Historical WBS feature close-to-optimal costs independent of the distribution of the initial 

vehicle weights. This is due to (a) the high value of   that almost entirely offsets any 

existing weight disparities, thereby resembling the same allocation of abatement obligations 

as in the case of a homogeneous weight distribution, and (b) the minor use of weight 

reductions as means of emissions abatement. 

 

Figure 9. Overall Abatement Costs for Different Values of 
0

,L wx  ( 3,000w  ) 

 

 

In Figure 9, we consider the case in which weight reductions are achievable at lower 

costs than in our baseline parameterization; i.e., we set 3,000w  . First, we can see that all 

WBS clearly perform worse than with our baseline cost parameters. Weight reductions are 

now a cost-effective means of emissions abatement; thus, the distortion of the abatement 

decision inherent to WBS is more significant. The preset values of   for the different WBS 
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are too high for the new cost structure. In consequence, uniform standards are preferable to 

WBS over a wider range of weight distributions until the weight heterogeneity increases to 

sufficiently extreme values. 

The weight distribution minimizing the overall abatement costs of uniform standards 

ensures that the initial emissions, and therefore the abatement requirements, are almost equal 

across manufacturers: as both abatement options have similar cost structures, equalized 

emissions reduction obligations bring about an equalization of the MAC.298 The degree of 

heterogeneity, which is optimal for uniform standards, is not sufficient for the (nontradable) 

WBS to achieve the cost-minimizing allocation of emissions targets. Given the too-large 

values of  , a greater weight heterogeneity is required to offset the leveling effect of   on 

the assigned emissions abatement targets.299 Assuming 3,000w  , historical WBS are also 

sensitive to changes in the initial weight distribution across manufacturers. With weight 

reductions as a cost-effective means of emissions abatement, manufacturers with relatively 

high initial weight should—all else being equal—contribute a greater share to the overall 

abatement effort; yet this is inhibited by the large wbh .  

Setting 3,000w  , we can also observe an exemplary case where introducing 

tradability to WBS (except for historical WBS, of course) may have adverse consequences. If 

the weight heterogeneity is close to the level minimizing the costs of nontradable WBS, 

implementing a trading option results in higher overall compliance costs. So-called large-car 

manufacturers, which now actually have lower initial emissions, would become net sellers of 

credits.300 As a result of their relatively low weight-to-“others” ratio (

0 0
,

0 0

,

L w w

L o o

x x

x x
 ), the share of 

physically cheaper weight reductions in the overall abatement mix decreases, thereby 

implying higher aggregate costs. In the case of adaptable WBS, moreover, we face a 

                                                 
298 A very detailed look would reveal that those manufacturers having greater initial weight in the cost 

minimum of uniform standards (here the “small-car” manufacturers) have to abate slightly more as weight 

reductions feature—with the new cost parameter—a slightly flatter sloper of their partial MAC curve than 

reductions of “others.” Recall that the partial MAC are determined by ,

,

k i k

i k

k

MAC
 


 . 

299 At the heterogeneity level that minimizes the cost of uniform standards, large-car manufacturers have to 

abate too much under WBS. An even lower weight of large-car manufacturers leads to decreasing costs of 

WBS: lower vehicle weight implies a stricter manufacturer-specific emissions target, but this is 

overcompensated by lower initial emissions as  w  . 

300 When the actual MAC are equalized across manufacturers—that is, in the WBS cost minimum—the 

perceived MAC of large-car manufacturers are lower than those of so-called small-car manufacturers because—

distorted—weight reductions have a lower share in their abatement strategy.  
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suboptimal extent of trading activities. As the credit sellers have larger individual market 

shares than the buyers, too much trading takes place, leading to even greater disparities in the 

(actual) MAC across manufacturers in the credit market equilibrium. 

 

Figure 10. Overall Abatement Costs for Different Values of 
0

,L wx  (  w  ) 

 

 

Finally, we suppose in Figure 10 that   is chosen to fully offset baseline emissions 

discrepancies due to varying weight endowments, w  , and w  is left at its parameterized 

value. In this case, the WBS are clearly less sensitive to that source of heterogeneity.301 

According to the large distortionary effect, weight differentials must be higher than in the 

baseline scenario for WBS to outperform uniform standards; if weight reductions were more 

competitive as a means of emissions abatement, the excess costs of distorting WBS would be 

even higher. The slightly descending slope of tradable as well as nontradable adaptable WBS 

is a result of the higher individual market shares of large-car manufacturers: facing a smaller 

distortion of their abatement choice, these manufacturers increase the overall use of weight 

reductions if their initial vehicle weight endowment grows.  

                                                 
301 If we choose 

w  , then historical WBS and fixed WBS imply constant emissions reduction targets that 

are determined only by the degree of heterogeneity in “others,” but are completely independent of weight-

induced differences in initial emissions. For fixed WBS, the overall abatement costs remain unaffected by 

different degrees of heterogeneity in intial endowments with weight, too, because weight reductions are entirely 

ruled out as means of emissions abatement due to the large  . 
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The negligible cost-reducing effect of trading, however, is attributable to another 

circumstance, namely the fact that both manufacturer types fully tap the abatement potentials 

yieldable from reducing “others.” If both manufacturer types reduce “others” to the 

maximum extent, such that , ,1 L o S o  ,302 then there is no scope for improvement by 

introducing trading. Yet, for larger values of o , trading makes a difference.  

To summarize, as shown in the theoretical section, the variance across manufacturers 

in the initial emissions, and thereby in the required emissions reductions, are of crucial 

importance for the relative efficiency of the different regulatory approaches. Under uniform 

standards, a high variance in initial emissions usually implies great differences in the MAC 

across manufacturers and therefore significant deviations of the aggregate costs from the 

social optimum. The introduction of variable manufacturer-specific standards based on 

vehicle weight can partially compensate for that. Thus, WBS regularly perform better, 

compared to uniform standards, with greater variance in initial emissions. Compared to the 

social optimum, however, WBS also perform worse if there is a greater variance in the initial 

emissions. Indeed, it normally holds true that the greater the variance in the initial emissions, 

the greater the optimal value of  , and consequently the distortionary effect, will be.303  

However, weight is not the only source of variance in initial emissions.  

 

6.3.2 Heterogeneity in Other Technologies 

The variance in initial emissions is determined by the variance in weight and in 

“others” (weighted with w  and o , respectively), and their covariance 
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or—as these values are widely empirically observable—rather  

                                                 
302According to the low value of 

o , the maximum emissions reduction achievable with fixed WBS is actually 

slightly less than 20 percent. 

303 Although this causal link between differences in the initial emissions across manufacturers and the 

performance of various emissions standard types usually pertains, it does not always necessarily hold true that, 

for example, equal initial emissions minimize the aggregate costs of a uniform standard (and render the optimal 

value of  equal to zero). If the relative initial values of weight and “others” and the weighted costs of the 

abatement options differ, that is, 
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 , equal initial emissions do not yield the social 

optimum with uniform standards. 
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If weight and “others” are (empirically)304 positively correlated, greater variance in 

weight, “others,” or both will necessarily lead to greater variance in the initial emissions, 

thereby favoring WBS over uniform standards.305 Conversely, if we find a negative 

correlation, then an increasing variance in “others” will support a uniform standard because 

an increased variance in “others” can decrease the overall variance in the required emissions 

reductions. 

Moreover, with a negative correlation, an increasing variance in “others” often 

supports the introduction of a uniform standard, even if the variance in the initial emissions is 

increased as well.306 In this case, it holds—as a result of the negative correlation—that the 

higher a manufacturer’s initial weight the lower its initial overall emissions. It is apparent 

then that a weight-based regulation that grants higher emissions targets for manufacturers 

producing heavier vehicles usually becomes less attractive.307 Although an increasing 

variance of “others” would then likely affect the efficiency of both regulatory approaches 

negatively, the efficiency loss is regularly greater for the WBS.  

We can observe these effects by varying the parameter 
0

,L ox  in Figure 11. If that 

source of heterogeneity is negatively correlated with weight-based heterogeneity, the uniform 

standard partially makes up its efficiency deficit. Yet for our numerical example, the effect is 

relatively weak and the rank order of different standard designs remains stable. That is 

mainly due to the weak impact of “others” on emissions, i.e., the low value of o , and the 

high costs of weight reductions: only a large negative covariance tends to balance the initial 

emissions,308 but with low initial values of “others,” large-car manufacturers would rely on 

expensive weight reduction to achieve their—under uniform standards, then almost 

                                                 
304 Recall that we abstract from physical interdependencies between weight and “others.” 

305 Compared to the social optimum, WBS also perform worse if there is a greater variance in initial emissions.  

306 With a negative correlation, an increasing variance in “others” may lead to an increasing variance in overall 

initial emissions in particular if “others” is the dominating determinant of the overall emissions.  

307 We abstract here from the opportunity to introduce a negative value for  . 

308 Note that, for a given variance in initial weights, a large negative covariance is the result of a negative 

correlation of weight and “others” combined with a large variance in initial values of “others.” Consequently, 

with a given heterogeneity in the manufacturers’ endowments with weight, an increase of the absolute value of 

the—negative—covariance requires a larger heterogeneity in the endowments with “others.” In other words, if 

the differences between each manufacturer’s initial (normalized) values of weight and “others” grow, the 

absolute value of the negative covariance increases, too. 
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equalized—emissions abatement obligation. Thus, with our baseline parameterization, 

uniform standards have a structural disadvantage through the heterogeneity in initial weight 

that cannot be compensated by varying the initial values of “others.” 

 

Figure 11. Overall Abatement Costs for Different Values of 
0

,L ox  

 

 

For a better illustration of the effect, we thus set 2.5o  in Figure 12. With a 

sufficiently negative covariance of weight and “others,” the uniform standard performs 

significantly better than any of the (nontradable) WBS. That is because the WBS is then a 

poor reflection of the actual heterogeneity in initial emissions. In the left domain of Figure 

12, historical WBS show the worst performance of all standard designs. This is due to the 

largest value of  ; if all (nontradable) WBS employed an identical  , historical WBS would 

perform better than both fixed and adaptable WBS.309  

If the heterogeneity in “others” already offset the MAC differences across 

manufacturers resulting from weight heterogeneity, further increasing heterogeneity in those 

other attributes raises again the costs of uniform standards relative to optimal standards.310 As 

                                                 
309 For a common value of  , historical WBS regularly perform better than fixed and adaptable WBS because 

of the absence of distortion in the abatement choice. This rank order may reverse only for very extreme 

parameter values (see section 5.5.3). 

310 Note that in the cost minimum of uniform standards, small-car manufacturers have significantly higher 

initial emissions and therefore more ambitious abatement obligations than large-car manufacturers: given 

expensive weight reductions, those manufacturers having cheaper abatement opportunities (that is, having larger 

initial endowments with “others”), have to abate more to minimize the overall costs. 
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with the cost minimum of uniform standards, the point at which uniform standards and WBS 

intersect is also highly dependent on the cost parameters: if weight reductions were cheaper, 

the intersection would occur at a lower absolute value of the negative covariance (i.e., further 

right in the figure). 

 

Figure 12. Overall Abatement Cost for Different Values of 
0

,L ox  ( 2.5o ) 

 

 

The interplay between cost structure and heterogeneity in “others” is pictured in 

Figure 13. We now render weight reductions a more cost-effective abatement alternative by 

assuming 15,000w  ; and “others” remains a minor determinant of a manufacturer’s 

emissions, 0.67o . Although weight reductions continue to be the more expensive 

abatement option, they will play a greater role in manufacturers’ abatement strategies. Hence, 

the convergence of initial emissions and abatement requirements inherent to a negative 

correlation now has a stronger impact on the relative favorability of the different standard 

designs, and uniform standards outperform WBS at moderate levels of negative 

covariance.311  

 

                                                 
311 Of course, in addition to the negative correlation of weight and “others,” the suboptimal values of   also 

contribute to this reversal of relative favorability. Given the negative correlation as well as the lower costs of 

weight reductions (increasing their importance as means of emissions abatement), our chosen values of   for 

the different WBS are too large. 
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Figure 13. Overall Abatement Costs for Different Values of 
0

,L ox  ( 15,000w  ) 

 

 

Besides the relative favorability of uniform standards and WBS, the type of 

correlation between weight and “others” has implications for the consequences of introducing 

trading to (distorting) WBS. As shown in the theoretical section (and indirectly visible in 

Figure 13), the differences in the actual MAC across manufacturers are the greatest in the 

credit market equilibrium if the initial values of weight and “others” show a negative 

correlation. Furthermore, the performance of nontradable WBS—compared to optimal 

standards—regularly improves up to a certain, parameter-dependent, level of negative 

covariance. Thus, a negative correlation increases, by tendency, the probability that the 

introduction of trading worsens the efficiency properties of (distorting) WBS.312  

As also suggested by our baseline parameters, a positive—or at least a nonnegative—

correlation seems more likely than a negative correlation of the emissions-determining 

vehicle attributes.313 Therefore, under most circumstances, high heterogeneity of 

                                                 
312 The left fringe of Figure 13 shows such a constellation—that is, a significant negative covariance—where 

trading would deteriorate the cost-efficiency of both fixed and adaptable WBS. Yet, because many emissions-

relevant attributes often show a positive correlation (as in our baseline parameters)—and because dominance of 

the first effect is rather improbable—the introduction of a credit trading option will, in most cases, improve the 

efficiency of the regulation. 

313 Given that we consider only two different types of manufacturers for our numerical simulation, the empirical 

correlation coefficient of 
0

,i wx  and 
0

,i ox  can obviously only take the values 1, 0, or -1. Nevertheless, our 

deliberations regarding the impact of the correlation between the initial endowments with weight and “others” 

are also applicable to cases of more different manufacturers and less extreme values of the correlation 

coefficient as long as the correlation remains significant. 
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manufacturers in the market to be regulated is more likely to offer support for (tradable) 

WBS than for uniform standards.  

The distributional implications of the correlation between vehicle weight and “others” 

are straightforward. Obviously, if 
0

,i wx  is held constant for all manufacturers, those 

manufacturers benefit, whose initial endowments with “others” (and thereby their initial 

emissions) decrease. Assuming that the initial emissions remain constant—that is, only their 

composition in terms of weight- and “others”-induced emissions differs—a decreasing 

covariance implies for all WBS a shift of abatement requirements from heavy-weight to light-

weight vehicle manufacturers. Hence, those manufacturers having greater initial weight 

would normally benefit from a decreasing covariance through relaxed manufacturer-specific 

emissions targets.314 

 

6.3.3 Reduction Target 

If the initial endowments with weight and “others” are positively correlated, the 

influence of the overall emissions reduction target on the aggregate compliance costs and on 

the cost distribution across manufacturers is straightforward. With uniform standards, the 

smaller the overall reduction target, the greater the relative disparities of individual targets 

will be. The ratio of manufacturer-specific abatement obligations will clearly exceed the 

ratios of initial endowments with weight and “others:” 
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resulting cross-manufacturer disparities in percentage reductions of weight and “others” lead 

to (a) excess costs compared to the social optimum, which requires equal percentage 

reductions across manufacturers, and (b) an imbalanced cost distribution disadvantaging 

those manufacturers with greater initial emissions. Thus, the relative cost difference between 

the optimum and a uniform standard monotonically increases with the emissions target  315; 

in other words, the less ambitious the target, the greater the relative cost difference will be. 

Conversely, as the average reduction target becomes more stringent (moving to the left in 

                                                 
314 This effect of a changing correlation and covariance on the cost distribution holds true unless reductions of 

“others” are clearly cheaper than weight reductions and   is small. In such a situation, the possibility of cheap 

emissions abatement by means of reducing “others,” provided by the relatively high initial endowment, may 

outweigh the stricter emissions target of manufacturers of light-weight vehicles.  

315 Recall that   is defined as the emissions target relative to the initial overall emissions level: 
0

E

E
  . That 

is, the larger  , the smaller the required emissions reduction will be. 
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Figure 14), the disparities in required percentage reductions of weight and “others” get 

smaller.316 

In the first instance, the same applies to WBS as they are basically uniform standards 

complemented by a weight-based component. Also with WBS, greater (initial) vehicle weight 

implies stricter manufacturer-specific abatement requirements unless w  . With only very 

modest overall emissions targets and heterogeneous manufacturers, the relative disparities in 

required emissions reductions are high; to mitigate these disparities, a large   would be 

necessary, but this comes at the cost of considerably distorting manufacturers’ abatement 

decisions. Hence, it also holds for standards based on current weight that their relative excess 

costs compared to the optimum, as well as the respective cost-minimizing  , decrease with 

the stringency of the emissions target.  

For historical standards it holds true, too, that the optimal   decreases with the 

ambition of the reduction target. But in the case of a fixed   (that is optimized for a certain 

value of  ), the excess costs—compared to the optimum—of this kind of standard increase if 

the emissions target is varied in either direction. The constant absolute differences in 

manufacturer-specific emissions targets provided by historical WBS become inappropriate 

for tightened standards. With more ambitious abatement targets, the optimal manufacturer-

specific emissions targets tend to converge; the fixed wbh  does not (sufficiently) account for 

the requirement to narrow the gap between the manufacturer-specific absolute emissions 

targets. For values of η below the baseline target (i.e., 0.8 ) we optimized wbh  for, it 

would be cheaper if large-car manufacturers abated more than they actually do with the 

preset, too-large, value of wbh , and vice versa. For such more ambitious emissions targets, 

the percentage reductions in weight and “others” of small-car manufacturers exceed those of 

large-car manufacturers. In consequence, as both standard types leave the abatement choice 

undistorted, historical WBS intersect with uniform standards when their allocation of 

emissions targets entails greater differences in the percentage reductions than do uniform 

standards. 

The effect described above does not apply to WBS based on current weight: a tighter 

overall emissions target requires the intensified use of weight reductions as a means of 

emissions abatement, implying that the differentiation of targets across manufacturers 

diminishes and the absolute emissions targets tend to converge. Thus, the allocation of 

                                                 
316 Regarding the absolute cost difference between uniform and optimal standards, the effect of tightened targets 

is ambiguous. At first, the absolute difference rises with stricter targets as the general absolute compliance cost 

levels increase; however, with sufficiently ambitious emissions targets, there comes a point where the declining 

relative cost difference outweighs the still-rising absolute compliance cost levels, and the abatement cost gap 

begins to shrink. 
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abatement efforts automatically adjusts to changes in E . For a given  , the excess costs are 

increasingly determined by the persisting distortion if the overall emissions target is tightened 

(i.e., the value of   decreases). In consequence, for sufficiently ambitious overall reduction 

targets, the distortionary effect of WBS based on current weight may outweigh the effect of a 

better harmonized allocation of required emissions reductions, rendering them less efficient 

than uniform standards.317Assuming constantly optimally adjusted values of  , the 

efficiency gap between uniform standards and WBS based on current weight will narrow 

with stricter targets, but WBS will always remain preferable. In short, for the range of 

reasonable emissions targets, tightened emissions standards tend to improve the relative cost-

effectiveness of uniform standards compared to (distorting) WBS—irrespective of whether 

  is adjusted or not.  

 

Figure 14. Overall Abatement Costs for Different Values of   

 

 

Figure 15 highlights the distributional implications of the level of ambition in CO2 

abatement by showing the relative compliance costs of large-car and small-car manufacturers. 

                                                 
317 After all, for ever-rising ambition of the targeted emissions abatement, the overall abatement costs and the 

cross-manufacturer cost distribution of uniform standards and WBS will converge and finally coincide: as soon 

as the potential for either weight reductions or reductions of “others” is fully exploited, i.e., 
, 1wb

i w i    or 

, 1wb

i o i   , the distortion disappears for additional abatement effort because only one abatement option 

remains. Moreover, with only one source of emissions left, manufacturer-specific emissions targets are 

necessarily equalized in the market equilibrium under both uniform standards and WBS (unless w  ). 
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As mentioned above, large-car manufacturers should bear higher costs per vehicle in the 

optimum as their abatement efforts yield higher emissions savings per dollar or Euro 

invested. The optimal cost ratio between the different manufacturer types remains constant, 

implying increasing absolute cost differences for rising levels of abatement ambition. With 

uniform standards, this optimal spread is clearly exceeded: having no weight-based 

component balancing the abatement obligations, uniform standards occasion considerably 

higher costs for large-car manufacturers. Like the overall abatement costs, the relative 

distributional disparities are greater with less ambitious aggregate emissions targets. With 

WBS, this general pattern persists, but WBS smooth the distributional disparities as they aim 

to level the manufacturer-specific abatement requirements. Despite the weight component, 

those manufacturers with higher initial emissions will still bear a larger fraction of the overall 

compliance costs than with an optimal reduction cost distribution. 

Again, we see a different picture for historical WBS. If   is too large for a certain  , 

the harmonization of abatement efforts (in terms of emissions units) may “go over the top” 

and relieve large-car manufacturers too much from their reduction burdens. This is due to the 

missing implicit adjustment of the differentiation of emissions targets subsequent to increased 

emissions abatement by means of weight reductions. Thus, the cost distribution of standards 

based on past weight intersects with the optimal cost distribution at the value of   for which 

wbh  was optimized. 

The distributional impact of the fleetwide emissions target is determined not only by 

the relative differences, but also by the absolute differences in compliance costs across 

manufacturers. For weak targets, the relative disparities may be substantial, whereas the 

absolute differences in cost burden are rather small. With regards to the absolute differences 

in costs borne by different manufacturer types, Figure 16 shows that the difference 

continuously increases with more ambitious emissions targets for uniform standards as well 

as WBS based on current weight, contrary to the relative disparities.318 Only historical WBS 

show a decreasing gap for stricter emissions targets, eventually burdening large-car 

manufacturers with lower absolute costs per vehicle. 

                                                 
318 Given our 

iMAC  functions that are linear in 
,i k , the constant difference in absolute emissions abatement 

requirements inherent to uniform standards implies a positive, concave slope of the absolute cost difference with 

increasing abatement ambition. The same holds true for WBS based on current weight that feature—due to the 

diminishing gap in vehicle weight—growing cross-manufacturer differences in the absolute abatement 

requirements. 
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Figure 15. Relative Costs of Large-Car and Small-Car Manufacturers  

for Different Values of   

 

 

Figure 16. Absolute Cost Difference (in Dollar) between Large-Car and Small-Car 

Manufacturers for Different Values of   

 

 

If the initial values of weight and “others” are negatively correlated, we observe two 

effects that may work in oppositional directions. First, we have the required abatement as a 

percentage reduction of the initial emissions. By tendency, it holds that the more similar 

manufacturers’ required percentage emissions reductions are, the better the overall relative 

performance—compared to optimal and historical standards—of uniform standards (and 
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WBS based on current weight) will be. An equal distribution of percentage abatement efforts 

usually implies similar MAC across manufacturers. Thus, more ambitious emissions targets 

would improve the relative cost-efficiency of these regulatory approaches as the required 

percentage emissions reductions converge.  

Second, those manufacturers with higher initial emissions often feature a flatter MAC 

function. Graphically shown in Figure 17, this means that their MAC curve intersects the 

abscissa further right than the MAC curve of manufacturers with lower initial emissions, but 

rises more weakly afterwards (i.e., with more stringent fleetwide emissions targets).319 Given 

a negative correlation, the second effect could potentially outweigh the first effect so that, at 

some point, the MAC curves of the different manufacturer types may intersect. This 

constellation can occur only if the manufacturer type with higher initial emissions 

simultaneously has a greater initial endowment with vehicle attributes that allow relatively 

cheap emissions abatement and a lower endowment with the attributes that are more 

expensive to adjust.320 For the following figures (17, 18, 19), we modified several parameter 

values to illustrate such a constellation. “Small-car manufacturers” now have higher initial 

emissions, but they also have a greater scope for cheap emissions abatement by means of 

reducing “others” as a result of their higher initial endowment with “others.” Given these 

modified parameter values, uniform standards yield, for a wide range of fleetwide emissions 

targets, market equilibria in which those manufacturers with higher initial emissions have 

lower MAC.  

 

                                                 
319 Note that Figure 17 plots the MAC as a function of  . For distorting WBS, the slopes of the curves in 

Figure 17 can deviate from the slopes of the MAC curves dependent on 
iE because of differences across 

manufactures in the marginal emissions reduction subsequent to a tightening of the fleetwide emissions target—

i.e., 




iE

E
. 

320 Although manufacturers with greater initial emissions also feature a flatter MAC function in case of a 

positive empirical correlation of weight and “others,” it will not intersect the MAC curve of manufacturers with 

lower initial emissions for any value of  . The MAC of the former manufacturers will always exceed the MAC 

of the latter manufacturers. 
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Figure 17. MAC for Different Values of   

(
0 0

, ,0.6; 1.2; 1.2; 0.8; 2.4; 2.6; 5,000; 1,000wbf wba L w L o w o w ox x             ) 

 

Notes: u, uniform standards; wbf, fixed WBS; wba, adaptable WBS. 

 

Whether and where the MAC curves of different manufacturers intersect depends on 

the relative strength of the two effects (that is, the abscissa intersections and the slopes of the 

MAC curves). The emissions reduction target crucially influences the relative importance of 

both effects: the more ambitious the fleetwide target  , the greater the relative importance of 

the latter effect will be.321 For WBS, the strength of the weight component in the limit value 

function plays an important role, too, because   determines the value of   where the MAC 

curve intersects the abscissa (that is, the level of ambition where the reduction targets become 

binding). Given the differing values of   for fixed and adaptable WBS, the respective MAC 

curves of large- and small-car manufacturers intersect at different levels of ambition in Figure 

17.  

What are the resulting implications of a negative correlation with regards to the 

overall efficiency and the cross-manufacturer cost distribution of the different standard 

designs? As seen earlier, the relative excess costs (compared to optimal standards) and the 

                                                 
321 This holds true as long as the cheaper abatement option is not fully exploited—that is, as long as 

max

, , 1i o i o i     in our example. If both manufacturer types rely on the more expensive abatement option—

here, weight reductions—the MAC gap narrows again due to the greater intial weight of large-car 

manufacturers, implying flatter partial MAC. The MAC curves have a kink at this point. Eventually, at the 

maximum feasible emissions reduction, the MAC curves meet again. 
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distributional inequity of uniform standards monotonically increase with rising   if weight 

and “others” are positively correlated, calling for a balancing mechanism to relieve 

manufacturers with high initial emissions. Uniform standards and WBS based on current 

weight cannot achieve optimal results unless all manufacturers exploit all available abatement 

options to the maximum extent, , 1 , i k i k . Apparently, this is not the case anymore with a 

negative correlation. Intersecting MAC curves indicate the existence of further (local) 

minima of the overall abatement costs relative to the optimum. Given our simulation model 

with only two manufacturer types, for uniform standards the intersection of the MAC curves 

bookmarks replication of optimal standards; for WBS based on current weight, we only find 

local minima in Figure 18, as the efficiency-deteriorating effect of the distorted abatement 

decision remains. The effect of varying levels of overall abatement ambition on the relative 

performance of uniform standards as well as WBS compared to optimal standards is 

ambiguous now; it depends on which of the two effects mentioned before dominates—in 

other words, graphically spoken, whether we are at the right or left of a potential (local) 

minimum.322 

Interestingly, comparing uniform and (fixed) WBS based on current weight, we may 

observe a threefold reversal of the relative favorability. At the right fringe, WBS are clearly 

more expensive as they further amplify the vast (relative) disparity in required emissions 

reductions, and the first effect dominates. With more ambitious targets, uniform standards 

level the required relative emissions reductions more than would be optimal (in the optimum, 

small-car manufacturers should abate more according to their lower MAC), and the second 

effect dominates. By maintaining a differentiation of abatement efforts, WBS facilitate a 

convergence of the percentage reductions in weight and “others,”323 thereby outperforming 

uniform standards. Yet, with further rising abatement ambition, uniform standards catch up 

again because the distortion of the abatement decision gains in importance relative to the 

allocation of abatement efforts across manufacturers. Finally, as   approaches the maximum 

technically feasible abatement level, WBS (based on current weight) and uniform standards 

will completely coincide. As soon as “others” is maximally reduced, such that , 1 wbs

i o i , 

the distortion of the abatement decision becomes irrelevant because only one abatement 

option (weight reduction) remains available; furthermore, because the remaining emissions 

                                                 
322 In Figure 18, the first effect described above clearly dominates for historical standards. This is due to the 

significant suboptimal differentiation of reduction targets that will not even be attenuated by an intensified use 

of weight reductions as means of emissions abatement. 

323 Given the different initial endowments, an equalization of the percentage reductions in weight and “others” 

implies considerably diverging percentage emissions reductions as , , i o i w i  . 
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are entirely weight-induced, all manufacturers’ necessarily face the same absolute emissions 

target. Eventually (and hardly policy-relevant), both kinds of standards will hit the optimum 

at the maximum feasible emissions reduction, but this is irrespective of the correlation of 

vehicle attributes.324 

 

Figure 18. Overall Abatement Costs for Different Values of   

(
0 0

, ,0.6; 1.2; 1.2; 0.8; 2.4; 2.6; 5,000; 1,000wbf wba L w L o w o w ox x             ) 

 

 

Analogously, the distribution of compliance costs across manufacturers is also highly 

dependent on the targeted overall emissions reduction. If   is large enough that it is hardly 

binding for some manufacturers under uniform standards, those manufacturers with higher 

initial emissions—in Figure 19 “small-car manufacturers”—will obviously bear considerably 

higher costs than the first group of manufacturers. For rising levels of mitigation ambition, 

the small-car manufacturers’ greater scope for cheap emissions abatement by reducing 

“others” gains in importance, triggering a reversal of the relative burdens to be borne. 

Basically, the same mechanism applies to WBS, but the weight component increases the 

disparities in manufacturer-specific abatement requirements, thereby alleviating the latter 

catch-up effect. Finally, for ever-stricter emissions targets, the compliance cost distribution 

will converge towards the optimum again.  

                                                 
324 In the range of   where uniform standards and WBS based on current weight coincide, excess costs relative 

to the optimum are caused by the diverging initial weight endowments across manufacturers, implying

, ,L w S w  . 
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Figure 19. Relative Costs of Large-Car and Small-Car Manufacturers for Different Values  

of   (
0 0

, ,0.6; 1.2; 1.2; 0.8; 2.4; 2.6; 5,000; 1,000wbf wba L w L o w o w ox x             ) 

 

 

6.3.4 Emissions Factors  

The parameters w  and o  determine the contribution of weight and “others,” 

respectively, to emissions, and have an important impact on the rank-order of the different 

policy designs. If w  exceeds o , then weight is the stronger driver of emissions; on the other 

hand, this often goes along with a relatively high importance of weight reduction as a means 

of emissions mitigation.325 The effect on relative policy performance of a changing w o   

ratio is not unambiguous, however, so we have to make a case differentiation again.  

If there is a positive empirical correlation between the initial values of weight and 

“others,” then the WBS tend to perform better, the smaller w o   is. A low value of w  

implies that weight reduction is of minor importance for reaching the emissions target; thus, 

the WBS-induced distortion of the manufacturers’ abatement decisions has only a relatively 

                                                 
325 Recall that the average values of weight and “others” are normalized to 1, and that 

w  and o  are adjusted 

accordingly. 

We may note at this point that the emissions factor of weight reductions, 
w , is realistically interrelated with 

other emissions-determining vehicle attributes, in particular the efficiency of the vehicle’s drivetrain. Knowing 

that vehicle weight influences a vehicle’s specific emissions by being a determinant of its rolling, acceleration, 

and gradient resistance, it holds: the higher the drivetrain’s efficiency, the lower the emissions savings attainable 

per reduced unit of weight (lb or kg). Nonetheless, in the following analysis, we can widely disregard such 

interrelations, without compromising our general results. 
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weak impact on the overall reduction costs. The positive correlation between the initial values 

of weight and of “others” ensures that the weight-based component in the limit value curve 

can also capture disparities in the initial values of “others.” Consequently, the weight 

component is relatively effective in capturing differences in the initial emissions and in 

balancing the required emissions reductions, but the efficiency losses due to a distortion of 

the abatement decision are relatively small. As long as w  , however, the differentiation 

of manufacturer-specific emission targets is more restricted by a relatively low value of w . 

If the initial values of weight and “others” are negatively correlated, we observe 

contrary effects. In this case, a manufacturer’s weight is not necessarily an indicator of its 

overall initial emissions. Higher weight-caused emissions may be offset (or even 

overcompensated) by lower values of “others.” In this case, WBS may grant less ambitious 

targets to manufacturers with relatively low emissions, leading to excessive overall abatement 

costs. This effect is particularly relevant if w o   is small—in other words, if vehicle 

characteristics other than weight are the main driver of vehicle emissions. Conversely, if 

weight is by far the dominating determinant of the vehicles’ emissions (i.e., w o   is very 

high), then the negative correlation is less important. The emissions are then primarily caused 

by vehicle weight, such that a weight component in the limit value function can still bring 

about abatement cost savings. However, the implicit reliance on weight reductions to achieve 

the required emissions reduction can considerably curtail the effective differentiation of 

manufacturer-specific emissions targets in the equilibrium of WBS based on current weight.  

For most emissions-relevant vehicle attributes, it holds that they are positively 

correlated or do not show a correlation at all.326 Consequently, attribute-based standards tend 

to achieve a higher overall efficiency if the reference parameter is a good empirical indicator 

of a vehicle’s emissions but is not the crucial lever for reaching the abatement targets. 

 

                                                 
326 Still, there are some emissions-relevant vehicle attributes that may rather show a negative empirical 

correlation. For instance, some advanced—fuel saving—technologies can be found particularly in more 

expensive top-of-the-range vehicles, being heavier and in aggregate more emissions-intensive.  
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Figure 20. Overall Abatement Costs for Different Values of o  

 

 

Figure 20 shows how the relative excess costs of WBS (compared to optimal 

standards) decrease with rising values of o . This is mainly due to the diminishing impact of 

the distortion of the manufacturers’ abatement decisions: given our cost factors, with 

increasing values of o  adjustment of “others” becomes the by far preferred abatement 

option. We also observe, however, that the excess costs of all nontradable WBS start to rise 

again after reaching their respective minimum, which is located at values of o  larger than the 

baseline value of o .327 This turnaround is a consequence of the unchanged values of  . 

With further rising emissions impact of “others,” our   values do not suffice anymore to 

balance the required emissions reductions across manufacturers; given the positive 

correlation between weight and “others,” large-car manufacturers have to abate too much. 

Thus, the convex slope for the (nontradable) WBS is caused by a rapidly diminishing effect 

of the distortion and increasingly inappropriate emissions targets. For ever-rising values of  

o , nontradable WBS will converge towards uniform standards:328 (a) the disparities in 

manufacturer-specific required percentage reductions of their initial emissions grow—and 

                                                 
327 For historical WBS, the minimum is reached exactly at the baseline value of 

o ; as 
wbh  was set to replicate 

the cost-minimizing allocation of manufacturer-specific emissions targets, any deviation from the baseline 

parameter values implies excess costs compared to the optimum.  

328 The modest increase of the overall abatement costs of uniform standards with rising values of 
o , by the 

way, is a result of the diminishing share of baseline emissions, 
iB  , in the manufacturers’ overall initial 

emissions: for a constant value of  , this implies decreasing percentage reductions in weight and “others,” but 

increasing disparities in these percentage reductions across manufacturers. 
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finally approximate those of uniform standards—because the weight-based differentiation 

mechanism captures less and less of the increasing (absolute) differences in initial emissions 

across manufacturers; (b) the abatement decisions are hardly distorted anymore for any type 

of standard. For high values of o , the almost negligible influence of the distortion is also 

emphasized by the fact that tradable WBS reach overall costs close to the optimum then.329  

In Figure 20, we observed a worsening overall performance of nontradable WBS—

relative to optimal as well as uniform standards—for ever-decreasing ratios of w o   

because the weight-based differentiation of manufacturer-specific emissions targets becomes 

increasingly ineffective. However, these results rest on a constant value of   that prevents 

any weight increase by the manufacturers for the purpose of complying with the regulation, 

that is, w  . Given a strong positive empirical correlation of the initial endowments with 

weight and “others", a decreasing ratio of w o   always supports the cost-efficiency of 

(nontradable) WBS if   is adjusted in an optimal manner. These optimized values of   may 

exceed w , in particular if the vehicle weight is expensive to change. Then, the cost-

decreasing effect of a more appropriate allocation of manufacturer-specific emissions targets 

outweighs the costs of an increased distortionary effect inherent to larger values of  .330 We 

will get back to the issue of choosing an appropriate reference parameter for attribute-based 

standards at the end of the following subsection on cost factors.  

Here we did not explicitly discuss the great impact of emissions factors on the partial 

MAC of the different abatement options: it holds that the greater the emissions factor, the 

lower the MAC will be. The consequences resulting thereof are also implicitly described in 

the next subsection.  

 

6.3.5 Cost Factors 

The relative costs of the emissions abatement options have a crucial impact on the 

relative favorability of the different vehicle emissions standard designs. We find that the 

more expensive weight reductions are relative to the reduction of “others” (i.e., the larger 

/w o  ), the better WBS perform compared to uniform standards. As weight reduction 

                                                 
329 The appropriate allocation of manufacturer-specific abatement efforts is ensured by the trading mechanism, 

whereas  the distortion of the abatement decision becomes more and more meaningless,  

330 For vehicle weight as reference attribute, 
w   will hardly by efficient due to the strong physical impact 

of weight on a vehicle’s emissions. For the vehicle footprint as reference attribute, however, the optimal   may 

well exceed its physical emissions factor. See also section 7.3. 
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becomes relatively more expensive and therefore less important as a means of emissions 

abatement, the distortions of WBS also become less relevant; emissions abatement is mainly 

achieved by reduction of “others” anyway. Assuming dynamic adjustments of the value of   

to its respective optimum, this causal relationship—that greater ratios of /w o   improve the 

relative performance of WBS—is stable and monotonic: 
/

0
/

wb u

w o

AC AC
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For fixed values of  , however, the effects of a varying cost relationship, /w o  , 

are not so unambiguous. The relative cost difference between WBS (based on current weight) 

and both optimal and uniform standards does not necessarily monotonically decrease with 

increasing /w o   ratios. Often, the key source of excess costs of WBS based on current 

weight is the distortion of the abatement decision. Yet the impact of this distortion peaks at a 

certain cost ratio and diminishes again for smaller values of w . For a given  , this peak is 

reached at a ratio /w o   where the slopes of the MAC, as perceived by manufacturers, are 

equalized across abatement options. Hence, for any manufacturer i , the distortionary effect of 

WBS based on current weight reaches its maximum if it holds that 
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.331 

For even further falling costs of weight reduction, the distortion of the abatement decision 

inherent to WBS becomes less important again; despite the distortion, manufacturers will rely 

mainly on weight reductions as a means of emissions abatement because alternative 

abatement options are too expensive.  

 

                                                 
331 For fixed WBS, the value of 

iMS  is to be set equal to zero. 
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Figure 21. Overall Abatement Costs for Different Values of w  ( 1.5  wbf wba wbh   ) 

 

 

In Figure 21, we plot the overall abatement costs, relative to the optimum, for 

different values of the specific costs of weight reduction. For simplicity, we used a common 

value of the weight component in the limit value function for all WBS: 

1.5  wbf wba wbh   . We see that the relative excess costs of both types of tradable WBS 

actually peak at the respective value of w  where the slopes of the perceived partial MAC of 

weight reduction and reduction of “others” are equalized.332 Yet the relative costs continue to 

grow for (distorting) nontradable WBS with further decreasing costs of weight reduction. The 

cost mark-up of tradable WBS stems solely from the distorting effect of the weight 

component. For nontradable WBS, however, we face another source of inefficiency: the 

suboptimal allocation of emissions reduction efforts across manufacturers. The allocation of 

required abatement efforts is determined in the first instance by the initial emissions and is 

modified by the weight component; hence, there is a certain interaction with the distortion. If 

the value of   is not dynamically optimized, further falling costs of weight reductions 

(beyond the peak of the distortion) can trigger inefficiencies in the allocation of abatement 

                                                 
332 To be exact, the excess costs peak where the weighted sum of the distortionary effects peaks. As the 

different manufacturer types have different individual market shares and different initial weight-to-“others” 

ratios, 

00
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x x
, their respective maxima of the distortionary effect are reached at different—albeit 

similar—values of 
w . The different manufacturer-specific distortionary effects are to be weighted with the 

absolute distortion-induced magnitude of excess costs and the manufacturers’ respective market shares. In doing 

so, we also account for the effects of suboptimal trading activities. 
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obligations that overcompensate the cost decreases from a diminishing distortionary effect. 

Figure 21 provides an easily understood example of this effect.  

For a better illustration of this effect, let us consider the case in which weight 

reductions are a very cheap abatement option: manufacturers will therefore rely almost 

entirely on weight reductions to comply with their emissions targets. Yet their weight 

reductions tighten their specific standards, calling for further emissions abatement that is 

again achieved by weight reductions. The (almost) complete reliance on weight reductions as 

a means of emissions abatement leads the large-car manufacturers to reduce their vehicle 

weight below that of small-car manufacturers, which in turn implies stricter emissions targets 

for the large-car manufacturers than for the small-car manufacturers. Thus, large-car 

manufacturers with greater initial values of weight and “others”—and accordingly higher 

initial emissions—will have lower emissions than small-car manufacturers in the end. This, 

of course, cannot be efficient from a social perspective, necessarily causing excess aggregate 

compliance costs compared to uniform (and all other) standards. Note that this effect occurs 

only if large-car manufacturers also have initial values of “others” that are larger than those 

of small-car manufacturers. Hence, the distribution of initial values of “others,” or rather the 

empirical correlation of initial endowments with weight and “others,” is the crucial 

determinant of whether WBS perform better or worse than uniform standards in the case of 

very cheap weight reductions. The manufacturers with greater “others”-induced emissions 

will conduct weight reductions until they have a lower absolute vehicle weight to offset these 

emissions; consequently, they face stricter absolute emissions targets. In other words, the 

initial value of “others” determines the emissions targets: the greater the initial value of 

“others,” the lower the—equilibrium—emissions target will be under nontradable WBS 

based on current weight. If those manufacturers with higher (absolute) initial weight feature 

modestly lower (absolute) initial values of “others,” WBS are likely to perform better than 

uniform standards in the case of extremely cheap weight reductions.333 Figure 22 and Figure 

23 illustrate the described effect; for low values of w , small-car manufacturers have higher 

equilibrium emissions than large-car manufacturers. Generally, for a common value of  , we 

can assert that the costs of nontradable adaptable and fixed WBS converge for both extreme 

cost structures (i.e., either very small or very large /w o  ) due to the diminishing impact of 

the distortion of the choice between the different abatement options. 

                                                 
333 In the case of a large negative covariance of initial weight and “others,” manufacturers with low initial 

“others” may be relieved too much from emissions abatement requirements such that uniform standards are 

again the relatively more efficient standard design. WBS based on current weight may then feature larger cross-

manufacturer disparities in 
,i w  (and therefore in MAC) than uniform standards, although the relative cost 

burdens across manufacturers are reversed compared to the case of a positive empirical correlation. 
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Figure 22. Equilibrium Emissions of Large-Car Manufacturers for Different Values of w   

( 1.5  wbf wba wbh   ) 

 

Notes: The figure shows the equilibrium emissions in grams CO2 per vkm. 

 

Figure 23. Equilibrium Emissions of Small-Car Manufacturers for Different Values of w   

( 1.5  wbf wba wbh   ) 

 

Notes: The figure shows the equilibrium emissions in grams CO2 per vkm. 

 

It is also valuable to examine more deeply the implications of trading for different 

cost structures. Clearly, nontradable WBS regularly bring along diverging shadow prices 
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across manufacturers, not only in constellations such as the admittedly extreme case 

described above, but also for other, more realistic, constellations that imply suboptimal 

manufacturer-specific emissions reduction targets. The implementation of a trading option 

equalizes the shadow prices across manufacturers. Nevertheless, although tradable WBS 

equalize the shadow prices, they can still entail a misallocation of abatement efforts due to 

the distortion caused by the weight component of the standards.334  

In the section on tradable standards, we showed that introducing trading may lead to 

diverging MAC across manufacturers and thus a worsening of the overall cost-efficiency of 

WBS based on current weight. Yet for fixed WBS, this can happen only if the relative initial 

endowments with weight and “others” differ across manufacturers, 
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that trading changes the relative contribution of weight reductions and reductions of “others” 

to the overall emissions abatement. Furthermore, such differing initial endowments are solely 

a required, but not a sufficient, condition. A deteriorating effect of trading can occur (to a 

noticeable extent) only if the choice of the abatement strategy is fairly sensitive to differences 

in the relative endowments with weight and “others.” Thus, the probability that trading 

deteriorates fixed WBS is greatest for a cost structure that renders both abatement options 

competitive substitutes—that is, they have similar MAC slopes as perceived by 

manufacturers.335 In contrast, tradable fixed WBS nearly resemble optimal standards if one 

abatement option is clearly cheaper than the other, in which case the cheaper option will be 

used predominantly, independent of the initial endowments. Given such de facto absence of 

the distortion, a trading-induced shift in the overall contributions of weight reductions and 

reductions of “others” to reach the fleetwide emissions target will hardly occur; accordingly, 

deviations from the optimal allocation of abatement efforts disappear at both fringes of 

/w o  . Recalling that 
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, we see that the MAC 

converge for either very large or very small ratios of /w o  ; the distribution of initial weight 

                                                 
334 Note that the cost structure by itself is a determinant of the trading activity. In particular, in the case of a 

negative correlation between the initial values of weight and “others,” the relative costs of both abatement 

options may determine whether a manufacturer is a credit seller or buyer. The cheaper the reduction of the 

attribute of which a manufacturer has the higher endowment, the more likely that manufacturer is to become a 

credit seller. 

335 However, even if the cost structure and the relative endowments with weight and “others” lead to deviating 

MAC across manufacturers in the credit market equilibrium, trading will still improve the overall efficiency of 

the regulation if the allocation of abatement efforts prior to trading implies greater MAC differences.  
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and “others” endowments across manufacturers does not matter anymore for the 

manufacturer-specific MAC.336 

The above-mentioned potential source of inefficiencies resulting from trading is also 

inherent to tradable adaptable standards, but they face an additional potential source of 

inefficiencies that can change the rank order of the different standard designs. Because of 

manufacturers’ misperceptions of the actual impact of their trading activities on the aggregate 

average vehicle weight, and therefore their specific emissions target, they may conduct 

suboptimal credit trades. As shown in the theoretical section on tradable WBS, the existence 

of this problem is conditional on deviating market shares of the trading manufacturers.337 

With respect to the effects of cost structures, we face a trade-off between the impacts of 

suboptimal trading and the distortion of the abatement option choice. Although the impact of 

the distortion of the choice between different abatement options diminishes—after passing its 

peak—with ever-falling values of w , the potential problem of suboptimal trading 

continuously gains in importance. The cheaper weight reductions (i.e., the larger the share of 

weight reductions in the abatement mix), the larger is the influence of the biased cognition on 

the benefits of trading.  

Let us first regard the case in which weight reduction is an extremely expensive 

abatement option. Then a manufacturer’s biased perception of the influence of its own weight 

changes on the fleetwide average weight is widely meaningless because such weight changes 

hardly occur anyway as they are an economically unviable abatement strategy. As with 

tradable fixed standards, tradable adaptable standards resemble the optimum if reducing 

“others” is the cheap abatement option. However, at the other fringe—where weight 

reductions are very cheap—tradable adaptable standards may be less efficient than both 

nontradable adaptable WBS and tradable fixed WBS. In fact, tradable adaptable WBS must 

intersect tradable fixed WBS at sufficiently small values of w  if the market shares of the 

trading manufacturers deviate. With cheap weight reductions, the distortion of each 

manufacturer’s abatement choice between reducing “others” or weight again does not matter 

because all manufacturers heavily rely on reductions of the latter. Yet because of their 

                                                 
336 The excess costs of tradable fixed WBS displayed in Figure 21 stem almost solely from each manufacturer’s 

distorted choice between the available abatement options, but only to a negligible extrent from suboptimal 

trading activities. For any cost structure, fixed tradable WBS approximate the optimal cross-manufacturer 

allocation of emissions targets because (a) the trading mechanism cannot be distorted by differing individual 

market shares and (b) the (parameterized) relative initial endowments, 
0 0

, ,/i w i ox x , are similar for both 

manufacturer types. 

337 With tradable adaptable WBS, this kind of misallocation of abatement efforts will occur even if the 

manufacturers are identical in all respects except for their individual market share.  
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misperception, manufacturers with larger individual market shares abate too much, whereas 

those with relatively small market shares abate too little.338 These deviations from the optimal 

cross-manufacturer allocation of abatement efforts increase with the importance of weight 

reductions as a means of emissions abatement (i.e., decreasing values of w ); Figure 22 and 

Figure 23 show the growing gap between optimal manufacturer-specific emissions reductions 

and those conducted under tradable adaptable WBS.  

For most combinations of parameter values, the direct impacts of the distortion of the 

abatement choice dominate those of suboptimal trading activities. Given the weaker 

distortion of each manufacturer’s choice between different abatement options, tradable 

adaptable standards would then outperform tradable fixed WBS, and reach their relative cost 

maxima at larger /w o   ratios. Nevertheless, particularly if manufacturers feature 

significant deviations in their individual market shares, the excess costs of tradable adaptable 

WBS (compared to the optimum) may peak at lower /w o   ratios than those of tradable 

fixed WBS. A reversal of the relative favorability between tradable adaptable and fixed 

WBS, however, is even less common and occurs only in the rather theoretical case in which 

weight reductions are extremely cheap.339 Figure 24 shows an example in which the 

suboptimal allocation of abatement efforts across manufacturers caused by inefficient trading 

activities outweighs (a) the smaller distortionary effect inherent to adaptable WBS as well as 

(b) the equalization of shadow prices inherent to trading; this renders tradable adaptable WBS 

the most expensive standard design at the left fringe.  

 

                                                 
338 Obviously, it holds that the greater the market share disparities, the greater this effect will be. 

339 Given the convexity of the reduction cost function, the misallocation of abatement efforts across 

manufacturers caused by suboptimal trading then outweighs the manufacturers’ smaller distortion of the 

abatement option choice—even though the manufacturers with the smallest distortion (i.e., those with relatively 

large individual market shares) abate more than under tradable fixed WBS.  
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Figure 24. Overall Abatement Costs for Different Values of w   

(
0 0

, ,1.5; 1.05; 1.02; 0.593     wbf wba wbh L w L o Lx x MS   )340 

 

 

The costs of uniform standards and historical WBS relative to optimal standards 

remain relatively stable over a wide range of values for βw, with historical WBS usually being 

the more cost-effective regulatory approach. This stable relationship is due to the fact that 

neither approach distorts the abatement decision; thus, they are less sensitive to a changing 

importance of weight reduction as a means of emissions abatement subsequent to varying βw. 

Yet we still observe a certain dependency of the relative performance of historical WBS (as 

well as uniform standards) on the relative costs of reducing weight and “others” because the 

optimal allocation of manufacturer-specific emissions targets is also determined by /w o  . 

To illustrate this relationship, suppose that manufacturers are heterogeneous only in weight, 

and are identical in their other characteristics. If /w o   is very large, such that reducing 

“others” is the sole economically viable abatement option, manufacturer-specific emissions 

targets should optimally be assigned such that all manufacturers have to perform the same 

absolute emissions reduction, thereby equalizing ,i o  across manufacturers. If /w o   

decreases so that weight reductions become feasible as a means of emissions abatement, the 

specific targets of manufacturers with high initial emissions need to be tightened, whereas 

those of manufacturers with relatively low initial emissions should be weakened to minimize 

                                                 
340 To better illustrate the effect described above in Figure 24, we reduced the heterogeneity in intial emissions 

across manufacturers and increased the market concentration of large-car manufacturers. 
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the overall compliance costs.341 Hence, changing cost parameters affect the overall efficiency 

as well as the cost distribution across manufacturers if the (relative) initial endowments with 

weight and “others” vary across manufacturers. In general, it holds that the lower the value of 

the empirical covariance between weight and “others”, the stronger the impact of varying 

/w o   will be; hence, with a negative correlation, the sensitivity to the cost structure is 

greatest. Given the parameter values used for Figure 24, the relative endowments with weight 

and “others” are similar across manufacturers—indicating a positive empirical correlation; 

thus, the abatement costs of uniform and historical standards hardly react to a changing cost 

structure in Figure 24.  

All in all, for most reasonable values of   and w , historical WBS are the most cost-

effective regulatory approach as they account for differing initial emissions without distorting 

the abatement decision. Only at both extreme fringes of /w o  , tradable WBS usually yield 

the lowest cost. This is because their inherent distortion becomes almost meaningless as 

virtually all emissions reductions are conducted by one abatement option. The capability of 

tradable WBS to equalize the shadow prices across heterogeneous manufacturers is then the 

decisive feature.  

Regarding the distributional implications of different cost structures, we observe two 

crucial effects. First, the relative initial endowments with weight and “others,” 
0

,
0

,

i w

i o

x

x
, have 

an impact on the relative cost distribution across manufacturers. Those manufacturers whose 

initial emissions are disproportionally caused by their vehicles’ weight, 
0 0
,

0 0

,

i w w

i o o

x x

x x
, 

benefit relative to other manufacturers if weight reductions become cheaper relative to 

reductions of “others,” and vice versa. For standard designs that determine the manufacturer-

specific emissions reduction requirements solely based on the initial values of weight and 

“others,” only this effect occurs; thus, uniform standards and historical WBS feature a 

positive slope in Figure 25.342 

                                                 
341 As cost minimization requires the equalization of percentage reductions, across manufacturers, for both 

abatement options, manufacturers with higher initial weights (and thus higher initial emissions) have to increase 

their share of overall emissions mitigation if weight reduction gains importance as a means of emissions 

abatement.  

342 The curve indicating the optimal cost relationship across manufacturers features an oppositional—that is, 

slightly negative—slope. The cheaper an abatement option, the more intensively it should be used in the 

optimum; consequently, those manufacturers with a greater relative initial endowment with the respective 

vehicle attribute have to bear a greater share of the overall abatement costs. Given the parameter values used for 

Figure 25, the large-car manufacturers face relatively higher optimal reduction costs if weight reductions 

become cheaper. 
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The second effect applies solely to WBS based on current vehicle weight. As weight 

reductions become cheaper, they play a greater role in manufacturers’ abatement mix. As a 

consequence, the absolute weight differences across manufacturers tend to diminish and the 

manufacturer-specific emissions targets tend to converge; thus, the emissions targets are less 

accommodating of differences in initial emissions.343 With converging emissions targets, the 

initial emissions become the dominating determinant for the required abatement efforts. By 

tendency, manufacturers with low initial vehicle weight improve their relative distributional 

position to the detriment of those with initially heavier vehicles if weight reductions become 

less costly.  

The net impact of both effects depends on the precise parameter values. Particularly 

the latter effect is highly dependent on the strength of the weight-based component of the 

limit value function; it gains in importance with the magnitude of  . Figure 25 plots the 

relative compliance costs (per vehicle) of large-car and small-car manufacturers depending 

on the cost relationship of the abatement options, using attenuated initial heterogeneity across 

manufacturers. Given these parameter values, the relative burdens of large-car manufacturers 

continuously increase—if subject to WBS based on current weight—with decreasing costs of 

weight reductions, thereby emphasizing the importance of the second effect. In the case of 

very cheap weight reductions, the cross-manufacturer cost disparities of WBS based on 

current weight even exceed those of uniform standard; recall in this context that—given a 

positive correlation of the initial endowments with weight and “others”—large-car 

manufacturers will eventually face more stringent absolute emissions targets than small-car 

manufacturers under nontradable WBS based on current weight.. 

 

                                                 
343 As shown above, with ever-falling costs of weight reduction, the intial emissions caused by “others” gain in 

importance for determining the manufacturer-specific emissions targets, and may finally even result in a reversal 

of the relative ambition of manufacturer-specific emissions targets. 
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Figure 25. Relative Costs of Large-Car and Small-Car Manufacturers for Different Values  

of w  (
0 0

, ,1.5; 1.05; 1.02    wbf wba wbh L w L ox x   ) 

 

 

In general, we can conclude that the adverse effects of WBS based on current weight 

are, by tendency, the greatest if modifications in the reference parameter (here, weight) are an 

economically attractive emissions abatement option: (a) if the abatement options, weight 

reductions or reductions of “others,” compete on similar economic footing, the distortion of 

manufacturers’ abatement choice is maximal; (b) if abatement by means of weight reductions 

is even clearly cheaper than adjusting “others,” the intended differentiation of manufacturer-

specific emissions targets may be reversed into its opposite under—nontradable—WBS based 

on current weight. Hence, the relative performance of WBS based on current weight 

improves if the vehicle attribute determining the manufacturer-specific emissions targets is a 

good indicator of differences in initial emissions or—more precisely—of cross-manufacturer 

differences in MAC, but is relatively expensive to change. This ensures that the intended 

differentiation of emissions targets across manufacturers will be actually accomplished in the 

equilibrium, while the adverse impacts of the distortion can be widely confined. 
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Given the high cost factor for weight reductions from our baseline parameterization, 

w ,344 WBS based on current weight will likely outperform uniform standards if   is chosen 

reasonably and there is a certain degree of heterogeneity across manufacturers; obviously, the 

same holds for non-distorting historical WBS. 

However, WBS based on current weight, particularly if nontradable, are far from 

resembling optimal standards. This is due to the mere fact that weight reductions are an 

important means of emissions abatement because of the tight physical link between a 

vehicle’s weight and its specific emissions.345 A well-suited reference parameter for attribute-

based emissions standards is characterized by (a) being a good empirical indicator for a 

vehicle’s initial emissions (or rather its MAC), (b) having a relatively weak direct physical 

impact on the vehicle’s emissions (i.e., low k ), and (c) being costly to adjust in either 

direction (i.e., large k ). For reference attributes that fulfill these conditions, the optimal 

value of   may exceed k .346 Despite k  , manufacturers will hardly increase their 

value of the reference attribute due to the high cost of adjusting it. Given a low value of k , 

missing the overall emissions target is not an actual problem either, because reductions in the 

reference attribute cannot significantly contribute to emissions abatement anyway. As shown 

in the section 6.2, tradable fixed WBS—for instance—will miss the overall emissions target 

if it holds 
0 0 0 ( )w o

o o w w

o w

E E x x
  

 
 


   ; it is easy to see that the larger w  and the 

smaller w , the lower the probability of missing the target will be for the case of k  . 

Considering vehicle weight’s properties as reference parameter for attribute-based standards, 

it is reasonable that those countries which actually enacted weight-based regulations set 

k  .  

Figure 26 and Figure 27 graphically illustrate the crucial importance of the reference 

parameter’s emissions and cost factor (and their interplay) for (a) the respective optimal value 

                                                 
344 In our baseline parameterization, weight reductions may appear more expensive than in reality as their cost 

estimate is mainly based on pure engineering costs; thus, these cost figures may underestimate the potential for 

weight reductions within a general downsizing strategy. Of course, estimating the entire potential and costs of 

weight reductions requires suspending the assumption of technical and cost independence of different emissions 

abatement options. Moreover, recent analyses (e.g., FEV, 2012a; 2013; Hill et al., 2013; Lotus Engineering, 

2010; 2012) suggest that technological progress has considerably shifted the costs of weight reductions 

downwards; these studies find substantial weight reduction potentials at moderate costs. See also Appendix A. 

345 See the previous subsection for the impact of emissions factors on the relative performance of different 

standard designs. 

346 Obviously, to minimize the overall compliance costs of tradable attribute-based standards,   has to be set to 

zero—irrespective of the chosen reference attribute. However, if the manufacturer-specific emissions targets 

should be differentiated to balance the cost distribution across manufacturers, the same optimality conditions 

apply to the choice of an appropriate reference attribute for tradable standards.  



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

226 

of   and (b) the resulting cost performance of standards based on current values of the 

chosen reference attribute.347 Figure 26 plots the optimal (that is, overall abatement cost-

minimizing) value of wbf  for different combinations of w  and o .348 As indicated above, the 

respectively optimized wbf  is monotonically increasing in both w  and o , implying a 

stronger differentiation of manufacturer-specific emissions targets. With high values of w  

and o , weight reductions are hardly economically viable as means of emissions abatement, 

and the distortion of the abatement decision inherent to WBS based on current weight 

becomes increasingly negligible; thus, the optimized value of wbf  exceeds w  in these 

regions. The closer we get to the axis origin, the more important the distortion and the smaller 

the scope for overall cost-reducing differentiation of manufacturer-specific emissions targets 

will be. For sufficiently low values of w  and o , there remains no (positive) value of wbf  

that would yield results better than with uniform standards. Accordingly, with decreasing 

values of w  and o , the overall abatement costs of nontradable fixed WBS (employing a 

dynamically optimized wbf ) converge towards those of uniform standards in Figure 27; as 

soon as the optimal value of wbf  becomes 0, both types of standards are identical.349   

 

                                                 
347 Figure 26 and Figure 27 show the case of nontradable fixed WBS; yet the results would be very similar for 

nontradable adaptable WBS. 

348 For varying the costs and emissions impact of weight reductions relative to changes in “others,”, we decided 

to hold 
o  and 

w  constant  mainly for visual purposes: by varying 
w  and 

o , weight reductions are most 

attractive as means of emissions abatement in the axis origin. All other parameters remain at their values of the 

baseline parameterization. 

349 We set a lower boundary for 
wbf  at 0. If weight reductions were even more attractive as means of emissions 

abatement (than when reaching this threshold), the cost-minimizing value of 
wbf  would become negative: 

Given the positive correlation of weight and “others” in our baseline parameterization, those manufacturers with 

higher initial emissions will have a lower average vehicle weight in the equilibrium if weight reductions are very 

cheap. A negative value of wbf  would then partly relieve these manufacturers from their emissions reduction 

obligations, thereby inducing a certain convergence of the percentage abatement efforts and the MAC across 

manufacturers. The distortion of the abatement decision remains insignificant as weight reductions will remain 

the dominant abatement strategy. However, this constellations is rather theoretical than practically relevant. 
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Figure 26. Optimized Values of wbf  for Different Values of w  and o  

 

 

Figure 27. Overall Abatement Costs of Nontradable Fixed WBS (Relative to Uniform 

Standards) for Different Values of w  and o , Using Dynamically Optimized Values of wbf  
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As we show in the following subsection, the relative costs of the different abatement 

options furthermore crucially determine the strength of the impact of market shares on the 

overall economic efficiency and distributional properties of the regulation. 

 

6.3.6 Market Structure 

Market structure has two influences over the ranking of regulatory standards. One is 

the share of different types of manufacturers in the overall market. These shares determine 

the variance in initial vehicle attributes and initial emissions, 350 and thus the relative 

favorability of uniform standards versus WBS. A greater heterogeneity of manufacturers and 

a larger variance in initial emissions basically worsens the economic efficiency of all 

standard designs—except for tradable nondistorting standards, which will always replicate 

the optimum. Nevertheless, the deteriorating effect of a high variance is regularly most 

significant for uniform standards, worsening their relative performance compared to WBS. 

The other, more interesting, influence of market structure is through market 

concentration, reflected in the market shares of individual manufacturers.351 This effect is 

relevant only for adaptable WBS, whereas the other standards remain unaffected. As seen in 

the theoretical section, larger individual market shares reduce the distortionary effect of 

adaptable WBS while retaining—although typically attenuating—the differentiation in 

manufacturer-specific emissions targets.352 These implications are stronger, the larger the 

individual market shares. Conversely, manufacturers with low market shares have 

individually only little impact on the economywide average vehicle weight, such that weight 

reductions have a relatively strong—direct—net tightening effect on their specific standard. 

As a consequence, the distortion of the decision between abatement by means of weight 

reduction or reduction of “others” remains relatively strong. Hence, the value of   that 

                                                 
350 For only two types of manufacturers and given manufacturer-specific vehicle attributes, the variance is 

obviously maximized at 0.5n  . 

351 For the following deliberations, we widely suppose a positive correlation of the endowments with weight 

and “others” in order to focus on the effects of individual market shares in the most common parameter 

constellations. 

352 As the distortion diminishes with higher individual market shares, weight reduction becomes more attractive 

as a means of emissions abatement. In consequence, a certain convergence of vehicle weights across 

manufacturers takes place, implying a reduced differentiation of emissions targets. For exceptions from this in 

the case of rather extreme parameter values, see the previous subsections. Furthermore, the differentiation of 

manufacture-specific emissions targets may not diminish (or may even increase) if the individual market shares 

are distributed very asymmetrically. If manufacturers with higher absolute emissions targets have very low 

individual market shares relative to those manufacturers with lower absolute emissions targets, the difference 

between their emissions targets may even grow subsequent to a switch from fixed to adaptable WBS. 
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minimizes the overall abatement cost under nontradable adaptable WBS normally increases 

with the market concentration.  

According to our assumptions, manufacturers’ perceptions of their influence on wx  

are incomplete: manufacturers consider only their direct impacts on the fleetwide average 

weight, but disregard the indirect consequences of their abatement decision—that is, those 

occurring via their competitors’ adjustment reactions.353 For both tradable and nontradable 

adaptable standards, each manufacturer fails to consider that its own weight reductions will 

lead to weight increases by its competitors; such disregarded weight increases by its 

competitors imply an additional tightening of an individual manufacturer’s emissions targets. 

As a consequence, weight reductions appear cheaper than they would if all indirect effects 

were considered—seen from an individual manufacturer’s perspective. For tradable adaptable 

standards, this implies that both the requested and the bid price for credits are below the 

sellers’ and the buyers’ marginal costs and benefits of credit generation and use, respectively. 

These costs (benefits) include—besides the additional (avoided) direct abatement costs—the 

entire costs (benefits) resulting from tightened (relaxed) manufacturer-specific emissions 

targets. If the market shares of the different (trading) manufacturers are similar, though, these 

misperceptions can balance out and may not lead to efficiency losses in the credit trading 

market or even trading-induced excess overall compliance costs. .  

Looking at the implications—in terms of overall abatement costs—of different market 

structures for the switch from fixed to adaptable standards, we see a clear tendency, but no 

unambiguous results. As a general trend, it can be said that switching from fixed to adaptable 

WBS will improve the overall efficiency of the regulation for by far most combinations of 

parameter values. Moreover, for most instances, the efficiency of adaptable WBS further 

improves if the market concentration increases. Yet for both cases, exceptions are 

conceivable. Increasing individual market shares regularly improve the efficiency of 

adaptable WBS if they increase symmetrically—in other words, if the individual market 

shares of the different manufacturer types increase at the same time. The effect is less clear, 

however, if the individual market shares of only one manufacturer group grow, thereby 

increasing the disparities in individual market shares across manufacturers.  

We start by considering nontradable adaptable standards, which are less ambiguous 

than tradable adaptable WBS in their interdependence with market structure. In the case 

without trading, adaptable WBS always outperform fixed WBS, given an identical   for 

                                                 
353 In contrast, with fixed WBS, manufacturers take neither a direct nor an indirect impact on wx  into account. 
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both standard designs. Furthermore, the efficiency gain from switching from fixed to 

adaptable WBS tends to grow with increasing market concentration. However, the marginal 

additional gain of a one-sidedly further rising concentration decreases; in other words, 

 /wba wbf

i

AC AC

MS




 follows a convex function, 

 2

2

/
0

wba wbf

i

AC AC
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. The convexity can be 

explained as follows: the greater the individual market shares (and consequently the weaker 

the distortion of the abatement decision), the smaller the difference between the actual 

physical MAC of both abatement options, ,

wba

i wMAC  and ,

wba

i oMAC , will be. Thus, the cost 

reductions achievable through a further increasing market concentration—resulting from a 

shift from reducing “others” to weight reductions—diminish. In very extreme cases, this 

convex function may even feature a positive slope at its right fringe, at high market 

concentration rates. This can occur if rising individual market shares support the 

misallocation of abatement efforts across manufacturers. In the previous subsection on cost 

structures, we showed the extreme case in which higher “others”-induced emissions are offset 

by massive weight reductions if reducing weight is by far the cheaper emissions abatement 

option. As a consequence of the subsequent adjustments of the manufacturer-specific 

emissions targets, manufacturers with high initial emissions face emissions targets that are 

significantly tighter than optimal, whereas manufacturers with low initial emissions levels are 

widely relieved from abatement requirements. This effect can be augmented by rising market 

shares because a higher individual market share lowers the costs of weight reductions as 

perceived by manufacturers. Given the convexity of the manufacturers’ reduction cost 

functions,354 the thereby incurred additional costs can be significant and may theoretically 

even outweigh the cost savings resulting from the attenuated distortion.  

The introduction of trading potentially exacerbates the relative strength of market 

share-induced effects. As shown in the theoretical section on tradable adaptable WBS, the 

trade volume (as well as the direction of trades) may be optimal—for a given value of  —if 

the market shares of the trading parties are similar, although the credit price does not reflect 

the manufacturers’ true individual marginal costs of credit generation (considering 

adjustments of the manufacturer-specific emissions targets subsequent to weight changes). 

However, if the individual market shares diverge, the manufacturers’ different degrees of 

misperception of their impact on the fleetwide average weight may well lead to suboptimal 

credit trades and consequently to misallocations of abatement efforts.  

                                                 
354 The convexity of the reduction cost function implies that the marginal costs of the manufacturers facing 

tightened emissions targets clearly exceed those of the manufacturers being partially relieved from abatement 

requirements. 
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We can illustrate this effect by looking at the MAC under tradable adaptable WBS:  
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, we see that twa  unambiguously 

decreases with larger individual market shares, leaving the aggregate market shares of the 

different manufacturer types and all other parameters constant. On the other hand, if this goes 

along with (greater) disparities in the individual market shares, the MAC tend to diverge 

across manufacturers, necessarily creating economic inefficiencies. 

The effect of one-sided increases in individual market shares on the respective 

manufacturer’s relative MAC in the credit trading equilibrium is ambiguous, though. The 

relative MAC in the equilibrium also follow a convex function: 
 2
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The larger o

w




 and the smaller 
w




, the greater is the probability that a rising individual 

market share increases a manufacturer’s relative MAC.355 With weight reductions being 

relatively cheap, i.e., a large ratio o

w




, the left part of the MAC function, which is affected 

by individual market shares, gains in importance, whereas the right part becomes increasingly 

unimportant. In other words, the more important weight reductions as means of emissions 

abatement,356 the stronger will be the impact of manufacturers’ misperceptions regarding 

their influence on wx  and thereby the manufacturer-specific emissions targets. With low 

values of 
w




, the market share-induced attenuation of a manufacturer’s distortion of its 

abatement option choice is of minor importance; the reallocation within its abatement mix 

towards a greater use of weight reductions yields only small savings because the partial MAC 

                                                 

355 Indeed, for any value of   that satisfies 
2

w  , a manufacturer’s combined MAC in the trading 

equilibrium will inevitably increase if its individual market share grows one-sidedly. 

356 As shown earlier, the importance of weight reductions as a means of emissions abatement is also determined 

by the emissions factors, k , and—if not normalized—
0

kx : the larger w

o




 and 
0

0
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x

x
, the greater weight 

reductions’ importance will be. 
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of both options are already relatively similar. Thus, the MAC-increasing effect of tightened 

emissions targets dominates.  

Moreover, deviating individual market shares can also contribute to equalizing 
twa

iMAC  across manufacturers by balancing out cross-manufacturer disparities in 

endowments with weight and “others.” Due to the convexity of 
 /twa twa

i j

i

MAC MAC
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, it is 

even conceivable that manufacturers which deviate in their individual market shares, but are 

identical in any other respect, feature equal combined MAC in the trading equilibrium. 

However, under most circumstances, diverging individual market shares increase the 

probability (and the magnitude) of cross-manufacturer MAC disparities in the market 

equilibrium of tradable adaptable WBS.  

As with nontradable adaptable WBS, the combined net effect of one-sidely rising 

individual market shares—consisting of a decreasing shadow price and changing (rather 

increasing) MAC disparities—follows again a convex function. Yet, because trading can 

augment the effects of manufacturers’ misperceptions regarding their influence on wx  and 

manufacturer-specific emissions targets, the probability that rising individual market shares 

of only one manufacturer type increase the overall aggregate abatement costs is greater for 

tradable than for nontradable adaptable standards.357 

Thus, particularly asymmetric changes in the market concentration—those leading to 

larger market share disparities—inhibit a certain chance that the (disproportionately) growing 

costs of the misperception outweigh the benefits of an attenuated distortion of the 

manufacturer’s abatement option choice.  

In contrast to nontradable adaptable standards, in the case of tradable adaptable 

standards, trading-induced misallocations of abatement efforts can result in a situation in 

which tradable adaptable WBS incur higher absolute compliance costs than tradable fixed 

WBS.358 Whether tradable or nontradable adaptable WBS are superior depends on the 

relative magnitude of MAC disparities across manufacturers emerging from the respective 

standard designs. This again is mainly dependent on the differences in the individual market 

shares and the degree of manufacturer heterogeneity; the latter determines the scope for 

efficiency gains through the trading-induced equalization of shadow prices. Eventually, 

                                                 
357 Note, however, that the absolute compliance cost level is regularly still significantly lower for tradable than 

for nontradable adaptable standards. 

358 Recall that, without trading, (asymmetrically) increasing individual market shares may partially cancel out 

the efficiency gains inherent to switching from fixed to adaptable WBS; but in terms of absolute compliance 

costs, adaptable standards will always remain superior. 
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trading can, theoretically, render adaptable standards more costly than all other standard 

designs considered here if (a) the disparities in the individual market shares are large; (b) 

weight reductions are very cheap compared to reducing “others,” such that the distortion of 

the abatement decision plays a minor role; and (c) manufacturers are relatively 

homogeneous.359 Then, the manufacturers’ misperception of their true individual costs and 

benefits from credit trading is the main source of excess costs compared to the optimum. 

Figure 28 plots the overall abatement costs for our baseline parameterization, varying 

the individual market shares of large-car manufacturers. Given the high costs of weight 

reductions, individual market shares have a relatively weak influence on the manufacturer-

specific emissions targets; hence, rising market shares imply continuous overall efficiency 

improvements of adaptable WBS as attenuation of the distortion is the clearly dominating 

effect. Furthermore, the considerable manufacturer heterogeneity ensures that tradable 

adaptable WBS are always superior to nontradable adaptable WBS.360 In Figure 29 and 

Figure 30, we rendered weight reductions the clearly cheaper abatement option and lowered 

the manufacturer heterogeneity. Consequently, adaptable WBS—particularly tradable 

adaptable WBS—are significantly more sensitive to market share disparities; asymmetrically 

changing individual market shares have a much stronger impact on the rank order of different 

standard designs. The explanation for the upturn of the twaAC  function can be derived from 

Figure 30. Growing disparities in individual market shares change the allocation of abatement 

activities (and assigned emissions targets) across manufacturer types, burdening large-car 

manufacturers with greater emissions abatement efforts even though they already feature 

higher actual MAC than small-car manufacturers.361 Obviously, the increasing gap in MAC 

across manufacturer types will deteriorate the overall efficiency of tradable (adaptable) 

standards.  

 

                                                 
359 The latter is relevant particularly for the comparison with nontradable standards. 

360 At the very left fringe of Figure 28 tradable fixed WBS outperform tradable adaptable WBS mainly because 

wba wbf  , implying larger distortion-induced efficiency losses for adaptable WBS. 

361 The higher actual MAC of large-car manufacturers result from their market share-induced more intensive 

use of weight reductions; the greater share of weight reductions in their abatement mix implies—for this 

parameter constellation—that their actual MAC are closer to 
twa . 
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Figure 28. Overall Abatement Costs for Different Values of LMS  

 

 

Figure 29. Overall Abatement Costs for Different Values of LMS  with Changed Parameters  

(
0 0
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Figure 30. Percentage Emissions Reduction (ER) of Large-Car Manufacturers  

for Different Values of LMS  (
0 0

, ,1.5; 1.08; 0.99; 300     wbf wba wbh L w L o wx x    ) 

 

Notes: The figure shows the equilibrium emissions reduction in grams CO2 per vkm. 

 

Considering the distributional implications of different market structures, we focus 

again on adaptable WBS as the cost distribution of all other standard designs remains 

unaffected by varying individual market shares. For nontradable adaptable WBS, the effects 

are quite perspicuous. Lopsided changes in the individual market shares—in which the 

market concentration of only one manufacturer type changes—will regularly improve the 

relative distributional position of those manufacturers whose individual market shares 

decrease relative to their competitors. As shown in the theoretical section, a manufacturer’s 

emissions targets will be relaxed if the individual market shares of its competitors rise, 

implying decreasing compliance costs; conversely, the ambition of emissions abatement 

increases for the manufacturer type that features growing individual market shares. 

Only for a narrow range of parameter constellations, manufacturer type i  may benefit 

from increasing individual market shares even in relative terms—compared to other 

manufacturer types whose individual market shares are held constant. Such constellations 

normally require that manufacturer type i ’s baseline individual market shares are small.362 

                                                 
362 Furthermore, manufacturers may rather yield larger percentage cost reductions from an increase of their own 

market concentration than their competitors if they have relatively low initial emissions. This is, however, a 

simple mathematical implication: for the competitors, the decrease in 
w

wbax  and the subsequent relaxation of their 

emissions target, and consequently their percentage cost reduction, will be relatively small in this constellation. 
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Accordingly, manufacturers with relatively small individual market shares often yield 

a greater (percentage) cost reduction through a switch from fixed to adaptable WBS; the 

larger the disparities in individual market shares, the more relevant this effect will be. 

Nevertheless, all manufacturers necessarily benefit from that switch in terms of absolute 

compliance costs.363 Yet a second cost determinant may interfere with the effect of market 

share disparities: as described above, switching from fixed to adaptable WBS usually implies 

an attenuated differentiation of manufacturer-specific emissions targets subsequent to the 

intensified use of weight reduction as a means of emissions abatement. This tends to 

disadvantage manufacturers with higher initial emissions or—to be more precise—those with 

larger initial vehicle weight. Thus, for a given cross-manufacturer disparity in individual 

market shares, it typically holds that manufacturers with higher initial emissions may rather 

suffer a worsening of their relative distributional position after switching from fixed to 

adaptable standards if the market concentration for all manufacturer types increases.  

Tradability makes things more complicated again, requiring a distinction of cases. To 

assess the effects of changing individual market shares, we start with the case in which the 

manufacturer type featuring increasing market concentration is a net credit seller. In this case, 

the direction of distributional changes is most widely unambiguous: increasing individual 

market shares almost certainly worsen the relative distributional situation of credit sellers, 

whereas credit buyers benefit.364 This becomes obvious when we look at the effects of 

individual market shares on trading activities. First, individual market shares are an important 

determinant of manufacturer-specific abatement efforts and, consequently, the trade volumes. 

                                                 
363 Moreover, rising individual market shares may also further lower a manufacturer’s abolute compliance costs 

as its distortion of the abatement decision diminishes; however, those manufacturers benefiting from the relaxed 

emissions targets will usually yield a larger relative cost decrease.  

364 Possibly, yet improbably, credit sellers may even face increasing absolute compliance costs in the wake of 

growing (own) individual market shares.  
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Second, individual market shares play a role in determining the terms of trade in the credit 

market: rising individual market shares increase the gap between a manufacturer’s actual cost 

(benefit) of credit generation (purchase), including all adjustments of the manufacturer-

specific emissions targets, and its misperceived cost (benefit) of credit generation (purchase), 

disregarding its indirect influence on wx . Thus, rising individual market shares further 

increase a credit seller’s willingness to sell, worsening its terms of trade. At the same time, 

the growing individual market shares imply tighter emissions targets as well as greater trade 

volumes (see theoretical section on tradable adaptable standards). In a nutshell, subsequent to 

an increase in individual market shares, manufacturers sell more credits at worse market 

prices (given by the decreasing value of twa ).365 

If the manufacturer type facing rising individual market shares is a net buyer of 

credits, things are less straightforward. On the one hand, the rising market concentration 

entails a decreasing willingness to buy credits and—on the part of the credits sellers—a 

greater misperception regarding their trading activities’ actual impact on 
w

twax , leading to 

better terms of trade for the credit buyers. On the other hand, the credit buyer’s emissions 

target becomes stricter and the trade volume usually shrinks because the buyer itself abates 

overall more and more intensively by means of weight reductions. If the latter effect is 

outweighed by the improvement of the terms of trade and the MAC-flattening effect of a less 

distorted abatement choice, credit-buying manufacturers can benefit—absolutely and relative 

to manufacturers with constant individual market shares—under tradable adaptable standards 

from increasing individual market shares.366 However, such distributional effects may only 

occur over a relatively small range of market share constellations. More common are the 

following impacts of a rising market concentration on the part of the credit buyers: the 

improvement in the terms of trade causes an increase of the credit buyers’ absolute net gain 

from trading (i.e., the difference between 
wba

iRC  and 
twa

iCC ), whereas the absolute net gain of 

the credit sellers often decreases; nevertheless, the relative distributional position of the 

                                                 
365 Analogously to the case of nontradable adaptable WBS described above, there is again a certain chance that 

credit sellers will benefit—even in relative terms compared to credit buyers—from an increasing (own) market 

concentration if the cost reducing effect of a weaker distortion of the abatement option choice dominates. 

However, this probability is still clearly smaller for tradable than for nontradable adaptable WBS because the 

cost savings resulting from a more cost-efficient abatement mix have to outweigh the effects of a shift in 

abatement obligations and changing terms of trade, both working in favor of credit buyers. 

366 Because of the change in the terms of trade, credit-selling manufacturers with constant market shares can 

theoretically even suffer an absolute loss if the market concentration of the credit-buying manufacturers rises—

despite an improvement in the overall cost-effectiveness of the regulation. 
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; for credit sellers, the 

opposite typically holds true. 

Particularly if their trade volumes are small, rising individual market shares are very 

likely to worsen the relative distributional position of credit buyers, too. In this context, it is 

important to note that rising individual market shares, leaving everything else unchanged, can 

turn a former credit buyer into a seller; obviously, this goes along with a worsening of the 

distributional position. As a buyer, the manufacturer purchased credits at a price below its 

actual manufacturer-specific value because of the misperception; becoming a credit seller 

reverses this effect.367 Figure 31 plots the distributional consequences of changing individual 

market shares; we again modified some parameter values to better illustrate the potentially 

ambiguous effects of varying market shares on the distributional position of (previous) credit 

buyers. Using the same parameter values, Figure 32 shows the case in which rising individual 

market shares convert large-car manufacturers from net credit buyers to credit sellers, further 

worsening their distributional situation.368 We observe that the relative distributional rank 

order of WBS, particularly of adaptable WBS, is fairly sensitive to the market concentration. 

Seen from the large-car manufacturers’ perspective, tradable adaptable WBS could entail any 

relative distributional position—from the most favorable to the worst—among the four WBS 

based on current weight, depending on their individual market shares.  

 

                                                 
367 The manufacturer-specific value of a purchased (sold) credit comprises of (a) the immediately saved 

(incurred) MAC due to reduced (additional) own abatement activities and (b) the benefits (costs) resulting from 

the subsequent relaxation (tightening) of the emissions target.  

368 Apparently, the curves for tradable and nontradable adaptable WBS in Figure 31 intersect at the market 

share constellation in which the direction of credit trades changes. 
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Figure 31. Relative Costs of Large-Car and Small-Car Manufacturers for Different Values  

of LMS  (
0 0

, ,1.5; 1.08; 0.99; 300     wbf wba wbh L w L o wx x    ) 

 

 

Figure 32. Credit Trade Volume (TV) of Large-Car Manufacturers for Different Values  

of LMS  (
0 0

, ,1.5; 1.08; 0.99; 300     wbf wba wbh L w L o wx x    ) 

 

Notes: A manufacturer’s credit trade volume (TV) is defined as the number of emissions credits 

traded per vehicle of its fleet. The unit for credit trading is gram CO2 per vkm. Positive numbers of 

LTV  indicate net purchases of credits by large-car manufacturers. 

 

Generally, we can conclude that the impact of individual market shares on the 

regulation’s overall economic efficiency and distributional consequences will be greater, the 
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more important weight reductions are as a means of emissions abatement. This is perspicuous 

as individual market shares affect only decisions related to adjusting vehicle weight. 

Finally, we emphasize once again that the impact of market concentration on the 

overall efficiency as well as the distributional implications of adaptable WBS is crucially 

driven by our assumptions regarding the manufacturers’ cognition of their influence on the 

fleetwide average weight and thereby on the allocation of manufacturer-specific emissions 

targets. According to our assumptions, individual manufacturers overestimate their impact on 

w

wbax  or, in the case of tradable adaptable WBS, 
w

twax  because they disregard the triggered 

adjustment reactions of the other manufacturers in the market.369 As shown in the theoretical 

section, such myopic perception increases the use of weight reductions as means of emissions 

abatement and may thereby improve the overall cost-effectiveness of the regulation, 

compared to the case of perfect foresight. Yet even if manufacturers were perfectly 

foresighted and fully anticipated their competitors’ reactions, rising individual market shares 

would still contribute to an intensified use of weight reductions and decreasing overall 

compliance costs: manufacturers still recognize that their own weight reductions drive the 

fleetwide average weight down, although this correctly anticipated weight decrease is less 

than with the assumption we used for adaptable standards. While perfect foresight will 

attenuate the contribution of weight reductions to the overall abatement mix, it prevents 

suboptimal trading activities that can (a) worsen the aggregate cost performance of the 

regulation and (b) create or amplify distributional imbalances.  

 

                                                 
369 In contrast, under fixed WBS, manufacturers underestimate or rather entirely ignore their—long-run—

impact on the weight component in the limit value function. 
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7 Uniform versus Weight-based Standards:  

Concluding Remarks 

This concluding chapter wraps up the theoretical results we derived in chapters 5 and 

6, puts them in context of current actual policy-making, and points out the limitations of the 

previous analysis. First, we summarize the key findings from the comparison of different 

LDV efficiency standard designs—followed by a sketch of the approach’s limitations and 

caveats. Next, we classify the current European and U.S. approaches to regulate vehicle fuel 

efficiency based on the categorization scheme used for the theoretical analysis; in doing so, 

we put a focus on the choices regulators made with respect to the reference attribute applied 

for assigning fuel economy targets. Finally, we address an issue that has been long and 

controversially discussed—in the U.S., in particular—in the context of fuel economy 

standards: the regulation’s safety implications. In the wake of fundamental revisions of 

existing fuel efficiency standards and several countries around the world newly introducing 

this regulatory instrument, this question regained attention. Thus, we will highlight how 

different standard designs affect motorists’ safety.  

 

7.1 Comparing Standards 

Our previous comparative analysis of different designs for LDV efficiency standards 

particularly focused on two fundamental design options. The first option is whether to apply a 

uniform standard to all manufacturers or to assign manufacturer-specific targets according to 

a reference parameter. If regulators prefer the latter approach, then they have to select a 

vehicle attribute as the reference parameter and to determine its impact on the manufacturer-

specific targets; in other words, the limit value function has to be defined. This includes the 

question as to which extent changes in the fleetwide average value of the reference parameter 

feed back into the limit value function. The second fundamental design question concerns the 

provision of flexibilities for compliance with the regulation—that is, whether mechanisms to 

offset under- and overcompliance across different manufacturers are implemented. We 

analyzed these questions within the framework of a quite straightforward theoretical model 

and conducted highly stylized numerical simulations in order to identify crucial sensitivities. 

We learned from the optimal benchmark case that each firm should face identical 

relative reduction targets—in terms of percentage reductions in weight and in “others,” the 

latter being a compound of all abatement options other than weight reductions. Yet, because 

of administrative constraints and a lack of information, the regulator cannot assign such cost-
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minimizing individual reduction targets. Instead, the regulator has to set identical emissions 

targets, or at least identical rules.  

The most straightforward regulation, uniform standards, implies significant variance 

in the required emissions reductions across manufacturers, leading to excessive social 

compliance costs unless a credit trading mechanism is implemented. Thus, the attraction of 

WBS is that they enable the differentiation of individual abatement requirements, conditional 

on cross-manufacturer weight differences and the adjustment parameter  . However, unless 

they are based on past vehicle weight, WBS distort manufacturers’ choice of how to cut their 

vehicles’ emissions (i.e., by means of a reduction in weight or by adjusting other vehicle 

attributes). 

A concrete assessment of the efficiency properties of the regulatory alternatives 

considered here requires detailed information about the market to be regulated. Still, based on 

our theoretical model and numerical simulations, we can make some clear comparisons. 

First, if the regulator is capable of determining the respective optimal values  

of  , all types of WBS perform better than (or at least equal to) uniform standards. By 

choosing 0  , each (nontradable)370 WBS can replicate the results of a uniform standard. In 

most realistic cases (i.e., where the initial values of weight and “others” do not show a 

negative empirical correlation), WBS using their respective optimal   improve the economic 

efficiency of the regulation. 

Second, the preference for either uniform standards or WBS crucially depends 

on the degree and type of manufacturer heterogeneity. The intuitiveness of this 

conclusion is easy to see when one considers the extreme scenarios. First, if manufacturers 

are completely homogeneous, it is trivial to show that uniform standards replicate the 

optimum, whereas WBS would distort incentives away from the optimum. Next, suppose that 

manufacturers differ similarly in weight and in “others” (i.e., weight and “others” are 

positively correlated), and that weight reduction is a cost-ineffective means of emissions 

abatement. In this case, WBS have only very modest distorting effects, but clearly improve 

the efficiency of the allocation of assigned manufacturer-specific abatement targets relative to 

uniform standards. In between these extremes, however, we have cases with other forms of 

heterogeneity and where weight adjustment is a cost-effective means for reducing emissions, 

resulting in trade-offs between harmonizing the (percentage) reduction targets and distorting 

the abatement decision of manufacturers.  

                                                 
370 Tradable standards will always replicate the optimum if the regulator chooses the cost-minimizing value  

of  , that is, 0  . 
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Third, given optimized values of  , there is a clear rank order of (nontradable) 

WBS: historical WBS perform better than or equal to adaptable WBS, which in turn 

perform better than or equal to fixed WBS. Historical WBS use the same mechanism to 

account for differences in the initial emissions and the MAC across manufacturers, but they 

dispense with the distortionary effect that worsens the cost-effectiveness of standards based 

on current vehicle weight. Without this distortion, the regulator can allow a higher value of 

  to better account for differences in initial emissions; with standards based on current 

vehicle weight, the optimal   is reduced by these inherent trade-offs. Consequently, the 

regulator’s choice of   should differ according to the type of WBS. Adaptable WBS 

outperform fixed WBS because the feedback of a manufacturer’s changes in vehicle weight 

into the fleetwide average weight (or rather the manufacturer’s awareness of this feedback) 

attenuates the distortion of the abatement decision, triggering an intensified use of weight 

reductions as a means of emissions abatement. Given the weaker distortion, the optimal value 

of   for adaptable WBS exceeds that for fixed WBS. The relative abatement cost savings 

achievable with adaptable WBS, using an optimized  , are normally smaller in markets with 

low market concentration rates than in more concentrated markets because larger individual 

market shares attenuate the distortion more effectively. 

The optimal   for each type of WBS is dependent on the market structure, cost 

parameters, and emissions parameters as well as the fleetwide emissions target. To maintain 

optimality, changes in these variables would require adjustments of  ; for instance, 

tightening the emissions target usually requires decreasing the value of   in order to remain 

optimal. 

Fourth, without knowledge about the optimal values of  , there is no generally 

dominating standard design or fixed rank order. If the regulator chooses a suboptimal 

value for  , WBS do not necessarily perform better than uniform standards. Depending on 

the market structure, cost and emissions factors, and the   actually chosen, each of the 

standard designs considered here could—at least in theory—yield the best results. Even if all 

standards were implemented using an identical value of  , the rank order among the WBS 

would not be entirely unambiguous. 

Fifth, under uncertainty about the optimal values of  , however, the likely rank 

order of the different standard designs resembles the rank order under optimized 

choices of  . Suspending the rather unrealistic assumption that the regulator is capable of 

choosing the optimal  , the potential excess burden of a suboptimally chosen   is maybe 

more important to know than the rank order under optimized values of  . For most 

scenarios, these excess costs tend to be lower with historical WBS than with standards based 

on current weight because of the absent distortion of the abatement decision. A possible, but 

rather improbable, exception may be when differences in other vehicle attributes are an 
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important source of emissions heterogeneity that is poorly or inversely correlated with 

weight. If   is set too high, it could render the distribution of (percentage) abatement targets 

even more uneven, disproportionately favoring manufacturers of heavy vehicles. In such a 

case, a standard based on current weight could actually reduce some of the disparities in 

abatement burdens by relying on narrowed differences in current weight and thereby 

narrowing the differences in the abatement targets. The probability that uniform standards 

outperform WBS increases with the homogeneity of the regulated vehicle market and with 

the likelihood that the regulator considerably misestimates the optimal   for its chosen 

WBS, for example, due to poor available information about the relevant parameters.  

So far, we have only considered nontradable standards. For the implications of credit 

trading, see the following. 

Sixth, introducing tradable emissions credits usually improves the performance 

of vehicle emissions standards. Deviations of the manufacturer-specific emissions 

abatement requirements from their respective optimal values lead to divergent shadow prices 

(of the emissions constraint), implying excess overall compliance costs. The introduction of a 

credit trading mechanism equalizes the shadow prices across manufacturers, and the common 

shadow price equals the credit price in the equilibrium. Thus, there remains only the 

distortion of the abatement decision (with regards to reducing weight or “others”) as a 

potential source of deviations of the overall abatement costs from the optimum. The strength 

of the distortion—inherent to standards based on current vehicle weight—depends on the 

chosen value of  ; the excess costs of these kinds of WBS are a monotonically increasing 

function in  . 

Seventh, credit trading, however, does not necessarily improve the cost-efficiency 

of each kind of standard. In the case of distorting WBS (that is, those based on current 

weight), manufacturers’ shadow prices do not represent their actual (physical) MAC. Because 

of the distortion, the physical MAC for adjusting the reference attribute (i.e., reducing vehicle 

weight) deviate in the equilibrium from those of other abatement options (i.e., reducing 

“others”): The tightening of the manufacturer-specific emissions targets subsequent to weight 

reductions leads to higher individually perceived than actual physical costs of weight 

adjustments. This implies that the shadow price also exceeds the actual combined physical 

MAC. The gap between the shadow price and the actual physical MAC is determined by the 

manufacturer-specific degree of the distortion and the relative contribution of both abatement 

options to a manufacturer’s emissions reduction efforts.  

Hence, with standards based on current values of the reference parameter, credit 

trading perfectly equalizes the shadow prices across manufacturers, but it does not 

necessarily equalize the physical MAC across manufacturers. In some—rather theoretical—

cases, the equalization of shadow prices can imply greater cross-manufacturer differences of 



Uniform versus Weight-based Standards: Concluding Remarks 

245 

the actual MAC than with nontradable WBS, thereby worsening the overall cost-

effectiveness. The cross-manufacturer disparities in MAC, and thereby the probability of a 

trading-induced deterioration of the overall cost-effectiveness, are normally greatest if (a) 

manufacturers differ significantly in their relative initial endowments with weight and other 

emissions-relevant vehicle attributes (i.e., “others”) and/or (b) the market structure is 

characterized by significant disparities in the individual market shares. 

Eighth, both tradable uniform standards and tradable historical WBS replicate 

the social optimum, differing only in their distributional impacts. While credit trading 

ensures the equalization of shadow prices across manufacturers, assigning manufacturer-

specific emissions targets without recourse to current vehicle weight prevents a distortion of 

the abatement decision between reducing weight or reducing “others.” Thus, the equalized 

shadow prices also equal manufacturers’ actual MAC. Introducing a weight-based 

component—that is, using historical WBS—improves the distributional position of 

manufacturers of larger vehicles. In this way, the political feasibility of the regulation may be 

enhanced. The optimal cross-manufacturer allocation of abatement efforts in the credit 

trading equilibrium remains unaffected by this kind of weight-based component. 

Ninth, an appropriate reference parameter for attribute-based vehicle emissions 

standards is generally characterized by (a) being a good empirical indicator for a 

vehicle’s baseline emissions or rather its MAC, (b) having a relatively weak direct 

physical impact on the vehicle’s emissions (i.e., low k ), and (c) being costly to adjust in 

either direction (i.e., large k ). While (a) facilitates a differentiation of manufacturer-

specific emissions targets which harmonizes the MAC across manufacturers, (b) and (c) 

minimize—for standards based on current values of the reference attribute—the adverse 

impacts of the distortion of the manufacturers’ abatement option choice.371 If adjustments of 

the reference attribute are of minor importance as a means of emissions abatement anyway, 

their additional “discrimination” inherent to attribute-based standards hardly affects the 

overall economic efficiency of the regulation. Furthermore, such an appropriately chosen 

reference attribute almost eliminates the possibility that introducing credit trading deteriorates 

the cost-effectiveness of attribute-based standards (through triggering trading activities that 

                                                 
371 For reference attributes that fulfill these conditions, the optimal value of   may exceed k . A high 

k  

and a low k  ensure—even if 
k  —that the value of the reference attribute will be increased only very 

modestly to relax a manufacturer’s specific emissions target, and that this modest increase will not lead to a 

significant increase in emissions which needs to be offset through substantially greater emissions reduction 

efforts by means of other abatement options. Thus, the cost-decreasing effect of a more appropriate allocation of 

manufacturer-specific emissions targets outweighs the (modest) costs of an increased distortionary effect 

inherent to larger values of  . 
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actually increase cross-manufacturer disparities in MAC). Whereas the reference attribute 

vehicle weight is a good indicator for the relative difficulty or ease of achieving a given 

emissions target, it does not satisfy the criterion of being of minor importance as abatement 

lever (particularly due to weight’s strong physical impact on a vehicle’s specific CO2 

emissions). 

Tenth, mileage weighting could improve the cost-effectiveness of any LDV 

efficiency standard design. However, a number of methodological and data problems, 

particularly with respect to determining credible and sufficiently accurate mileage factors, 

need to be resolved before mileage weighting can become a feasible option in regulatory 

practice. 

 

7.2 Limitations and Outlook 

Our analysis of different design options for LDV efficiency standards draws on a 

simplified, static model. One important simplification is the abstraction from 

interdependencies among different vehicle attributes in the emissions and reduction cost 

functions. The abatement cost functions normally used for impact assessments ahead of 

introducing or tightening fuel efficiency standards—implicitly—account for interactions 

across different abatement options. For these assessments, the (marginal) abatement costs are 

regularly expressed as a function of the total reduction in specific vehicle emissions—instead 

of being an explicit function of distinct abatement technologies and the extent to which they 

are applied.372 Whereas this commonly used approach may yield more realistic cost figures, it 

would not be suitable for the purpose pursued here: An aggregated abatement cost function, 

having the cumulated reduction in specific emissions as its independent variable, does not 

allow singling out the impacts of distorting manufacturers’ abatement choices with respect to 

one particular abatement option. This would still be hardly feasible if the interactions among 

abatement options were made explicit in the emissions and abatement cost functions because 

the distortion’s effects become untraceable in a theoretical model due to the resulting 

                                                 
372 In very short, the methodology regularly used to define CO2 reduction cost functions for LDV can be 

summarized as follows (Meszler et al., 2012b): Starting with baseline specific CO2 emissions of a reference 

vehicle, the CO2 and cost impacts associated with applying a large number of possible abatement technology 

packages to the reference vehicle are calculated. The obtained data points are then used to derive—by means of 

regression analysis—a best-fit continuous abatement cost function. The function is fitted to the packages at the 

efficiency frontier, which is defined by the technology combinations that deliver a given reduction in specific 

CO2 emissions at lowest costs. That is, the derived curve can be interpreted as a least-abatement cost function, 

based on the assumption that the most cost-effective technology packages are applied for achieving the 

respective emissions reduction.  
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complexity of the functions. Contrarily, the (simplifying) full separability as used in our 

model enables to better identify the impacts of different factors that influence the relative 

performance of the considered standard designs.  

Another means to improve the model’s real-world representativeness could be to 

dynamize it—for instance, by allowing cost and emissions factors to vary over time and with 

the rate of technology adoption (e.g., due to technological progress and learning curve 

effects); if the latter involves knowledge spillovers, an additional source of interactions 

across manufacturers—beyond the interplay via the limit value curve—would be created. 

Moreover, the demand side of the vehicle market could be modeled explicitly, thereby 

abandoning—amongst others—the assumption of constant market shares. Instead of using a 

highly stylized version of the vehicle market for numerically simulating the impacts of 

different standard designs and their sensitivities, the parameterization could be further refined 

to reflect the actual market structure more accurately.  

However, although these potential adjustments and extensions of the model could 

reflect the reality more precisely and comprehensively, they would not change the general 

insights obtained here. The basic issues to be considered when designing fuel economy or 

vehicle emissions regulations remain unaffected. Furthermore, increasing the complexity of 

the model will not only deteriorate its traceability but it may also worsen the lucidity of our 

depiction of mechanisms and factors that shape the impacts of different standard design 

options. The parameterization and numerical simulations serve to better illustrate the various 

effects that different parameter values have on the rank order of the considered standard 

designs—rather than to give an accurate picture of the real U.S. (and, in Appendix A, 

European) vehicle market. Given the generality of the model, the theoretical results derived 

for WBS can be also applied to attribute-based vehicle emissions standards using any other 

reference parameter than weight; the (sensitivity) analysis conducted in chapter 6 provides 

insights on the impacts of using reference attributes with properties different from weight’s. 

Moreover, some results might be useful beyond the assessment of LDV efficiency regulations 

and could possibly be applied to evaluate other kinds of performance-based standards, such 

as efficiency standards for electric appliances.  

Finally, we reemphasize that our objective in the previous two chapters was to 

minimize the per-vehicle costs of achieving a given fuel efficiency target for new passenger 

vehicles. This target is defined in terms of fuel consumption or CO2 emissions per vkm (or 

vehicle mile) as measured in the test cycle. Such efficiency targets, even if successfully 

enforced, do not ensure that a desired reduction in total CO2 emissions from the LDV fleet 

can be achieved, however. Several uncertainties that determine the absolute fuel consumption 

and CO2 exhaust of the—new and total—LDV fleet remain, such as the number of vehicles 

on the road, the vintage structure of the fleet, total mileage of the fleet and its distribution 
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over the different vehicle models, deviations between measured and actual on-road fuel 

economy, and driving behaviors. Moreover, the absolute emissions (abatement) that will be 

realized in the equilibrium may well vary across different standard designs even if they meet 

the same fuel efficiency target. This is because the implementation details of the fuel 

efficiency regulation influence these uncertain determinants of the fleet’s total emissions and 

fuel consumption.373 For instance, an economically very inefficient regulation may affect the 

number of vehicles produced as a result of substantially increased retail prices, leading to 

fewer vehicles on the road; on the other hand, the share of old, emissions-intensive vehicles 

may become larger in this case due to a slower fleet renewal.  

 

7.3 Contrasting the U.S. and European Approaches 

In this section, we briefly classify and discuss the choices that have been made in the 

United States and the European Union with respect to the design of their respective LDV 

efficiency standards and the used reference attribute. For heterogeneous vehicle markets such 

as the European and the North American market, uniform standards lead to excessive (if 

implemented without a credit trading mechanism) and lopsided compliance costs. Therefore, 

in both markets—as well as in most other vehicle markets with fuel economy or emissions 

standards in place—regulators opted for attribute-based standards. More than enhancing the 

cost-effectiveness of the regulation thereby,374 policy-makers aim at improving its 

distributional equity through better harmonizing the required emissions reduction efforts 

across manufacturers.375 Despite some similarities, the EU and the U.S. still have chosen 

markedly different approaches of regulating their vehicle markets.  

According to the classification we used in the previous chapters, the European 

regulation can be approximated best with (tradable) adaptable WBS. The pooling option 

introduces compliance flexibilities that are somehow similar to credit trading, but are 

insufficient to enable an equalization of shadow prices across manufacturers. At regular 

                                                 
373 Lacking mileage weighting when calculating compliance with the LDV efficiency regulation can further 

aggravate the disparities in actually achievable emissions reductions across different standard designs; then, 

even the actual average specific emissions may vary. This will happen if the different regulatory designs lead to 

differing allocations of abatement efforts across vehicle types with systemically differing annual mileages. 

374 Recall that attribute-based standards, if based on current values of a reference parameter, actually deteriorate 

the regulation’s cost-effectiveness compared to uniform standards—at least under the assumption that 

flexibilities (such as credit trading), which equalize the shadow prices across manufacturers, are provided. 

375 The negotiations within the EU during the policy-making process for its vehicle emissions standards are a 

striking example for the crucial importance that distributional impacts—across manufacturers and across 

regions—have for the political viability of this policy instrument. 
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intervals, the limit value curve will be adjusted in accordance with the new value for the 

average vehicle weight of the entire fleet ( wx ). The explicit announcement of adjustments of 

the limit value curve—via the average weight parameter—increases the awareness of 

manufacturers that their individual decisions with respect to vehicle weight have, in the 

medium term, an impact on the stringency of the regulation. The move from fixed WBS to 

adaptable WBS that is implicit to this announcement implies a somewhat attenuated 

distortion of manufacturers’ abatement decisions.376 The interplay between manufacturers’ 

abatement decisions and the limit value curve can thus enhance the regulation’s cost-

effectiveness and better ensure that the overall emissions target will be met even if vehicle 

attributes change. Still, the use of vehicle weight as the reference parameter causes an 

important distortion of manufacturers’ abatement decisions. As weight reduction is a viable 

means of emissions abatement (relatively high  , modest ),377 this distortion likely creates 

a considerable source of efficiency losses.  

With regards to the reference parameter, the U.S. has made choices that differ from 

those of the EU. The specific fuel economy and emissions targets for light trucks and 

passenger cars are determined by means of S-shaped limit value curves based on the vehicles’ 

footprint (i.e., the product of the vehicle’s wheelbase and track width). Our theoretical results 

suggest that, compared to the use of vehicle weight, using the vehicles’ footprint as reference 

parameter will lead to clearly less costly distortions of manufacturers’ decisions among 

different abatement options—while still enabling a similar differentiation of manufacturer-

                                                 
376 Realistically, manufacturers will not fully account for their own direct and—at the same time—entirely 

neglect their indirect impact on the economywide average weight of the vehicle fleet, as assumed in our 

theoretical model. Instead, they will probably also have a certain sense of the indirect effects of their actions via 

their competitors’ reactions, which partially offset their direct effect on 
wx . Still, the distortion will diminish, 

even if manufacturers consider these indirect effects on 
wx . 

377 Recall that vehicle weight is directly proportional to inertia, gradient, and rolling resistance, being main 

determinants of a vehicle’s emissions intensity.  

In our baseline parameterization, we focused on engineering costs (i.e., mainly the use of light-weight 

materials), but widely disregarded the opportunities for weight reductions within a general downsizing strategy. 

Moreover, technological progress may likely have shifted the costs of weight reductions further downwards. 

Recent analyses (e.g., FEV, 2012a; 2013; Hill et al., 2013; Lotus Engineering, 2010; 2012) find substantial 

weight reduction potentials at very moderate costs. Thus, weight reductions may appear more expensive in our 

highly stylized numerical model than currently realistic, thereby underestimating their importance as a means of 

emissions abatement.  
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specific emissions targets.378 First, changes in the vehicle footprint are more complex, time-

consuming, and costly—for technical reasons and for lack of consumer acceptance, implying 

a high value of  . Thus, a footprint-based regulation is likely to be less vulnerable to 

adjustments in vehicle design that are intended to weaken the required emissions reduction.379 

Second, the vehicle’s footprint has a considerably smaller (direct) physical impact on its 

emissions intensity and fuel economy than weight (implying a lower value of  ), but the 

footprint still shows a relatively good empirical correlation with the vehicle’s fuel 

consumption.380 The relatively strong empirical correlation implies reasonable adequacy of 

the footprint as MAC indicator, whereas its weaker immediate physical impact on the 

vehicle’s emissions and the high costs of footprint adjustments attenuate distortion-induced 

efficiency losses.381 In short, using the vehicle’s footprint as reference parameter allows an 

appropriate differentiation of manufacturer-specific emissions targets without overly 

disincentivizing promising emissions abatement options.382  

                                                 
378 The possibility of a similar differentiation of manufacturer-specific fuel economy and emissions targets is 

enabled by the high empirical correlation of vehicle weight and footprint. For instance, for the European model 

year 2009 vehicle fleet, the R
2
 value of the empirical correlation between vehicle weight and footprint is 0.71 

(German & Lutsey, 2010). Accordingly, Mock (2011), Smokers et al. (2011), and Transport and Environment 

(2011) find for the European market that manufacturer-specific emissions targets assigned based on the 

vehicles’ footprint could be relatively similar to those assigned based on vehicle weight. 

379 Still, with footprint-based standards, there also remains a certain distortion of manufacturers’ design 

decisions towards larger vehicles. Whitefoot and Skerlos (2012) simulate the impacts of the current U.S. 

standards on the sales-weighted average vehicle size and specific CO2 emissions, and find effects that could—if 

correctly estimated–considerably undermine the fuel saving and GHG mitigation targets striven for with the 

regulation. 

380 The strong empirical correlation between a vehicle’s fuel consumption and its footprint is caused to a large 

extent by the (empirical) correlation between the footprint and other, more emissions-relevant vehicle attributes, 

particularly vehicle weight. Although the latter correlation is at least partially caused by physical 

interdependencies between these vehicle attributes (which are not captured in our model), footprint and vehicle 

weight can still be decoupled to a significant extent, for instance, by using light-weight materials. Thus, the 

scope for reducing a vehicle’s specific emissions without altering its footprint is considerably larger than 

without changing its weight. See, e.g., Fergusson, Smokers, Passier, and Snoeren (2008); German and Lutsey 

(2010). 

381 The combination of (a) a relatively strong empirical correlation between a vehicle’s footprint and its 

emissions intensity, (b) a rather weak direct physical impact of the footprint on a vehicle’s specific emissions, 

and (c) high costs of changing the footprint allows choosing a relatively high value of   without causing 

sizeable distortion-induced excess costs. Indeed, the cost-minimizing   for (nontradable) footprint-based 

standards exceeds the footprint’s direct emissions factor, i.e., k  .  

If, however, shifts within a manufacturer’s fleet mix towards vehicles from smaller segments turn out to be an 

economically more viable abatement option than currently presumed, the rather favorable appraisal of footprint 

as reference attribute would need some relativization.   

382 The conclusion that the vehicle’s footprint is a more suitable reference parameter than vehicle weight is 

shared by several other studies (e.g., Fergusson et al., 2008; German & Lutsey, 2010; International Transport 

Forum, 2008; Mock, 2011; Transport and Environment, 2011). 
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The U.S. regulation provides maximum compliance flexibility to manufacturers by 

allowing banking, borrowing, averaging across cars and light trucks, and credit trading across 

manufacturers. Given the relatively low importance of abatement strategies that involve 

footprint adjustments, these flexibilities will likely facilitate the convergence of the actual 

MAC—across vehicles, manufacturers, and the most relevant (technical) abatement options. 

Whereas the EU standards are best described, according to our classification scheme, as 

adaptable tradable (weight-based) standards, the new U.S. regulation better fits to the 

category of fixed tradable (footprint-based) standards. The limit value curves for model years 

until 2021 are already fixed and those for model years 2022 to 2025 are already set, too, but 

subject to a mid-term evaluation. Yet, due to the relatively weak distortionary impact of using 

the vehicle’s footprint as the reference attribute, the missing explicit feedback of 

manufacturers’ vehicle design decisions into the limit value curve will presumably harm the 

efficiency of the U.S. regulation only to a minor extent. Abstracting from the overall level of 

ambition in targeted fuel economy, we judge the regulatory design of the U.S. standards to be 

economically more efficient than its European counterpart.383  

 

Box 8. Consideration of Weight-related Distortions in the Impact Assessments  

for the European Vehicle CO2 Emissions Standards 

In the course of the latest revision of its vehicle emissions standards directive, the 

European Commission considered a change of the reference parameter used for assigning the 

manufacturer-specific 2020 (and beyond) targets—from vehicle weight to footprint. One of 

the reasons why weight was chosen as the reference attribute for the 2015 targets was a lack 

of data regarding vehicle footprints that is resolved in the meantime. Several studies 

supporting the EU’s legislation—including those prepared already for the initial 

rulemaking—acknowledge the problems of vehicle weight as reference attribute in a 

qualitative manner, but they did not incorporate the distorting effects in adjusted cost curves 

(e.g., Fergusson et al., 2008; Fergusson et al., 2007; Smokers et al., 2011; Smokers et al., 

2008; Smokers et al., 2006). Instead, the scientific support assessing the impacts of different 

reference attributes (and different slopes of the limit value curve) on the overall compliance 

                                                 
383 However, the continued separation of the LDV fleet into the categories cars and light trucks remains highly 

questionable from an economic efficiency (and a safety) perspective because it perpetuates considerable notch 

effects. As both vehicle groups are nowadays mainly used for private passenger transport purposes, one might 

further question from a distributional perspective whether this separation is an implicit subsidy that incentivizes 

the purchase of more fuel-inefficient light trucks. Actually, the adopted array of annual fuel economy and GHG 

targets implies a growing relative divergence between targets for cars and light trucks; for the years from 2016 

to 2020, even the absolute gap in emissions targets (in terms of grams CO2 per mile) increases. 
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costs and cross-manufacturer burden sharing implicitly assumes that manufacturers’ 

abatement strategies remain unaffected by the chosen reference parameter. The European 

Commission’s final impact assessment for the latest revision (European Commission, 2012a), 

however, attempts to quantify the excess costs caused by disincentivizing weight reductions; 

yet, the methodology used for that purpose does not accurately reflect the impacts of a 

weight-based regulation.384 Eventually, the European Commission decided for its revised 

vehicle emissions standards to further assign manufacturer-specific emissions targets based 

on vehicle weight in order to provide manufacturers’ with continuity (Regulation (EU) No 

333/2014 amending Regulation (EC) No 443/2009, European Parliament & Council of the 

European Union, 2014).   

 

7.4 Safety Implications 

An issue left aside in our analysis so far, but that is in the center of the debate on fuel 

economy standards, is the standards’ safety implications. Accident costs, internal and 

external,
385

 constitute a major share of road transport’s overall social costs. Particularly in the 

U.S., a controversial discussion emerged whether the CAFE standards worsened road safety. 

Whereas some studies attribute a significant rise of fatalities to their introduction,mainly due 

to regulation-induced weight reductions (e.g., Crandall & Graham, 1989; National Research 

Council, 2002), others call this correlation between fuel economy regulation and road safety 

into question (e.g., Ahmad & Greene, 2005; Noland, 2004; Yun, 2002).  

First and foremost, there is no unambiguous, universally valid relation between fuel 

economy or vehicle emissions standards and road safety; instead the safety implications are 

highly dependent on the precise design of the regulation. As shown, the regulatory details 

crucially determine the manufacturers’ incentives with regards to vehicle design,
386

 which is 

                                                 
384 For its distortion-adjusted cost curves, the impact assessment reduces the emissions abatement potential of 

weight reductions commensurate to the inherent subsequent tightening of an individual manufacturer’s specific 

emissions target. The total achievable emissions reduction diminishes thereby. However, the use of weight as 

reference parameter does not reduce the actually attainable abatement potential, only the order by which 

manufacturers exploit their different abatement options changes. As soon as the emissions target is sufficiently 

stringent so that weight reductions will be used more intensively by manufacturers because (perceivedly) 

cheaper abatement measures are fully exploited, the cost curves tend to converge again. 

385 In the following, we will refrain from a distinct treatment of internal and external accident costs because 

there is no generally accepted definition; furthermore, a clear-cut distinction would require comprehensive 

information, on insurance coverage, for instance.  

386 Although not regarded separately, regulation-induced changes within a manufacturer’s fleet mix—for 

instance, towards lighter and smaller vehicle models—are assumed to have relatively similar safety implications 

to modifications in vehicle design. 
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essential for the triggered safety consequences. Drawing on our previous results and against 

the backdrop of the existing literature, we briefly hint at the potential road safety effects of 

different standard designs. We base our brief assessment on the following basic principle 

insights on road safety (see Evans, 2004; Evans & Frick, 1992; 1993; Gayer, 2004; Greene & 

Plotkin, 2011; Jacobsen, 2011; 2012b; Khazzoom, 1994; Li, 2012; Robertson, 2006; Van 

Auken & Zellner, 2005; 2013; M. J. White, 2004): (a) ceteris paribus,
387

 heavier vehicles tend 

to improve their occupants safety, particularly in multi-vehicle collisions; (b) this comes to 

the detriment of other road users (other drivers in multi-vehicle accidents, pedestrians, and 

bicyclists); (c) larger weight disparities across involved vehicles increase the cumulated 

safety risk in multi-vehicle collisions;
388

 (d) larger vehicles (size being represented by the 

vehicle footprint) improve their occupants’ safety due to providing more crush space, 

improving directional stability, and reducing the risk of rollovers; (e) (ceteris paribus) larger 

vehicles seem to also reduce the fatality risks of other road users involved in accidents. What 

does this mean for the regulatory design of vehicle emissions standards? 

Depending on the slope of the limit value curve, WBS disincentivize weight 

reductions and maintain significant weight heterogeneity within the fleet; hence, we judge 

WBS critically especially with regards to multi-vehicle collisions and accidents involving 

non-motorized traffic participants. Similarly to WBS, standards based on the footprint also 

enable the automobile industry to maintain substantial diversity (regarding vehicle size) in 

their supply. Of course, this heterogeneity in size always implies to certain extent 

heterogeneity in weight, too, due to the physical correlation between these attributes. Yet, as 

mere weight reductions (through the use of lighter materials, for instance) are incentivized 

under footprint-based standards, the (absolute) weight differences among vehicles will likely 

shrink even if vehicles’ footprints remain heterogeneous. Furthermore, the fleetwide average 

                                                 
387 Of course, there are certain (physical) correlations among some vehicle attributes in reality. For instance, 

changes in a vehicle’s size obviously affect its weight, although substantial decoupling can be achieved. 

Moreover, vehicle characteristics and driver behavior may be correlated; that is, less safe drivers may select into 

certain—bigger—vehicle models or drivers may adjust their behavior contingent upon their vehicle’s safety 

properties. The latter effect could (partially) offset changes in the vehicles’ physical safety attributes. Some 

models attempt to account for these effects when estimating the safety impacts of transport policies (e.g., 

Jacobsen, 2012b; Peltzman, 1975; Yun, 2002). The ceteris paribus condition also excludes changes in material 

used: if conventional steel in the vehicle body is substituted for high-strength steel and aluminum, weight 

reductions and safety improvements can concur. 

388 In multi-vehicle collisions, it is the disparity in the masses of the colliding vehicles rather than the mass of 

the vehicles itself that determines injury risk. In collisions between heavy vehicles (e.g., light trucks or SUVs) 

and smaller cars, the increased survival rate of the car driver regularly outweighs the higher safety risk of the 

driver of the heavier vehicle if the masses of the two vehicles converge (e.g., through weight reductions in the 

heavy vehicle) (e.g., M. Anderson, 2008; Evans, 2001; Robertson, 2006; Van Auken & Zellner, 2005; 2013; 

Wenzel & Ross, 2005; M. J. White, 2004).  
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footprint will be largest among the three regarded regulatory designs (that is, weight-based, 

footprint-based, and uniform standards),
389

 presumably providing the best safety properties in 

single-vehicle accidents. Uniform standards will result—on average—in the lightest and 

smallest fleet as neither weight reductions nor size reductions are disincentivized.
390

 

Additionally, they entail the strongest incentives for weight convergence. Thus, the emerging 

smaller vehicles will cause the lowest accident costs for other—that is, non-occupant—traffic 

participants; the cumulated risks of all road users involved in multi-vehicle collisions (or 

accidents involving pedestrians/bicyclists) will likely decrease. However, the occupants of 

these downsized vehicles will probably be exposed to somewhat higher risks in single-vehicle 

accidents. As credit trading provisions (and other flexibility mechanisms such as averaging) 

generally facilitate greater diversity within the LDV fleet, thereby also implying more 

heterogeneity in weight across vehicles, they may have a certain safety-deteriorating effect 

particularly in multi-vehicle collisions.  

To summarize briefly, it appears that WBS yield the worst results in terms of overall 

road safety because they foil the safety-relevant objective of inducing greater mass 

convergence across vehicles involved in accidents. The comparison of footprint-based and 

uniform standards is less straightforward as it involves a trade-off between opposing effects 

in single- and multi-vehicle-accidents.
391

 Apparently, these are very provisory conclusions, 

derived from the vehicle design incentives imposed by the different types of vehicle 

emissions standards.
392

 Actual road safety effects, of course, highly depend on the precise 

details of the regulation (e.g., the slope of the limit value function of attribute-based 

standards) as well as the specific characteristics of the vehicle market to be regulated, such 

as: consumer preferences, market structure, manufacturer strategies, state of technology etc.  

                                                 
389 As in our previous analysis, all inferences on the impact of different standard designs on the characteristics 

of the emerging vehicle fleet are based on the assumption that the same average fuel economy is achieved; that 

is, the regulatory rules anticipate any “gaming” (i.e., vehicle design adjustments intended to relax the stringency 

of the regulation) under attribute-based standards. 

390 Given the physical correlation between weight and footprint, uniform standards will yield lighter and smaller 

vehicles than both weight-based and footprint-based standards. 

391 These rough conclusions are widely consistent with simulation results in Jacobsen (2011; 2012b), who finds 

similar fatality rates for subjecting the U.S. LDV market to either uniform or footprint-based standards. 

392 A more settled result seems to be that the distinct treatment of cars and light trucks–as applied in the U.S. 

CAFE and GHG regulations—entails adverse aggregate safety effects, to a great extent caused by the risks large 

and heavy SUVs and light trucks impose on smaller cars (see, e.g., M. Anderson & Auffhammer, 2011; Gayer, 

2004; Jacobsen, 2011; 2012b; Li, 2012; Wenzel & Ross, 2005; Whitefoot & Skerlos, 2012). The differing levels 

of fuel economy ambition impede weight convergence across these categories; indeed, the growing relative 

divergence in emissions targets may even bring about increasing (relative) weight disparities between cars and 

light trucks. Moreover, the specific design of SUVs and light trucks can adversely impact the safety of other 

road users. 
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Secondary safety effects of fuel economy standards can also arise from the rebound 

effect: The frequency of collisions may increase with more road traffic, but accidents will be 

less fatal if people drive more slowly in heavier traffic. Hence, the net impact of vehicle 

emissions standards—via the rebound effect—on overall accident costs (consisting of 

fatalities, non-fatal injuries, property damages, and traffic hold-ups) is ambiguous. The safety 

implications necessitate great attention and care when conducting a comprehensive regulatory 

impact assessment for the introduction or tightening of fuel economy standards, considering 

that the induced safety effects may possibly outweigh other costs and benefits of the 

regulation. 
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Part C: Future Challenges: Dealing with the 

Electrification of the LDV Fleet 

8 Electricity-based Drivetrains:  

Prospects, Impacts, and Regulatory Treatment 

8.1 The Transition Challenge 

Currently, both the U.S. and the EU market are still dominated by vehicles running on 

liquid fossil fuels, that is, gasoline and diesel. So far, alternative fuels and drivetrains could 

only occupy small market niches. In the long run, however, further improvements of the fuel 

economy of conventional vehicles running on oil-based fuels will be insufficient to bring 

along the deep GHG emissions cuts also needed in the transport sector.393 Despite remaining 

potentials for fuel economy improvements beyond 2020, conventional internal combustion 

engine (ICE) vehicles will hit technological limits for further tailpipe CO2 emissions 

reductions if current levels of vehicle performance (that is, size, speed, comfort etc.) should 

be maintained (Berggren & Magnusson, 2012; DeCicco, 2010a; Kasab & Velliyiur, 2012; 

National Research Council, 2013; Ricardo Inc. & Systems Research and Applications 

Corporation, 2011). Hybridization (without external charging) can shift the technological 

frontier of ICE vehicles and deliver further fuel economy improvements as it reduces energy 

losses from overcoming inertial and gradient resistance,394 but these improvements are still 

bound by the energy conversion (in)efficiency of the ICE.   

Aiming at the decarbonization of road transport despite the technological limits to 

further efficiency improvements of the ICE, many regulators set their hopes in alternative, 

less GHG-intensive fuels that should substitute for fossil diesel and gasoline. Especially 

biofuels were considered a promising option for decarbonizing the transport sector and 

reducing its dependence on oil imports in the post-millennial years. However, these hopes 

were increasingly frustrated by new scientific findings in recent years—with respect to both 

their actual decarbonization potentials as well as further sustainability criteria (see Box 9). 

                                                 
393 Given the projected growth in aviation and freight transport, subsectors that are even more difficult to 

decarbonize, LDV have to make a major contribution towards the transport sector’s overall emissions mitigation 

efforts. 

394 Acknowledging that energy cannot be lost, we actually mean exergy losses (that is, losses in—for vehicle 

traction purposes—usable energy) when we refer to the colloquial language term of energy losses.  
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Another conceivable approach to improve ICE vehicles’ GHG balance is to produce synthetic 

hydrocarbon fuels based on renewable electricity as “feedstock.” Although technically 

feasible, the large energy conversion losses along the fuel supply chain of synthetic 

hydrocarbons, including the combustion in the ICE, render this option economically (and 

environmentally) hardly viable, either (see Box 10). Eventually, it appears there remain no 

alternative fuels that have the potential for a large-scale, sustainable, and economically viable 

decarbonization of an ICE-based LDV fleet. Thus, in the decades to come, other drivetrain 

technologies have to supersede the ICE—namely electric motors.395 The energy to propel the 

electric motor may be supplied either by batteries or by hydrogen-based fuel cells.396  

The required long-term switch from fossil-fueled ICE vehicles to renewables-based 

electric drivetrains raises questions regarding the appropriate regulatory framework to 

support this technology changeover, and as to which role vehicle emissions and energy 

efficiency standards should play in the transition process. Given the relatively mature state of 

most technological approaches to improve the fuel economy of ICE vehicles, thus far, the 

rationale for vehicle emissions standards primarily rested on the assumption that car 

purchasers underrate the fuel cost implications of their vehicle choice. While the correction of 

fuel economy undervaluation will likely remain an issue, aspects of new technology 

development and diffusion will gain in importance for the future LDV regulatory framework. 

Compared to ICE-based LDV, alternative vehicle concepts based on electric drivetrains 

feature substantially greater potentials for further technology improvements and cost 

reductions. Tapping these potentials through R&D and accelerated technology diffusion is 

regularly characterized by knowledge spillovers, (indirect) infrastructure-related network 

effects, and learning curve effects as well as—on the user side—learning-by-using spillovers. 

If these positive externalities remain uncompensated, the market-driven speed of 

technological change will lag behind the optimal pace, or innovative technologies may even 

stuck in the “valley of death.” Hence, it is argued that LDV policies should be tailored such 

that they also contribute to advancing the required technological progress. The following 

chapters will therefore scrutinize—among others—whether vehicle efficiency standards are a 

                                                 
395 National Research Council (2013) as well as Skinner, Van Essen, Smokers, and Hill (2010) and Hill et al. 

(2012) explore potential transition paths, involving different technology mixes, for the U.S. and the EU, 

respectively, until 2050. All scenarios emphasize the crucial role electrification of road transport has to play in 

the sector’s decarbonization process. 

Besides its GHG mitigation potential, a switch to EV can also reduce other externalities such as noise and local 

air pollution. 

396 Hydrogen can also be used as fuel for combustion engines, but the efficiency of this hydrogen usage pattern 

is worse than generating electricity in a fuel cell that propels an electric motor. 
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suitable instrument to simultaneously address fuel cost undervaluation, transport’s 

decarbonization, and technological change. We will assess the synergies and trade-offs in 

pursuing these objectives by means of the currently deployed as well as alternative policy 

approaches.  

A major difficulty of treating electricity-based and conventional vehicles jointly by 

means of traditional (tailpipe) CO2 emissions standards originates from differences in the 

well-to-wheel (w-t-w) emissions chain. Whereas the main part of GHG emissions related to 

driving ICE vehicles is released at the tailpipe during operation, most emissions attributable 

to electricity-based vehicles (EV) occur upstream during the production of electricity or 

hydrogen.397 In the long run, the currently predominant approach of tailpipe emissions 

standards will thus become more and more obsolete with electric drivetrains gradually 

replacing ICE drivetrains. As soon as EV constitute a sizable share of the new LDV fleet, a 

new basis of assessment—other than tailpipe emissions—for vehicle emissions and fuel 

economy regulations will be required. Standards that also include upstream emissions, energy 

efficiency standards, or technology-differentiated standards may be possible alternatives. Yet, 

the indisputable need for future reform does not provide an answer to the question whether 

the current policy focusing on tailpipe emissions is still appropriate to govern the beginning 

transition phase. Before looking in chapter 9 into the merits of alternative LDV efficiency 

standard metrics that could replace the current narrow tailpipe emissions standards, we first 

address the latter question in this chapter.  

The upcoming changes in the energy supply of LDV also entail increasing 

intertwining of the transport and electricity sectors. This calls for an intensified coordination 

of the respective sectoral policies. Otherwise, pursuing narrowly defined sectoral goals 

without considering cross-sectoral policy implications may well cause adverse effects in 

other sectors as well as an undesired increase in economywide resource consumption and 

GHG emissions. In this regard, in chapter 10, we put a particular focus on interactions of 

vehicle emissions or efficiency regulations with cap-and-trade emissions trading policies as 

these are the major pillar of climate policy in the EU and potentially globally in the future.  
  

                                                 
397 For estimates of the relative contribution of downstream and upstream emissions to different vehicle types’ 

overall climate burden, see e.g. Pike (2012); Edwards, Larivé, and Beziat (2011); Kromer and Heywood (2007); 

OECD, International Transport Forum, and Joint Transport Research Centre (2007). As noted above, BEV and 

FCEV do not emit any CO2 from the tailpipe at all. The shares of downstream and upstream emissions from 

PHEV depend on the distribution of driving in electric and conventional mode, which is crucially determined by 

the all-electric range of the PHEV. 
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Box 9. Biofuels and Non-oil-based Fossil Fuels 

Especially in the post-millennial years, biogenic fuels were considered a prospective 

option to decarbonize the road transport sector and reduce its dependence on imported oil. 

Thus, they received financial support (e.g., by means of tax exemptions), and admixing 

obligations for fuel suppliers were implemented. In recent years, however, biofuels have 

come increasingly under criticism. Economic, environmental, and social arguments call the 

sustainability of biofuels and thereby their political promotion into question.398  

From a climate change perspective, it is doubtful—at least for a large fraction of 

biogenic fuels—whether the replacement of fossil fuels by biofuels will yield substantial 

improvements of the GHG balance or whether it entails net GHG reductions at all if the fuels’ 

entire life cycle is considered. In particular, nitrous oxide (N2O), which is a GHG stronger 

than CO2 by factor 310, emissions constitute a main component of biofuels’ climate burden. 

Treating biofuel feedstock plants with nitrate fertilizers can significantly increase N2O 

emissions, an effect that has been underestimated in past biofuel GHG emissions 

calculations.399 Thus, in terms of w-t-w GHG intensity, the increased use of biofuels may 

well imply deterioration rather than an improvement compared to fossil oil-based fuels 

(Crutzen et al., 2007; Klemedtsson, Smith, & Mosier, 2011; Plevin, O’Hare, Jones, Torn, & 

Gibbs, 2010; K. A. Smith, Mosier, Crutzen, & Winiwarter, 2012; K. A. Smith & Searchinger, 

2012). This holds even truer if GHG emissions from market-mediated indirect land-use 

changes are also considered (Fargione, Hill, Tilman, Polasky, & Hawthorne, 2008; Hertel et 

al., 2009; Laborde, 2011; O´Hare et al., 2009; Plevin & Kammen, 2013; Searchinger et al., 

2008).400 For instance, large amounts of GHG are released from soil and biomass if natural 

carbon sinks such as forests or grasslands are cleared for biofuels production-induced 

farmland extension. Besides these climate risks, the production of biofuels may also bring 

along further environmentally adverse effects such as acidification of soils, eutrophication of 

waters, entry of pesticides, and loss of biodiversity (Bertzky, Kapos, & Scharlemann, 2011; 

A. Campbell & Doswald, 2009; Edwards, Larivé, Mahieu, & Rouveirolles, 2007; Laurance, 

2007; Scharlemann & Laurance, 2008; Zah, Böni, Gauch, Lehmann, & Wäger, 2007). From 

                                                 
398 This box draws on Elmer, von Hirschhausen, Winter, and Beckers (2010). 

399 For instance, according to a study by Nobel Prize winner Paul Crutzen and his colleagues (Crutzen, Mosier, 

Smith, & Winiwarter, 2007), biodiesel produced from oilseed rape, which dominates EU home-grown biodiesel 

production, can generate up to 70% more GHG emissions than fossil fuel diesel; corn ethanol, which is 

predominant in the U.S. biofuels market, can produce up to 50% more GHG emissions than gasoline based on 

fossil oil. 

400 There remain, however, serious methodological challenges in accounting for indirect land-use changes; see 

e.g. Dumortier et al. (2011); Finkbeiner (2014); Gawel and Ludwig (2011).  
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an economic point of view, biofuels are a relatively expensive option for reducing the 

consumption of fossil fuels, especially if the environmental costs are factored in (Elmer et al., 

2010; Kammen, Ahring, de Almeida, Steenblik, & Woods, 2007). Moreover, the combustion 

of biomass in stationary plants for (combined) electricity and heat production usually implies 

higher net CO2 savings and is more cost-effective than the production of biogenic liquid fuels 

for transportation (Sachverständigenrat für Umweltfragen, 2007; Wissenschaftlicher Beirat 

der Bundesregierung für Globale Umweltveränderungen, 2008). For instance, J. E. Campbell, 

Lobell, and Field (2009) find that the combustion of biomass in stationary plants for power 

generation, which is then used to charge electric vehicles, yields almost double the mileage 

and more than double the CO2 reduction than what is achieved by converting biomass to 

liquid fuels.401  

The social dimension of the biofuels dilemma refers to the argument that the 

production of biofuels may cause food supply problems for the poorest (Naylor et al., 2007; 

OECD & FAO, 2007; Ponti & Gutierrez, 2009; The Gallagher Review, 2008; Ziegler, 2013). 

Financial support and mandatory admixing quotas for biofuels in Western countries can 

contribute to increasing competition between crops production for food and fuel purposes, 

and thereby lead to increasing food prices.  

Due to the environmental, economic, and social downsides of biofuels production, we 

deem low-carbon electricity-based mobility to be the more promising and more sustainable 

option for a reduction of oil dependence and decarbonization of (passenger) road transport in 

the medium and long term. The rising awareness of these drawbacks has also led many 

regulators to revise their (quantitative) biofuels targets.402 Nevertheless, environmentally and 

socially better performing second generation biofuels—using residual materials and non-food 

crops grown on degraded land as input—may still play a role in the transport sector’s future 

fuel mix—particularly in those subsectors that are less apt for electrification than passenger 

road transport, that is, freight transport, aviation, and shipping. 

Another alternative non-oil-based fuel for passenger vehicles is compressed natural 

gas (CNG). Taking into account the energy losses during compression, CNG vehicles 

                                                 
401 Note that the amount of generated electrcity per hectare is significantly higher for photovoltaic and wind 

energy installations than for the biomass path, but it is also characterized by a more volatile feed-in profile.  

402 Moreover, sustainability criteria for biofuels were introduced and tightened (Mondou & Skogstad, 2012; NL 

Agency Energy and Climate Change, 2011; Scarlat & Dallemand, 2011; Soimakallio & Koponen, 2011; The 

Swedish Knowledge Centre for Renewable Transportation Fuels, 2013). While such criteria are quite well 

capable of capturing different direct effects, they are inapt to adequately account for the far more complex 

market-mediated indirect effects of biofuels production. 
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normally feature lower energy efficiency in terms of Joule per vkm (than diesel and gasoline 

vehicles); yet the combustion of CNG can still yield CO2 savings of up to 20% compared to 

gasoline—considerably less if compared to diesel—due to its larger energy content per unit 

of carbon (Edwards et al., 2014; Edwards et al., 2011). A desirable side effect of substituting 

conventional fuels by CNG would be the improvement of local air quality as CNG combusts 

at low pollution emissions. Given the relatively small advantage of CNG in terms of specific 

w-t-w GHG emissions, natural gas cannot be the solution for the decarbonization challenge 

ahead. Furthermore, switching from oil to natural gas would not dissolve the dependence on 

fossil fuel imports—at least for the EU. Both the GHG performance and the effect on fossil 

fuel import dependency can be improved if vehicles are fueled with biogas instead of fossil 

natural gas. In environmental terms, biomethane regularly performs better than biodiesel and 

bioethanol (e.g., Åhman, 2010; Murphy & Power, 2009; Power & Murphy, 2009). This holds 

particularly true for biomethane that is produced from waste products such as residual 

biomass or manure; yet if the biomethane is produced from dedicated crops, problems similar 

to those of liquid fuels from biomass may arise. Hence, if ambitions GHG mitigation targets 

are to be met, methane-fueled vehicles do not appear to be a long-term alternative to the 

electrification of LDV either.  

 

Box 10. Alternative Pathways for Using Electricity to Fuel LDV 

Although we focus on the use of electricity to propel electric drivetrains, either 

directly via electricity stored in batteries or indirectly via the hydrogen path, for the sake of 

completeness it should be noted that there are more ways conceivable of supplying LDV with 

electric energy (Kasten, Blanck, Loreck, & Hacker, 2013). Electricity can also be used to 

produce synthetic methane or synthetic liquid hydrocarbon fuels (by means of the Fischer-

Tropsch process) that are burned in ICE vehicles.403 In terms of transforming grid electricity 

into vehicle motion (that is, electrical efficiency), the direct use of electricity features by far 

the best electrical efficiency, but performs worst in terms of energy storage. Hydrogen used 

in FCEV is superior to both synthetic methane and Fischer-Tropsch liquid fuels with regards 

to electrical efficiency and production flexibility; the latter refers to the capability of the fuel 

                                                 
403 Biofuels and electricity-based synthetic hydrocarbon fuels show some similarities with respect to their 

upstream-downstream emissions structure: While both fuels inevitably emit CO2 at the vehicle’s tailpipe, their 

upstream emissions are highly uncertain and depend on the used feedstock’s GHG balance. If synthetic 

hydrocarbons are produced predominantly using (additionally generated) renewable electricity, their upstream 

net GHG balance can be negative; this may hold true if the CO2 used as an input factor for the chemical 

reactions would otherwise be released into the atmosphere. With fossil electricity generation, synthetic 

hydrocarbons usually entail net GHG emissions already during the upstream stage.  
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production process to absorb temporary electricity generation surpluses from fluctuating 

renewable energy sources and to convert them into (storable) transport fuels. This capability 

facilitates the accelerated (and more economical) integration of volatile renewable energy 

sources into the energy system and reduces the upstream CO2 emissions attributable to the 

produced transport fuel. The capability of a facility to adjust its production volume to the 

availability of (surplus) renewable electricity is crucially determined by the facility’s capacity 

to work on partial load as well as its run up and ramp down speed. The conversion to 

hydrocarbons following hydrogen electrolysis adds a further constraint on this flexibility—

besides the additional conversion losses. Thus, any synthetic electricity-based fuels that 

require an additional conversion step beyond the production of hydrogen perform worse than 

using hydrogen directly in most respects essential for their long-term economic viability and 

environmental sustainability—except for the (costly) need to build up a hydrogen 

infrastructure.404 The advantages of electricity-based synthetic hydrocarbon fuels in terms of 

infrastructure requirements cannot make up for their substantially lower electrical efficiency 

compared to batteries and hydrogen as energy carriers, though. Given the significant losses 

during the conversion of (a) electricity to synthetic hydrocarbon fuels in the fuel production 

process and (b) synthetic fuels to mechanical energy in ICE vehicles, in the remainder of this 

chapter, we do not further regard this option for making use of electricity in passenger road 

transport.405   

 

8.2 Current Regulatory Treatment of Alternative Drivetrains 

8.2.1 Overview 

In striving for a long-term decarbonization of the transport sector and a reduction of 

its oil dependence, regulators build their hope on alternative fuel types and new drivetrains. 

To stimulate their development and early market uptake, both the U.S. and the EU have 

implemented special provisions for vehicles running on alternative—that is, non-fossil—

                                                 
404 See Kasten et al. (2013) for a more detailed account of alternative electricity-based vehicle fuels. 

405 Nonetheless, depending on the requested driving profile, synthetic fuels can still be an option for some LDV 

types (e.g., to supply energy for installed range extenders). In freight transport, synthetic fuels may well play a 

bigger role in the future. 



Electricity-based Drivetrains: Prospects, Impacts, and Regulatory Treatment 

263 

fuels.406 Through incentivizing an accelerated market penetration, the favorable treatment of 

different kinds of electricity-based vehicles—battery-electric vehicles (BEV), plug-in hybrid 

electric vehicles (PHEV)407, and fuel cell electric vehicles (FCEV)—aims at realizing 

increasing returns (e.g., learning effects and economies of scale) as well as fostering the 

construction of fuel infrastructures. The favorable treatment of these alternative vehicles 

comprises two elements: (a) when calculating a manufacturer’s average emissions intensity, 

only tailpipe CO2 emissions are considered; (b) vehicles with very low tailpipe emissions are 

granted multipliers (called super credits in the EU), that is, each eligible vehicle counts as 

more than one vehicle in the official compliance calculation of a manufacturer’s fleet average 

emissions. 

Whereas there are no restrictions on the exclusive regulatory focus on tailpipe 

emissions in the EU (that is, the neglect of upstream emissions), EPA’s GHG standards 

impose some quantitative limitations in this regard. Beginning with model year 2022, 

manufacturers have to account for the net upstream emissions of electric propulsion (that is, 

emissions related to the generation of electricity and the production of hydrogen); yet this 

provision applies only to EV sales above a threshold number of vehicles that will still be 

exempted from upstream emissions accounting (U.S. Environmental Protection Agency, 

2012b; U.S. Environmental Protection Agency & U.S. National Highway Traffic Safety 

Administration, 2012a).408 Moreover, NHTSA’s CAFE standards mirroring EPA’S GHG 

regulations take the energy consumption of EV into account when calculating a 

manufacturer’s average fuel economy. For vehicles running on alternative fuels, NHTSA 

                                                 
406 Here, we focus on support mechanisms for electricity-based drivetrains (both battery-electric and fuel cell-

based drivetrains), although there are also supporting provisions in place for biofuels-based cars. For a critical 

appraisal of support mechanisms, implemented within fuel economy regulations, for vehicles that (can) run on 

biofuels, see e.g. Elmer (2010); Liu and Helfand (2009); Rubin and Leiby (2000). Given the environmental and 

social problems associated with the use of biofuels (see Box 9) as well as the greater long-term emissions 

reduction potentials of electrification, support mechanisms for electricity-based drivetrains play a greater role in 

fuel efficiency regulations in most vehicle markets. 

In the U.S., vehicles running on CNG also qualify for a favorable treatment. The availability of special super 

credits for CNG vehicles in the U.S. regulations aims at supporting the timely construction of a gas 

infrastructure for the transport sector that can also be used for hydrogen supply in the long term.  

407 Here, we do not differentiate between range-extended electric vehicles (REEV) and PHEV in a narrow 

sense. The latter describes parallel hybrids that can operate in blended mode (that is, having electric and ICE 

drivetrain), whereas REEV solely have an electric drivetrain and a fossil-fueled generator that re-charges the 

battery during driving if required. In this chapter, if not mentioned otherwise, we use a broader definition of 

PHEV that also includes REEV. Some of the regulatory analyses in the following section particularly refer to 

vehicles that can drive in all-electric mode (i.e., REEV). 

408 See footnote 496. Similar restrictions are already included in the GHG emissions regulations for model years 

2012-2016 (U.S. Environmental Protection Agency & U.S. National Highway Traffic Safety Administration, 

2010a), but—given the relatively slow market uptake of EV—they will hardly become binding.  
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calculates MPG equivalents (MPGe); in doing so, the number of kWh of electricity or kg of 

hydrogen that equals the energy content of a gallon of gasoline is considered a gallon of 

gasoline-equivalent.  

Super credits or incentive multipliers, allowing multiple counting of eligible vehicles 

for standard compliance calculation, are also employed both in the EU and the U.S. As 

eligible vehicles feature substantially lower tailpipe GHG emissions than conventional 

vehicles, multiple counting will bring down a manufacturer’s calculated average emissions. 

For a given fleet structure, it therefore holds that the higher the multiplier or super credit 

factor, the greater the marginal regulatory incentive for selling eligible alternative fuel-

vehicles.409 EPA’s GHG regulation differentiates between all-electric vehicles and 

alternatively fueled low-emissions vehicles, and reduces the multiplier values over time. BEV 

and FCEV will begin with a multiplier of 2 for model year 2017 that phases down to 1.5 for 

model year 2021, and expires in 2022. PHEV and vehicles running on natural gas start with a 

value of 1.6 for model year 2017, diminishing to 1.3 for model year 2021, and also expiring 

in 2022 (U.S. Environmental Protection Agency, 2012b; U.S. Environmental Protection 

Agency & U.S. National Highway Traffic Safety Administration, 2012a). These multiplier 

regulations do not apply to NHTSA’s fuel economy regulations. In the European regulation, 

eligibility for super credits is not technology-specific; formally, eligibility criteria are 

technology-neutral. All vehicles whose officially measured tailpipe CO2 emissions are below 

a threshold value (50 g CO2 per vkm) qualify for receiving super credits. As in the U.S., the 

value of the multiplier phases down over time: eligible vehicles are counted as 3.5 vehicles if 

sold in 2012 and 2013, as 2.5 vehicles in 2014, and as 1.5 vehicles in 2015. From 2016 

onwards, super credits will (temporarily) expire. However, according to the finally adopted 

revision of the vehicle CO2 regulations for 2020 and beyond, super credits will be re-

introduced in 2020 (Regulation (EU) No 333/2014 amending Regulation (EC) No 443/2009, 

European Parliament & Council of the European Union, 2014; European Parliament, 

2014).410 In China, both particularly fuel-efficient vehicles as well as those using innovative 

drivetrains are eligible for receiving super credits.  

                                                 
409 For the ambiguous impact of the multiplier value on the number of total EV sales, see section 9.7. 

410 Upon massive political pressure exerted particularly by the German automobile manufacturers and the 

German government, super credit provisions will play a greater role in the vehicle CO2 emissions regulation for 

2020 and beyond than initially proposed by the European Commission (European Commission, 2012b). After 

renegotiations of a first agreement of the European Commission, the European Council, and the European 

Parliament, manufacturers can receive super credits from 2020 to 2022. The initial super credit factor in 2020 

will be 2, diminishing to 1.67 in 2021, and 1.33 in 2022. Yet, there will be a cumulative cap on the use of super 

credits: the extent to which super credits contribute to a manufacturer’s compliance with the standards may not 

exceed 7.5 g CO2 per vkm over the period from 2020 to 2022. The threshold emissions value to qualify for 

super credits will remain at 50 g CO2 per vkm, despite attempts by the Commission to reduce it to 35 g CO2. 
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8.2.2 Regulatory Focus on Tailpipe Emissions 

If the regulation considers only the fuels’ tailpipe emissions and leaves aside upstream 

GHG emissions, by selling EV with low-tailpipe emissions, manufacturers gain the 

opportunity to increase the fuel consumption of their remaining conventional vehicle fleet 

while still complying with the standard.411 Consequently, manufacturers can either produce 

more (normally) emissions-intensive upper-class vehicles or implement fewer (costly) fuel-

saving technologies in their residual conventional fleet. Therefore, in the wake of an 

increasing market penetration of EV, the mere focus on tailpipe emissions will inevitably 

worsen the average energy efficiency of the fleet as long as the emissions standard is a 

binding constraint. The fleet’s average specific energy consumption includes both the—

unchanged—energy consumption from burning fossil fuels as well as the—additional—

energy consumed by electric propulsion. The decreasing energy efficiency is a direct 

consequence of the decreasing average carbon content of the final energy carriers used in the 

fleet. Hence, a deterioration of the average energy intensity would already result from a 

switch to less carbon-intensive fossil fuels, such as CNG, if the restrictions imposed by 

vehicle emissions standards are binding.412  

The—non-mileage-weighted—fleetwide average tailpipe emissions remain unaffected 

from the market penetration of alternative fuel vehicles. Obviously, this does not hold true 

from a w-t-w perspective. Accounting for upstream emissions, the fleet’s average emissions 

intensity will rise unless the consumed electricity and hydrogen are entirely generated from 

additional, carbon-neutral renewables. Given the higher upstream energy consumption of 

FCEV compared to BEV, this effect will be more pronounced with higher shares of 

hydrogen-fueled vehicles. Considering systematic differences in vehicle type-specific annual 

mileages, the market share of EV may also have an effect on average tailpipe CO2 emissions 

per vkm actually driven. If EV are driven less intensively than conventional vehicles (that is, 

they feature lower annual mileages), the fleet’s mileage-weighted average emissions intensity 

will rise, and vice versa.413 The effects on economywide overall GHG emissions are highly 

dependent on the supplementary climate policy framework.414 

                                                 
411 The fuel consumption of the remaining conventional fleet increases relative to a w-t-w regulation, not 

relative to a situation without any regulation. 

412 If not explicitely noted otherwise, we assume that the vehicle emissions standards are binding. 

413 See section 5.7, particularly footnote 275. 

414 See chapter 10. 
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Irrespective of the net effect on overall GHG emissions, favorable provisions for EV 

may jeopardize a key objective of vehicles emissions standards. If the correction of 

(consumer) undervaluation of fuel economy due to market and behavioral imperfections 

primarily rationalized the introduction of fuel economy and vehicle emissions standards, the 

increase in fleetwide energy intensity and (fossil) fuel consumption of (conventional) 

vehicles will thwart this goal. The relaxation of fuel consumption targets implicit to higher 

shares of EV may prevent tapping socially beneficial and privately cost-effective energy 

efficiency potentials (so-called no regret potentials). Moreover, tailpipe CO2 emissions 

standards provide no regulatory incentives for improving the energy efficiency of EV. The 

identical treatment of hydrogen and battery-stored electricity—despite substantial differences 

in the upstream energy required to supply the same amount of final and mechanical energy—

can be criticized as a further regulatory bias.  

 

8.2.3 Super Credits 

Multiple counting of EV aggravates this problem as it further relieves manufacturers 

of EV from pressure to improve their vehicles’ energy efficiency and to reduce the specific 

emissions of their remaining conventional ICE cars. If EV (and other low-emissions vehicles 

that qualify for multiple counting) can earn super credits, the actual average tailpipe CO2 

emissions—that is, even abstracting from any potential upstream emissions—inevitably 

exceed the value calculated for standard compliance. The specific consumption of fossil fuel 

per vkm increases widely parallel to tailpipe CO2 emissions. Considering CO2 emitted during 

electricity generation and hydrogen production further worsens the overall climate burden per 

vkm.415 Thus, while these preferential provisions can actually facilitate bringing low-tailpipe-

emissions vehicles in the market, they may be accompanied by serious adverse impacts on 

the economic and environmental efficacy of fuel economy or CO2 emissions standards.  

While it is quite obvious that a mere focus on tailpipe emissions and the use of super 

credits deteriorate the actual average CO2 emissions intensity and energy efficiency of the 

fleet compared to the official compliance values, this does not necessarily mean that such 

provisions, favoring low-tailpipe emissions EV, imply missing the initially striven for target. 

In principle, the regulator could anticipate the emerging market shares of EV as well as their 

                                                 
415 Again, the problem of worsening actual on-road CO2 performance of the fleet may gain further relevance 

bearing in mind the possibility of systematic differences in annual mileages across vehicle types. If EV will be 

used mainly for shorter trips due to their limited range whereas vehicles with conventional drivetrains will 

remain dominant for purposes implying higher mileages, the impact of multiple counting is amplified.  
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impact on CO2- and energy intensity, and adjust the official fuel economy or CO2 emissions 

targets accordingly.416 The regulator would raise the ambition of the official compliance 

target in such a way that—after “watering-down” through multiple counting of low-tailpipe 

emissions EV—the actual on-road CO2 emissions intensity and energy efficiency meet the 

“true” target. 

 

8.2.4 Leveraged Uncertainty 

However, such kind of anticipatory approach would be tainted with a high degree of 

uncertainty that will likely affect its real-world performance adversely. For conventional ICE 

vehicles, a broad set of fuel-saving technologies is well-known and often already available in 

the market; their costs and fuel-saving potentials can be narrowed down with relatively high 

precision. Therefore, fuel economy standards for these vehicles can be set in a manner that 

will likely reduce consumers’ total cost of ownership.417 For the different types of EV, on the 

other hand, there is still a high degree of uncertainty regarding the development of the 

technologies (e.g., durability, range, and reliability), their future cost degression (particularly 

with regards to battery and fuel cell costs), consumer acceptance, and the build-up of fuel 

infrastructures (charging stations, battery exchange stations, hydrogen stations).418 Hence, 

over the regulatory lead time needed to provide manufacturers with appropriate planning 

security, the market prospects of EV and the contribution they can actually make towards 

achieving the (official) CO2 emissions or fuel economy targets are highly uncertain.  

                                                 
416 For determining their GHG and fuel economy targets for model years 2020 and beyond, EPA and NHTSA 

considered the expected future market development of EV to some extent (Congressional Budget Office, 2012; 

U.S. Environmental Protection Agency & Department of Transportation, 2012; U.S. Environmental Protection 

Agency & U.S. National Highway Traffic Safety Administration, 2012b). In the EU, the official CO2 emissions 

target was set before the details of the super credit regulations were negotiated.   

417 Presupposing the actual presence of the market, regulatory, and behavioral imperfections described in 

chapter 3, well-defined standards will also be overall welfare-increasing. In the absence of such failures, any 

scope for reductions in the monetary total cost of ownership can be explained by neglected non-monetary costs 

associated with higher fuel economy. 

418 National Research Council (2013); Plötz, Gnann, Kühn, and Wietschel (2013) and Smokers, Skinner, 

Kampman, Fraga, and Hill (2012) describe several uncertainties that have a bearing on the market success of 

hydrogen- and grid electricity-fueled vehicles. These uncertainties find reflection in the highly heterogeneous 

projections of the speed and extent of EV market penetration; see footnote 470. Scenarios greatly vary not only 

in the overall penetration rate of electricity-based drivetrains, but also in the projected—relative—prospects of 

the different technology variants. See Al-Alawi and Bradley (2013a) for a review of available EV market 

modeling studies, and Sierzchula, Bakker, Maat, and van Wee (2012) for an overview of the diversity of 

competing alternative fuel vehicle technologies. 
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In consequence, manufacturers—as well as the regulator—face substantial uncertainty 

regarding the fuel economy of the conventional fleet required to comply with the (official) 

targets. The introduction of super credits further amplifies this problem as multipliers 

leverage the uncertainty inherent to the development of EV. Given high multiplier values, 

already minor deviations from the predicted market penetration of EV would have a 

considerable impact on the tailpipe emissions to be achieved by conventional vehicles as well 

as on the average fuel economy and energy efficiency of the entire fleet. 

If EV remain significantly more expensive than expected by the regulator or if the 

number of sold EV remains small due to insufficient fuel infrastructure, conventional 

vehicles have to achieve considerably higher fuel economy values than anticipated. Vice 

versa, the pressure to improve the efficiency of the—in the medium term, quantitatively still 

dominating—conventional fleet is weakened or entirely disappears if EV penetrate the new 

vehicle market faster than anticipated. In the first case, that is, overoptimistic EV 

expectations, the regulation may incur excessive overall compliance costs, presumably borne 

to a large extent by the buyers of conventional vehicles. The resources invested to rapidly 

increase the efficiency of the conventional fleet clearly beyond the initially intended target 

might have yielded larger (climate policy) benefits in other usages. Moreover, rising retail 

prices for new vehicles may slow down fleet renewal and thereby decelerate progress in the 

average fuel economy across the entire fleet on the road. In the second case, that is, a faster 

market penetration of EV than expected, the aim of correcting supposed distortions in the 

new vehicle market, which lead to suboptimally low fuel economy, will be foiled through the 

implicit relaxation of the fuel economy target for conventional vehicles.419 

That is, the core objective of fuel economy and vehicle emissions targets might 

eventually step back behind a secondary policy objective (i.e., supporting emerging 

technologies). The fuel economy outcomes for the quantitatively still dominating 

conventional vehicle fleet will be determined to a great extent by the development of a rather 

small market segment. Pursuing both goals with one policy instrument implies a great risk to 

achieving the core objective—that is, addressing fuel economy undervaluation in an overall 

cost-effective manner—due to the “imported” and by means of super credits leveraged 

                                                 
419 In reality, the risk of suboptimal deviations from the effective targets initially striven for might rather be 

single-sided due to the economic importance and lobbying power of the automobile industry. In case the fuel 

economy targets are about to become tighter than expected, because of a slower market penetration of EV than 

anticipated, the automobile industry will likely enforce an adjustment—that is, a relaxation—of the regulation. 

In contrast, a weakening of the effective emissions targets due to a greater market success of EV than estimated 

may well persist (see also section 10.6 for this argument). Evidence so far underscores this intuition: super credit 

provisions have regularly been added to already set targets, without adjusting them, during the political 

negotiation process. 
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uncertainty regarding the market prospects of EV. We will now briefly demonstrate how 

integrating EV support policies—through focusing on tailpipe emissions and applying super 

credits—with vehicle emissions standards that aim at correcting undervaluation of fuel 

economy jeopardizes the latter. 

 

8.2.5 Numerical Demonstration 

In case vehicle emissions standards include super credits, a manufacturer’s 

compliance with the regulation is calculated as follows:  
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The multiplier value ,i vm , applicable to model v  of manufacturer i , is determined 

either by the model’s drivetrain technology (U.S. regulation) or its specific tailpipe CO2 

emissions per vkm (EU regulation). If the standard is binding, for the entire fleet it holds:  
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For simplicity, we assume in our numerical demonstration a single multiplier value or 

super credit factor applied to all eligible vehicles—as implemented in the EU. The 

economywide compliance equation then simplifies to:  
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with EV being eligible for applying the common multiplier m , whereas conventional 

ICE vehicles do not qualify for super credits.420 

We can express the average tailpipe emissions of the conventional fleet as a function 

of the market share of EV (as well as the multiplier factor and the tailpipe emissions of EV):  
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420 We use the drivetrain technology as synonym for multiplier eligibility. More precisely, 

ICEE  and 
ICEMS  

subsume the fleetwide average emissions intensity and the market share, respectively, of all vehicles that do not 

qualify for super credits, whereas 
EVE  and 

EVMS  represent all eligible vehicles. 
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As 1ICE EVMS MS  , the marginal rise in tailpipe emissions of conventional ICE 

vehicles increases with the market share of EV. The increment per additional percentage 

point also depends on the availability of super credits; the higher the multiplier value, the 

larger is the marginal increase of conventional vehicles’ tailpipe emissions with respect to 

increasing market shares of EV. Yet, the emissions of conventional vehicles still increase 

without any multiplier provisions in place. Furthermore, the impact of rising EV market 

shares increases with the differences between the official emissions target, E , and the EV’s 

average tailpipe CO2 emissions, EVE . 

The actual—non-mileage-weighted—average tailpipe emissions of the entire fleet, 
*E , increase linearly with the market share of EV:  

  * 1ICE ICE EV EV EV EVE MS E MS E E MS m E E      .  

As already noted above, the fleetwide average tailpipe emissions increase in the wake 

of rising market shares of EV only if multiple counting is applied (that is, 1m  ); otherwise 

they remain unaffected. Again, the marginal effect of rising EV market shares is determined 

by the amount of the multiplier value as well as the difference between the official emissions 

target and the specific average tailpipe emissions of EV. With multiplier provisions 

implemented, each sold EV generates emissions credits amounting to   1 EVm E E   

beyond those covered by actual reductions in tailpipe emissions through electric propulsion. 

We demonstrate the effects of using super credits by looking at possible scenarios for 

the German vehicle market in the year 2020.421 We assume an overall new vehicle market 

size of 3 million units sold, similar to the year 2013. The number of EV among those has to 

exceed 200,000 to be in line with the German Government’s targets for the rollout of electric 

mobility. Given the Government’s goal of one million EV on the road in 2020 and 

presupposing increasing annual sales volumes, any lower number will almost certainly imply 

missing the target.422 The average tailpipe emissions intensity of EV is assumed to be 30 g 

                                                 
421 To get an overview of the range of different scenarios for the market penetration of EV in Germany, see e.g., 

Kihm, Trommer, Hebes, and Mehlin (2010); Mock, Hülsebusch, Ungethüm, and Schmid (2009); Plötz et al. 

(2013); Propfe, Kreyenberg, Wind, and Schmid (2013); Shell Deutschland and Prognos AG (2014). Given the 

observed rather slow market uptake of EV, most recent estimates tend to be more pessimistic regarding the pace 

of EV market penetration.. 

422 Looking at German figures merely serves to provide a numerical illustration of the effect of EV-supporting 

regulations. As the German vehicle market is subject to CO2 emissions standards (including favorable treatment 

of EV) implemented at the European level, interactions with other European vehicle markets will have an 

impact on the effects in reality. Hence, for our numerical example we implicitly scale up the relation of 

conventional and electric vehicle sales to the entire European market, thereby leaving the markets shares the 

same.  
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CO2 per vkm.423 In accordance with the enacted regulatory provisions for the year 2020, we 

suppose an official tailpipe CO2 emissions target of 95 g CO2 per vkm and a super credit 

factor of m =2. Besides this default scenario, we vary the market share of EV as well as the 

super credit factor to get an idea of the sensitivity of the fleet’s emissions performance with 

respect to these parameters.424 Table 2 shows the average CO2 exhaust of conventional cars 

per vkm, ICEE , and the average fleetwide tailpipe emissions, 
*E , for different scenarios with 

respect to the market penetration of EV and the multiplier value applied.425 

 

Table 2. Impact of EV Market Shares on Average Tailpipe Emissions  

of Conventional Vehicles and the Entire Vehicle Fleet (in g CO2 per vkm) 

Scenarios EV=50,000 EV=200,000 EV=450,000 

m =1.5 m =2 m =3 m =1.5 m =2 m =3 m =1.5 m =2 m =3 

ICEE  96.7 97.2 98.3 102.0 104.3 108.9 112.2 117.9 129.4 

*E  95.5 96.1 97.2 97.2 99.3 103.7 99.9 104.8 114.5 

 

                                                                                                                                                        
Whereas some countries have formulated more ambitious targets for EV rollout than Germany (e.g., France, 

United Kingdom), other EU member states do not have any quantitative targets. There is no common European 

target for the market penetration of EV. At the EU level, there are only proposed quantitative targets for the 

build-up of recharging and refilling infrastructure for alternative fuels. 

423 This value is based on the assumptions that (a) PHEV will constitute the majority in the EV fleet and (b) 

their specific tailpipe emissions come close to the threshold value that renders a vehicle elgible for receiving 

super credits. With respect to the latter assumption, see section 8.4. Zero-emissions vehicles (BEV, FCEV) are 

assumed to represent a minority of EV by 2020. 

424 For this numerical illustration, we abstract from the impact of the multiplier value on the number of EV sold. 

Obviously, the multiplier value is an important determinant of manufacturers’ incentives to bring EV into the 

market. See section 9.7 for the—ambiguous—relationship between the multiplier value and the market 

penetration of EV. 

A similar analysis is conducted by Hill et al. (2013). They calculate the cost and emissions implications of 

different regulatory proposals for super credit provisions to be included in the—by then upcoming—European 

vehicle CO2 emissions standards. 

425 Here, we focus on the effect of EV regulations on the fleet’s emissions performance; we abstract from other 

provisions that may further deviate the actual emissions away from the official target (e.g., availability of eco-

innovation credits, phase-in of targets, absence of mileage weighting, unrepresentative test cycles etc.). 

If the average vehicle weight of the German subfleet deviated from the average weight of the entire European 

fleet (to which the target of 95 g CO2 per vkm applies), the German subfleet’s official target would also deviate 

from 95 g CO2 per vkm—as is currently the case. This would implicate a moderate shift in the depicted specific 

emissions levels, but the impacts of varying EV shares and multiplier values remain widely the same. 
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Given our default scenario, the specific emissions of conventional cars and the 

fleetwide average tailpipe emissions would exceed the official emissions target by almost 10 

percent and 5 percent, respectively. In case of unexpectedly successful diffusion of EV (that 

is, 450,000 sold units in 2020) and a higher super credit factor ( m =3), the regulatory 

treatment of EV would render the vehicle emissions standards practically ineffective—at 

least with respect to conventional vehicles. The emissions intensity of the conventional 

vehicle fleet, which still dominates the market in 2020, could virtually stagnate at current 

levels without running the risk of not to comply with the regulation. Even with lower 

multiplier values, the effective stringency of the vehicle emissions standards will be widely 

undermined if EV sales volumes are high. Only if EV penetrate the market very slowly, the 

impact of super credit provisions on both fleetwide average tailpipe emissions and specific 

CO2 emissions of conventional cars remains relatively weak. This slow market diffusion 

scenario, however, implies that the Government’s targets for electric mobility rollout will be 

clearly missed. 

As noted above, the regulator can anticipate the effects of the EV provisions on the 

effective stringency of the standard and adjust its official emissions target accordingly. If 

reducing the specific emissions of conventional vehicles to 95 g CO2 per vkm were deemed 

cost-effective, the regulator would have to set the official fleetwide target to 86.9 g CO2 per 

vkm in order to actually achieve 95 g for the conventional fleet—assuming our default EV 

market share ( EVMS =0.067) and default multiplier value ( m =2). Yet, projections regarding 

the future market penetration of EV are tainted with substantial uncertainty. In case 

consumers remain reluctant to purchase EV, manufacturers face considerably rising 

compliance costs because they have to improve the fuel economy of their (conventional) fleet 

beyond the cost-effective target actually striven for by the regulation. For the scenario of 

50,000 sold EV in 2020, the effective emissions target for conventional cars tightens to 88.8 g 

CO2 per vkm. Conversely, a market penetration of EV that surpasses the regulator’s 

expectations leaves consumers with untapped potentials for cost-effective fuel economy 

improvements. With 450,000 EV sold in 2020, the stringency of the effective fuel economy 

target for conventional vehicles waters down to 107.0 g CO2 per vkm. 

Looking at the average energy consumption per vkm of the entire vehicle fleet ( *En ), 

we see that changes in the market share of EV have even more pronounced effects. Beside 

the increase in consumption of energy contained in liquid fossil fuels, which is commensurate 

to the rise in average tailpipe emissions, we have to add the energy content of electricity and 

hydrogen used in alternative vehicles:  

   * * 1EV EV EV EV EV EVEn E CF En MS E MS m E E CF En MS        
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The conversion factor CF is used to translate tailpipe CO2 emissions of conventional 

cars into their specific energy consumption per vkm. Tailpipe emissions of 100 g CO2 per 

vkm from burning gasoline roughly equal 2.4 MJ per vkm or 0.67 kWh per vkm. EVEn  is the 

energy, contained in electricity and hydrogen,426 consumed by EV per vkm. 

Let us regard the case of a relatively low multiplier value ( m =1.5) and strong market 

penetration of EV (EV=450,000) to demonstrate the potentially large difference in the 

magnitude of the effects that EV have on average tailpipe emissions and average energy 

intensity. We assume that conventional vehicles run on gasoline and that EV consume 0.15 

kWh per vkm. In this scenario, the average energy intensity of the entire fleet increases by 

roughly 9 percent compared to the case without EV in the market (from 0.636 kWh to 0.692 

kWh per vkm), whereas the average tailpipe emissions per vkm rise only by 5 percent (from 

95 g CO2 to 100 g CO2 per vkm). 

 

8.3 GHG Impacts of EV: Determining Upstream Emissions 

We have seen that—with a progressing electrification of transport—tailpipe standards 

become increasingly inappropriate to regulate the fuel economy and specific GHG emissions 

of LDV because this metric (i.e., tailpipe emissions) entirely neglects emissions and energy 

consumption occurring further upstream in the fuel supply chain. In this section, we address 

the upstream GHG emissions of EV. There are also upstream emissions related to the 

production of fossil oil-based liquid fuels. However, as their share in conventional vehicles’ 

total GHG balance is relatively small, whereas the emissions of all-electric drivetrains occur 

entirely upstream, we will focus this section on EV’s upstream emissions impact. 

Furthermore, in accordance with current policy approaches, we will restrict the analysis to 

upstream emissions related to EV’s energy consumption during their operation. We leave 

aside GHG emissions occurring during manufacturing of the vehicle and its components as 

                                                 
426 Note that gasoline or diesel consumption by PHEV is included in *E  and not in 

EVEn . 
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well as end-of-life emissions attributable to their disposal.427 Moreover, we concentrate on 

emissions at the electricity generation site, being the predominant factor for determining the 

upstream emissions of EV; other minor determinants such as GHG emissions occurring 

during fuel extraction and transport, losses during transmission and vehicle charging are not 

explicitly regarded.  

In the following, we will discuss a few factors that affect the upstream emissions 

intensity of EV and their GHG performance relative to conventional vehicles as well as 

methodological issues that we deem relevant for assessing the upstream emissions 

attributable to the electricity consumption of EV. Yet, whether and to which extent a shift 

from conventional vehicles to electric drivetrains eventually yields GHG savings from an 

economywide perspective is also highly dependent on the overarching climate policy 

framework (e.g., a cap-and-trade emissions trading scheme) in combination with the 

deployed vehicle standard metric.428  

 

8.3.1 Average versus Marginal Emissions Intensity  

The specific upstream emissions of an EV are determined through multiplying the 

EV’s specific electricity consumption with the electricity’s GHG intensity. With respect to 

measuring the specific electricity consumption of EV, some discussions revolve around 

establishing appropriate testing procedures representing real-world driving patterns, but there 

is no fundamental methodological dissent. Regarding assigning emissions intensity values to 

                                                 
427 Although vehicle manufacturing-related emissions can constitute a significant share of a vehicle’s life cycle 

climate burden—for EV, their share may even exceed 50 percent—there are some plausible reasons for not 

including them in LDV emissions regulation. The possibly most relevant reason is that a key rationale for 

imposing vehicle emissions standards—that is, consumers’ undervaluation of (future) energy costs—does not 

apply to manufacturing-related energy consumption and emissions. Vehicle manufacturers are large 

international companies that will certainly keep track of their (energy) costs; and these costs find their way into 

vehicles’ retail prices, which are immediately salient and therefore not undervalued by consumers. Also, 

manufacturing-related emissions are in some regions, which have implemented LDV standards, already directly 

subjected to climate policy measures (e.g., EU ETS in the EU). Regarding the latter argument, we have to 

concede, however, that the electrification of LDV may go along with greater carbon leakage effects (or a rise in 

imported carbon, at least): for EV, particularly BEV, the major fraction of manufacturing-related emissions can 

be attributed to battery production, which widely takes place in Asia and is currently not subject to comparable 

GHG quantity control policies.  

End-of-life emissions are estimated to be relatively negligible. In the future, a more comprehensive metric to 

capture a vehicle’s life cycle climate impact may be considered by regulators, possibly in addition to operating 

phase metrics. For calculations of the life cycle GHG emissions of different vehicle types, see e.g. Low Carbon 

Vehicle Partnership (2013),  Ricardo Inc. and Systems Research and Applications Corporation (2011); Aguirre 

et al. (2012). 

428 These issues are discussed in more detail in chapter 10. 
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the electricity consumed by EV, there are two methodologically distinct approaches 

conceivable: using average or marginal emissions intensities.  

The average emissions intensity is simple to determine—the total amount of GHG 

emissions is divided by the total amount of electricity generated—and the respective data is 

readily available.429 Calculating the marginal emissions intensity of EV’s traction electricity, 

on the contrary, is a more complex task. Basically, it requires comparing two states or 

scenarios of the entire electricity system: a state in which the system serves the additional 

electricity demand from EV and a state in which it does not. The change in systemwide GHG 

emissions between these states divided by the incremental electricity generation supplied to 

EV yields the marginal emissions intensity of EV’s traction electricity. It becomes obvious 

that only the approach based on marginal effects allows to assess the actual emissions impact 

of the additional electricity demand from EV. 

Assessing the marginal GHG impact of upcoming LDV electrification on the 

electricity system goes along with relatively large data requirements. First and foremost, it 

requires to monitor or model (a) the temporal charging patterns of EV (that is, when and how 

much electricity do EV charge)430 and (b) the marginal generation capacities during charging 

periods and their emissions intensity. Knowing the emissions intensity of the generation 

capacities that supply the incremental electricity demand for charging EV allows calculating 

the average emissions intensity of the electricity actually consumed by EV. However, this 

method is not sufficient to determine EV’s total GHG impact on the electricity system if new 

generation capacities are constructed induced by the additional electricity demand from LDV 

electrification. If the additional electricity demand causes that new power plants are built (or 

old ones are not shut down), one should also consider their impact on the generation mix 

serving non-EV electricity demand (at times when EV are not being charged). The newly 

built (or EV-induced maintained) capacities may change the merit order and therefore the 

fuel mix of the electricity supplied to non-EV consumers. Thus, the marginal emissions 

attributable to EV should be calculated as the differential between (a) the emissions of the 

electricity system including EV and additional generation capacities built to satisfy the 

increased electricity demand and (b) the emissions without both EV-related demand and 

                                                 
429 Changes in the average emissions intensity of electricity generation resulting from LDV electrification 

remain almost negligible as long as the number of EV sales is—as currently—small. 

430 Given the small number of EV on the road so far, reliable and scalable data on charging behavior is widely 

lacking as yet. 
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supply elements in the system.431 This also includes effects on electricity exports and imports; 

consequently, one has to consider the GHG intensity of electricity generation in neighboring 

countries as well if their electricity generation is affected by domestic EV developments.432  

The difference between EV’s emissions intensity if based either on marginal 

electricity system effects or average electricity emissions intensity can be large; it may 

exceed an order of magnitude. Which approach yields higher emissions intensities is 

ambiguous, though, and depends on the underlying electricity generation structure, 

particularly marginal generation capacities. Accordingly, the comparison of EV with 

conventional vehicles in terms of w-t-w emissions is also largely driven by assumptions 

regarding the available (and newly built) marginal electricity generation capacities as well as 

the precise charging behavior;433 for the effect of the latter, see the next section.  

 

Box 11. Exemplifying the Sensitivity of EV’s Marginal Emissions Intensity 

We look at an example to illustrate the sensitivity of marginal emissions intensities 

and their relative scale (compared to average values) with respect to the structure of the 

electricity generation system. To start with, we assume that a fraction of the electricity 

demand—without EV demanding additional electricity—is supplied by nuclear base load 

capacities and renewable electricity sources (RES). These low-carbon generation options are 

already widely working to full capacity to satisfy the current electricity demand, 

complemented by fossil-fueled generation capacities supplying the residual demand. Any 

additional electricity, e.g., from EV coming new into the system, will be widely generated in 

fossil-fired plants. The GHG intensity of the incremental electricity generation for charging 

EV may then well exceed the average GHG intensity of the entire electricity demand. Yet, 

even with no spare RES capacities and no triggered RES expansion, so that all additional 

electricity generation for EV comes from fossil-fired plants, this is not necessarily the case. 

The details of the fossil generation mix are decisive: 

                                                 
431 With new generation capacities entering the system due to vehicle electrification, the two approaches—that 

is, averaging across the marginal emissions intensity of EV’s charging periods and a comprehensive systemwide 

approach that includes effects on the supply of other electricity demanders—will likely yield different results. 

432 See Harmsen and Graus (2013) for a discussion of the marginal versus average approach for estimating the 

CO2 consequences of (energy policy-induced) changes in the electricity demand. Hacker, Harthan, Kasten, et al. 

(2011)  apply the comprehensive electricity system approach to the German EV and electricity market. They 

model marginal emissions intensities and the total GHG impacts attributable to EV market penetration for a 

number of scenarios differing regarding the expansion of electricity generation capacities. 

433 See Zimmer et al. (2011) and Hacker, Harthan, Kasten, et al. (2011) for an exemplification in the context of 

the German electricity market. 
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Case A: The power supply consists of moderate shares of nuclear and renewable 

generation, relatively large capacities of hard coal- and lignite-fired plants for supplying base 

and medium load, and natural gas-fired plants for peak loads. Assuming that vehicles are 

predominantly charged during peak load periods, their marginal emissions intensity will 

probably be below the average-based emissions intensity, which is boosted through a large 

share of emissions-intensive coal-fired plants in the entire generation mix.  

Case B: If nuclear and RES serve a rather large share of the electricity demand, and 

EV are partially charged with electricity generated from coal, their marginal emissions 

intensity will likely exceed the average-based value. Indeed, this may already be the case if 

the incremental electricity demand from EV is entirely supplied by relatively low-carbon 

natural gas-fired plants; this requires an sufficiently large fraction of nuclear and RES 

generation in the entire power supply that implies an average GHG intensity below the 

specific GHG intensity of natural gas-fired plants. 

 

It becomes evident that, when accounting for marginal upstream emissions, EV may 

be only modestly less GHG-intensive than conventional vehicles—if at all.434 This holds 

particularly true if spare capacities in the power supply are mainly fossil fuel-fired plants or if 

these types are newly built to serve the additional electricity demand emerging in the course 

of LDV electrification. Consequently, the question arises whether the introduction of electric 

mobility justifies or even necessitates an adjustment of the RES growth path on 

environmental grounds. The electrification of transport actually provides arguments that 

advocate an accelerated RES expansion. First, with growing EV shares in the future, the 

additional electricity demand from EV requires the build-up of additional generation 

capacities (compared to a reference scenario without electric mobility) anyway; in view of 

long-term decarbonization goals and the durability of power plants, investments in fossil 

capacities are at risk of early depreciation. Second, via controlled charging as well as—in the 

more distant future—vehicle-to-grid services of EV,435 LDV electrification facilitates the 

accelerated and improved integration of volatile RES into the electricity system. Third, only 

if electrification goes along with an accelerated RES expansion beyond the reference path, it 

                                                 
434 See again Hacker, Harthan, Kasten, et al. (2011), Schill and Gerbaulet (2015),  Schill, Gerbaulet, and Kasten 

(2015), and Zimmer et al. (2011) for simulations of the marginal GHG intensity of EV being charged in 

Germany.  

435 Vehicle-to-grid services enable—through a bidirectional interaction of EV with the electricity market—

using vehicle batteries as temporary electricity storage and supply during times of excess supply and shortage, 

respectively. For more details on the impacts of controlled charging, see section 8.3.3. 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

278 

is ensured that EV are more climate-friendly than conventional vehicles;436 and this might 

well be a prerequisite for broad public and consumer acceptance for a transition towards 

electric mobility (see Accenture, 2011; Frenzel et al., 2015).  

In the short- and medium-term, the question remains, however, whether additional 

RES capacities could be used more effectively to decarbonize the pre-existing electricity 

demand than to provide low-carbon power for EV being a new demander. If replacing 

emissions-intensive fossil-fuel fired power plants instead of providing power for EV that 

replace conventional vehicles, additional RES can potentially yield even larger economywide 

emissions savings; the relative environmental effectiveness of the two options is dependent 

on the fuel economy of replaced conventional vehicles and the exact type of replaced fossil 

fuel-fired plant (Stephan & Sullivan, 2008). With increasing shares of fluctuating RES over 

time, EV will probably play an increasingly important role in stabilizing the power system 

and facilitating the further RES integration, thereby further improving their relative 

environmental merits.   

 

8.3.2 Regional Differences and Changes over Time 

The average and marginal GHG intensity of electricity generation, and thereby the 

climate impact of electric driving, substantially varies across regions (e.g., Doucette & 

McCulloch, 2011a; Pike, 2012; Siler-Evans, Azevedo, & Morgan, 2012). Consequently, the 

question whether EV or conventional vehicles are more climate-friendly cannot be answered 

without making recourse to the specific regional generation mix. Regulatory difficulties can 

result thereof in particular if there are significant GHG intensity differences within the spatial 

scope of LDV standards; that is, the regions that are subject to joint vehicle standards have at 

least partially segregated electricity markets which considerably differ in their emissions 

intensity. Both, the U.S. and the European regulations are examples for this situation. In both 

cases, vehicle regulations are harmonized, whereas the regional GHG intensity of electricity 

generation shows large variations.  

If, under the conditions of a very heterogeneous electricity supply structure, the 

legislator favors an LDV standard metric which includes EV’s upstream emissions, a 

regulatory challenge is posed that offers no straightforward solution. On the one hand, 

applying a cross-regionally averaged emissions factor may not accurately represent the actual 

                                                 
436 For FCEV, due to their significantly lower primary energy efficiency, a high RES share in the marginal 

electricity supply is even far more crucial to feature a better GHG balance than conventional vehicles. 
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emissions impact of EV if their market penetration rates vary across regions. The actual 

emissions impact of a given number of EV sales within the LDV-regulating entity is highly 

dependent on the precise regional allocation of EV usage. If EV sell better in countries (or 

states) having a relatively low-carbon electricity supply, applying a uniform, cross-regionally 

averaged emissions factor to all EV will tend to overestimate EV’s true emissions impact, 

and vice versa. 

On the other hand, a regionally differentiated regulatory treatment of EV may hardly 

be feasible in practice for several reasons. Besides the considerably higher administrative 

efforts, we just mention two aspects that can render this approach widely ineffective. First, if 

the regulation takes account of EV’s upstream emissions and applies regionally differentiated 

emissions factors (according to the country of sale), manufacturers will probably adopt a 

spatial price discrimination strategy in order to maximize their EV sales in those regions that 

feature low emissions factors; the lower the regional emissions factor, the greater is the 

regulatory benefit per sold EV. At a first glance, this strategy may even appear economically 

and environmentally sound because a relatively low-carbon electricity generation mix 

actually promises greater environmental benefits. However, spatially differentiated prices for 

EV can evoke arbitrage—that is, trade flows of (officially used) EV from countries with 

relatively low emissions factors and retail prices to countries with higher emissions factors 

and retail prices. Such trades can counteract the initial intention of a regional differentiation 

of emissions factors. The spatial distribution of initial EV sales will not be representative of 

the actual spatial usage distribution; the actual in-use average emissions intensity of the entire 

EV fleet would exceed the average emissions intensity of the EV fleet as calculated for 

standard compliance. Restrictions to such arbitrage activities will likely conflict with the 

principles of an internal market, and therefore will be subject to legal contest.437 

Second, the effect of regional differences in the electricity supply’s average and 

marginal emissions on EV’s climate impact may be superseded by overarching instruments of 

energy and climate policy, particularly binding quantity control policies for GHG emissions 

and RES. For instance, if a (common) absolute cap on GHG emissions is imposed within the 

spatial scope of the fuel economy standards, as is the case in the EU, regional differences in 

the emissions intensity of the electricity supplied to EV do not have an impact on overall 

domestic438 emissions. If the manufacturers’ marketing activities and EV sales are shifted to 

                                                 
437 The spatial scope of fuel economy regulations and an internal market are regularly congruent, as it is the 

case in the U.S. and EU 

438 Here, “domestic” refers to the spatial scope of both the emissions cap and the fuel economy regulation. 
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countries with an relative low-carbon electricity supply, less offsetting emissions reductions 

from other domestic emitters are induced, and vice versa. Eventually, the distribution of EV 

sales only affects the allocation of emissions and abatement activities under the cap.439 

Another complexity related to determining emissions factors for EV and integrating 

them into LDV efficiency regulations is caused by the temporal instability of the generation 

mix. Whereas the emissions associated with the combustion of gasoline and diesel remain 

widely stable over time,440 the average and marginal emissions intensity of electricity 

generation may significantly change over an EV’s lifetime. Particularly the development of 

marginal emissions factors over time is tainted with a high degree of uncertainty. On the 

supply side, both the build-up of new generation capacities as well as the shutdown of 

existing capacities cannot be exactly anticipated over a period of 15 years.441 On the 

electricity demand side, the general economic growth and progress in energy efficiency  

as well as the emergence of new demanders (e.g., for heating purposes) will affect  

EV’s marginal emissions impacts, but are hard to predict. Moreover, progress in smart grid 

and controlled charging technologies and the expansion of electricity storage capacities can 

crucially affect EV’s marginal emissions intensity. Yet, given the lead times for R&D 

projects, vehicle design, and production planning etc., manufacturers need some regulatory 

certainty, also with regards to applied emissions factors. Frequent or even ex-post 

adjustments of upstream emissions factors do not satisfy these needs. Thus, a compromise 

between regulatory stability and environmental representativeness has to be found. 

 

8.3.3 Impact of Controlled Charging 

The marginal emissions intensity of the electricity consumed by EV is not only 

determined by the supply side of the electricity market, but also by the EV’s charging 

                                                 
439 For a more detailed analysis of the interactions of vehicle efficiency standards with quantity control policies 

for GHG emissions and RES policies, see chapter 10 and section 8.3.4. 

440 Some minor changes may also occur in the upstream chain of gasoline and diesel production; however, their 

share in the overall GHG emissions attributable to conventional vehicles is small. With fuels based on oil from 

tar sands, the share of upstream emissions in the overall GHG balance of gasoline and diesel vehicles may 

significantly rise, though. 

441 Of course, developments in the EV market themselves can affect the generation mix and thereby contribute 

to potential differences between the short- and long-run marginal emissions intensity of EV’s electricity 

consumption. For instance, additional electricity demand from EV may be delivered mainly by pre-existing gas-

fired plants in the short term; given the relatively high marginal costs of this generation option, new coal-fired 

capacities may be built in the longer-term. Consequently, the marginal emissions intensity would rise over time. 
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patterns.442 Over the course of the day, the marginal power source and thereby the marginal 

emissions intensity and electricity generation cost of charging the EV’s batteries vary. 

Uncontrolled charging means that the EV user does not take account of such variations in her 

charging behavior. Instead, the user may have established stable charging routines; for 

instance, the user starts the charging process immediately after coming home from work. 

Conversely, controlled charging implies that the timing of the charging process responds to 

these varying marginal signals. From the user’s economic perspective, it would obviously be 

most rational to charge the vehicle during times of lowest electricity prices. This necessitates 

that varying marginal generation cost are transmitted to the user—that is, the user faces a 

real-time electricity pricing scheme or at least some form of time-differentiated rates taking 

account of typical marginal generation structures.443   

Whereas cost-orientated controlled charging surely reduces the EV user’s traction 

electricity bill,444 the effects on marginal GHG emissions are less clear. Cost-minimizing 

controlled charging does not guarantee low-emissions charging. On the one hand, the 

generation technologies having the lowest marginal cost—that is, fluctuating RES (wind, 

photovoltaic)—also feature the lowest specific GHG emissions.445 Controlled charging 

algorithms will strive for maximizing the share of cheap fluctuating RES in the additional 

electricity consumed by the EV; if compatible with the EV’s usage profile, the batteries will 

be charged when fluctuating RES are the price-setting generation capacity. For this power 

source, low charging costs go hand in hand with low marginal emissions. The larger the 

amount of surplus RES electricity, which would not be used without the demand from EV, 

the greater the potential for simultaneously minimizing costs and emission. On the other 

hand, the next major generation technology in the merit order is lignite-fired power plants. 

Electricity generated from lignite is cheaper, but at the same time more GHG-intensive, than 

electricity from combusting hard coal and natural gas. The rank order of fossil fuels for 

                                                 
442 As the charging patterns of EV affect the marginal GHG emissions of the electricity system, they will 

necessarily also have an impact on its average emissions. Given the relatively small additional electricity 

demand from EV, the impact on average emissions will features the same algebraic sign, but it will be much 

smaller in magnitude. Thus, we will focus only on the impact on marginal emissions here. 

443 It becomes obvious that uncontrolled charging does not have to the consequence of EV users’ unwillingness; 

controlled charging may also be inhibited technical or institutional restrictions such as lack of time-

differentiated electricity rates. 

444 We abstract from any potential fixed cost for using a more sophisticated controlled charging and billing 

system. 

445 Nuclear energy also features low specific GHG emissions and low marginal costs at the same time. 

However, as the next section will discuss the results of a modelling exercise for the German electricity market 

(and due to its inflexibility to react to sudden load changes), we do not consider nuclear energy, which will be 

phased out in Germany by 2022, here.  
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power plants in terms of cost is diametrically opposed to the rank order in terms of climate 

friendliness.446 If there is only limited surplus electricity from RES but spare capacities in 

lignite-fired power plants during periods when the EV is ready for being charged, the 

electricity consumed under controlled charging can be quite emissions-intensive.447 With 

uncontrolled charging, a large fraction of the additional electricity consumed by EV may 

come from hard coal- and natural gas-fired plants, being the marginal power plants during 

charging (peak) hours. In consequence, controlled charging can result in higher marginal 

emissions than uncontrolled vehicle charging.448  

Hacker, Harthan, Hermann, et al. (2011), Hacker, Harthan, Kasten, et al. (2011) and 

Zimmer et al. (2011) have analyzed, by means of a modelling exercise, the impacts of EV 

charging strategies for the German energy market in the years 2020 and 2030.449 For the case 

of no RES capacity expansion beyond the reference scenario, they find the last-mentioned 

effect: a substantial increase in lignite-based electricity generation under controlled EV 

charging compared to uncontrolled charging. While the GHG emissions attributable to EV’s 

additional electricity consumption still remain widely unaffected by the charging strategy in 

2020,450 controlled charging will render EV’s electricity consumption considerably more 

GHG-intensive in the year 2030.451 

                                                 
446 For short periods of time, hard coal- and particularly lignite-fired power plants will supply electrcity at 

prices below their marginal cost or even at negative spot prices due to high ramping costs that can exceed the 

occurring temporary losses.   

447 Note that, due to the mandatory RES share in the final energy mix as imposed by the Renewable Energy 

Directive, the additional electricity consumed by EV cannot be entirely supplied by non-renewable sources—at 

least, as long as the RES target is binding. See section Interactions with RES Policy. 

448 Theoretically, it is also conceivable to gear controlled charging towards fueling low-carbon electricity 

instead of cost minimization. Yet this would be financially unattractive for the EV user and may have severe 

drawbacks from an electricity system perspective. Given the merit order of generation technologies, an 

emissions-minimizing charging algorithm might increase peak loads as it would prefer natural gas-based 

electricity over hard coal and lignite. 

449 Their findings were widely confirmed by Schill and Gerbaulet (2015) and Schill et al. (2015) who obtained 

similar modelling results.  

A broader literature review of the interactions between EV uptake and the integration of renewables can be 

found, for instance, at Richardson (2013). 

450 In 2020, two opposing impacts of controlled charging—that is, the emissions-increasing effect of intensified 

lignite combustion and the emissions-decreasing load-smoothening (peak-shaving) effect—cancel each other 

out. With uncontrolled charging, the electricity system has to make more use of pump storage capacities to 

follow the—not smoothened—demand profile (Verzijlbergh, Brancucci Martínez-Anido, Lukszo, & de Vries, 

2014). Due to the thereby occurring losses, more electricity needs to be generated overall, although the final 

energy supplied to EV remains the same. Hence, the load-smoothening effect can still offset the more carbon-

intensive generation profile in 2020. 

451 In other electricity markets, in which the marginal generation technology remains more stable (e.g., natural 

gas in some parts of the U.S.), the impact of controlled charging of EV will be weaker. Still, Graff Zivin, 

Kotchen, and Mansur (2012) suggests similar patterns for the U.S.  
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In case of an additional RES expansion (compared to the reference scenario) in the 

wake of LDV electrification, we may see a different picture because the amount of surplus 

electricity from RES that can be integrated with controlled charging grows. Hacker, Harthan, 

Hermann, et al. (2011), Hacker, Harthan, Kasten, et al. (2011) and Zimmer et al. (2011) also 

modelled different RES expansion scenarios in which the additional electricity generation 

from RES just equals the electricity consumed by EV.452 Again, these scenarios simulated the 

German electricity and EV market for the years 2020 and 2030. Indeed, with additional RES, 

the electricity consumption from EV entails lower additional GHG emissions with controlled 

than with uncontrolled charging—particularly for the scenarios with additional RES from 

fluctuating sources. This is due to the capability of controlled charging processes to integrate 

higher shares of (fluctuating) RES; EV are widely charged when the wind blows or the sun 

shines. If controlled charging enables to integrate the electricity from additional RES as well 

as surpluses from the RES capacities already available in the reference scenario that cannot 

be integrated without controlled charged EV, the RES shares of the electricity consumed by 

EV may exceed 100 percent.453 That is, the amount of renewable electricity additionally 

absorbed by the system exceeds the RES expansion for fueling EV. Hence, with additional 

RES and controlled charging, the net emissions impact of EV market penetration—within the 

boundaries of the electricity system—can become (slightly) negative. Yet a negative net 

emissions impact is not necessarily the case even if EV’s electricity demand is supplied by 

RES by more than 100 percent: controlled charging may still bring along a shift in the fuel 

mix of the remaining fossil electricity generation towards emissions-intensive lignite-fired 

plants that replace more climate-friendly but also more expensive generation from natural gas 

                                                 
452 These scenarios were modelled with differing RES technologies being expanded. For fluctuating RES 

scenarios, the potential electricity supply from these sources equals the electricity consumption from EV; 

whether this potential can actually be integrated or whether it is partially lost as surplus electricity was 

determined through model runs and depends on the charging strategy. 

453 In this context, it is important to clarify how the renewable share of EV’s electrification is calculated. The 

impacts are regarded at the electricity system level. The calculation is based on assessing how much RES can be 

integrated and how does the entire generation mix changes if an additional electricity consumer (i.e., EV) and 

additional RES supply enter the system. That is, renewable electricity can still be attributed to EV’s 

consumption, even if EV charging and electricity generation from (additional) RES do not occur 

simultaneously. The crucial criterion is whether the amount of RES absorbed by the system increases in the 

wake EV entering the system. Of course, the renewable electricity actually charged by EV cannot exceed 100 

percent of their total electricity consumption; moreover, they will actually charge a mix of fossil and renewable 

electricity. However, the methodologically assigned RES share may exceed 100 percent because the entire 

system can increase its absorption of RES beyond the amount of RES coming new into the system (together 

with the electricity demand from EV) if the consumption flexibility of the additional demander enables 

integrating (formerly) surplus RES that could not be absorbed before. This possibility normally exists only if 

controlled charging is applied. 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

284 

(and hard coal);454 the resulting increase in the GHG intensity per generated fossil-based kWh 

can offset the reduction in total fossil-based generation.  

If EV market penetration is accompanied by an expansion of RES capacities, but 

vehicles are charged uncontrolled, the share of RES in EV’s electricity consumption 

decreases and the amount of unused surplus electricity from RES increases compared to the 

case of controlled charging. Hence, cost-orientated controlled charging will regularly 

improve EV’s climate balance as the emissions intensity of their additional EV demand 

diminishes.455 It becomes evident that cost-orientated controlled charging can have contrary 

effects, in terms of marginal GHG emissions impacts, contingent on whether EV’s market 

penetration is accompanied by a RES expansion beyond the baseline development. The 

analyses of Hacker, Harthan, Hermann, et al. (2011), Hacker, Harthan, Kasten, et al. (2011), 

Zimmer et al. (2011) for the German electricity market suggest, however, that the impact of 

controlled charging on the emissions intensity of EV’s electricity demand is rather small 

relative to the effect of installing additional RES capacities. If the market penetration of EV 

goes hand in hand with a commensurate RES expansion, EV’s traction electricity can be 

considered very low-carbon and virtually carbon-neutral in 2020 and 2030, respectively.  

Besides its immediate merits for electricity cost reduction and—potentially—for 

improving the EV’s GHG balance, controlled charging plays—via reducing peak loads—a 

major role in ensuring grid stability as well as containing grid (and back-up generation 

capacity) expansion needs and the related infrastructure costs (Green Li, Wang, & Alam, 

2011; National Research Council, 2010b; van Vliet, Brouwer, Kuramochi, van den Broek, & 

Faaij, 2011; Verzijlbergh et al., 2014; Waraich et al., 2013). In theory, EV could maximize 

their contribution to optimizing the electricity system—through stabilizing transmission grids 

and distribution networks, minimizing the need for their expansion, and facilitating the 

integration of intermittent RES—by also offering vehicle-to-grid services (e.g., Kempton & 

Tomić, 2005a; 2005b; Mwasilu, Justo, Kim, Do, & Jung, 2014). That is, EV would not only 

charge their batteries during times of electricity surplus, but they would also supply 

                                                 
454 If the feed-in of (additional) renewable electricity and the EV’s needs for recharging do not exactly coincide 

so that temporarily additional non-renewable charging electricity is needed, the software used for controlled 

charging aims to (a) avoid charging when natural gas-fired plants are the price-setting electricity supplier and 

(b) maximize the share of cheap electricity generated from lignite. Furthermore, renewable electricity feed-in 

that, at other times, exceeds the charging demand from EV will first replace the most expensive technology in 

the merit order (i.e., natural gas-fired plants). 

455 Theoretically, it may happen that the controlled charging-induced shift within the fossil energy mix towards 

cheap but emissions-intensive fuels overcompensates the effect of rising shares of integrated RES. However, 

Hacker, Harthan, Kasten, et al. (2011) find this to be the case only in one scenario that involves an expansion in 

(non-fluctuating) electricity generation from biogas. 
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electricity during shortages. However, vehicle-to-grid services will probably not play a role in 

the near future due to technical complexities, too low revenues to be earned by EV users, 

usage restrictions imposed to users they are unwilling to accept, and the accelerated 

degradation of EV’s batteries (and thereby incurred replacement costs) through an increased 

number of discharging cycles (Bishop et al., 2013; Loisel, Pasaoglu, & Thiel, 2014; Mullan, 

Harries, Bräunl, & Whitely, 2012; G. R. Parsons, Hidrue, Kempton, & Gardner, 2014; 

Sovacool & Hirsh, 2009; Zimmer et al., 2011). 

Finally, it may be worth mentioning that converting (renewable) electricity to 

hydrogen and using it in FCEV offers even larger flexibility and load-smoothening potentials 

than controlled charging of BEV because hydrogen features better storage properties than 

vehicle batteries; therefore, adding hydrogen conversion as an intermediate step could further 

minimize the amount of unused renewable electricity. However, given the limited amount of 

surplus renewable electricity in the foreseeable future, this positive effect would be more than 

offset by the substantial energy losses of the hydrogen path compared to BEV.  For a given 

realistic installed RES capacity, the overall GHG burden of FCEV exceeds that of BEV due 

to the conversion losses occurring during electrolysis and reconversion to electricity in the 

fuel cell; for any other alternative electricity-based synthetic fuel the climate balance is even 

worse (e.g., Kasten et al., 2013). These comparative results hold true irrespective of whether 

the BEV is charged controlled or not.  

 

8.3.4 Interactions with RES Policy 

The sections above made clear that the contribution LDV electrification can make to 

economywide GHG mitigation is crucially determined by the emissions intensity of the 

electricity consumed by EV. If EV’s traction electricity is supplied by coal-fired plants, EV 

can feature higher w-t-w emissions than conventional vehicles. If, instead, EV’s market 

rollout is accompanied by a corresponding additional RES expansion, they can be considered 

widely carbon-neutral. In this section, we will briefly address the question of whether the 

existing RES policy framework facilitates or rather impedes the establishment of truly low-

carbon electric mobility. In doing so, we focus on the RES policy framework of the EU. 

The most relevant statutory provisions are the quantitative RES targets laid down in 

the Renewable Energy Directive (European Parliament & Council of the European Union, 

2009b). It requires a RES share in the EU’s overall gross final energy consumption of 20 

percent, and a RES share of 10 percent for transport’s final energy consumption, both by 

2020. Whereas the latter target applies uniformly to all member states, the first target was 

broken down into differentiated national RES expansion obligations. The sectoral RES target 
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for transport is a sub-target of the overarching cross-sectoral RES target; that is, renewable 

energy consumed in the transport sector is included when calculating compliance with the 

RES target for total gross final energy consumption. Moreover, individual member states 

have established several additional sectoral targets and policy instruments at the national 

level. Yet, these national measures regularly serve the purpose of fulfilling the requirements 

imposed by the Renewable Energy Directive. Eventually, the 20 percent RES share in total 

final energy consumption is the most policy-guiding legislative restriction with regards to 

renewable energy.  

The scope for actors in the EV market to affect the energy mix towards higher RES 

shares heavily depends on whether the 20 percent target merely serves as a lower threshold 

for the share of RES in the overall energy mix or rather as a binding constraint for RES 

expansion.456 If the 20 percent target is not only a non-binding minimum requirement but a 

target that is exactly met,457 the prospects of increasing RES shares in the wake of transport’s 

electrification are rather bleak. Even if EV users purchase solely renewable electricity or if 

EV manufacturers commit to finance RES capacities (that are not promoted through a feed-in 

tariff or a similar promotion scheme), this will only bring about a shift in the financial burden 

for achieving the given mandatory RES shares. Burdens would be shifted across motorists as 

well as across sectors and different demanders in the electricity market. If EV users or 

manufacturers finance the build-up of RES capacities commensurate to EV’s electricity 

consumption, (a) drivers of conventional vehicles have to purchase less liquid biofuels, and 

(b) electricity consumers (other than EV drivers/manufacturers) are partially relieved from 

refinancing RES promotion schemes. 

The relief of conventional vehicle drivers is caused by the sub-target for renewable 

fuels in transport. Renewable electricity charged by EV is counted towards the RES target of 

10 percent. To account for EV’s substantially higher final energy efficiency, renewable 

electricity consumed by EV is multiplied by a factor of 2.5 when calculating the RES share of 

the transport sector. That is, for maintaining compliance with transport’s RES sub-target, one 

joule renewable traction electricity can replace 2.5 joule contained in liquid biofuels—leaving 

aside changes in the denominator (i.e., transport’s total final energy consumption), which 

remain small as long as the number of EV is still low. 

                                                 
456 See Zimmer et al. (2011) for the following argumentation. 

457 If one presupposes that overcompliance is costly, the assumption that the required RES shares are just met 

seems not implausible. 
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If EV market actors finance renewable electricity generation capacities, other 

electricity consumers can benefit from the (potentially) diminishing amount of publicly 

subsidized RES. The renewable electricity financed by EV actors fully counts towards a 

member states’ RES target, although it is not subject to governmentally administrated support 

policies such as feed-in tariffs, market premia or similar incentive schemes. If 

overachievement of the domestic RES target is looming due to EV-induced RES expansion, 

member states may cut down financial incentives provided by these schemes. 

Ultimately, the RES share in domestic final energy consumption may well remain 

unaffected by the efforts of EV market actors; these efforts may just displace RES expansion 

elsewhere in the economy. Even if a member state exceeds its assigned RES target, this does 

not necessarily ensure that the excess amount of produced renewable energy is truly 

additional—seen from a European perspective. Member states falling short of their national 

RES target are permitted to trade RES credits in order to balance their deficit. Conversely, 

governments of countries overshooting their domestic RES target may be tempted to sell the 

excess amount of renewable energy. Consequently, RES expansion efforts may only be 

reallocated across member states, without impacting the EU-wide RES share.458 For RES 

capacities financed by EV market actors to actually fulfill the criterion of hard 

additionality,459 the national government would have to commit not to sell credits for 

overachievement of the assigned RES target. 

While the relative share of RES in the final energy mix may well remain unaffected 

by EV’s market penetration and EV market actors’ commitment towards the usage of RES, 

the absolute amount of RES consumed will likely be impacted. Given the mandatory 

percentage target for RES, the absolute amount of RES consumed will change commensurate 

to electrification’s impact on total final energy demand. Thus, by tendency, it holds that (a) 

final energy standards leave the absolute amount of RES in the final energy mix unchanged, 

(b) tailpipe CO2 standards increase it, (c) primary energy standards decrease it, and (d) the 

effect of w-t-w emissions standards is ambiguous.460    

 

                                                 
458 Notwithstanding, in terms of GHG emissions, such reallocations can have an impact if the emissions 

intensity of non-renewable energy replaced by RES varies across the countries that trade RES credits. The same 

holds true for RES reallocations across sectors. 

459 Hard additionality means that the RES capacities financed by EV market actors do not crowd out the 

expansion of RES somewhere else within the regarded boundaries, here the EU. As long as the EU-wide RES 

target effectively works as a cap on RES expansion, hard additionality will not be achieved by isolated actions 

to promote renewables.  

460 See chapters 9 and 10 for the effects of different standard metrics on domestic energy consumption. 
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8.4 Notch Effects in the Regulatory Treatment of PHEV 

This section draws attention to another shortcoming of the current modalities of the 

European LDV efficiency standards: namely, distorting manufacturers’ PHEV design 

decisions with respect to their installed battery capacity. PHEV will likely play an important 

role in catalyzing the transition towards electricity-based vehicles. As they use grid electricity 

as fuel source, they help establishing a charging infrastructure, convincing drivers of the 

advantages of EV, and accustoming them to using the power socket instead of the pump for 

refueling their vehicles. They can do this without imposing the range restrictions of most 

BEV or burdening purchasers with currently still very high costs of large battery packs. 

Moreover, given their better drivetrain efficiency and lower vehicle weight, PHEV can 

feature lower average GHG emissions per vkm than ICE vehicles and BEV, respectively 

(Doucette & McCulloch, 2011b).461 Given the significantly higher vehicle manufacturing-

related GHG emissions of BEV compared to PHEV, caused by the larger required battery 

capacity, PHEV often also maintain a better climate balance than BEV (as well as ICE 

vehicles) if the entire life cycle “from cradle to grave” is regarded (Low Carbon Vehicle 

Partnership, 2013). Even in the long run, PHEV can still play a role in the vehicle technology 

mix; by then, the fossil fuel-based range extender may well be replaced by hydrogen-based 

extra range. This is why we put a particular focus on the regulatory incentives for this EV 

technology.  

 

8.4.1 Background: Notch Effects in Fuel Economy Regulations  

In brief, notches are discontinuities in the payoff or incentive function (Slemrod, 

2010): a marginal change in the independent variable (manufacturers’ or consumers’ 

behavior) causes a discrete change in the dependent variable (regulatory consequences).462 

This is in contrast to regulatory kinks; these involve discontinuities in the marginal payoff 

function but not in the absolute payoff function. As notches usually do not mirror 

discontinuities in the actual economic implications of the (dis-)incentivized action (e.g., an 

abrupt environmental damage or a sudden induced technology leap), they normally distort 

                                                 
461 Note that the relative performance of the different drivetrain technologies is highly responsive to the GHG 

intensity of the electricity mix, the underlying driving patterns, and the progress in battery technology. 

462 For definitions and a taxonomy of notches as well as analyses of notch-related welfare issues, see Blinder 

and Rosen (1985), Kleven and Slemrod (2009), Slemrod (2010). So far, notches have drawn scientific attention 

particularly in the domains of tax and social welfare policy (e.g., Blundell, 2000; Kleven & Waseem, 2013; 

Onji, 2009; Ramnath, 2013; Yelowitz, 1995). 
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manufacturers’ or consumers’ decisions; that is. Both the offered set of products as well as 

consumers’ choices within this set can (simultaneously) be subject to notch-induced 

distortions. Such distortions will be particularly strong for decisions in which the independent 

behavioral variable is close to a notch. Hence, notched regulations entail welfare losses 

compared to a first-best, smooth regulatory incentive schedule. The latter is regularly not 

attainable, however, due to informational and administrative constraints as well as transaction 

costs. Thus, while there is a rationale for minimizing notches, the costs of doing so have to be 

weighed against the welfare costs inherent to the notch.  

Notches are not only ubiquitous in economic regulation in general, but there also exist 

several notches in regulations that aim at improving LDV fuel economy.463 Recall, for 

instance, the earlier mentioned notch effects that occur if—in the case of attribute-based 

standards—the assignment of manufacturer- or vehicle-specific CO2 emissions targets is done 

by means of discrete vehicle classes rather than employing a continuous limit value function. 

The use of a stepwise limit value function (each distinct vehicle class represents a step), as 

done in most Asian vehicle markets, adds a further distortionary element to the regulation. 

With this kind of regulation, adjustments in the reference attribute are not succeeded by 

changes in the specific emissions limit as long as the vehicle remains in the same class. 

Passing the threshold between two vehicle classes, contrarily, implies a non-marginal change 

in the assigned emissions target. In consequence, vehicle models bunch at the threshold 

values that just qualify them for a weaker emissions target.  

Japan and China, for example, use discrete weight classes to assign vehicle-specific 

emissions targets. Whereas marginal weight reductions are not disincentivized—in contrast to 

the European regulation—unless this does not imply moving to another (that is, lighter) class, 

there occur severe disincentives regarding weight adjustment if a shift across classes is 

involved. First, if the emissions abatement achievable through weight reductions is widely or 

totally offset by the tightening of the target subsequent to the shift to a different class,464 

light-weighting will be financially unattractive. Second, for vehicles located close to the next 

heavier vehicles class, there might be incentives to increase the model’s weight, even if this is 

costly; the associated increase in emissions and potentially costs, too, could possibly be 

outweighed by the benefits from a relaxed emissions standard. A continuous limit value 

                                                 
463 See Ito and Sallee (2013) and Sallee and Slemrod (2012) for fuel economy-related regulatory notches. 

464 For those vehicles being located close to the next lighter vehicle class, an incremental weight reduction—

involving a shift into the lighter class—may even imply a deterioration of the manufacturer’s state of 

compliance with the regulation if the tightening of the CO2 target exceeds the CO2 reduction yielded from the 

weight reduction. 
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curve, such as the European, will always provide—weakened—incentives for weight 

reductions as long as it holds w  . Phrasing it somewhat exaggerated, a manufacturer’s 

choice regarding a vehicle model’s weight is confined to the question at which weight class’ 

(lower) end to place it. In sum, the constrained, discrete choice inherent to the incentives 

provided by a stepwise limit value function leads to efficiency losses compared to the 

continuous optimization regarding the reference attribute incentivized by a smooth limit 

value curve.465 

A particularly strong notch inherent to fuel economy standards in the U.S. is the 

differentiation between passenger cars and light trucks. CAFE regulations as well as the new 

GHG emissions standards assign more lenient targets to light trucks than to passenger cars—

justified, amongst others, by referencing to the character of light trucks as being mainly used 

for commercial purposes. As was already briefly highlighted earlier, this notch caused severe 

distortions in the U.S. vehicle market; it presumably helped paving the way for the rise and 

lasting success of the SUV (sport utility vehicle). While being classified for regulatory 

purposes as light trucks, SUV are predominantly used for passenger transport (just as cars).  

Further examples of notches in fuel economy policies include information provision 

policies as well as vehicle taxation based on specific fuel consumption or GHG emissions. 

Many vehicle taxation schemes do not use a continuous tax function but a coarser, stepwise 

schedule (e.g., U.S., UK). All vehicles within an emissions or fuel consumption band pay the 

same tax. If an incremental change in the specific emissions involves being assigned to a 

different band, the tax burden changes in a non-incremental manner. In consequence, 

manufacturers invest too little in “within-band” fuel efficiency improvements and too much 

for improvements that involve passing a taxation notch. Hence, vehicles’ specific emissions 

(or fuel consumption) values will tend to bunch at the upper end of each emissions class. 

Sallee and Slemrod (2012) confirm the existence of this kind of notch-induced distortions for 

the U.S. and Canadian vehicle market.  

Similar effects can arise from information disclosure policies that provide consumers 

with discrete fuel efficiency ratings—such as fuel economy or CO2 emissions labels/window 

stickers.466 If achieving good fuel efficiency ratings is beneficial to manufacturers (because a 

better rating increases consumers’ willingness-to-pay), they face incentives to adjust their 

                                                 
465 Ito and Sallee (2013) calculate regulation-induced welfare losses for the Japanese vehicle market. 

466 Besides administrative manageability, better comprehensibility and increased salience may provide another 

rationale for accepting notches—particularly for information provision policies (Sallee & Slemrod, 2012; 

Slemrod, 2010). See also section Information Disclosure Measures. 
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vehicle design in accordance with the used rating scale. Again, the distortion takes the form 

of bunching close to rating thresholds. Such distortions can already occur if the regulator 

employs a numerical scale with integer values instead of more precise figures, as it is done on 

the U.S. fuel economy label; Sallee and Slemrod (2012) find evidence for manufacturers 

manipulating vehicles’ fuel economy so that their MPG figure is just rounded up. With 

improving overall fuel economy, however, the discrete intervals become ever-narrower in 

terms of specific fuel consumption (defined in liters/gallons per vkm/miles travelled);467 

therefore, the welfare impact resulting from integer MPG labeling will diminish over time. 

The welfare costs of coarser letter grade-based labels, as they can be found in Europe, are 

thus likely larger.  

The next section is concerned with a notch in the regulation of EV that may have an 

even more pronounced effect on manufacturers’ (plug-in electric) vehicle design decisions. 

 

8.4.2 Notched PHEV Incentives:  

Distorting the Choice of the All-electric Range 

Super credit (or multiplier) regulations as implemented in the EU bring along a severe 

notch effect that applies to the design of PHEV in particular.468 Given the limited range and 

high costs of all-electric vehicles as well as the currently still sparse charging infrastructure 

coverage,469 PHEV are seen by several projections as the most promising medium term 

option for introducing electric propulsion into a broad range of vehicle segments.470 Thus, 

notches that deteriorate the economic efficiency of policies that should foster the early market 

uptake of PHEV can be highly relevant. 

                                                 
467 Specific fuel consumption is convex in MPG.  

468 In principle, a similar notch effect as the one described below would also occur for conventional fossil-

fueled vehicles. However, for physical reasons they are practically incapable of reaching the threshold values 

that qualify for receiving super credits. 

469 Equipping BEV with battery packs that ensure a minimum range as demanded by most consumers implies 

high battery costs; FCEV do not have range problems, but fuel cells are still very costly and the hydrogen 

supply infrastructure coverage is poor in most regions as well. 

470 For the projected market prospects and penetration rates, see e.g., Gnann, Haag, Plötz, and Wietschel (2013); 

Hacker, Harthan, Kasten, et al. (2011); Hazeldine, Kollamthodi, Brannigan, Morris, and Deller (2009); 

International Energy Agency (2013); Kley and Wietschel (2010); Lebeau, Van Mierlo, Lebeau, Mairesse, and 

Macharis (2012); Luskin Center for Innovation (2012); Pasaoglu, Honselaar, and Thiel (2012); Plötz, Gnann, 

and Wietschel (2012); Shell Deutschland and Prognos AG (2014); Thiel, Perujo, and Mercier (2010); van Vliet 

et al. (2011). 
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In the EU, whether or not a PHEV model qualifies for receiving super credits depends 

on whether its average specific CO2 exhaust, as calculated by the relevant norms, is below a 

threshold value set by the regulation. The average tailpipe CO2 emissions of PHEV are 

crucially determined by the shares of mileage driven in electric mode and fossil mode using 

the range extender. The greater the maximum electric range, the lower the average tailpipe 

emissions will be. For the European CO2 emissions regulation, a PHEV’s average specific 

CO2 exhaust is calculated—according to UNECE regulation 101 (United Nations, 2013)—as 

follows: 
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with 

combE : Combined specific average tailpipe CO2 exhaust (being relevant for regulatory  

                        compliance and super credit eligibility); 

elecE : CO2 tailpipe emissions per vkm in all-electric mode (0 g CO2 per vkm); 

conE : CO2 tailpipe emissions per vkm in conventional (that is, fossil) mode; 

elecD : All-electric range with fully charged battery; 

conD : 25 km, assumed distance driven in conventional mode before recharging the  

                     battery. 

A vehicle’s maximum electric range is mainly determined by its specific energy 

consumption and the energy storage capacity of the installed battery. When engineering and 

designing a new car as PHEV, the manufacturer has to make a decision on the battery size 

and thus the electric range. This decision involves a trade-off that is crucially influenced by 

the regulatory incentives set through vehicle emissions standards. On the one hand, 

increasing the electric range will reduce the PHEV’s specific emissions and thereby reliefs 

the pressure to mitigate the CO2 exhaust of the manufacturer’s remaining conventional fleet 

(or to deploy other abatement options within the PHEV itself). On the other hand, battery 

costs constitute a major cost component of the vehicle.471 

                                                 
471 As our objective is to briefly sketch the notch and possible welfare implications created by super credit 

regulations, we abstract from any further engineering costs resulting from larger battery capacities as well as 

impacts on the attainable retail prices. Moreover, our schematic illustration focusses on the regulatory incentives 

provided by vehicle emissions standards and does not regard further incentives from national policies. 



Electricity-based Drivetrains: Prospects, Impacts, and Regulatory Treatment 

293 

We start with the regulatory incentives. From a manufacturer perspective, the direct 

marginal regulatory benefit (MRBD)—that is, the benefit from lower combined specific CO2 

emissions of the PHEV—of an increase in the electric range is given by:  
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with 

i : The manufacturer’s (private) marginal costs of abating a vehicle’s specific  

                   emissions by 1 g CO2 (elsewhere in the fleet) or—in case the manufacturer does  

                   not comply with the standard—the penalty per vehicle and g excess CO2  

                   emissions;472  

m : Multiplier or super credit factor applied to eligible vehicles; that is, the number of  

                  vehicles the PHEV is counted as; 

mT : Threshold to be eligible to receive super credits; 

iE : The manufacturer’s specific emissions targets as assigned by the regulation. 

As long as the PHEV’s specific emissions do not hit the threshold that qualifies it for 

receiving super credits, the MRBD of an increase in the electric range is given by the 

subsequent reduction in combined specific emissions (as calculated for compliance purposes) 

multiplied by the manufacturer’s marginal economic benefit from a relaxation of the 

emissions target (given by its marginal abatement cost or the non-compliance penalty rate). 

After passing the threshold, the same basic principle holds—except for a multiplication with 

the scalar m  (being the multiplier or super credit factor applied to eligible low-emissions 

vehicles). Besides this discontinuity in the slope of the MRBD function, we see a large 

marginal benefit for just hitting the threshold and thereby qualifying for the multiplier. 

Consequently, not only features a discontinuity when reaching the threshold value, but the 

                                                 
472 In other words, i  is the shadow price of the manufacturer’s—binding—emissions constraint. Assuming 

that the respective PHEV model constitutes only a minor share of the manufacturer’s entire fleet, here we 

abstract from interactions between 
i  and elecD ; otherwise, it holds 0i

elecD





. See the previousn section for 

the impact of increasing electrification on the stringency of the emissions target for the remaining conventional 

fleet and thereby on i . 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

294 

same holds true for the total regulatory benefit (RB) function: at the threshold emissions 

level, the total regulatory benefit per PHEV is multiplied by the super credit factor all of a 

sudden. Hence, RB is given by: 
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These total regulatory benefits already include the potential second—indirect—

regulatory benefit from increasing the PHEV’s electric range, which is rooted in the limit 

value function. If a manufacturer’s specific emissions target is based on its fleet’s current 

average weight, the weight increase inherent to equipping the PHEV with larger battery packs 

implies a relaxation of its target iE . The marginal weight-induced regulatory benefit 

(MRBW) from a relaxed emissions target is given by:473 
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The MRBW function also features a saltus (and a kink) at the threshold value. The 

convex shape is owed to the fact that the marginal battery capacity required to extend the 

electric range by an additional km increases with the already achieved electric range. 

These regulatory benefits are traded off against the costs of extending a PHEV’s 

electric range which are mainly determined by the energy storage capacity of the installed 

battery; for a given energy density, the battery’s overall storage capacity depends on the 

number of cells built-in. The marginal increase in required battery capacity for extending the 

electric range is not constant, but depends on the already installed battery size. The larger the 

number of battery cells already installed and thus the higher the vehicle’s weight, the higher 

is the energy demand and therefore the needed battery capacity expansion for a marginal 

                                                 
473 We abstract from an impact on the limit value function via affecting the economywide average vehicle 

weight as this impact will be negligible for a single vehicle model. 
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increase in the all-electric range.474 Accordingly, the same holds true for the total battery 

costs (BC) and the marginal battery costs of increasing the electric range. BC is characterized 

by a rising and convex slope:  

2
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elec elec

BC BC

D D

 
 

 
475  

The total battery costs for a given electric range are constituted of the integral of the 

marginal battery costs (the battery costs in a narrow sense) and a fixed cost component for the 

plug-in hybrid electric drivetrain etc. Consequently, BC should rather be interpreted as the 

total costs for achieving a certain electric driving range with a PHEV. We still use the term 

battery costs as they are at the core of our considerations. 

Manufacturers aim to maximize their profits by optimizing the trade-off between 

regulatory benefits and the associated costs for generating them. The regulator, on the other 

hand, strives for creating social benefits (SB)—through setting the regulatory incentive 

structure. Benefits that arise to society from the production and market diffusion of PHEV 

may comprise, amongst others, technology spillovers and learning-by-doing externalities on 

the production side as well as learning-by-using externalities, less emissions of criteria 

pollutants, and charging infrastructure-related indirect network effects on the consumer 

side.476 We deem it plausible to assume decreasing marginal social benefits with respect to 

electric range. For instance, we expect the largest manufacturer-side externalities to arise 

from producing a PHEV and bringing it into the market in the first place. Similarly, 

consumer-side externalities are presumably subject to decreasing returns, too; for example, 

                                                 
474 For the same reason, 

conE  also depends on the electric range of the PHEV. Again, it holds that the larger the 

installed battery, the more—in conventional mode, fossil—fuel is needed to move the greater vehicle mass: 
2
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This implies a diminishing effect on the slopes of  comb elecE D  and ( )elecMRBD D . 

For the (convex) relationship between required energy storage capacity and electric range (differentiated by 

different battery types and fuel cells), see e.g., Thomas (2009) and Shiau, Samaras, Hauffe, and Michalek 

(2009). 

475 Alongside merely more battery cells, further components—such as additional support structure for the larger 

battery, a slightly increased engine capacity, and larger brakes to accelerate and brake the extra mass as well 

slightly larger suspension systems—contribute to the total cost of extending the all-electric range of a PHEV 

(Thomas, n.d.). 

476 The lower (tailpipe) GHG emissions of PHEV compared to conventional vehicles are not contained in the 

social benefits, however, as they will be offset by increased emissions of the conventional fleet or even be 

outweighed if upstream emissons grow subsequent to the switch to using grid electricity as fuel. 
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the social value of the knowledge of how to operate a PHEV that spills over to neighbors and 

colleagues will hardly increase linearly with the electric range of the PHEV. Yet there may 

well remain some positive—although decreasing—marginal externalities even for large 

electric ranges, for instance, through contributing to learning-by-doing effects in the battery 

production or reduced pollutant emissions. Thus, we assume a concave and a convex slope of 

the social benefit (SB) and marginal social benefit (MSB) functions, respectively: 

2

2
0, 0, 0

elec elec elec

SB MSB MSB
MSB

D D D

  
   
  

 

Figure 33 and Figure 34 exemplarily illustrate the effects of a notched regulatory 

structure with respect to super credit or multiplier provisions as implemented, for instance, in 

the European Union—assuming a multiplier value of 1.5m   and threshold emissions of 

35mT   g CO2 per vkm.477 

 

                                                 
477 Given the EU’s nominal 2020 emissions target of 95 g CO2 per vkm and factoring in the target-relaxing 

effect of provisions such as the allowability of so-called eco-innovations etc., we assume an effective target of 

100 g CO2 per vkm by 2020. Furthermore, we assume the PHEV will just meet this target value in conventional 

driving mode and with no significant battery weight onboard, that is, 100conE   g CO2 per vkm. The required 

battery capacity per vkm in all-electric mode is assumed to be 0.22 kWh—again, with only small battery packs 

onboard. Note that the electricity consumption per vkm driven is lower; this is due to the fact that the effectively 

usable battery capacity is lower than the nominal capacity. Our default battery cost per kWh is €360 and the 

fixed cost for the PHEV drivetrain is €1500. According to the European 2020 vehicle emissions standards, 

specific emissions targets are relaxed by 3.33 g CO2 per vkm for each 100 kg additional vehicle weight; the 

underlying battery weight is roughly 13.5 kg per kWh battery capacity. Finally, we assume €75i   which is 

below the non-compliance penalty (€95), meaning that the representative manufacturer complies with the 

emissions standard. 
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Figure 33. PHEV’s Total Regulatory Benefits, Battery Cost, and Social Benefits  

as a Function of Electric Range 

 

 

Figure 34. PHEV’s Marginal Regulatory Benefits, Battery Cost, and Social Benefits  

as a Function of Electric Range 

 

 

Figure 33 depicts RB, SB, and BC for a representative PHEV and Figure 34 the 

respective marginal values. Starting with the default battery cost (solid red line) scenario, we 

observe that producing the PHEV is barely profitable from a manufacturer perspective 

without applying the multiplier. At the intersection of MRB (i.e., MRBD+MRBW) and 

MBC, occurring at an all-electric range of approximately 25 km, the associated—non-

multiplied—RB just covers the BC accruing for achieving this range. Yet, this all-electric 

range that would materialize with a non-leveraged regulation without super credits amounts 

to only roughly half the optimal all-electric range as seen from a social perspective; the 
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socially optimal electric range of the PHEV is marked by the intersection of MSB and MBC. 

Hence, the regulator introduces super credits and determines mT  and m  so that 

manufacturers choose to produce the socially optimal all-electric range mAER .478 Given the 

saltus in RB when hitting mAER , it becomes profit-maximizing behavior for the 

manufacturer to expand the battery capacity of its PHEV until combE  meets the threshold 

emissions value that qualifies the vehicle for receiving super credits.  

However, mAER  will be the socially optimal all-electric range only if the regulator’s 

assumptions regarding future battery costs were correct. Deviations of the actual MBC from 

the regulators expectations render mAER  a suboptimal all-electric range. Nonetheless, the 

manufacturer’s profit-maximizing electric range remains the same, i.e., mAER , for a 

relatively wide span of possible battery costs. In Figure 33 and Figure 34, we added a high 

and a low battery cost scenario with MBC being 50% higher and 30% lower than the default 

case, respectively. With higher and lower battery costs than expected, the socially optimal 

range will be lower (~25 km) and higher (~75 km), respectively.479 Despite such significant 

variations in MBC, profit-maximizing manufacturers will still equip the PHEV with the 

electric range that just suffices to be eligible for super credits—due to the incentives provided 

by the notched regulation. In the low battery cost scenario, MRB are just not large enough to 

extend the electric range beyond mAER . In the high battery cost scenario, MBC clearly 

exceeds MRB for a wide span of all-electric ranges, indicating considerable marginal losses 

for each km of electric range added, but the leap in RB for hitting mAER  just suffices to 

ensure a minimal profit for the manufacturer. If the battery cost were only slightly higher so 

that RB at mAER  does not cover BC anymore, the manufacturer’s best strategy would be not 

to produce the PHEV at all.  

The notch implied by the super credits provisions—that is, the considerable leap of 

RB at mAER —entails that PHEV in the market will tend to bunch at combined emissions 

                                                 
478 

mAER  is not defined directly by the regulator, but it is determined indirectly via the threshold emissions 

value mT  that must be met in order to be eligible for receiving super credits:  comb m mE AER T  

Note that if the regulator applied the multiplier from the beginning (that is, for any all-electric range), the 

manufacturer’s profit-maximizing all-electric range would be smaller than the socially optimal range. 

479 Note that battery costs and social benefits may not be entirely independent in reality, but to rather show a—

slight—positive correlation. This would be mainly attributable to learning-by-doing effects: it seems plausible to 

assume that the magnitude of learning curve effects (and the value of their spillovers) increases with the cost of 

battery production. A slight positive correlation between MSB and MBC would not alter the qualitative results 

described here, however. 



Electricity-based Drivetrains: Prospects, Impacts, and Regulatory Treatment 

299 

values slightly below the super credit threshold.480 There are only weak incentives to deviate 

from this strategy in order to (a) react to changing battery costs or to (b) differentiate the 

electric range across different PHEV models to better serve heterogeneous consumer 

demands.481 Consequently, the discontinuous schedule of regulatory incentives almost 

renders a manufacturer’s decision on PHEV’s electric range a de facto discrete choice for 

many battery cost scenarios: in many cases, the profit-maximizing strategy will be either not 

to produce the PHEV at all or to equip it with batteries that just ensure meeting the threshold 

emissions to qualify for super credits. Accounting for the considerable uncertainty with 

respect to future BC (and also SB), both strategies will likely be suboptimal. For instance, in 

our high BC scenario, both not producing the PHEV at all as well as designing it with an all-

electric range of mAER  will yield no net positive SB, whereas most other—lower—electric 

ranges will do so. As noted above, welfare losses also arise from the impeded differentiation 

of the PHEV market: heterogeneous consumers will demand different vehicle configurations 

(in terms of all-electric range and thereby incurred purchase costs) contingent upon their 

daily driving patterns; these heterogeneous needs are not sufficiently served with a notched 

regulation. Generally, the notched regulation-induced confined responsiveness to (factor) 

price and demand signals can—and likely will—bring along substantial welfare losses in a 

market environment characterized by uncertainty and heterogeneity.  

 

8.4.3 Options for Smoothening the Notch 

One of the explanations for the European approach to support innovative alternative 

drivetrains is the underlying principle of technology neutrality. In order to avoid explicitly 

dedicated support for certain technologies, a (tailpipe) CO2 emissions threshold was set that 

determines the eligibility for receiving super credits. Formally, each vehicle—independent 

from its drivetrain technology—can receive the support inherent to super credits as long as its 

officially measured emissions are below the threshold. In practice, however, only vehicles 

with an alternative (i.e., non-carbon-based) fuel supply—that is, PHEV, BEV, FCEV—can 

                                                 
480 In the European LDV market, there are currently three PHEV models commercially available; two of them 

have a combined emissions value of 49 g CO2 per vkm (Verkehrsclub Deutschland, 2014) just below the current 

super credit threshold of 50 g CO2 per vkm.  

481 As the threshold for receiving super credits is defined in terms of combE , there will still be some variation in 

mAER  even if manufacturers bunch at the threshold: those PHEV with higher values of 
conE , mainly larger 

and more powerful vehicles, require a greater all-electric range to meet the super credit threshold. 
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comply with the requirements due to technical reasons.482 Hence, the notch in the European 

vehicle emissions standards is a way to keep the regulation formally technology-neutral, but 

it factually reserves the special support inherent to super credits to—still relatively infant—

electricity-based drivetrain technologies with high expected spillovers. Abandoning the 

principle of (formal) technology neutrality may allow better tailoring support policies to the 

particularities of innovative drivetrain technologies, to cost uncertainties, and to decreasing 

returns from positive externalities.  

Technology-specific Super Credits 

For instance, the regulator could change the eligibility criterion for super credits from 

an emissions threshold (as in the EU) to a list of eligible innovative technologies (as in the 

U.S.). If plug-in hybrid technology were generally eligible, the multiplier would apply to 

each PHEV irrespective of its combined emissions or all-electric range. Given the exemplary 

cost structure as well as the regulatory benefit and social benefit structure depicted above in 

Figure 33 and Figure 34, and applying the same multiplier, this approach would yield a 

smaller electric range than socially optimal. Without the notch, but with higher inframarginal 

regulatory benefits, there is no financial incentive for a profit-maximizing manufacturer to 

extend its electric range to mAER . An increase in the value of the multiplier m  would enable 

motivating manufacturers to implement the socially optimal electric range—assuming the 

regulator correctly estimates MBC.483 Possibly more important, the thereby elevated path of 

the MRB curve could accommodate uncertainty in BC and MBC relatively well. Moreover, a 

smoothened MRB function removes regulatory impediments for manufacturers to 

differentiate their PHEV offerings in order to cater heterogeneous consumer preferences. 

Note, however, that these considerations are restricted to manufacturers’ PHEV design 

decisions with respect to an appropriate battery capacity; interactions with incentives 

concerning other fleet structure and design issues were neglected so far.  

Accounting for such feedback loops, a larger multiplier value might severely augment 

the regulatory risks described in section 8.2: Erroneous expectations of the regulator 

regarding the costs and thus the market success of electric propulsion could lead to 

                                                 
482 According to Verkehrsclub Deutschland (2014), the least emitting fossil-fuel vehicles currently available in 

the German LDV market emit 79 g CO2 per vkm; these cars are from the small-vehicle segment and run on 

relatively low-CO2 natural gas. This is still far above the currently valid super credit threshold of 50 g CO2 per 

vkm, and even more so for the initially planned 2020 threshold of 35 g CO2 per vkm. 

483 In order to maintain the LDV efficiency standard’s factual stringency, raising the value of m  must be 

complemented by tightening the standard’s formal stringency (i.e., E ).  
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considerable deviations of the effective emissions target for the conventional fleet from its 

socially optimal value. The welfare losses from an inappropriate GHG emissions target for—

quantitatively still market-dominating—conventional vehicles can incur welfare losses that 

might well outweigh the benefits from a non-notched super credit policy. We will take up this 

issue again later. 

Technology-specific Subsidies 

Another policy approach would be to replace super credits by technology-specific 

direct subsidies for electricity-based drivetrains in order to financially incentivize the 

accelerated market penetration of technologies with high social benefits. In the U.S., the 

American Recovery and Reinvestment Act of 2009 (Congress of the United States of 

America, 2009) introduced such subsidies in the form of federal income tax credits. For 

PHEV with a battery capacity of 4 kWh, a tax credit of $2500 is granted, which increases by 

$417 for each additional kWh of battery capacity; the maximum amount is $7500, which is 

reached at a capacity of 16 kWh. In Figure 35 and Figure 36, we schematically illustrate the 

effects of abandoning super credit regulations and granting this kind of subsidy instead. The 

depicted incentive structure somehow resembles that faced by manufacturers under NHTSA’s 

fuel economy standards.484  

 

Figure 35. PHEV’s Total Regulatory Benefits, Battery Cost, Received Subsidies,  

and Social Benefits as a Function of Electric Range 

 

                                                 
484 We acknowledge that manufacturers selling vehicles in the U.S. market are also subject to multiplier 

regulations. These apply, however, only to EPA’s GHG standards and not to NHTSA’s fuel economy standards. 
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Figure 36. PHEV’s Marginal Regulatory Benefits, Battery Cost, Received Subsidies,  

and Social Benefits as a Function of Electric Range 

 

 

Figure 35 depicts RB, SB, and BC as well as the new subsidy (that is, the income tax 

credit) for a representative PHEV, and Figure 36 the respective marginal values.485 As with 

U.S. federal income tax credits, the basic amount of the subsidy (€1500) is granted for PHEV 

with a battery capacity of 4 kWh, implying an electric range of slightly less than 20 vkm with 

our assumptions on specific electricity consumption. For each additional kWh, the subsidy 

increases by €250 up to maximum of €5500 that is reached at a battery capacity of 16 kWh 

(and an electric range of approximately 65 vkm). The basic amount implies a higher subsidy 

per kWh for the first 4 kWh of battery capacity than for the additional 12 kWh eligible for 

subsidies. Analogue to MBC, the marginal subsidy has a slight positive slope (with respect to 

electric range) because the specific energy consumption increases with the electric range due 

to the higher vehicle weight. Given the regulator’s focus on tailpipe emissions, there is still a 

direct regulatory benefit from reducing combE  (through a larger electric range) in terms of 

cushioning the pressure to abate GHG emissions in the remaining conventional vehicle 

fleet.486 The solid blue line represents the total incentives provided, being the sum of the 

                                                 
485 While we leave the MBC, SB, and MSB functions unchanged relative to Figure 33 and Figure 34, we 

slightly adjust i  and BC: i  is set at a value of €55 and the fixed cost component of BC is raised to €2500. 

Also, the magnitude of the subsidy is modified compared to the U.S. tax credits. 

486 For better comparability, we maintain the assumption of LDV standards being weight-based so that the 

regulatory benefits still comprise the effect of relaxed emissions targets ( iE ) subsequent to weight increases 

due to larger battery capacities. 
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subsidy and the regulatory benefit inherent to the emissions standard, as a function of the 

electric range. 

With the sketched subsidy schedule, there are still discontinuities in the incentives 

faced by manufacturers.487 Nonetheless, in contrast to the previously regarded notched 

regulation featuring a super credit threshold, there is significantly more scope for adjustments 

of the PHEV’s electric range in response to variations in MBC as well as heterogeneous 

consumer needs. Under the previous notched incentive structure, the manufacturer’s decision 

was basically confined to either equip a PHEV with an all-electric range of mAER  or not to 

produce it all. With the subsidy instead of the multiplier, there is a likely lower and upper 

limit for the electric range chosen by a profit-maximizing manufacturer—determined by the 

minimum and maximum battery capacity eligible for the subsidy. In between, manufacturers 

will be responsive to market signals. If MBC is lower than expected, manufacturers will 

increase their all-electric range, and vice versa. Importantly, manufacturers will not entirely 

withdraw from a PHEV project in case of higher BC as it might be the case with incentives 

based on super credits. Hence, with a regulation involving subsidies that are related more 

directly to the innovative technology to be supported, manufacturers’ reactions (in terms of 

all-electric range) to varying price and demand signals will probably be more in line with 

what would be optimal from a societal perspective—although manufacturers’ decisions 

driven by profit maximization will hardly totally coincide with the social optimum.   

Principles for Supporting PHEV 

In practice, it will hardly be possible to tailor an incentive structure that perfectly fits 

to the social benefits function because of administrative complexity as well as the uncertainty 

and dynamics inherent to the positive externalities of the diffusion of innovative 

technologies.488 Likewise, for reasons of administrative manageability, it will often not be 

warranted to design a totally smooth regulatory incentive scheme that is free of any 

                                                 
487 At the electric range achievable with 4 kWh battery capacity, the function of total regulatory benefits has a 

notch; at the electric range achievable with 16 kWh battery capacity, the benefit function features a kink, but not 

a notch. The notch will hardly have a distorting impact, however, because manufacturers will barely consider 

equipping a PHEV with a battery capacity of less than 4 kWh: With such a minimal electric range, it would be 

hard to attract consumers and to justify the—fixed—costs for implementing a (plug-in) electric drivetrain. 

488 Recall that the social benefits function depicted in the above figures is exemplary and not empirically 

derived.  
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discontinuities (Slemrod, 2010).489 Nonetheless, increasing the responsiveness to consumer 

preferences and market price signals will lead to economically more efficient choices with 

respect to the battery capacity of PHEV—even if some discontinuities remain. Generally, 

some basic principles should be followed when providing subsidies and other regulatory 

incentives for (PH)EV.  

First, on the individual vehicle level, the marginal subsidy should diminish with 

increasing installed battery capacity in order to accommodate the decreasing marginal social 

benefits490. Besides diminishing marginal (positive) technology-related externalities (e.g., 

learning-by-doing and learning-by-using spillovers, network effects), the marginal immediate 

environmental and oil independence benefits—in terms of avoided tailpipe GHG and 

pollutant emissions and saved gasoline consumption—also features a decreasing slope with 

respect to a PHEV’s battery capacity. 491 In Germany, for instance, the average trip distance is 

less than 15 km, 85% of all trips are shorter than 25 km, and the average distance driven per 

day is less than 50 km (Institut für angewandte Sozialwissenschaft & Deutsches Zentrum für 

Luft- und Raumfahrt, 2010a; 2010b). On more than 80% of a year’s days, the average car in 

Germany is driven less than 40 km; these daily mileages below 40km accumulate to more 

than 50% of a car’s total annual mileage (Samson, 2008). Premised that a PHEV is usually 

charged at least by the end of the day, it becomes evident that the marginal fossil fuel 

consumption replaced by electricity as well as the marginal criteria pollutant abatement 

                                                 
489 Furthermore, notches may sometimes be helpful in increasing the salience of incentives, particularly if the 

notched incentives (or notched information, such as labels and certificates) are directly applied to—boundedly 

rational—consumers. However, as the regulations discussed here apply to a limited number of mostly large 

companies with tens of thousands of employees, manufacturers can be expected to handle some degree of 

regulatory sophistication. 

490 Looking at the private financial implications—in terms of drivers’ total cost of ownership—of a PHEV’s 

battery capacity, Al-Alawi and Bradley (2013b) find a U-shaped function of the PHEV’s payback period (in 

comparison to a conventional vehicle) with respect to the all-electric range—with the optimal all-electric range 

being rather small. For larger all-electric ranges, the additional battery costs exceed the thereby attainable fuel 

cost savings. Of course, an individual driver’s optimal all-electric range is highly dependent on her daily driving 

routine and charging opportunities. The higher the daily average distance driven, the larger is the privately 

optimal battery capacity. The better the charging opportunities, the greater is the percentage of total mileage 

driven in electric mode with a given all-electric range and the smaller is the optimal battery capacity. 

491 Again, if a binding vehicle CO2 emissions standard is in place, these immediate GHG and oil savings from 

intensified electric propulsion are offset by lower fuel economy of the remaining conventional fleet or even 

outweighed if upstream emissions are not capped. Consequently, these immediate effects matter only if EV are 

excluded from the scope of the standard. In contrast, benefits from reduced emissions of criteria pollutants 

remain even under binding tailpipe CO2 standards as the pollutant thresholds for conventional vehicles are 

unaffected by changes in their effective GHG or fuel economy targets.  
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diminishes with the electric range.492 Accounting for the substantial amount of GHG emitted 

during the production of lithium-ion batteries, representing a sizeable share of a PHEV’s life-

cycle climate burden (e.g., Aguirre et al., 2012; Low Carbon Vehicle Partnership, 2013; 

Samaras & Meisterling, 2008), and the emissions-increasing effect of higher vehicle weight, 

the marginal GHG impact can even turn negative with ever-rising battery packs. Another 

reason that the marginal GHG and fuel saving benefits are largest for a small battery capacity 

is that only a small battery is required to use braking energy recuperation technology. Also 

from an electricity system perspective, that is, with respect to PHEV’s potential capability of 

facilitating the integration of larger shares of intermittent renewables, it appears more 

beneficial to distribute a given amount of total battery capacity over a larger number of 

PHEV: Despite the same absolute storage capacity (in Wh), the maximum electrical power 

(in W) to absorb RES feed-in peaks is higher if the given total battery capacity is distributed 

over more vehicles. Thus, the marginal RES integration benefit is diminishing with the per-

vehicle installed battery capacity, too. Consequently, limited public funds for EV support will 

likely yield higher social returns per Euro or dollar and per kWh battery capacity if invested 

to incentivize more low-range PHEV than fewer PHEV with large all-electric range.493 A 

positive effect on road safety due to smaller weight disparities within the LDV fleet might be 

a further potential side benefit of smaller per-vehicle battery packs.  

Second, on an aggregate level, the magnitude of marginal positive externalities such 

as technology knowledge spillovers, learning-by-using, and learning curve effects depends on 

                                                 
492 For the U.S., Elgowainy, Burnham, Wang, Molburg, and Rousseau (2009) quantify the diminishing marginal 

share of overall economywide mileage that can be electrified with increasing all-electric ranges of PHEV. 

Assuming avarage driving patterns, more than half of the VMT can be electrified with an all-electric range of 30 

miles.  

Accordingly, consumers’ marginal valuation of electric range also features a negative slope (Dimitropoulos, 

Rietveld, & van Ommeren, 2013; Hidrue et al., 2011). Yet we do not explicitely regard this aspect (that is, the 

impact of consumers’ electric range valuation on manufacturers’ cost for extending the electric range) in our 

schematic illustration here.  

493 For the U.S. vehicle market, Peterson and Michalek (2013) estimate the fuel and emissions savings 

achievable with different electrification strategies (different battery capacities and expanding the charging 

infrastructure network) and as well conclude, amongst others, that increasing the number of PHEV with each 

having a smaller battery capacity is far more effective than expanding the battery capacity of a smaller number 

of PHEV; the latter strategy will yield clearly less direct fuel savings and emissions reductions per dollar 

invested in batteries. Their analyses regarded only immediate emissions and fuel consumption effects arising at 

the level of affected vehicles; it neither factored in the effect of binding standards which can offset such direct 

fuel economy improvements nor did they consider technology spillovers and other positive externalities. 

Considering further externalities, Michalek et al. (2011) still confirm the finding of diminishing marginal 

benefits to PHEV battery capacity; Congressional Budget Office (2012) also arrive at similar findings. It seems 

widely consensual, therefore, that it is not only economically but also environmentally rational to equip vehicles 

with battery packs whose range is sufficient to cover regular daily distances but not rarely driven, long 

distances. 
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the current state of market penetration. The greater the achieved market diffusion, the lower 

the externality per additional EV will normally be.494 Therefore, the magnitude of the subsidy 

should be reduced with the cumulated sales volume and eventually be phased out.  

Widening the horizon beyond PHEV and extending it to other innovative vehicle 

technologies, a dynamically efficient policy approach may obey another—more 

controversial, though—principle: to differentiate the policy support across the different 

electricity-based drivetrains according to their current state of maturity (and thus the expected 

social returns yieldable from their deployment). The rationale behind potentially 

differentiating the explicit subsidy or the implicit regulatory benefits across EV types is to 

avoid that one technology lock-in is superseded by another one (Sandén & Azar, 2005). That 

is, in the context considered here, overcoming lock-in in ICE technology might be just 

followed by locking into a particular electric drivetrain technology that has a head start 

compared to other innovative technologies but is not necessarily superior in the long run. 

Policy should avoid to—implicitly—pick winners too early; instead, technology that may 

currently lag behind should still be enabled to catch up.495 Differentiation of the support 

across EV technologies can be easily implemented with both policy instruments regarded 

                                                 
494 This does not only hold for PHEV, but also for other currently still immature automobile technologies such 

as BEV and FCEV. 

495 For instance, in the competition between battery-electric and fuel cell-based drivetrains the momentum 

alternated a few times over the recent twenty years, underscoring the risk of (too) early picking a—putatively—

winning technology. Besides avoiding the risk of a premature lock-in into a technology that may be inferior in 

the long run, providing for a diversified technology portfolio may be warranted in order to meet heterogeneous 

requirements. Whereas BEV feature a better energy conversion efficiency, hydrogen as FCEV fuel has superior 

volumetric and gravimetric properties and allows fast refueling. Thus, BEV are particularly appropriate for 

regular but rather short trips, whereas PHEV and FCEV likely better serve driving profiles with occasional and 

regular long distance trips, respectively. Given the different usage patterns, several drivetrain concepts may well 

co-exists in the future vehicle market as their relative performance is contingent on the demanded driving profile 

(Sierzchula et al., 2012). Seen from an energy system perspective, both vehicle types have their own merits, too: 

Hydrogen can serve as a seasonal storage for intermittent RES, whereas BEV are more apt to provide control 

energy for short-term grid stabilization purposes. Moreover, technology combinations—such as plug-in vehicles 

with a hydrogen fuel cell range extender—may be well conceivable in the future (Offer, Howey, Contestabile, 

Clague, & Brandon, 2010). See also Jorgensen (2008) for the ambiguity and uncertainties with respect to the 

relative prospects of the different EV technologies, and Åhman (2006) for a Japanese vehicle market case study 

exemplifying the difficulties in picking winners among the different electricity-based drivetrains. Hence, public 

R&D and early market diffusion support should promote the advancement of both alternative drivetrain 

technologies (i.e., battery-electric and hydrogen-based vehicles). See Köhler et al. (2013) for the current state of 

alternative drivetrain technology development in the EU. 

The challenge of transitioning from conventional ICE vehicles to EV shows some similarities to the transition 

from a fossil fuel- and nuclear-based energy system to one that is renewables-based. In this context, technology-

specific support policies—mainly technology-differentiated feed-in tariffs—proved successful, too, in bringing 

different renewable electricity generation technologies to market maturity. See e.g., Haas, Panzer, et al. (2011); 

Haas, Resch, et al. (2011); Kalkuhl et al. (2012); Lehmann et al. (2012); Sandén (2005).  
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above, either via the subsidy rate or the multiplier value. In the following, we do not further 

elaborate on this issue as we primarily focus on PHEV incentives here.  

With a policy of technology-specific subsidies for (PH)EV, such as in the U.S., both 

principles can be implemented in a discrete manner. The U.S. federal tax credit provisions 

follow the first principle only in relatively rugged fashion, however, by granting $625 (per 

kWh) for the first 4 kWh, $417 for the next 12 kWh, and no additional subsidy for any larger 

battery capacity. The rather rough implementation also applies to the second principle: The 

American Recovery and Reinvestment Act caps the number of vehicles per manufacturer that 

are eligible for the full credit; after a manufacturer exceeds 200,000 sales of eligible vehicles, 

the credit will be phased out. Considering that technological knowledge and cost decreases 

from learning curve effects as well as growing consumer acceptance will likely spill over to 

other manufacturers, this manufacturer-specific cap creates to a certain extent a first-mover 

disadvantage. After exploiting its limit, a pioneering manufacturer has to compete with other, 

late-adopting manufacturers that benefit from both spillovers as well as an ongoing tax credit 

applicable to their vehicles.496  

With an EV support policy by means of tailpipe GHG standards augmented through 

multipliers available for ultra-low emissions vehicles, these two principles are already 

implicitly implemented to a certain extent. First, the calculation of combE  under the terms of 

UNECE regulation 101 ensures a diminishing MRB with respect to a PHEV’s battery 

capacity unless the MRB function is notched through a threshold value for multiplier 

eligibility.497 Second, the level of regulatory benefits from electrification generally decreases 

with intensified market success of EV because i  declines in the wake of relaxed emissions 

targets for a manufacturer’s conventional fleet. Yet, here is severe hitch, too. The decline in 

i  due to an intensified market penetration of electric driving applies to the same extent to 

the incentives to reduce the fuel consumption of conventional vehicles—although the 

increased electrification barely has an effect on the marginal benefits from reducing 

                                                 
496 EPA’s GHG emissions standards partly compensate for this relative disadvantage for EV pioneers by means 

of provisions regarding the accounting of upstream emissions from electricity generation. From 2022 onwards, 

manufacturers have to account for the net upstream emissions of electric driving; yet each manufacturers is 

assigned a number of vehicles that is exempted from this provision and still treated as causing no net GHG 

emissions. Companies that sell at least 300,000 EV from 2019 to 2021 can exempt a maximum of 600,000 

vehicles in the period 2022-2025. For all other manufacturers, upstream GHG emissions accounting starts after 

exceeding a cumulative sales cap of 200,000 EV. Thereby, manufacturers that adopt electric drivetrain 

technologies early receive a—delayed—reward for generating positive externalities. 

497 The multiplier value can be used as a scalar to approximate the MRB function to the—estimated—MSB 

function. Yet, it still remains unclear whether the slope of the (scaled) MRB function adequately resembles the 

functional form of MSB. Certainly, discretely set direct subsidies provide more flexibility for tailoring the 

incentive schedule in accordance with the—expected—marginal social returns to increasing electric range. 
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conventional vehicles’ fuel consumption. Thus, the implicit accommodation of dynamics in 

the social benefits from electrifying LDV comes at the cost of sacrificing fuel economy 

improvements in the—quantitatively still dominating—conventional fleet. Conversely, if the 

regulator correctly anticipated the decline in i  subsequent to increased electrification and 

tightens the vehicle emissions standard over time in order to maintain values of i  that ensure 

appropriate incentive for fuel economy improvements in the conventional fleet, the 

accommodation of decreasing marginal social benefits from drivetrain electrification is 

thwarted.498 One possible approach to address the problems inherent to highly correlated 

incentives for electrification and improving conventional vehicles’ fuel economy would be to 

reduce the multiplier over time or with cumulated EV sales volume.  

Summarizing, both support approaches—i.e., explicit subsidies and super credits—

can be designed in such a way that the marginal regulatory incentives decrease with both the 

electric range and the total number of PHEV. Irrespective of which policy is used to support 

the market uptake of (PH)EV, a key problem of tailpipe GHG standards remains highly valid: 

EV’s leverage on ICE vehicles’ effective emissions targets jeopardizes the realization of cost-

effective fuel economy improvements in the conventional fleet. Whether a policy employing 

super credits or a subsidy policy without multipliers creates greater uncertainty with respect 

to fuel economy improvements required in the conventional fleet is ambiguous. With large 

multiplier values, the immediate leverage is large, but at the same time the shadow value and 

thereby the marginal regulatory benefit from EV sales decreases sharply with increasing EV 

volumes—creating a self-regulatory mechanism with regards to EV sales. With explicit 

                                                 
498 Incentivizing EV market penetration solely through LDV emissions standards (i.e., by means of treating 

them as GHG-neutral and applying super credits) establishes a perfect correlation between manufacturers’ 

regulatory incentives for the two key options to reduce their fleet’s specific emission—that is, by (a) 

implementing widely mature technologies in their conventional fleet and (b) electrifying vehicles. However, the 

structure and slope of the benefits to be reaped from these options vary: Improvements in the conventional 

fleet’s fuel economy mainly address the consumer undervaluation internality and yield relatively constant 

marginal benefits, whereas bringing EV into the market also yields substantial positive technology externalities 

that feature a decreasing marginal slope. That is, the perfect correlation of regulatory incentives between these 

abatement levers is not matched by an equally good correlation of the marginal—internality and externality 

correction—benefits. Hence, establishing a fixed link between the regulatory incentives that is constant over 

time will almost inevitably cause dynamic inefficiencies.  

Moreover, similar problems may arise for the regulatory promotion of different innovative, electricity-based 

drivetrains if they undergo heterogeneous technology developments. Through varying the multiplier value 

applied to different EV types, the magnitude of their regulatory incentives can be differentiated; however, these 

incentives are still perfectly correlated as they are linear in the shadow price of the emissions constraint. For 

instance, an (increasing returns-induced) decrease in battery costs—followed by a decrease of the shadow price 

of the emissions constraint—not only weakens the incentives to improve conventional vehicles’ fuel economy. 

It also causes a decrease in the regulatory benefits from introducing FCEV, although their marginal social 

benefits may be barely affected by the drop in battery costs. This could stall the development of FCEV, although 

the technology may be worth in the long run to be further advanced. 
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subsidies and no multipliers applied, the direct leverage is smaller, but the deviation of actual 

EV sales from expected sales may be greater.499 Which effect prevails is not unequivocal; 

nonetheless, as direct subsidies and regulatory incentives inherent to LDV efficiency 

standards are not the only drivers of EV market diffusion,500 it appears plausible that the high 

direct leverage of multipliers brings about greater risks for conventional vehicles’ fuel 

economy.  

Finally, given the multitude of aspects to consider, it is beyond our scope here to 

make a precise recommendation on the appropriate policy approach for promoting (PH)EV. 

As long as EV and conventional ICE vehicles are jointly regulated by means of tailpipe CO2 

standards, the risk of significant economic inefficiencies resulting from the interactions 

between the—uncertain—market penetration of EV and the (foregone) exploitation of cost-

effective fuel economy improvement potentials will remain with almost any EV support 

policies.501 Thus, we discuss alternative metrics for LDV efficiency standards in the next 

chapter. 
 

                                                 
499 If the regulator’s expectations on the cost of electrification turn out to be incorrect, the deviation of the 

actual from the expected number of EV sales is crucially determined by the precise design of the subsidy 

schedule: The greater the responsiveness of the discretely set subsidy rate to the cumulated EV sales volume, the 

smaller the uncertainty with respect to the shadow price on fuel economy will be. 

500 Other factors comprise, for example, the availability of charging infrastructure, consumer perceptions on 

quality and reliability, parking and high occupancy-lanes privileges, electricity prices. 

501 In terms of the—uncertain—interactions between the electric and conventional fleet, which jeopardize the 

latter’s fuel economy improvements, a ZEV mandate would perform best. This policy approach obliges 

manufacturers to bring a certain number of EV, determined by the regulator, into the market. See section 11.2. 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

310 

9 Alternative Metrics for LDV Efficiency Standards 

In light of the deficiencies of tailpipe CO2 emissions standards and their high 

vulnerability to uncertain EV developments,502 a change of the metric applied for LDV 

efficiency standards seems to be warranted in the future. In this chapter, we present a number 

of alternative LDV standard metrics and discuss their strengths and weaknesses. In doing so, 

we will shed a light in particular on the following issues: How is the metric’s suitability with 

respect to remedying consumer undervaluation of future fuel costs to be judged? This 

includes the question whether and to which extent the metric incentivizes tapping cost-

effective fuel economy improvement potentials for all drivetrain technologies. Another 

important criterion is the robustness against unanticipated developments of the EV market—

for instance, a faster EV market uptake than expected by the regulator. The potential 

deviation of the actual from the cost-effective fuel economy target for vehicles propelled by 

an ICE, which will remain the dominating propulsion technology in the medium term, is also 

determined by the leverage exerted by EV market shares on the effective stringency of ICE 

vehicles’ fuel economy target. A high degree of uncertainty with regards to effective fuel 

economy targets collides with manufacturers’ demand for regulatory certainty, which is 

needed for defining R&D and production planning strategies. We further scrutinize the 

metrics’ effectiveness and accuracy in mitigating road transport’s climate impacts as well as 

other environmental harms—in this regard, too, leverage effects of (uncertain) shifts in the 

market shares of different drivetrain technologies can play an important role. Of course, we 

also look at the role of the metrics in triggering such shifts—that is, which incentives they set 

for the market introduction of innovative (electricity-based) drivetrain technologies. Finally, 

we will draw a concluding comparison of the presented alternative standard metrics. We start 

with a GHG-orientated, yet more comprehensive, LDV standard metric. 

 

9.1 Well-to-wheel GHG Emissions Standards 

If vehicles’ contribution to global warming is the regulator’s central concern, w-t-w 

GHG standards are the most straightforward remedy to the weaknesses of tailpipe emission 

                                                 
502 Tailpipe CO2 emissions standards do not provide any regulatory incentives to improve the fuel economy of 

EV (except for PHEV), they do not allow accurate control of total GHG emissions and energy consumption 

related to LDV, they imply a high leverage of the—ex-ante unknown—number of EV in the new vehicle fleet 

on the effective stringency of fuel economy targets for ICE vehicles. 
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standards.503 W-t-w standards aim at capturing all GHG emissions—downstream and 

upstream—associated with propelling a vehicle.504 That is, for an LDV’s w-t-w GHG rating it 

does not make a difference whether a fossil energy carrier is burned in the ICE, in a central 

power plant to generate electricity for charging vehicle batteries, or whether CO2 is released 

during hydrogen production by means of steam reforming. Consequently, w-t-w standards are 

the most robust metric with regards to shifts in the fleet structure or the energy supply: 

Changes in the market shares of drivetrain technologies and final energy carriers do not affect 

the (non-mileage-weighted) average disposal of GHG into the atmosphere per vkm.505 

Opponents of w-t-w GHG standards object that manufacturers can neither control the 

feedstocks (e.g. crude oil versus tar sands for liquid fuels, lignite versus RES for traction 

electricity) nor the upstream fuel production processes; therefore, w-t-w standards would be 

inappropriate as they hold manufacturers responsible for the fuels’ GHG intensity. However, 

ignoring differences in the upstream emissions of different fuel types in the LDV regulation 

and leaving upstream emissions entirely up for other policy instruments also appears 

unsatisfying. Although manufacturers do not have direct control over the total GHG 

emissions related to the fuels consumed by their vehicles, they can be asked to take account 

of current and foreseeable differences in the upstream GHG intensity of different fuel types. 

Under w-t-w standards, manufacturers adjust their technology portfolio with regards to the 

complete carbon footprint of vehicle operation. As a further asset, they are incentivized to 

improve the energy efficiency of all drivetrain technologies—also those that do not entail any 

tailpipe emissions—as less electricity or hydrogen consumption implies lower associated 

upstream emissions. Thereby, manufacturers’ fleet composition decisions can be rendered 

“GHG-efficient” with w-t-w GHG standards: That is, the marginal “global”506 GHG savings 

per Euro invested in improving the fleet’s GHG performance is equalized across all 

                                                 
503 Whereas w-t-w GHG emissions standards feature high precision with regards to controlling the climate 

impacts from LDV, this does not equally hold true for further environmental objectives beyond climate 

protection. Even climate-friendly transport fuels go along with environmental harms (e.g., land consumption, 

adverse impacts on biodiversity) and the consumption of scarce resources. We will elaborate on this argument in 

some more detail when discussing primary energy standards in the following section. 

504 Note that w-t-w GHG standards consider all emissions occurring over the entire life cycle of the fuel, 

whereas any GHG emissions associated to vehicle manufacturing remain disregarded. For an even more 

comprehensive metric that also includes vehicle manufacturing-related and end-of-life emissions, see  

section 9.5. 

505 The perfect robustness in terms of climate impacts is of rather theoretical nature. In reality, uncertainties and 

methodological problems in determining a fuel’s w-t-w GHG intensity as well as interactions with the broader 

climate policy framework (see chapter 10) relativize this robustness. 

506 Here, “global” GHG savings refers to avoided increases of the GHG concentration in the atmosphere—in 

contrast to tailpipe standards that have direct vehicle emissions as the GHG accounting boundary. 
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abatement options available to manufacturers (i.e., improving the drivetrain technologies’ 

energy efficiency as well as increasing the sales share of less GHG-intensive drivetrains). 

In practice, assigning w-t-w GHG emissions intensities to different fuels is by no 

means straightforward, though. This holds true in particular for traction electricity and 

electrolysis-based hydrogen as was shown in section 8.3. Besides considerably higher data 

requirements to trace back the different fuels’ entire supply chain, related uncertainties, and 

therefore much higher administrative efforts, establishing w-t-w standards is complicated by 

a number of pivotal methodological issues that need to be resolved.507 

First and foremost, the regulator must decide whether GHG factors should be based 

on average or marginal emissions impacts of fuel production. As shown earlier, marginal and 

average GHG intensities of a given amount of electricity consumption can greatly vary. Still, 

there are arguments in favor of either method. Whereas GHG factors based on marginal 

emissions impacts are preferable with respect to environmental integrity, practical and 

“fairness” considerations argue for an average-based approach. Only emissions factors based 

on marginal effects can ensure that specific and total emissions attributable to LDV remain 

widely constant irrespective of the distribution of drivetrain technologies, specifically the 

market penetration of EV.508 When using GHG factors based on average emissions impacts, 

shifts in the market shares of drivetrain technologies will entail changes in LDV’s climate 

burden if the ratio of marginal to average emissions impacts differs across drivetrain 

technologies. On the other hand, marginal impacts-based GHG factors impose greater 

information and administrative requirements on the regulating authority; for instance, a much 

more detailed electricity demand and supply data resolution is needed to calculate marginal 

w-t-w emissions factors. The question of how exactly to trace back the supply chain of the 

energy carriers always—that is, irrespective of whether average or marginal w-t-w GHG 

factors are calculated—poses a trade-off between (a) defining reliable and representative 

values for the different fuel types’ life cycle GHG impacts on and (b) limiting the complexity 

and administrative burden: The more accurate the accounting, the higher the administrative 

costs will be. For marginal GHG emissions factors, yet, this trade-off takes place on a higher 

                                                 
507 Of course, these challenges are posed not solely for assigning w-t-w GHG intensities to electricity-based 

fuels, but also to biofuels (e.g., indirect land use changes) and—to a lesser extent—fossil fuels (e.g., oil from 

easy-accessible sources vs. tar sands as feedstock). Generally, it holds that the data requirements, the degree of 

uncertainty, the importance of methodological issues to be resolved, and the administrative efforts increase with 

the share of upstream emissions in a fuel’s total w-t-w GHG footprint. 

508 Note that, with cap-and-trade emissions trading policies in place, the mechanics of LDV standards’ impact 

on domestic GHG emissions fundamentally change and new challenges with respect to assigning upstream 

emissions are posed. See chapter 10. 
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cost level due to the generally greater data requirements. Moreover, from a “fairness 

perspective” one could ask why EV should be assigned GHG factors based on marginal 

emissions impacts which are different—and possibly higher—than the GHG intensity of the 

electricity consumed by the average consumer (see also Smokers, Verbeek, Obdeijn, et al., 

2013 for this argument). 

Besides differences between marginal and average emissions impacts, upstream 

emissions and thereby w-t-w- GHG factors can vary substantially over time and across 

regions (see section 8.3.2). Resource prices and endowments, energy policy strategies, and 

other factors determine the electricity generation mix within an electricity market—at the 

national or regional level. If a common w-t-w emissions-based LDV regulation stretches over 

electricity markets that considerably differ in their generation mix and carbon intensities, 

regulatory problems arise. Then, the spatial distribution of EV market shares (and 

electrolysis-based hydrogen production) can heavily affect the environmental and economic 

impacts as well as the optimal stringency of the regulation—even for a given total number of 

EV sales within the regulatory jurisdiction. Yet it is not easy to cope with that challenge. As 

argued earlier, if LDV standards apply to a common market, applying regionally 

differentiated emissions factors may hardly be feasible in practice. Furthermore, 

manufacturers could possibly respond by pursuing a price discrimination strategy that evokes 

arbitrage across regions with different regulatory emissions factors.  

In the medium and long run, the emissions intensity of electricity generation changes 

over the course of the continuous renewal of the power plant stock. As can be seen from the 

example of the German Energiewende, a country’s electricity generation mix may change 

considerably over an LDV’s average usage life of approximately 14 years. In order to be 

representative for a vehicle’s average w-t-w GHG performance over its entire lifetime, the 

regulator should aim at anticipating changes in the upstream fuel chain occurring over this 

period and factor them in into the emissions factors applied to currently sold vehicles. 

Otherwise, a “myopic” w-t-w metric based on current GHG emissions factors runs the risk of 

procrastinating the transition towards innovative (and in the long run more climate-friendly) 

fuels and drivetrains. Given the current structure of the power plant stock in Germany (and 

abstracting from the option of financing additional RES capacities), for instance, w-t-w GHG 

standards would unfold only modest incentives to market EV.509 In the future, upstream 

                                                 
509 For plug-in electric vehicles (i.e., BEV and PHEV), the superiority in terms of w-t-w GHG intensity 

compared to ICE vehicles is relatively robust. FCEV perform better than ICE vehicles only if the hydrogen is 

produced by means of steam reforming; based on the current electricity generation system, hydrogen from 

electrolysis yields higher GHG intensities of FCEV. 
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emissions (as well as primary energy consumption) of electricity-based fuel supply chains are 

expected to diminish, whereas the upstream burden of oil-based fuels may rather rise in the 

wake of exploring resources that require more energy to be extracted (e.g., deep-water 

sources, tar sands, shale oil). Hence, it can be expected that the relative GHG impacts per unit 

of delivered final energy will change in favor of electricity-based energy carriers.  

The (marginal) upstream emissions related to an EV’s electricity consumption may 

vary not only over longer time horizons, but they can change substantially within hours or 

even minutes—depending on the (marginal) electricity source (e.g., coal-fired vs. gas-fired 

plant), which is mainly determined by the interplay of the time-variant electricity demand and 

the volatile supply of intermittent RES. Controlled charging allows to take advantage of intra-

day changes in the marginal electricity source and thus the electricity price. With regards to 

climate impacts, it is ambiguous whether controlled charging leads to lower (marginal) 

emissions than uncontrolled charging, as was shown above (see section 8.3.3). The regulator 

could conceivably take account of an EV’s capability of controlled charging: Vehicles that 

are technically ready for controlled charging may possibly receive a bonus (or malus), 

determined by the estimated impact of controlled charging on the vehicle’s w-t-w GHG 

performance. This option would be particularly attractive in combination with vehicle 

manufacturers’ financing of additional intermittent renewables as controlled charging would 

then almost certainly yield additional improvements of the vehicle’s climate balance.510  

Given these complexities and a currently insufficient data basis, EPA intends to use a 

countrywide, average-based value to calculate the GHG intensity of EV’s traction electricity 

for compliance purposes with its current standards. Recall, however, that this provision will 

take effect only if the number of vehicles sold by 2025 exceeds the amount exempted from 

accounting upstream emissions. In the longer-term, EPA considers switching to marginal 

emissions factors that account for time of charging (Pike, 2012). EPA’s approach is widely in 

line with the approach suggested by ICCT. They also propose to start with average emissions 

and to provide manufacturers with sufficient lead time before switching to marginal 

emissions or updating other regulatory compliance practices (Pike, 2012). Note, however, 

that the suggested accounting practice is formally not an actual w-t-w GHG metric—despite 

providing widely identical incentives: When determining ICE vehicles’ specific GHG 

intensity, only tailpipe CO2 emissions are accounted for. In order to compensate for the 

                                                 
510 For the option potentially offered to manufacturers to reduce the GHG factors of their sold EV through 

financing additional RES capacities, see below as well as section 8.3.4. A bonus could also be possibly granted 

if the controlled charging algorithm were geared towards optimizing the GHG balance of the electricity 

charged—instead of minimizing electricity costs. 
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neglect of upstream emissions attributable to the production of liquid fossil fuels and to create 

a level playing field, the GHG factor assigned to EV is corrected for avoided upstream 

emissions from the production of conventional fuels. That is, the specific GHG intensity of 

EV is calculated as the upstream emissions attributable to their electricity or hydrogen 

consumption minus the saved upstream emissions that would be attributable to the production 

of the replaced fossil fuels.  

Given the time required to develop new vehicle models, particularly such with 

innovative drivetrain technologies, and to build up production capacities, providing 

manufacturers with planning certainty is an undisputed prerequisite for a viable regulation. 

Frequent adjustments of the emissions factors would undermine LDV standards’ objective of 

initiating coherent vehicle development strategies geared towards a transition to low-carbon 

LDV. As represented by the methodology suggested by EPA, ICCT, and others (e.g., 

Smokers, Verbeek, Obdeijn, et al., 2013), this argues in favor of GHG factors based on 

average emissions because average emissions are usually more stable over time than marginal 

emissions. However, planning certainty could also be provided with w-t-w emissions factors 

that are rather orientated towards marginal impacts—if these are reliably established for a 

few years in advance, taking account of expected developments in the electricity generation 

structure. We deem this option a feasible—or at least worth considering—alternative to using 

average impacts-based emissions factors.  

Under w-t-w GHG standards, LDV manufacturers may be offered another means of 

compliance with the regulation. Besides shifts in the sales shares of different drivetrain 

technologies and improvements of their respective energy efficiency, manufacturers could be 

given the opportunity to mitigate the w-t-w emissions factors assigned to their EV through 

financing the additional expansion of RES. The RES capacities financed by vehicle 

manufacturers would have to fulfill the criterion of hard additionality; that is, they have to 

contribute to a RES expansion path beyond what is planned or mandated in the reference case 

(see section 8.3.4). If financed RES capacities fulfill this criterion, the manufacturer could 

improve the w-t-w emissions performance of its fleet via reducing the GHG factors applied to 

the final energy consumed by its (electricity-based) vehicles. In the case of plug-in electric 

vehicles, for instance, manufacturers could commit to finance additional renewable electricity 

generation capacities commensurate to the estimated electricity consumption of their EV. 

Although the physical electricity generation of the additional RES capacities and EV 

charging will normally not coincide temporally, the renewable electricity will be assigned to 

the manufacturers’ vehicles on the balance sheet. In consequence, their electricity 

consumption would be considered widely carbon-neutral for standard compliance purposes. 

The precise modalities of manufacturer financing of additional RES expansion have to be 

credible, but should give manufacturers some flexibility at the same time: For instance, 
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manufacturers may establish joint ventures with electricity suppliers and providers of 

charging infrastructure or set up a fund dedicated to financing RES expansion.511 As 

remarked above, manufacturers may receive more emissions credits for financing additional 

RES capacities if they equip their EV with controlled charging technology. Controlled 

charging facilitates the integration of intermittent RES and therefore increases the effective 

utilization rate of the additional RES capacities.512 

If the fuel consumption of EV is rendered—for standard compliance accounting—

almost carbon-neutral through financing additional renewables, there remains no regulatory 

pressure to improve EV’s fuel economy. Generally, it holds that the lower a final energy 

carrier’s w-t-w GHG intensity, the weaker will be the regulatory incentives to improve the 

energy efficiency of the vehicles consuming the respective energy carrier. As long as the  

w-t-w standard remains binding, it also holds that the specific energy consumption per vkm 

increases as the w-t-w GHG intensity of the energy carriers decreases. This may well conflict 

with a central objective of LDV efficiency standards: exerting regulatory pressure on 

manufacturers to tap fuel economy improvement potentials that are beneficial from a 

consumer (and ideally also a societal) perspective.  

With regards to w-t-w GHG standards’ suitability to address consumer undervaluation 

of future fuel costs, a crucial criterion is whether a vehicle’s specific w-t-w GHG emissions 

are a reasonably well proxy for its specific fuel costs. Of course, for a given energy carrier 

being consumed, it holds that the fuel costs per vkm increase linearly with the w-t-w GHG 

emissions per vkm. Across energy carriers, however, the w-t-w GHG intensity features not at 

all such a strong correlation with the vehicle’s specific fuel cost. Looking at (marginal) GHG 

intensities and costs of EV’s electricity consumption, indeed, rather the opposite may hold 

true: the GHG intensity of electricity generation is currently rather negatively correlated with 

its cost intensity. The spot market prices for lignite-based electricity are below those of hard 

coal-based electricity which is again cheaper than electricity generated from natural gas. 

Electricity from intermittent RES—possibly financed by vehicle manufacturers—is the most 

climate-friendly and at the same time the cheapest electricity source in the short term as its 

marginal generation costs are almost zero; in the medium and long term—including capital 

costs—it is by no means cost-free, of course. Furthermore, unless the electricity generated 

                                                 
511 Hacker, Harthan, Hermann, et al. (2011) also consider the idea of a manufacturer-financed RES expansion, 

fulfilling the criterion of hard additionality, and develop a dedicated fund solution. 

512 A similar opportunity for receiving credits for financing additional RES capacities is also conceivable under 

primary energy standards which are discussed in the next section. Electricity generation from (intermittent) RES 

features by definition the best conversion efficiency—in terms of primary energy required per generated kWh 

electricity—of all primary energy carriers. 
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from RES is truly surplus,513 its consumption through EV will cause opportunity costs; these 

opportunity costs will also be reflected in the electricity price faced by consumers. It becomes 

evident, that a vehicle’s specific w-t-w GHG intensity is an unreliable proxy for the specific 

fuel costs arising to consumers and society. Hence, presupposing consumers actually 

undervalue future fuel costs, there remain (possibly substantial) untapped potentials for cost-

effective energy efficiency improvements under w-t-w GHG standards—particularly for 

those vehicles that consume low-carbon energy. 

Under w-t-w GHG standards, an optimal allocation of manufacturers’ energy 

efficiency improvement efforts across the different vehicle types would require that the ratio 

of w-t-w GHG per unit of final energy ( w t wGHG   ) and the fuel price per unit of final energy 

(FP) were identical across all final energy carriers deployed in the new vehicle fleet: 

, ,...,
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Only in this rather theoretical case, manufacturers would allocate their efficiency 

improvements efforts such that the marginal fuel cost savings per Euro invested in better 

energy efficiency were equalized across all drivetrain technologies.515 Note that fulfillment of 

this condition only ensures that a given w-t-w GHG target is achieved in a (statically) 

efficient manner. Whether the induced extent of energy efficiency improvements is cost-

effective—that is, whether the marginal fuel saving benefit equals the investment costs to 

achieve it—is unclear even under these theoretical circumstances. This crucially depends on 

the shares of drivetrain technologies in the new vehicle fleet. As drivetrain technologies differ 

in their respective cost-effective fuel economy level (and therefore their cost-effective w-t-w 

GHG intensity), the cost-effective fleetwide w-t-w GHG target is also determined by the 

shares of the drivetrain technologies. Thus, the regulator can set an overall cost-effective  

w-t-w GHG target only if it perfectly anticipates future drivetrain market shares—in addition 

                                                 
513 Electricity generated from intermittent RES is truly surplus if it does not find any alternative utilization with 

a positive economic value (e.g., charging electricity storage facilities, power-to-gas, power-to-heat). 

514 See Millo, Rolando, Fuso, and Mallamo (2014) for a modeling exercise whose input parameters almost 

ensure this identity—at least for electricity and liquid oil-based fuels. The study’s focus is, however, not the 

optimal allocation of efficiency improvement efforts across different vehicle types, but on optimizing the 

electric and ICE contribution to PHEV’s propulsion. Still, the fulfillment of the ident ity in their study implies 

that minimization of PHEV’s specific GHG emissions also leads to fuel cost minimization. 

515 This condition for an efficient allocation of fuel economy improvement efforts only holds as long as the 

lifetime mileages of vehicles with different drivetrain technologies do not systemically differ. In the latter case, 

the marginal financial investment in fuel economy improvements that yields the same reduction in specific fuel 

costs per vkm yields different overall lifetime financial benefits across vehicle types. Hence, a correction for 

variances in lifetime mileages would be required (see section 5.7). 
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to the identical GHG intensity-fuel price ratio across final energy carriers. If the regulator 

underestimates the market share of—normally more fuel-efficient and GHG-efficient—EV, 

the fleetwide w-t-w GHG target will be too lenient, and vice versa. In case of higher than 

anticipated EV shares, for both EV and ICE vehicles the cost-effective efficiency 

improvement potentials will not be entirely tapped. The leverage of EV market shares 

particularly on the stringency of ICE vehicles’ effective fuel economy target grows with 

progressing decarbonization of EV’s fuels. With an ever-decreasing GHG intensity of the 

(marginal) electricity supply, the leverage of w-t-w GHG standards on conventional vehicles’ 

fuel economy approaches the leverage inherent to tailpipe standards. 

Eventually, the degree of success or failure of w-t-w standards in remedying 

consumer fuel cost undervaluation heavily depends on the w-t-w GHG impacts of EV, which 

in turn are determined by the precise electricity market circumstances, as well as on the 

precision in forecasting the future market shares of different drivetrain technologies. Given 

the uncertainties regarding the development of the EV market, w-t-w GHG standards’ 

suitability with respect to addressing consumer undervaluation of future fuel costs is to be 

judged as poor in general—although better than that of tailpipe CO2 emissions standards. 

Differing regional electricity prices (and w-t-w GHG intensities of electricity generation) 

within a common LDV efficiency standard’s jurisdiction further complicate the determination 

of—from a consumer perspective—cost-effective fuel efficiency targets.516  

 

9.2 Energy Efficiency Standards 

Instead of targeting vehicles’ GHG emissions, LDV efficiency standards can also 

regulate the vehicles’ specific energy consumption. Basically, there are two approaches at 

hand: final energy standards and primary energy standards. We will now briefly depict the 

pros and cons of both approaches, starting with final energy standards.  

 

9.2.1 Final Energy Standards 

Final energy standards regulate the specific final energy consumption per vkm, 

irrespective of the used fuel type. The point of measurement of the vehicle’s final energy 

intake is at the pump or power outlet; all final energy carriers are denominated to the same 

                                                 
516 This problem generally applies if energy prices show considerable deviations within the same LDV 

efficiency jurisdiction, irrespective of the fuel type. 
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measurement unit (e.g., kWh, Joule). Final energy consumption is relatively easily and 

verifiably to measure. Contrary to w-t-w GHG standards (and primary energy standards), no 

conventions and agreed-upon assumptions with respect to the upstream fuel chain are 

required; impacts of the fuel supply system’s characteristics (e.g., electricity generation mix) 

do not confound with those of the vehicles’ attributes. Consequently, proponents of this 

approach (e.g., Creutzig, McGlynn, Minx, & Edenhofer, 2011; DeCicco, 2010b) argue that 

final energy is what can directly be controlled by manufacturers and should therefore be the 

LDV efficiency standard metric of choice. They further argue that the GHG intensity of the 

different fuels should be addressed by other policy instruments, and that manufacturers 

should not be held responsible for the GHG impacts of the fuels consumed by their vehicles. 

Despite having the pump or the power outlet as system boundary, final energy standards 

incentivize fuel economy improvements for all drivetrain technologies—in contrast to 

tailpipe CO2 emissions standards that totally neglect the consumption of tailpipe CO2-free 

energy carriers. Also from a consumer perspective, one might argue that final energy 

consumption is what matters because consumers eventually pay for final energy carriers.  

Notwithstanding, final energy standards still have some severe weaknesses with 

regards to their environmental effectiveness and in terms of their capability to correct 

consumers’ fuel cost undervaluation.  Final energy standards treat the energy content of 

different final energy carriers equally for regulatory purposes, although these energy carriers’ 

environmental and economic properties may diverge substantially.517 Generally, EV consume 

fuels of higher value than ICE vehicles—or, at least, final energy carriers that provide non-

equivalent usage opportunities. Given the technical (thermodynamic) constraints of even the 

most advanced ICE in motor vehicles, the exergy of electricity (and also hydrogen) is clearly 

larger than the exergy of oil-based liquid fuels—based on a comparison per Watt or Joule 

energy content (if these values are calculated as heating value for the different fuel types). 

This implies a higher drivetrain conversion efficiency of EV.518 The final energy carriers’ 

differing properties and economic value is also represented by their prices: calculated per 

kWh energy content, liquid fossil fuels are cheaper than electricity and hydrogen (excluding 

taxes). 

Accounting for both (a) the varying economic value of the final energy carriers and 

(b) the differences in technically achievable conversion efficiency of the drivetrains using 

                                                 
517 That is, for regulatory compliance it does not make a difference whether a vehicle consumes a kWh (or Joule 

etc.) electricity or the same energy content contained in gasoline (or any other fuel). 

518 The drivetrain conversion efficiency refers to the share of energy contained in the final energy carrier that is 

converted to mechanical energy available at the vehicle’s wheels. 
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these fuels, the cost-effective final energy consumption per vkm varies across vehicle 

types.519 Given the generally higher conversion efficiency of electric drivetrains as well as the 

higher economic value of electricity and hydrogen, the cost-effective specific final energy 

consumption of EV is clearly below that of ICE vehicles—with FCEV having a higher cost-

effective final energy consumption than EV due to losses in the fuel cell. Fuel economy 

levels, defined in terms of final energy consumption per vkm, that are challenging to be 

achieved by ICE vehicles are normally not even binding constraints for EV. Aggregating 

these differing optimal fuel economy levels to the economywide fleet level, it becomes 

obvious that the success of final energy standards in forcing cost-effective efficiency 

improvements depends on the fleet structure: The larger the share of EV in the new vehicle 

fleet, the more stringent the specific final energy consumption target should be. This also 

means that the number of sold EV still maintains a strong lever on the required fuel economy 

of ICE vehicles which will still dominate the vehicle fleet for a while. Therefore, 

unexpectedly high EV sales can foil cost-effective fuel economy improvements—although 

this lever is weaker than with CO2 tailpipe standards. Another economic inefficiency that is 

also inherent to final energy standards occurs irrespective of the effective stringency of the 

regulation: Manufacturers will allocate their fuel efficiency improvement efforts so that the 

marginal additional manufacturing costs per unit of final energy saved are equalized across 

vehicle types, but the marginal fuel cost savings per unit of saved final energy vary. Again, 

however, this effect is clearly weaker than with tailpipe GHG standards which do not provide 

any incentives for improving EV’s fuel economy. 

From an environmental perspective, criticism mainly results from the disregarded 

upstream fuel supply chain. Besides not motivating manufacturers to promote low-carbon 

fuels,520 final energy standards also enable only very imprecise control of vehicles’ overall 

(primary) energy consumption. For environmental protection, resource conservation, and 

energy independence purposes, the consumption of primary energy associated with vehicle 

operation eventually matters more than the final energy consumption within the vehicle. The 

ratio of primary and final energy consumption is not the same across drivetrain technologies 

and final energy carriers, and it is also highly dependent on the precise properties of the 

upstream fuel supply chain which can substantially vary across regions and in time.  

                                                 
519 As always, the cost-effective specific final energy consumption is defined as the fuel economy level that 

equalizes the marginal costs of improving a vehicle’s (final) energy efficiency and the thereby saved fuel 

costs—with the latter supposedly being undervalued by consumers. 

520 This is acknowledged by several proponents of final energy standards, who deem fuel suppliers responsible 

for decarbonizing the fuels. 
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Looking at two examples demonstrates how different the primary energy consumption 

implications of a given amount of final energy consumption can be; in doing this, we 

purposely focus on the same primary energy carrier in order to have comparable 

environmental implications. Let us begin with a comparison of BEV and FCEV, assuming 

that (a) the (marginal) electricity is generated from RES and (b) hydrogen is produced via 

electrolysis—both assumptions being prerequisites for the long-term decarbonization of road 

transport. Given the losses during electrolysis and hydrogen compression, the same final 

energy consumption of an FCEV will inevitably go along with greater primary energy 

consumption (here, RES electricity) than in the case of a BEV which omits these energy 

conversion losses through directly “fueling” electricity.521 Thus, the environmental impacts 

(e.g., land consumption, environmental harms related to the extraction of (scarce) resources) 

of a binding final energy standard will become larger if the share of hydrogen in the final 

energy mix grows at the expenses of directly charged electricity. The second example 

addresses the relative ranking of EV and ICE vehicles which can be seriously flawed if the 

(marginal) electricity generated to supply EV—either directly or via the hydrogen path—is 

generated in fossil-fired power plants. Imagine the case of an FCEV whose hydrogen is 

produced (via electrolysis) with electricity from an oil-fired (or, alternatively, gas-fired) 

power plant; the FCEV is compared to an ICE vehicle running on gasoline (or, alternatively, 

CNG). For the purpose of compliance with final energy standards, the FCEV will be rated 

more favorably than the ICE vehicle—despite a substantially higher primary energy 

consumption (of the same primary energy carrier) due to high losses during electricity 

generation, electrolysis, and hydrogen compression.522 

Consequently, final energy standards imply a certain regulatory bias towards 

“outsourcing” the conversion processes that entail the greatest losses on the way from 

primary energy to mechanical energy at the vehicle’s wheels. That is, from a manufacturer 

perspective, vehicle types gain in attractiveness for which these conversion steps take place 

outside the accounting boundaries set by the regulation (i.e., the pump or the power outlet). 

Relieving manufacturers from any responsibility for the upstream implications of the fuels 

                                                 
521 For BEV, the ratio of final usable energy available at the vehicle per unit of primary energy exceeds this 

ratio for FCEV roughly by a factor of 2 (see e.g., Kasten et al., 2013).  

This difference in associated primary energy consumption between hydrogen and electricity as final energy 

carriers may be lessened to a certain extent if one accounts for the larger energy storage capacity of hydrogen 

which can contribute to integrating intermittent RES; thereby, fewer generation capacities of volatile RES are 

required. However, this effect can only partially narrow the gap. 

522 A similar effect also applies to BEV: Whereas their specific final energy consumption per vkm will often be 

less than half that of ICE vehicles, the associated primary energy consumption may be almost similar, 

depending on the underlying electricity generation. 
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consumed by their vehicles and pointing at fuel suppliers’ to care about the environmental 

impacts of their delivered fuels creates economic inefficiencies. The marginal environmental 

benefit per Euro invested in improvements of the vehicles’ final energy efficiency differs 

across drivetrain technologies.  

 

9.2.2 Primary Energy Standards 

Primary energy standards employ an alternative energy content-based metric that 

should better accommodate the final energy carriers’ differing economic value and the 

unevenly distributed conversion losses along the fuel supply chain. They aim at capturing the 

total amount of primary energy inputs that is required to propel the vehicle for a given 

distance. Manufacturers are incentivized to design and promote vehicles which are energy-

saving along the entire fuel chain and not only from tank to wheel, thereby addressing a 

major criticism of final energy standards. Primary energy standards may therefore be deemed 

the energy-based analog of w-t-w GHG standards.  

W-t-w GHG and primary energy standards, both efficiency standard types also share 

similar uncertainties, methodological issues, and measurement problems. For instance, the 

regulator has to decide whether a vehicle’s primary energy consumption should be assigned 

based on average values or marginal impacts. Furthermore, both average and marginal 

primary energy impacts can considerably vary across regions and over the vehicle’s usage 

phase. The major difference between the two standards types that consid the entire fuel 

supply chain is, obviously, the targeted goal. Whereas w-t-w GHG emissions standards have 

their sole focus on climate change impacts, final energy standards can address a broader array 

of environmental and resource conservation objectives. Any primary energy consumption, 

even the production of widely carbon-neutral transport fuels, goes along with some form of 

environmental harms (e.g., land consumption), material usage, and resource depletion. Low 

primary energy consumption often also goes hand in hand with low climate burdens, but this 

correlation is far from perfect.523 Generally, the environmental implications can vary 

fundamentally (in character and magnitude) across primary energy carriers; for instance, 

nuclear energy implies high risks, uranium extraction-related problems, and follow-up costs, 

lignite is highly CO2-intensive, biomass can adversely affect biodiversity and cause high 

nitrogen loads. In short, while primary energy consumption appears to be a more 

                                                 
523 As a vehicle’s climate burden is given by the product of its primary energy consumption and the primary 

energy’s GHG intensity, it becomes obvious that the latter is the confounding factor for this correlation. 
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comprehensive indicator for a fuel’s overall environmental and resource depletion impacts, 

primary energy standards’ precision with respect to climate impacts is weaker than that of 

w-t-w standards. 

Different primary energy carriers are not only heterogeneous in their environmental 

impacts, they also differ in their economic value; for instance, a given amount of primary 

energy contained in lignite is by far less valuable than the same primary energy contained in 

crude oil.524 These discrepancies in economic value (and, correspondingly, energy prices) 

adversely affect primary energy standards’ capability of triggering a cost-effective allocation 

of fuel economy improvements across different drivetrain technologies. Depending on the 

conserved primary energy carrier’s value, the marginal economic benefit of a given primary 

energy efficiency improvement varies.525 In accordance with the regulatory incentives set by 

primary energy standards, manufacturers will strive for equalizing the marginal investment 

costs (per reduced unit of primary energy consumption) across vehicle types—irrespective of 

the saved primary energy carrier.526 Given that the different final energy carriers (e.g., 

electricity, hydrogen, gasoline) are converted from differing (mixes of) primary energy 

carriers, primary energy standards will likely cause economic inefficiencies: The marginal 

economic return per Euro invested in vehicle fuel economy improvements differs across 

drivetrain technologies.  

With regards to primary energy standards’ suitability to foster the transition towards 

EV and regarding their lever on the required fuel economy of conventional vehicles, we see 

the well-known trade-off; that is, strong incentives to promote alternative electricity-based 

drivetrains go along with highly uncertain and volatile effective fuel economy targets for ICE 

vehicles if the actual market penetration of EV deviates from the regulator’s expectations. 

The strength of the incentive to sell EV and the lever on ICE vehicles’ fuel economy are 

                                                 
524 Besides featuring worse chemical fungibility than crude oil, coal—particularly, lignite—also has 

significantly worse energetic properties. Its higher weight and volume per unit energy content implies worse 

transportability and lower energy conversion efficiency; in case of carbon pricing, coal’s high specific carbon 

intensity further decreases its relative value. 

525 Of course, the economic benefit from a given energy saving is not solely determined by the costs of the 

primary energy carriers,  but also by the costs for converting them into final energy carriers. Moreover, from a 

consumer perspective, the financial benefit from energy savings is also heavily affected by taxes, which can 

vary substantially across energy carriers and may constitute a major fraction of the final energy’s retail price. 

However, for the sake of keeping the argument simple, and without losing validity, we can leave these aspects 

aside. 

526 Unless consumers entirely disregard a vehicle’s future fuel costs, manufacturers will also consider the fuel 

cost savings accruing to drivers when allocating their efficiency improvement efforts—yet they will only 

partially account for these savings if consumers undervalue fuel costs; therefore, economic inefficiencies 

remain. 
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crucially determined by the electricity generation mix. Given current (average and marginal) 

electricity generation structures in most countries (i.e., still high shares of fossil electricity 

generation), BEV are moderately more primary energy-efficient than ICE vehicles. The same 

holds true for FCEV if the hydrogen is produced by means of steam reforming, whereas 

FCEV perform worse than ICE vehicles if the hydrogen is produced through electrolysis. If 

EV were fueled completely with renewables electricity, the picture would change 

fundamentally:527 BEV would outperform ICE vehicles in terms of primary energy efficiency 

roughly by factor 3; FCEV fueled with electrolyzed renewable electricity would reach 

primary energy efficiency levels similar to those of the steam reforming path (Campanari, 

Manzolini, & Garcia de la Iglesia, 2009)528. Therefore, under current circumstances, the 

regulatory incentives to manufacture EV are clearly weaker than under final energy 

standards. Yet, when assigning primary energy factors for the different final energy carriers, 

the regulator should anticipate foreseeable improvements in the primary energy intensity of 

electricity generation due to the expansion of RES capacities. In order to strengthen the 

incentives for promoting EV (and to reduce their environmental impacts), the regulator could 

offer manufacturers the opportunity to finance the construction of truly additional RES 

capacities—analogue to the model depicted in section 9.1. Manufacturers that contribute to 

additional RES expansion would benefit from more favorable primary energy factors.529  

 

9.2.3 Synopsis 

Summing up, energy standards illuminate some of the blind spots of GHG-oriented 

metrics such as w-t-w and tailpipe emissions standards, but they have weaknesses on their 

own. Most importantly, using energy standards acknowledges that all energy consumption—

even of widely GHG-neutral fuels—still entails adverse environmental impacts and causes 

economic costs. The first aspect is vital if the efficiency regulation should serve 

                                                 
527 For calculating the primary energy intensity of the different transport fuels (i.e., the final energy carriers), we 

assume that either the physical energy content method or the direct equivalent method is applied—and not the 

substitution method. Both the physical energy content and the direct equivalent method assign a primary energy 

conversion efficiency factor of 1 to electricity generation from—non-heat-based—renewable energy sources 

such as hydro, wind, or photovoltaic energy. Whereas the physical energy content method is used, for instance, 

by OECD, International Energy Agency, and Eurostat (2005), the direct equivalent method is used, for example, 

in several reports of the Intergovernmental Panel on Climate Change and by UN Statistics (2012). For an 

overview and comparison of different primary energy accounting approaches, see e.g., GEA Writing Team 

(2012); Macknick (2009); Moomaw et al. (2011). 

528 The paper provides a good overview of different fuel supply chains for BEV and FCEV as well as their  

w-t-w GHG and primary energy consumption implications. 

529 However, this option comes again at the price of a greater lever on ICE vehicles’ fuel economy.  
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environmental protection purposes beyond GHG mitigation; the extent of other energy 

consumption-related harms is not proportional to the related climate impact. The second 

aspect is crucial for an LDV standard’s suitability to counteract consumer fuel cost 

undervaluation and to provide incentives for improving the fuel efficiency of all drivetrain 

technologies. Accounting for the consumption of all energy resources, irrespective of their 

specific carbon content, is a prerequisite for incentivizing (cost-effective) fuel savings across 

a broad range of vehicle types. 

Proponents of mandatory final energy standards stress that manufacturers can directly 

control only vehicles’ final energy consumption. However, there are valid arguments against 

entirely relieving manufacturers’ from any responsibility for the upstream implications of 

their drivetrain technology choices. The primary energy consumption metric draws a more 

comprehensive picture of a fuel’s overall environmental impacts than final energy 

consumption. Using plausible assumption, the primary energy implications of the different 

final energy carriers can at least be approximated for the medium term with reasonable 

accuracy. Hence, a manufacturer can be made well aware of the likely primary energy 

consequences of its decisions in favor of certain drivetrain technologies and final energy 

carriers. Requiring manufacturers to consider these consequences will put the focus of their 

energy efficiency improvement efforts on energy system-wide impacts—contrarily to a more 

fragmented approach with narrow accounting boundaries. In consequence, primary energy 

standards appear to provide more accurate environmental guidance than final energy 

standards.530  

With respect to the standards’ suitability to counteract consumers’ fuel cost 

undervaluation, both energy consumption metrics feature weaknesses due to the varying 

economic value (and retail prices) of the different final and primary energy carriers; both 

specific final and specific primary final energy consumption are quite imperfect proxies for a 

vehicle’s fuel costs per vkm. In this regard, special attention needs to be paid to the 

interactions between fleet structure (i.e., the distribution of drivetrain technologies) on the 

one hand and, on the other hand, the effective stringency of efficiency targets particularly for 

ICE vehicles, which will remain dominant in the medium term and offer substantial cost-

effective efficiency improvement potentials. Given the differences in upstream fuel chains 

                                                 
530 Recall, however, that a vehicle’s overall environmental implications—during operation—cannot be easily 

represented by a one-dimensional figure such as its associated total primary energy consumption per vkm. 

Because of the used energy carriers’ heterogeneous properties, they entail heterogeneous environmental 

problems and they also feature different merits in terms of the role they can play for the transition towards a 

low-carbon energy system. For instance, seen from a systemic perspective, due to the better storability of 

hydrogen compared to electricity, FCEV may (partially) make up for their lower primary energy efficiency. 
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across final energy carriers, final and primary energy standards can significantly differ 

regarding the leverage of EV market shares on conventional vehicles’ fuel economy (as well 

as—abstracting from possible interactions within an emissions trading scheme—on fleetwide 

w-t-w emissions). As long as (marginal) electricity generation is widely fossil-based, EV 

market shares have a weaker leverage under primary energy standards than under final 

energy standards. This also implies that final energy standards set stronger incentives for 

electrification of the LDV fleet. With ever-rising shares of RES in the electricity supply, the 

gap in electrification incentives between the two types of energy standards diminishes as the 

amount of primary energy consumed per delivered unit of final energy tends to converge for 

the different final energy carriers. The larger the share of RES, the greater the lever of EV 

market shares on ICE vehicles’ fuel economy will become under primary energy standards—

yet it remains smaller than under w-t-w GHG standards.531  

 

9.3 Technology-specific Efficiency Targets 

9.3.1 Two Approaches: Technology-specific Compliance  

versus Offsetting Mechanisms 

Technology-specific standards are another option to cope with a future LDV fleet 

constituted of vehicles with a variety of drivetrain technologies whose consumed final energy 

carriers differ in their characteristics and economic values as well as in their structure in 

terms of relative weight of well-to-tank (w-t-t) and tank-to-wheel (t-t-w) energy consumption 

and GHG emissions. With this approach, each relevant drivetrain technology would be 

assigned a technology-specific efficiency target. For proving compliance with the regulation, 

there are basically two options conceivable. First, each subset of a manufacturer’s fleet that 

belongs to the same drivetrain technology class (as defined by the regulator) has to comply 

separately with the regulation (that is, its specific efficiency target); this means that there is 

no compensation mechanism to balance technology-specific over- and undercompliance 

across drivetrain classes. 

Second, as suggested by Jöhrens and Helms (2013), each manufacturer is assigned a 

single fleetwide efficiency target across all drivetrain technologies used in its fleet. Yet the 

calculation to prove compliance with the efficiency target is more complex than with the 

                                                 
531 Contrarily, the lever on fleetwide w-t-w GHG emissions decreases under primary energy standards in the 

wake of a progressing decarbonization of the electricity supply. That is, the higher the market share of EV, the 

lower the w-t-w emissions of the entire fleet will be even if the standard remains binding. 
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previous standard metrics. For each drivetrain technology a specific efficiency benchmark is 

defined. The chosen benchmark metric can vary across drivetrain technologies (e.g., tailpipe 

emissions for ICE vehicles, final energy consumption for EV). The measured average 

emissions or energy consumption of the subset of a manufacturer’s fleet that belongs to a 

common drivetrain technology class is rated against the technology class-specific efficiency 

benchmark in order to calculate a relative efficiency value for this subset: if the 

manufacturer’s vehicles just reach the technology class-specific benchmark, their relative 

efficiency value is 1; if they are more efficient than the benchmark, their relative efficiency 

value falls below 1, and vice versa. To determine a manufacturer’s fleetwide efficiency 

performance indicator, the relative efficiency values calculated for the subsets belonging to a 

common drivetrain technology class are weighted with their sales volume and then added. 

Thus, a manufacturer can offset missing the benchmark for a given drivetrain technology 

class by performing better than the benchmark in another class.532 As long as the compound 

fleetwide efficiency indicator does not exceed 1, the manufacturer complies with the 

efficiency regulations. Formally, this approach can be described as follows: 

,

, , ,

i dt

i i dt i dt i dt

dt dt dt
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with 

iCEI : Manufacturer i’s compound efficiency indicator value 

,i dtEI : Manufacturer i’s specific efficiency indicator value for its vehicles using  

                       drivetrain technology dt  

,i dtFS : Fleet share of vehicles using drivetrain technology dt  within manufacturer i’s 

                       fleet 

dtBenchmark : Benchmark efficiency for drivetrain technology dt  as set by the  

                                   regulator (emissions or energy consumption per vkm) 

,i dtPerformance : Measured average efficiency performance of manufacturer i’s  

                                        vehicles using drivetrain technology dt  ( ,i dtPerformance  and  

                                       dtBenchmark  must be denominated to the same metric for any given  

                                        drivetrain technology dt , but may vary across drivetrain  

                                        technologies.)  

                                                 
532 Between the extremes of (a) separate compliance of each vehicle technology subset and (b) unrestricted 

averaging across technology-specific relative efficiency values, hybrid approaches are conceivable that allow 

limited offsetting across drivetrain technologies. 
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9.3.2 Small Leverage and Stable Incentives for Efficiency Improvements 

The main merit of technology-specific efficiency targets is that this approach 

maintains strong incentives to improve the energy efficiency of all vehicle types; thereby, it 

facilitates tapping available (cost-effective) efficiency improvement potentials across all 

drivetrain technologies. Under a common fleetwide metric and efficiency target, some 

drivetrain technologies implicitly enjoy preferential regulatory treatment (e.g., EV under 

tailpipe emissions standards). This usually implies weak induced efficiency progress of the 

preferentially treated technologies and it induces fleet shifts towards these technologies. 

These shifts normally relax the necessity to realize (cost-effective) efficiency improvement 

potentials in the remaining (non-preferentially treated) part of the fleet—possibly to an 

unintended extent if regulation-induced fleet shift were incorrectly anticipated. With 

technology-specific efficiency targets, on the other hand, efficiency improvement incentives 

across all drivetrain technologies remain relatively stable even if the structure of the fleet (in 

terms of market shares of different drivetrain technologies) deviates from former 

expectations. That is, this approach better accommodates uncertainties regarding the cost 

development and consequently the market success of new drivetrain technologies; 

unanticipated developments in this regard do not exert such a strong leverage on the required 

efficiency improvements in the conventional vehicle fleet as the other metrics which use 

undifferentiated fleetwide common GHG emissions or energy consumption targets.   

 

9.3.3 Challenges in Assigning Technology-specific Efficiency Targets 

Nonetheless, there are also problems and drawbacks associated with technology-

specific efficiency targets. One difficulty refers to the determination of technology-specific 

efficiency benchmarks. The relative stringency of specific benchmark crucially affects the 

economic attractiveness of selling the different drivetrains and thereby manufacturers’ 

regulatory incentives with regards to technology choice;533 of course, the determination of 

benchmarks has distributional implications as well. If these benchmarks are set discretionary 

through the administration, they may be vulnerable to lopsided lobbying efforts: incumbents 

which mainly rely on conventional drivetrain technologies may influence the benchmark-

setting process to their advantage—to the detriment of less established competitors and new 

market entrants which may be more engaged in promoting innovative drivetrain technologies. 

                                                 
533 This effect on manufacturers’ technology choice decisions will normally be less pronounced than the impact 

of the LDV standard metric choice under a fleetwide common (physical) target. 
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One potential remedy to overcome this threat would be to employ the top-runner approach. 

Thereby, control over the stringency of the technology-specific efficiency benchmarks is 

broadly shifted to observed (efficiency) progress in the vehicle market, whereas the 

authorities’ discretionary scope is limited.534 Still, particularly with regards to relatively new, 

still somewhat immature technologies, for both the administrative and market-endogenous 

benchmark determination via the top-runner approach, difficulties may arise from deficient 

information: that is, insufficient knowledge regarding the development potentials of new 

technologies and a lack of actually market-established vehicles using these innovative 

drivetrains.    

A further challenge concerning the determination of benchmark efficiency values and 

the metric used to calculate their specific efficiency value is posed by PHEV. Whereas BEV, 

FCEV, and ICE vehicles each consume one final energy carrier only, PHEV consume two 

final energy carriers with differing properties and differing upstream fuel chain 

characteristics. This raises the questions (a) which denominator should be used and (b) how 

to deal with PHEV that substantially differ in their relative shares of fossil fuel and (charged) 

electricity consumption; the latter is crucially determined by the PHEV’s battery capacity. 

For REEV, the regulator could possibly define separate benchmarks for battery-supplied all-

electric propulsion and propulsion using the range extender. Analogously to the compound 

efficiency indicator described above, a compound efficiency value for REEV could be 

calculated through combining the measured relative efficiency for the two propulsion 

modes—weighted by the expected driving share in each mode. For PHEV with parallel ICE 

and battery-electric propulsion, matters are even more complicated, as fossil fuel and 

electricity are consumed at the same time; moreover, the relative share of the two propulsion 

technologies in overall traction varies across models and depends on the battery’s state of 

charge. Using a common denominator—such as kWh of final energy consumed per vkm— to 

compare PHEV with parallel engines would put those PHEV with smaller shares of electric 

propulsion at a disadvantage. Again, a compound efficiency indicator could be constructed 

that separately compares a PHEV’s specific electricity and fossil fuel consumption with the 

respective values of a benchmark vehicle and then integrates them into a combined efficiency 

value; yet that would be a more complex and contentious task than with REEV. Another, 

more practical, approach could be to define a benchmark function common for all PHEV. A 

vehicle’s specific benchmark would be assigned as a function of its battery capacity, and it is 

                                                 
534 Recall that, under the top-runner approach, the current state-of-the-art efficiency technologies—or, more 

precisely, the currently most efficient vehicles—determine the future efficiency targets for the entirety of 

vehicles (within the same class). 
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denominated in consumption of liquid fuels. Although the PHEV’s electricity consumption 

does not find direct entrance into the efficiency measurement, it is considered indirectly 

through the PHEV’s electric range and/or the share the electric motor contributes to the 

vehicle’s overall propulsion. The better the PHEV’s electric efficiency, the lower the 

consumption of liquid fuels will be: For a given battery capacity, high electric efficiency will 

increase the PHEV’s electric range and/or its share of electric propulsion in parallel mode; 

both decreases the liquid fuel intake as calculated for standard compliance if a measurement 

methodology similar to the current is used.535 

Another potential, more fundamental criticism originates from the approach’s limited 

capability to steer the transition towards new—in the long term, low-carbon—electricity-

based drivetrains. While providing incentives to improve the efficiency of each drivetrain 

technology, technology-specific targets provide no or only weak (depending on the relative 

stringency of the technology-specific benchmarks) regulatory incentives for the market 

introduction and penetration of innovative electricity-based drivetrains. Manufacturers are not 

encouraged to boost those drivetrain technologies with the best w-t-w (primary) energy and 

GHG emissions balance. To that end, other promotional policies are needed; yet we anyway 

deem additional dedicated policy measures advisable to incentivize EV market penetration 

rather than relying solely on incentives inherent to LDV efficiency standards. 

Notwithstanding, given the limited experience and knowledge regarding EV’s 

optimization potentials, the specific targets or benchmarks for EV should be chosen rather 

conservative; too strict targets could hamper the market development for electricity-based 

drivetrains. Still a balance needs to be found: If the approach of a compound efficiency 

indicator that includes offsetting across drivetrain technologies is implemented, very lenient 

targets for EV could potentially thwart the realization of cost-effective efficiency 

improvements in conventional vehicles. Manufacturers might be tempted to produce rather 

small (and thereby less battery cost-intensive) EV in order to generate credits that offset 

efficiency target violations of large, fuel-inefficient ICE vehicles.536 Yet this effect will 

                                                 
535 Recall that the methodology currently applied in the EU to measure a PHEV’s tailpipe CO2 emissions uses 

the all-electric range as an input factor to discount the vehicle’s fuel consumption in conventional mode. For 

parallel PHEV, a methodology can be used that weighs fuel consumption in conventional and combined mode in 

a similar manner based on the vehicle’s range in combined mode. 

536 Given that battery costs increase widely proportional to a BEV’s specific electricity consumption, holding 

the BEV’s range constant, manufacturers may generally pursue the strategy to focus their electrification efforts 

predominantly on smaller vehicle segments—as long as the regulatory design allows offsetting across drivetrain 

technologies. 
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normally be weaker than with tailpipe emissions standards.537 Nevertheless, it might be worth 

considering whether restrictions should be imposed on offsetting conventional vehicles’ 

higher fuel consumption with efficiency credits generated by EV. 

 

9.3.4 Trading Apples and Oranges 

In a more short-term perspective, with widely given market shares of the different 

drivetrain technologies, the manufacturers’ decisions on allocating investment and R&D 

efforts for realizing efficiency improvements can be distorted under technology-specific 

standards. Particularly when offsetting across drivetrain technologies is allowed, “apples and 

oranges are traded:” The same relative efficiency improvement in one vehicle type may yield 

substantially larger energy and GHG savings than in another technology. For instance, an 

FCEV whose hydrogen consumption exceeds the benchmark value by 10% entails 

significantly larger extra electricity consumption (if hydrogen is produced via electrolysis) 

than a BEV that exceeds its specific benchmark by 10%. From a manufacturer’s point of 

view, however, there is no difference in the regulatory benefit resulting from improving 

either technology. Consequently, the marginal environmental benefit (as well as the marginal 

economic benefit for fuel cost underestimating consumers) per Euro invested in efficiency 

improvements can substantially vary. 

The equal treatment of a given percentage efficiency improvement—irrespective from 

the improved drivetrain-technology—also implicates weak accuracy of technology-specific 

standards in terms of achieving a fleetwide target defined in a physical metric. Again, this 

holds particularly if offsetting across drivetrain classes is permitted because of the uncertainty 

regarding which drivetrains are improved by the manufacturers.538 The effects of a mandated 

improvement in the compound efficiency indicator value on any physical measure are 

uncertain: even compliance with this compound efficiency target does not ensure that any 

energy efficiency or emissions target defined in physical terms (e.g., tailpipe CO2 emissions, 

                                                 
537 Under tailpipe CO2 emissions standards, selling a BEV generates a credit amounting to 100% of the 

fleetwide target value for tailpipe CO2 exhaust or—with super credits—even more than 100%. Under the 

approach of technology-specific benchmarks and with lenient targets for BEV in place, even a highly energy-

efficient BEV cannot generate a 100% credit; this were the case only in the impossible situation that the EV 

does not consume any energy at all. Hence, the leverage of EV on conventional vehicles’ fuel consumption will 

be weaker. 

538 Ex-ante uncertainty regarding the emerging fleet structure—that is, with respect to the different drivetrains’ 

market shares—is inherent to other LDV efficiency standard designs as well. 
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final energy consumption) can be achieved with certainty.539 With the efficiency standards 

depicted before, at least the physical metric directly targeted by the standard can be achieved 

with certainty, whereas the resulting performance in terms of other physical efficiency 

metrics remains uncertain and depends on the fleet composition (see section 9.6). 

 

9.3.5 Synopsis 

Summarizing, drivetrain technology-specific efficiency standards can be an effective 

means to ensure that available (cost-effective) efficiency improvement potentials are tapped 

for all drivetrains. These incentivized (or rather mandated) comprehensive efficiency 

improvements across all drivetrain technologies are relatively robust against unanticipated 

shifts in the market shares of the different drivetrains. In this regard, they are superior to 

standards which set a common target for all vehicle types—irrespective of the chosen metric 

for the common target. By the same token, they are not well capable of incentivizing the 

transition towards innovative electricity-based drivetrain technologies that will become 

necessary for a long-term decarbonization of the transport sector. To that end, other dedicated 

policy measures are needed. Still, technology-specific standards can form part of a 

comprehensive policy package for road transport that addresses both improvements in 

currently dominating drivetrain technologies as well as the diffusion of (currently still infant) 

technologies which are required for building a low-carbon transport system (that is 

intertwined with a simultaneously decarbonizing electricity system). It would also be 

conceivable to implement technology-specific efficiency targets jointly with other LDV 

efficiency standards such as primary energy or w-t-w GHG standards that set incentives to 

intensify the market penetration of drivetrains and energy carriers featuring low energy 

consumption and a good GHG balance along the entire fuel chain. In their interplay, 

technology-specific efficiency targets can set boundaries to the weakening of effective 

efficiency improvement requirements (particularly for conventional vehicles) following an 

unanticipatedly quick market penetration of EV.  

 

                                                 
539 This holds unless the technology-specific benchmarks are uniform (with respect to any physical metric) for 

all drivetrain technologies; in this case, however, the approach of technology-specific targets becomes obsolete. 
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9.4 Separate Approaches for Drivetrain Efficiency  

and Chassis Efficiency 

Another approach also suggested by Jöhrens and Helms (2013)—for labeling rather 

than regulatory purposes, though—adds a further differentiation. Their approach would 

introduce two metrics per vehicle to assess its efficiency. The first metric measures the 

mechanical energy needed at the vehicle’s wheels to drive a standardized course (e.g., the 

European test cycle). The required mechanical energy at the wheels is determined by the 

driving resistances the vehicle faces. These resistances are crucially determined by the 

vehicle’s “outer characteristics” or its body—its weight and aerodynamic properties in 

particular. Thus, we will name this metric chassis efficiency in the following. The second 

metric is the drivetrain efficiency. It measures how much onboard-stored energy (e.g., 

gasoline, hydrogen, or battery-stored electricity) is needed to deliver one unit of mechanical 

energy at the wheels; hence, this metric represents the drivetrain’s conversion efficiency. As 

the conversion efficiency is essentially determined by the consumed final energy carrier in 

combination with the drivetrain type,540 Jöhrens and Helms (2013) further suggest to measure 

a vehicle’s drivetrain efficiency against a drivetrain type-specific benchmark; that is, the 

second metric assesses whether the conversion efficiency of a tested vehicle’s drivetrain is 

better or worse than the benchmark conversion efficiency of the same type of drivetrain using 

the same fuel.541 This relative within-class approach should make conversion efficiency 

differences among vehicles using the same drivetrain type better visible. 

Let us first look at the merits of this dual efficiency measurement approach if 

implemented for informatory purposes (e.g., in the form of a dual label). The chassis 

efficiency metric can show consumers quite plainly how demanding in terms of consumed 

mechanical energy different vehicle models are. In consequence, it may provide an impetus 

towards purchasing smaller, more chassis-efficient vehicles—within the same vehicle class 

and also, possibly even more important, across classes. When the consumer has chosen a 

certain vehicle class, the drivetrain efficiency metric should incentivize the purchase of an 

LDV the delivers the required mechanical energy in an efficient manner with regards to the 

consumed amount of final energy carriers. Without the separation of the two efficiency 

metrics, so the argument in favor of the dual approach, the effects of chassis and drivetrain 

                                                 
540 Whereas electric drivetrains using battery-stored electricity have very high conversion efficiency, ICE 

drivetrains combusting fossil fuels will inevitably feature conversion efficiency values far below due technical 

(thermodynamic) reasons. 

541 Regarding the determination of PHEV’s benchmark drivetrain efficiency, this approach faces some 

difficulties similar to those mentioned previously in section 9.3. 
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design overlap, thereby hindering efficient decisions at each stage of the vehicle purchase 

process. For instance, if a joint efficiency rating is determined to a large extent by the 

mechanical energy demand of the vehicle (i.e., the chassis efficiency), differences in the 

drivetrain efficiency are hardly visible with a single rating and would therefore become 

widely ineffective in the consumers’ decision-making. The dual approach, on the other hand, 

addresses both stages of the decision process separately and would thereby trigger well-

informed, more efficient decisions.542  

The regulatory merits of this approach—if implemented as a dual mandatory LDV 

efficiency standard—are widely the same as those of technology-specific efficiency targets 

described in the section above. Again, manufacturers are obliged to improve the efficiency of 

all drivetrain types. Also, there is not much more incentives to improve the chassis efficiency 

of their vehicles than with technology-specific standards for the entire vehicle: Chassis 

efficiency improvements are also rewarded with the latter regulatory approach—irrespective 

of the drivetrain technology. Indeed, the manufacturers’ optimal compliance strategies may 

be not much affected by the separation of chassis and drivetrain conversion efficiency—

except for the privation of some flexibility. Through its choice of the targets for chassis 

efficiency and drivetrain efficiency, the regulator can widely replicate the technology-specific 

vehicle efficiency targets discussed in the previous section: The multiplication of a given 

vehicle’s (relative)543 chassis efficiency rating and its drivetrain conversion efficiency rating 

would then yield the same value as the single technology-specific relative efficiency rating 

being described in the previous section.  

This broad equivalence of regulatory targets and set incentives holds only, of course, 

if the same vehicle parameters are taken to determine the respective benchmark values. And, 

probably more important, it is premised on some restrictive assumptions regarding the 

regulator’s foresight with respect to the cost development of different abatement options and 

the future drivetrain split of the vehicle fleet. Relaxing these restrictions—through allowing 

for uncertainty and incorrect anticipation of future developments—will reveal some 

weaknesses of the dual approach if implemented as mandatory LDV efficiency standard. 

                                                 
542 The actual merits of this argument are premised on the bounded rationality of consumers who—among 

others—suffer form a salience bias. On the other hand, boundedly rational consumers with limited attention and 

restricted cognitive capacities may be confused or overchallenged (“information overload”) (Howells, 2005) by 

two separate efficiency ratings. Thus, it needs to be empirically researched which information provision enables 

consumers to make decision in their best interest. 

543 That is, the vehicle’s measured mechanical energy demand at the wheels is divided by the mechanical 

energy demand target. This division only alters the efficiency ratings denomination unit, but leaves its value 

relative to other vehicles and the regulatory target unchanged. 
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First, due to the restricted flexibility how to achieve the targeted fuel economy 

improvements (that is, by means of improvements in either chassis or conversion efficiency), 

the overall compliance costs will likely be higher than those under technology-specific targets 

for the entire vehicle; and, accordingly, the properties of the emerging fleet, with regards to 

chassis and conversion efficiency, will probably differ under the two kinds of standards. 

Second, imposing a fleetwide chassis efficiency target does not appropriately account 

for some fundamental technical differences between EV and ICE vehicles. Due to the weight 

of the battery packs, it will be technically more challenging and more costly for PHEV and 

particularly for BEV to achieve a given chassis efficiency value than for conventional ICE 

vehicles—given similar size and performance of the vehicles. Furthermore, the relationship 

between chassis efficiency (if defined in terms of mechanical energy delivered to the wheels) 

and overall final energy consumption is less straightforward for EV than for ICE vehicles. 

For conventional ICE vehicles, the final energy consumption increases with deteriorating 

chassis efficiency—irrespective of the causes for the latter. For EV, it makes a difference 

which driving resistances contribute to the mechanical energy demand; mechanical energy 

that was used to overcome inertia and gradient resistance can be partially recuperated during 

braking and downhill driving.544 Hence, depending on the components of an EV’s total 

driving resistance, compliance with the same chassis efficiency target can have differing 

implications in terms of overall fuel economy: A vehicle with relatively low weight and high 

air drag will consume more electricity than with reversed shares of driving resistance 

components.545 Generally, the gross mechanical energy consumption of EV (that enable 

recuperation)—as measured for the chassis efficiency rating—is higher than the net 

mechanical energy consumption (crediting the recuperated energy); for ICE vehicles, gross 

and net mechanical energy consumption are identical.546 Thus, equal treatment of ICE 

vehicles and EV in the chassis efficiency regulation constitutes an immanent regulatory 

disadvantage to the latter due to their batteries’ weight. In order to avoid a general regulatory 

bias towards conventional cars, the regulator might compensate that through more lenient 

drivetrain conversion efficiency targets for EV; simultaneously, the stringency of the official 

ICE conversion efficiency benchmark could be increased above the actually cost-effective 

                                                 
544 This also applies to hybrid electric vehicles without external charging. 

545 Recall that inertia and gradient resistance are determined by vehicle weight. 

546 Note, however, that the recuperation of energy used to overcome inertia and gradient resistance, which leads 

to the gap in gross and net mechanical energy consumption, can be captured in the drivetrain conversion 

efficiency rating. The conversion efficiency is then calculated as the consumed amount of final energy per unit 

of gross mechanical energy delivered to the wheels; therefore, it holds that the more energy is recuperated, the 

better the conversion efficiency rating will be. 
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level. If the conversion efficiency regulation allows offsetting across different drivetrain 

types, the regulator can create incentive structures that widely resemble those of technology-

specific standards for the entire vehicle.547 In this case, the question would remain, however, 

why to introduce a dual approach which sets similar incentives but is more complex to 

administer.  

Third, the regulation’s impact on the split of drivetrain technologies within the entire 

vehicle fleet is much more affected by the dual approach than by technology-specific 

standards for the entire vehicle. The dual target approach is less apposite to accommodate 

unforeseen demand shifts across drivetrain types. Given the different properties of EV and 

ICE cars with respect to vehicle weight, the determination of the chassis efficiency target 

involves making assumptions on the future drivetrain structure of the fleet.548 If the market 

shares of EV, particularly BEV with larger battery packs, increase beyond the anticipated 

levels, the chassis efficiency target will become increasingly restrictive, and vice versa. 

Therefore, the separate chassis efficiency target may implicitly impose barriers to an 

accelerated market penetration of EV beyond the predicted rate.549 As with technology-

specific standards in general, manufacturers are not particularly encouraged to promote those 

drivetrain technologies with the most favorable (primary) energy and w-t-w GHG emissions 

balance; again, complementary instruments would be needed to boost innovative drivetrains 

that enable a RES-based decarbonization in the long term. 

                                                 
547 Still, to be precise, the “circuitous route” via more lenient conversion efficiency targets to compensate for 

the battery weight-induced chassis efficiency disadvantage of EV causes some (minor) shifts—compared to 

technology-specific standards for the entire vehicle—in the manufacturers’ incentive structure. More lenient 

conversion efficiency targets for EV imply that a given improvement of EV’s conversion efficiency (in terms of 

consumed fuel per unit mechanical energy) yields a smaller improvement of the benchmark-based conversion 

efficiency rating; the opposite holds true for ICE. Due to this denominator effect, manufacturers face somewhat 

weaker conversion efficiency improvement incentives than under technology-specific standards for the entire 

vehicle; again, the opposite holds true for ICE vehicles. With regards to chassis efficiency improvement 

incentives, the effect is reversed. As technology-specific standards account for the unavoidable battery weight, a 

uniform chassis efficiency target (that averages across EV and ICE vehicles) sets somewhat weaker chassis 

efficiency improvement incentives for ICE vehicles and stronger incentives for EV. Assuming that the 

technology-specific efficiency targets for the different vehicle types were set in a cost-minimizing manner, these 

shifts inherent to the dual approach entail a deterioration of the regulation’s overall cost-effectiveness. 

548 That is, the larger the expected EV market share, the higher the allowed mechanical energy consumption at 

the wheels will be—thereby accounting for the batteries’ weight. 

549 Even if manufacturers actually increased their EV fleet share, the required intensified efforts to improve 

chassis efficiency would hardly be economically efficient: additional conversion efficiency improvements 

would likely yield the same improvements in overall energy efficiency at lower cost. Conversely, if EV market 

penetration lags behind predictions, the mandated fleetwide chassis efficiency improvement may well be weaker 

than economically efficient. 
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Eventually, separate standards for chassis and drivetrain efficiency feature no 

significant merits compared technology-specific standards applied to the entire vehicle, but 

they have some specific drawbacks and are more complex to administrate.550  

 

9.5 Comprehensive Life Cycle GHG Standards  

Including Vehicle Manufacturing and Disposal  

Some stakeholders in the policy arena of “greening” road transport (e.g., the Low 

Carbon Vehicle Partnership) call for a more comprehensive measure to appraise the 

environmental friendliness of a vehicle. Such a comprehensive vehicle life cycle GHG 

measure should cover all emissions associated to the product “from the cradle to the grave,” 

spanning the vehicle manufacturing, the usage, and the end-of-life stage. That is, GHG 

accounting starts with extraction and processing of raw materials, the manufacturing of 

vehicle components, and the vehicle assembly. In the usage phase, beyond emissions related 

to the vehicle’s energy consumption, GHG burdens associated to maintenance and 

replacement of defective parts are also covered.551 During the end-of-life stage, emissions 

related to disassembly and disposal further strain the vehicle’s climate balance; yet, if parts 

and materials are reused or recycled, thereby replacing primary materials and resources that 

are emissions-intensive to produce, credits can be earned, too, during this phase. 

Whereas for ICE vehicles the total life cycle GHG footprint is clearly dominated by 

usage phase emissions, vehicle manufacturing-related emissions play a much greater role for 

EV.552 Depending on the applied methodology (e.g., marginal vs. average GHG intensity of 

the electricity mix), the assumptions made (e.g., regarding lifetime mileage of the vehicle), 

and specific circumstances (e.g., emissions intensity of the regional electricity generation), 

manufacturing-related emissions may even exceed the GHG emitted during operation. A 

major fraction of EV’s manufacturing-related emissions can be attributed to battery pack 

production; particularly for BEV, it is by far the most important component contributing to 

production phase GHG impacts. End-of-life emissions are normally estimated to be relatively 

insignificant. Consequently, compared to considering only those GHG emissions associated 

                                                 
550 These drawbacks would be even more exacerbated in case of a more fragmented regulation (for instance, 

separate standards for different vehicle components or for specific driving resistances). 

551 Compared to fuel consumption-related emissions, their magnitude appears widely negligible, however. 

552 For calculations of the life cycle GHG emissions of different vehicle types, see e.g. Aguirre et al. (2012), 

Helms et al. (2013), Low Carbon Vehicle Partnership (2013), Ricardo Inc. and Systems Research and 

Applications Corporation (2011). 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

338 

with the vehicles’ energy consumption during the usage phase (as done by all previous 

metrics), EV perform worse relative to ICE with a comprehensive life cycle metric, 

particularly due to their higher embedded emissions form the vehicle manufacturing stage.  

Although vehicle manufacturing-related emissions can constitute a substantial share 

of a vehicle’s life cycle climate burden, there is a number of reasons for not including them in 

the metric deployed for LDV efficiency regulation. First, given globalized value added 

chains, the data requirements of a comprehensive life cycle approach are large. Information is 

needed on a large number of resource extraction, materials processing, and manufacturing 

processes; the same holds true for disposal and recycling patterns as well as primary 

production processes substituted by recycled materials. Besides the energy intensities of 

manufacturing-related (and end-of-life) processes, detailed information on the electricity mix 

and the energy carriers used in the countries involved in the value added chain are necessary 

to translate energy consumption to GHG emissions.553 Moreover, one might object to a life 

cycle GHG metric that manufacturers—being the addressee of the regulation—have only 

limited knowledge and control of the GHG intensities of their suppliers’ production 

processes. Integrating manufacturing phase and end-of-life emissions with usage phase 

emissions further requires assumptions on the lifetime mileage of the vehicle.554 Applying a 

uniform mileage value would be a poor representation of real-world driving patterns; yet, 

determining differentiated and broadly accepted vehicle model-specific mileages is a very 

data-intensive and politically challenging task, too (see section 5.7). Hence, the data 

collection requirements and the associated costs are much higher than for any other metric.  

Second, manufacturing as well as end-of-life emissions have a different character than 

operational emissions; the latter are widely variable, whereas the first are mostly fixed. A 

combined metric that integrates GHG emissions of the manufacturing, operation, and end-of-

life stages can cause allocative distortions if displayed to consumers. If heterogeneous 

consumers are not sufficiently aware that a vehicle’s lifetime climate burden per vkm 

depends on its lifetime mileage, or if consumers lack information on the precise extent of this 

impact, they will likely make suboptimal vehicle choice decisions based on the integrated 

                                                 
553 Another degree of complexity is added if the life cycle GHG metric should treat differently those GHG 

emissions that are already subjected to other climate policy measures (e.g., emissions trading) and widely 

unregulated emissions: This would further complicate the use of default factors for the embedded GHG content 

of vehicle components as it would require not only information on the country of origin of these components, 

but also on the processes and emissions covered by climate policy measures there. 

554 Given the different nature of usage phase emissions (widely variable) and manufacturing as well as end-of-

life emissions (widely fixed), mileage assumptions are inevitable to get a common denominator (either 

cumulated life cycle GHG emissions or GHG emissions per vkm). See also below. 
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metric. Some vehicles feature relatively low variable energy consumption per vkm driven but 

high manufacturing-related emissions (e.g., BEV with high embedded battery production 

emissions), whereas for other vehicle types this relation can be inversed (e.g., conventional 

ICE vehicles). For consumers with rather high annual mileages, it may be (economically) 

rational to purchase the first vehicle type; the average life cycle GHG emissions per vkm may 

also be lower than with the second vehicle type due to the high mileage-induced implicit 

degression of fixed emissions. The displayed life cycle emissions per vkm may be lower for 

the second vehicle type, however, if the default lifetime mileage set by the regulator falls 

short of the consumer’s actual mileage. In consequence, the consumer may be deterred to 

purchase a vehicle with low running costs because she is not aware of that degression effect 

and interprets the life cycle GHG emissions per vkm as a proxy for the vehicle’s variable cost 

per vkm.555 Conversely, the same problem—just in inverse direction—could apply to drivers 

with less-than-average mileage. Drawing inferences from the efficiency metric about the 

vehicle’s energy consumption (during operation) is significantly aggravated if variable and 

fixed emissions are captured within one comprehensive metric.  

Third, one of the key rationales for imposing LDV efficiency standards—the 

supposed undervaluation of (future) costs—applies to the vehicles’ usage phase, but not to 

the manufacturing stage. Consumers are assumed to improperly factor in future (energy) 

costs, which accrue over the vehicle’s lifetime of approximately 15 years, when making 

vehicle choice decisions. Hence, LDV efficiency standards—as well as obligatory efficiency 

information derived thereof (e.g., fuel economy labels)—address cost components beyond the 

purchase price in order to help consumers making better decisions in terms of total cost of 

ownership. Manufacturing-phase energy costs are not relevant in this respect as they already 

accrued at the time of the vehicle purchase decision and because manufacturers factor them 

into their prices.556 Being incorporated in the vehicle retail price, these costs are immediately 

well-salient to consumers and therefore hardly subject to undervaluation by vehicle buyers.  

A comprehensive life cycle GHG metric may be helpful for informing policy with 

regards to which technologies appear particularly promising and to point at areas for future 

research that seem important for improving road transport’s overall GHG balance. However, 

as an alternative metric for LDV efficiency standards, a vehicle’s life cycle GHG footprint is 

                                                 
555 This distortion could possibly be attenuated by adjusting the life cycle GHG emissions metric to consumer-

individual mileages. However, besides increasing administrative costs, personalized life cycle GHG figures still 

do not inform on the variable emissions and energy consumption per vkm. 

556 Disposal-related costs (or revenues) also occur in the future, but they do not justify much concern with 

regards to the undervaluation rationale as (a) their absolute magnitude is rather small and (b) they are often not 

borne by the consumer. 
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deemed inappropriate. The same conclusion holds true for using such a comprehensive life 

cycle metric to inform consumers—by means of labels, for instance—about the emissions 

performance of the vehicles at choice. From a consumer perspective, information about the 

specific energy consumption (and GHG emissions) during operation are of greater value; and 

they will likely yield economically better decisions. Notwithstanding, in addition to—not in 

place of—usage phase vehicle efficiency information, a life cycle GHG measure might prove 

valuable in particular for very environmentally conscious consumers; yet it must be ensured 

that such additional life cycle information do not confuse consumers or compromises the 

effectiveness of usage phase efficiency metrics due to information overload. 

 

9.6 Target Equivalence 

A question that arises if a regulator contemplates switching target metrics is how to 

translate the quantitative target denoted in the old metric into another metric. Indeed, this 

challenge is normally posed already early in the decision process—when performing impact 

assessments of alternative metrics. Regulatory impacts assessments, preceding major changes 

in the regulation, aim at estimating the costs and benefits associated with different regulatory 

designs. A prerequisite to perform numerical simulations in the impact assessment process is 

the definition of quantitative targets denoted in the investigated alternative metrics. For a 

comparison of the costs associated with the alternative LDV metrics to be meaningful, the 

actually achieved improvements in LDV’s efficiency have to be similar in magnitude. 

Without going into much detail here, we briefly highlight that defining equivalent targets is 

not at all a straightforward task and involves setting priorities.  

Defining targets in different metrics that should deliver equivalent results goes along 

with high information requirements—especially if a transition in drivetrain technologies and 

corresponding fuel types is involved. The regulator must have correct information—amongst 

others—about the future composition of the fleet in terms of different vehicle types and their 

specific energy consumption, which again requires knowledge of the manufacturers’ cost 

functions and compliance strategies; moreover, perfect foresight regarding further relevant 

parameters such as the different fuels’ (w-t-w) GHG and primary energy intensities is needed. 

For actually achieving equivalence (in the target period), the full future picture must be 

known, which will—further complicating the task—differ across potentially applied metrics. 

Even if the regulator were capable of correctly anticipating all these—metric-dependent and 

in reality highly uncertain—technology and market developments, the different LDV 

efficiency standard types could still be geared to achieving the same results in only one target 

dimension (e.g., tailpipe CO2 emissions, w-t-w GHG emissions, final energy consumption).  
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Simultaneously achieving full equivalence in more than one potential target 

dimension with different LDV standard metrics will normally not be attainable. For instance, 

whereas the respective target values for tailpipe standards, final and primary energy 

standards, and w-t-w GHG standards etc. can be theoretically defined such that—in the 

equilibrium—all standards will yield the same specific tailpipe CO2 emissions, their specific 

final and primary energy consumption, w-t-w-GHG emissions, life cycle GHG impacts etc. 

will normally deviate. This inequivalence in all but one target dimension is due to the 

different incentives set by the standard metrics and the therefore differing adjustment 

reactions of the regulated manufacturers. While manufacturers optimize their fleet with 

respect to the metric chosen for the LDV standards, they widely neglect effects on other 

potential target dimensions.  

The chosen standard metric affects manufacturers’ compliance strategies in both 

relevant domains: (a) the distribution of drivetrain technologies in the new vehicle fleet and 

(b) the allocation of efficiency improvement efforts across these technologies. For instance, 

tailpipe CO2 emissions or final energy standards do not provide (much) regulatory incentives 

for improving the efficiency of electric drivetrains; at the same time, they may well yield 

higher EV market shares than other metrics. Contrarily, with w-t-w GHG and primary energy 

standards, manufacturers will expand more effort on improving EV’s energy efficiency, but 

may sell less of these vehicle types. Both effects will lead to differences in the fleetwide fuel 

mix (i.e., the shares of final energy carriers consumed) across LDV standard metrics. Given 

that (final) energy carriers differ in their “target-dimensional conversion (or translator) 

factors,”557 target equivalence across potential standard metrics is restricted to one target 

                                                 
557 With “target-dimensional conversion (or translator) factors” we refer to the factors that are to be used when 

translating a final energy carrier’s (or a vehicle’s) performance in one target dimension (e.g., tailpipe CO2 

emissions) into another potential target dimension (e.g., primary energy consumption). In a nutshell, these 

factors represent the “exchange rates” between different efficiency measures. It is important to note that the 

LDV standard metric chosen by the regulator may by itself affects these “exchange rates”: For instance, with 

tailpipe CO2 standards, the w-t-w GHG implications of a given amount of final energy consumed may well 

differ from those with primary energy standards. Moreover, even the environmental and economic properties of 

a given final energy carrier can vary with the chosen LDV standard metric: For example, the option to finance 

additional RES capacities offered to vehicle manufacturers can alter the cost, GHG, and primary energy impacts 

of electricity consumed by EV. 

Expressed formally, it normally holds the following inequality for the “exchange rates” between potential target 

dimension (TD) under different LDV standard metrics:  
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dimension. When translating a vehicle operation-based metric into a comprehensive vehicle 

life cycle-based metric, fuel-based conversion factors need to be complemented by 

adjustments capturing vehicle manufacturing- and disposal-related emissions—making 

matters even more complicated.  

To give an example: If primary energy standards were geared to achieving the same 

average w-t-w GHG emissions per vkm as the current tailpipe CO2 emissions standards, they 

would likely yield higher specific tailpipe emissions and higher final energy consumption. 

This is because, with primary energy standards, (a) the share of ICE vehicles in the fleet will 

probably be higher and (b) manufacturers expend relatively more effort on improving the 

efficiency of EV and less effort on reducing ICE vehicles’ fuel consumption. The conversion 

factor translating tailpipe to w-t-w emissions is larger for the new vehicle fleet that emerges 

under tailpipe standards than the one for the new vehicle fleet emerging under primary energy 

standards. 

It has to be emphasized that even achieving equivalence in only one potential target 

dimension with different standard metrics goes along with unrealistically high information 

requirements. Given the difficulties and uncertainties of pursuing a goal defined in one 

dimension by means of LDV efficiency standards setting targets in another dimension, the 

regulator should opt for the LDV standard metric that best fits in with its primary 

objective(s). If the regulator pursued mainly one single objective, the choice of the most 

appropriate metric is relatively straightforward: The efficiency target should be denoted in the 

dimension that best represents the goal striven for. For instance, if LDV efficiency standards 

were primarily intended as a means to reduce the overall disposal of GHG in the atmosphere, 

w-t-w GHG standards would be most appropriate.558 If the regulation aims at several 

objectives simultaneously (e.g., correction of consumer undervaluation of fuel costs, inducing 

innovation, GHG abatement, reducing dependency on oil imports), the matter becomes more 

complicated, however. Then, regulators have to prioritize their objectives to be pursued by 

means of LDV efficiency standards, analyze the trade-offs and uncertainties involved with 

the different metrics, and balance the (expected) degree of goal achievement before coming 

to a decision on the most suitable metric. The analysis conducted in this and the following 

chapter primarily aims at providing insights into these trade-offs and uncertainties, and 

should thereby contribute to the foundations for future impact assessments of LDV efficiency 

standards—standards that have to address the challenges posed by the electrification of LDV 

drivetrains. 

                                                 
558 If correcting or internalizing the climate externality were the sole rationale, other policy instruments—in 

particular, carbon pricing—would in general be more appropriate than LDV efficiency standards, however. 
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9.7 Ambiguity of the LDV Standard Design’s Effect  

on the Number of EV Sales 

It is a matter of course that the different metrics and design options for LDV 

efficiency standards set different incentives for the development, production, and marketing 

of EV and thereby affect the pace of their market penetration. The link between the number 

of emerging EV on the road and the effective target stringency-relaxing effect of the different 

standard designs is, however, not as unequivocal as it might appear at a first glance. When 

deciding on the number of EV to be produced, manufacturers weigh the higher production 

costs against their regulatory benefits. These regulatory benefits materialize to a major extent 

in the form of avoided costs for improving the fuel economy of conventional vehicles. A 

favorable regulatory treatment of EV means that the effective (tailpipe CO2 emissions) target 

applicable to conventional ICE vehicles is relaxed to a greater extent than with other standard 

designs; in other words, the standard design implies a high leverage of EV market shares on 

ICE vehicles’ required fuel economy. This makes selling EV financially attractive 

particularly if the alternative, improving the efficiency of conventional vehicles, is expensive. 

Ceteris paribus, with higher EV shares in the fleet, the marginal (and total) costs of fuel 

economy improvements in the conventional fleet decrease. These marginal (and total) costs 

decrease the faster, the more a standard design relaxes the effective emissions targets for 

conventional vehicles per sold EV. This effect implies that the marginal regulatory benefit of 

selling EV decreases faster for more than for less favorable regulatory treatment of EV.  

Graphically speaking, with favorable EV modalities in the vehicle standard design, 

the marginal regulatory benefit from selling EV starts at a higher axis intercept but also 

features a steeper negative slope than less favorable regulatory EV treatments. The intercept 

of the marginal regulatory benefit with the marginal (additional) cost of producing EV 

determines the number of sold EV in the market equilibrium. Whether a more or less 

favorable regulatory EV treatment yields higher EV sales—that is, whether the higher axis 

intercept or the steeper slope prevails—is ambiguous and depends on the precise regulatory 

details as well as on the cost structures.  

Figure 37 provides an example that graphically illustrates the ambiguous effects of a 

favorable regulatory treatment of EV on their market penetration. Taking an individual 

manufacturer’s perspective, the figure depicts the share of EV within a manufacturer’s fleet 

that results from different regulatory treatments. We regard two emissions standards designs 

that only differ in the incentives provided for EV sales. In the base case or non-favorable 

treatment, the regulation solely captures tailpipe CO2 emissions, but EV cannot earn super 

credits. In the favorable treatment, super credits are available for EV; that is, a multiplier of 

m =2 is applied. 
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To keep the illustration easily comprehensible and maintain consistency with previous 

analyses, we make some simplifying assumptions. First, manufacturers sell two kinds of 

vehicles, EV and conventional ICE vehicles. Second, all EV (and all ICE vehicles) sold by a 

manufacturer are homogeneous, that is, they feature the same tailpipe emissions and cost 

structure; for instance, all EV are assumed to be BEV. Third, for this demonstration, we 

disregard any potential interactions of the share of EV with the manufacturer-specific 

(official) emissions target iE —being equivalent with the assumption of a uniform standard. 

Fourth, we focus on the impact of the regulation on the shares of EV and ICE vehicles within 

a (representative) manufacturer’s fleet; regulation-induced shifts in total vehicle market 

shares across manufacturers are not regarded.  

To demonstrate the regulatory ambiguity, we differentiate two scenarios with respect 

to the cost development of EV. In the first scenario—graphically represented by highMCE —

substituting ICE for all-electric drivetrains is relatively expensive; in the second scenario—

graphically represented by lowMCE —the costs of electrification are lower, yet still positive. 

For both scenarios, the marginal costs per additionally electrified vehicle ( MCE ) are 

assumed to be constant, i.e. 
,

0
i EV

MCE

FS





.559  

When determining its EV fleet share ( ,i EVFS ), a manufacturer will balance these 

(marginal) costs of electrification against the monetized (marginal) regulatory benefits 

resulting thereof. The manufacturer will increase the share of EV as long as the marginal 

regulatory benefits,  ,i EVMRB FS , exceed the associated marginal costs, MCE . Thus, in 

Figure 37, the interception of the MRB  and MCE  functions denotes the resulting fleet share 

of EV under the respective combination of regulatory treatment and EV cost development 

scenario. As described earlier, the regulatory benefit from selling EV materializes in the form 

of a relaxation of the required reduction of tailpipe GHG emissions of the remaining 

                                                 
559 MCE  refers to the marginal cost of substituting an ICE drivetrain for an electric drivetrain before the 

emissions standards take effects, that is, before—costly—improvements of the ICE are implemented in order to 

comply with the regulation. Otherwise, it would hold 
 ,

,

0
i EV

i EV

MCE FS

FS





: The higher the share of EV within a 

manufacturer’s fleet, the more lenient is the effective emissions target for the remaining share of conventional 

cars. Presupposing that less efficient conventional drivetrains are cheaper to manufacturer, this implies that the 

differential costs of replacing (increasingly inefficient) ICE drivetrains by electric drivetrains increase with a 

growing EV fleet share. Capturing this effect within the MCE  functions would necessitate separate MCE  

slopes for different multiplier (super credit) values because these determine the relaxation of the effective 

standard for ICE vehicles. To maintain the lucidity of Figure 37, we capture this effect within the MRB  

functions instead. 
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conventional ICE fleet; the magnitude of the arising regulatory benefit crucially depends on 

the precise details of the regulation (e.g., the availability of super credits). 

A manufacturer’s MRB with respect to an expansion of its EV fleet share is then 

given by:  
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Along the relevant domain (i.e., as long as the standard is binding), it holds: 

2

, ,

2

, ,

0, 0
i ICE i ICE

i EV i EV

FS FS

FS FS

 
 

 
 

2

, ,

2

, ,

0, 0
i ICE i ICE

i EV i EV

E E

FS FS

 
 

 
 

2

2

, ,

0, 0i i

i EV i EVFS FS

  
 

 
560 

Thus, the MRB functions feature a concave slope:  
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In Figure 37, 
/w SCMRB  depicts the MRB of increasing the share of EV if super credits 

are available; 
/w oSCMRB  denotes the case without super credits. Given the applied multiplier 

value ( m =2), the MRB of the first EV sold—i.e., the y-axis intercept—is twice the amount 

with super credits compared to the base case. Due to the greater relaxation of the effective 

                                                 

560 Recall that we assumed quadratic abatement cost functions, i.e., 
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emissions target (for ICE vehicles) per EV sold, fewer EV are required to render the 

emissions regulation non-binding for the remaining ICE vehicles—represented by the 

intercept of 
/w SCMRB  with the x-axis further left.561  

In case of high electrification cost, vehicle emissions regulations featuring super 

credits yield higher EV shares than the regulation without applying a multiplier, i.e., 
, / , /

, ,

h w h w o

i EV i EVFS FS . Electric drivetrains are clearly more expensive than ICE drivetrains. Thus, 

manufacturers will only produce a small number of EV in order to avoid the most expensive 

conventional abatement technologies. For these rather small numbers of EV sales, the 

initially larger MRB of a regulation including super credits outweighs the steeper slope.  

In the other scenario, with electrification being a more competitive option to comply 

with the regulation, we observe contrary results. Now, selling EV is a financially attractive 

means to considerably bring down the required extent of implementation and thereby the 

marginal costs for conventional abatement technologies; this holds true for both regulatory 

approaches—with and without super credits. Without super credits, a relatively large fleet 

share of EV is needed to substantially cut the (marginal) costs of reducing conventional ICE 

cars’ emissions—yet, given the relatively low costs of electrification, manufacturers are 

actually willing to produce these numbers of EV. With super credits, due to the greater 

regulatory lever, a smaller number of EV sales suffices to considerably bring down the costs 

for abatement technologies to be implemented in the remaining conventional fleet. 

Consequently, the less favorable regulatory treatment yields the higher EV shares,  

i.e., 
, / , /

, ,

l w l w o

i EV i EVFS FS .  

This schematic illustration underscores that it does not necessarily hold true that a 

more generous treatment of EV within the regulatory framework of vehicle emissions 

standards will bring forth higher EV shares. The (relative) pace of market penetration of EV 

is determined by a more complex interplay of regulatory incentives and cost structures. In our 

stylized example, the point of interception of the two MRB functions relative to the marginal 

cost of electrification is pivotal.562 

 

                                                 
561 Note that 

/w SCMRB  intercepts the x-axis at a value that is larger than half the value of the intercept of 
/w oSCMRB  with the x-axis. This is due to the fact that—with growing EV shares—the credits generated through 

EV sales are distributed to a decreasing number of ICE vehicles; that is, a smaller total number of credits is 

required to render the official emissions target non-binding for the remaining conventional ICE cars. 

562 This implies that higher (lower) than expected marginal cost of improving ICE vehicles’ efficiency, 

implying an upward (downward) shift of the MRB functions, has similar effects to an unexpected drop (rise) in 

MCE: This may also cause a reversal in the relative number of regulation-induced EV sales. 
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Figure 37. Regulatory Impact on Fleet Share of Electric Vehicles 

 

 

We are well aware that—passed-through—regulatory benefits inherent to the different 

LDV efficiency standard metrics will remain only one—and not the dominant—driver of the 

demand for EV in the next years to come. The demand will also be driven by further 

promotional policy measures (e.g., tax incentives, preferential parking, and permission to use 

high-occupancy lanes), infrastructure development, and the evolution of consumer attitudes 

towards EV. During the market introduction phase, the latter factors will play an important 

role because particularly for many early EV adopters cost considerations do not rank among 

the primary purchase motives (see also footnote 691). Furthermore, the currently relatively 

weak stringency of LDV efficiency standards in many major automobile markets, implying a 

low shadow price of the emissions constraint and thereby low MRB values, dampens the 

impact of regulatory incentives on EV sales; as yet, the regulatory benefits inherent to LDV 

efficiency standards cannot close the gap in manufacturing costs between EV and 

conventional vehicles of the same size. Nonetheless, the basic reasoning of this section 

remains valid: Even if regulatory benefits provided by LDV efficiency standards are not the 
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major driver of EV sales, it still holds true that the strength of the contribution of preferential 

EV treatment (as inherent to different standard designs) to EV’s market uptake is ambiguous. 

Furthermore, with increasing stringency of LDV efficiency standards in the future as well as 

progressing market maturity of EV, the influence of metric-dependent regulatory incentives 

on EV’s market penetration pace will grow. 

 

9.8 Comparing Metrics 

In this chapter, we presented a number of alternatives to the currently predominant 

LDV efficiency standard metric (i.e., tailpipe CO2 emissions per vkm or mile) and discussed 

their strengths and weaknesses. When about to introduce (or to amend) vehicle efficiency 

standards, regulators may pursue more than one goal at the same time. The objectives of the 

regulation can span consumer, environmental, and technology policy goals. Thus, in order to 

live up to these potential objectives, assessing and comparing different standard designs 

involves applying a number of criteria. Among these criteria certainly is the metric’s 

suitability to remedy consumer undervaluation of future fuel costs through tapping cost-

effective fuel economy improvement potentials. From an environmental perspective, the 

metric’s effectiveness and accuracy in mitigating road transport’s climate impacts—and 

possibly other environmental harms, too—matters. Furthermore, regulators often also aim at 

catalyzing the transition of the LDV market towards innovative (electricity-based) drivetrain 

technologies. Another important meta criterion is the robustness of the regulation against 

unanticipated vehicle market developments. A regulation that is highly vulnerable to 

uncertain market developments entails large risks of substantially missing its goals or it may 

require frequent adjustments; yet, only a stable regulatory framework that is not subject to 

frequent amendments provides manufacturers with planning security, which is needed for 

defining R&D and investment strategies. 

The previous analysis of conceivable metrics for LDV efficiency standards revealed 

that pursuing the various regulatory objectives at the same time inevitably involves trade-

offs. The considered standard metrics cannot serve equally well the different purposes. 

Indeed, not one single metric can live up to all of the three main criteria mentioned above 

simultaneously in a satisfying manner. All metrics show severe deficiencies with respect to 

one or another of the potential objectives. For instance, a fundamental trade-off can be 

identified between incentivizing the transition towards innovative electricity-based 

drivetrains on the one hand and, on the other hand, reliably remedying fuel cost 

undervaluation. Standard metrics that provide strong regulatory benefits for introducing EV 

normally also exert a strong leverage on the effective stringency of the fuel economy target 
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applicable to ICE vehicles, which will still constitute the major share of the vehicle fleet in 

the medium term. Given the uncertain market development of EV, the realization of cost-

effective fuel economy improvements in the ICE fleet is jeopardized thereby.  

Tailpipe CO2 emissions standards, in particular if they also include super credits, are 

prototypical for those metrics that set strong electrification incentives, but are highly 

vulnerable to deviations of the actual EV market development from the regulator’s 

expectations. They imply the greatest leverage of the—ex-ante unknown—number of sold 

EV on the effective stringency of fuel economy targets for ICE vehicles. Moreover, tailpipe 

emissions standards do not provide any regulatory incentives for increasing the energy 

efficiency of vehicles entirely running on electricity or hydrogen, and only cushioned 

incentives for improving the energy efficiency of PHEV.563 Hence, they foil most the 

objective of correcting fuel cost undervaluation. Also with regards to their environmental 

effectiveness, tailpipe standards perform poorly as they entirely neglect any upstream 

emissions. 

Whereas it is unambiguous that—especially under the conditions of a mispredicted 

(that is, faster than anticipated) market penetration rate of EV—tailpipe emissions standards 

yield adverse environmental effects in the short and medium run, long run effects may be 

somewhat different due to market transformation dynamics. The strong incentives for 

electrification inherent to tailpipe standards may bring forth an environmental dividend in the 

long run. If these incentives actually trigger an accelerated market penetration of EV, they 

will induce technological progress, EV cost decreases due to increasing returns (scale effects, 

learning-by-doing and learning-by-using externalities), and—as an indirect network effect—

the build-up of charging (and hydrogen) infrastructures.564 This, in turn, allows stricter LDV 

efficiency standards in the future: The targets being politically and technically feasible to be 

imposed on a fleet with relatively high shares of EV, which will be fueled by an increasingly 

decarbonized energy supply in the future, are more ambitions than those for a fleet that is still 

dominated by ICE vehicles.565 In consequence, tailpipe CO2 standards may yield lagged 

                                                 
563 Certainly, there remain some incentives to improve the energy efficiency of EV due to consumers’ 

preferences for lower fuel costs and larger driving ranges. However, premised on the assumption of consumer 

undervaluation of future fuel costs, these will not be sufficient to achieve the optimal fuel efficiency level. 

564 See also section 8.4 for the positive externalities inherent to early EV market penetration, and the flaws of 

the current European regulatory approch to internalize these in an efficient manner.    

565 See also Congressional Budget Office (2012) for this line of argument. The prospects of imposing more 

stringent targets on a fleet with high EV shares are widely independent of the metric applied in future LDV 

standards. As outlined above, EV will perform superior to ICE vehicles in terms of tailpipe and w-t-w GHG 

emissions as well as final and primary energy consumption—particularly with rising RES shares in the 

electricity supply. 
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(environmental) returns.566 However, regulators have other policy means at hand to 

incentivize an accelerated market penetration of EV—potentially with less severe side 

effects.567  

Final energy standards widely maintain the same regulatory system boundaries as 

tailpipe CO2 standards. They exclusively take account of energy consumed within the vehicle 

during operation, but final energy standards do not restrict themselves to regulating only the 

consumption of hydrocarbon fuels. That is, the regulatory treatment begins at the pump or at 

the power outlet. This regulatory focus is justified by the argument that only the vehicles’ 

specific final energy consumption can directly be controlled by manufacturers. In 

consequence, final energy standards basically share the weaknesses of tailpipe emissions 

standards, although to an attenuated degree. As a large share of—costly—energy conversion 

processes and climate impacts of final energy carriers consumed by EV takes place in the 

upstream chain,568 final energy standards also provide only weak incentives to improve the 

energy efficiency of EV and exert high leverage on ICE vehicles’ effective fuel economy 

targets. Thus, with final energy standards in place, rising EV shares will again substantially 

slacken the actual improvements in ICE vehicles’ fuel efficiency, although to a weaker extent 

than with tailpipe CO2 standards. At the same time, selling EV still yields substantial 

regulatory benefits, thereby likely fostering their market penetration and possibly beneficial 

long-term dynamics.  

Contrary to tailpipe CO2 and final energy standards, w-t-w GHG and primary energy 

standards force manufacturers into considering the effects of their sold vehicles along the 

entire fuel chain. Whereas w-t-w GHG standards feature high precision with regards to 

climate impacts, primary energy standards tend to draw a more comprehensive picture of 

overall driving-related environmental impacts.569 Due to their wider scope, both standard 

                                                 
566 This argument also holds true, although to an attenuated degree, for other metrics that provide strong 

incentives for vehicle electrification at the potential expense of a short-run deterioration of the fleet’s 

(environmental) performance (e.g., final energy standards). 

567 Furthermore, recall that a very favorable regulatory treatment of EV—as inherent to tailpipe CO2 emissions 

standards—not necessarily incentivizes a faster market penetration than a more modest regulatory treatment. If 

each additional EV sold earns high credits and therefore entails a substantial relaxation of the effective 

stringency of a manufacturer’s emissions efficiency target, already a relatively small number of EV may suffice 

to drastically cut the required efficiency improvements in the remaining ICE fleet. 

568 As already noted above, this definitely holds true for the current energy supply structure, but may well 

change in the future with progressing expansion of RES. 

569 Given the heterogeneous properties of potentially consumed primary energy carriers and the different 

environmental problems they may entail, primary energy consumption is still a quite insufficient indicator of a 

vehicle’s overall environmental impacts. 
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metrics involve larger data requirements and administrative efforts; furthermore, the 

determination of the w-t-w GHG emissions and primary energy consumption associated to a 

vehicle’s fuel consumption evokes methodological challenges. With regards to the well-

known trade-off between stimulating the accelerated market penetration of electricity-based 

drivetrains on the one hand and, on the other hand, incentivizing (cost-effective) energy 

efficiency improvements across all drivetrain technologies as well as providing regulatory 

certainty, we observe a strong dependency on the specific energy supply structure. Under  

w-t-w GHG emissions and primary energy standards, the leverage of EV market shares on 

ICE vehicles’ effective fuel economy targets increases with the share of renewable electricity 

generation: With high RES shares, the w-t-w GHG and primary energy intensity of final 

energy consumed by EV decreases, thereby increasing the gap to fossil liquid fuels as well as 

the leverage exerted across drivetrain technologies. Irrespective of the prevailing energy 

supply structure, the capability of both metrics to remedy consumer fuel cost undervaluation 

is constrained by the fact that neither a vehicle’s w-t-w GHG emissions intensity nor its 

specific primary energy consumption are very reliable proxies for its specific fuel costs. 

Technology-specific standards appear to be the most suitable approach with regards to 

exploiting each vehicle type’s cost-effective efficiency improvement potentials. Based on 

drivetrain technology-specific assessments of the respective improvement potentials, vehicle 

types using different drivetrain technologies are assigned separate efficiency targets.570 In 

consequence, there is no leverage or—depending on the precise implementation details—

only relatively weak leverage across drivetrain technologies.571 This implies that 

unanticipated developments in the EV market do not compromise achieving (presumedly) 

cost-effective fuel economy levels in the segment of ICE vehicles, which will remain 

quantitatively dominating in the medium term. The stricter segmentation of the efficiency 

regulation along drivetrain technologies provides—intendedly—clearly less compliance 

flexibility to manufacturers what may raise their compliance costs—yet possibly to the 

benefit of motorists. Another concern when appraising technology-specific standards is that 

they provide only weak regulatory incentives for promoting EV; thus, as a stand-alone policy 

                                                 
570 Of course, other LDV efficiency standard approaches can also found their targets on drivetrain technology-

specific assessments of improvement potentials. Yet, based on estimates of future market shares of the different 

drivetrain technologies, these identified potentials are subsequently aggregated and denominated to a common 

physical metric to determine an average target for the entire fleet. Whereas the scope for cost-effective 

efficiency improvements of EV is still relatively uncertain, the engineering foundations for narrowing down ICE 

vehicles’ cost-effective efficiency improvement potentials are quite solid. 

571 Even if offsetting of relative under- and overcompliance across different vehicle types is permitted with 

technology-specific targets, the leverage will normally be considerably weaker than with standards applying a 

common (physically defined) target value for all drivetrain technologies.  
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instrument, they are clearly insufficient to initiate the transition towards electricity-based road 

vehicles. Finally, the determination of technology-specific targets may raise some 

methodological question, especially with regards to PHEV. 

Standards that employ a comprehensive vehicle life cycle metric—spanning the 

manufacturing, the usage, and the end-of-life stage of the vehicle—are not a meaningful 

alternative to fuel consumption-orientated metrics. Whereas such “cradle to grave” metrics 

can incentivize manufacturers to pay more attention to the overall environmental balance of 

different vehicle types, they are hardly suitable to serve consumer-orientated purposes. This 

is mainly due to the different economic character of energy consumption and GHG emissions 

during operation on the one hand and those related to vehicle manufacturing and disposal on 

the other hand; the latter are fixed and widely already occur before the time of the vehicle 

purchase decision, whereas the first are variable and still to come. Consumer undervaluation 

is supposed to apply to future and insufficiently salient fuel costs, but not to manufacturing-

related energy costs that are already factored into the vehicle purchase price; hence an 

integrated metric is not helpful in this regard. Indeed, if the integrated metric is displayed to 

consumers, it may well lead to allocative distortions as motorists are possibly inhibited from 

choosing the vehicle model that is optimal for their specific expected mileage. Moreover, 

compiling reliable data along a vehicle’s entire life cycle is very effortful and costly. 

Notwithstanding, a comprehensive vehicle life cycle metric can earn some merits by 

informing policy with respect to which drivetrain technologies appear particularly promising 

seen from a holistic (environmental) view; yet this measure should not be used for LDV 

efficiency regulation purposes.   

To wrap up, given the severe deficiencies of tailpipe CO2 emissions standards and 

their high vulnerability to uncertain EV developments, a change of the metric used for LDV 

efficiency standards appears inevitable in the future. The insight that the current tailpipe 

metric is not suitable anymore for a future fleet that consists of a number of different 

drivetrain technologies, whose GHG emissions and energy conversion losses occur at 

different stages of the fuel supply chain, does not solve the problem of finding an appropriate 

metric, however. Indeed, there is no unequivocally superior LDV efficiency standard metric 

since these standards are normally imposed to pursue more than one objective (such as 

reducing fossil fuel imports, remedying consumer undervaluation of fuel costs, GHG 

emissions mitigation, promoting innovative drivetrain technologies) simultaneously, and 

none alternative metric can serve all objectives equally well. That is, the rank order of the 

alternative standard metrics varies across the different potential goals. Hence, when opting 

for a (new) standard metric, the regulator has to prioritize its objectives. 
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To make matters worse, even for a single given objective the relative performance of 

the alternative metrics and thus their rank order can be tainted with uncertainty. Recall, for 

instance, that the effect of the strength of the favorable treatment of EV over ICE vehicles—

represented by the leverage of EV on ICE vehicles’ effective fuel economy targets—on the 

share of EV in the fleet is not unambiguous. Some ambiguity also applies to the alternative 

standards’ capability of remedying consumers’ undervaluation of future fuel costs. All 

standards that apply a common (physical) metric and target to the entire new vehicle fleet 

show deficiencies in this regard. In a vehicle market with different drivetrain technologies 

and final energy carriers, neither a vehicle’s specific w-t-w GHG emissions nor its final or 

primary energy consumption is a convincing proxy for its fuel costs; moreover, the cost-

effective level of emissions or energy consumption varies across drivetrain technologies.572 

Consequently, despite making a clear recommendation that a reform of the currently 

prevailing tailpipe emissions standards is needed, we cannot derive a clear-cut 

recommendation as to which alternative metric should replace them. Research on this issue 

has just begun; as yet, there are only very few studies which systematically assess alternatives 

to tailpipe emissions standards (or closely related hydrocarbons-orientated fuel economy 

standards).573 The previous analysis (as well as the following chapter) contributes to this 

relatively new research branch through contrasting the general strengths and weaknesses of a 

number of alternative LDV efficiency standard metrics, their robustness with regards to 

                                                 
572 Whereas the rank order of these alternative metrics (as well as the direction of allocative distortions) with 

respect to remedying fuel cost undervaluation is somewhat unclear, it is widely unambiguous that they all 

perform better than tailpipe CO2 standards. 

573 See, for instance, Creutzig et al. (2011) as well as Jöhrens and Helms (2013). These studies assess a limited 

number of alternative metrics for LDV efficiency standards, yielding differing conclusions. The to the best of 

our knowledge most extensive work on this matter, commissioned by the European Commission, is Smokers et 

al. (2013a, b). Their analysis was conducted simultaneously to the one presented here and features a number of 

similarities. Whereas some substantial parts of the reasoning and conclusions—for example, regarding the 

suitability of different standard metrics for an electrifying fleet, the leverage of EV market penetration, and the 

interplay with overarching climate policy measures such as emissions trading—are shared, our assessment still 

comes to markedly different and supplementary results on several issues, though. Smokers et al. (2013a,b) put 

less explicit focus than we do here on the regulatory objective of correcting consumer undervaluation of future 

fuel costs. They conducted numerical simulations to estimate cost and emissions impacts of different metrics 

and to identify their sensitivity to varying EV market penetration rates. These simulations take place in a 

relatively static framework and do not include endogenous efficiency adjustments within the EV fleet; 

furthermore, they do not dynamically adjust their equivalent targets so that the equilibrium w-t-w GHG 

emissions (i.e., their target metric) vary across standard metrics in the different scenarios. Despite such caveats 

due to a number of methodological simplifications and although the analyzed scenarios are considered of limited 

representativeness of actually expectable future LDV market developments, the numerical simulations provide 

some useful insights. Future work in the context of a comprehensive regulatory impact assessment should 

include broader, further elaborated modeling exercises. Notwithstanding, their studies make an important 

contribution to the upcoming debate about appropriate metrics for regulating an LDV fleet with growing EV 

shares. The congruence of several key results—across their and our analysis—underscores their robustness. 
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technology development and vehicle market uncertainties, and their interactions with the 

broader climate policy framework. Still, there remain unresolved questions. Comprehensive 

quantitative impact assessments—including cross-sectoral interactions—of the consequences 

of imposing different types of LDV efficiency standards in real-world vehicle markets are 

lacking so far; these consequences cannot be generalized as they may vary substantially 

across vehicle markets according to differences in consumer preferences, electricity 

generation structures, interacting energy and climate policy instruments etc. 

Yet, even substantially more elaborated forecasts of the real-world effects of using 

alternative metrics will not resolve their fundamental trade-offs among the different potential 

objectives pursued with LDV efficiency standards. As outlined before, no single standard 

metric can achieve all goals to a sufficient extent in a diversifying vehicle market. In the end, 

a thorough impact assessment may suggest subjecting manufacturers to more than one 

constraint—that is, employing multiple metrics simultaneously. EPA’s GHG and NHTSA’s 

fuel economy regulations show that a dual regulation, comprising of two different but 

mutually aligned standard metrics, is workable in administrative practice. For instance, w-t-w 

GHG or primary energy standards could be complemented by technology-specific minimum 

efficiency requirements in order to ensure that for each drivetrain technology the most cost-

effective efficiency improvement potentials are tapped.  

Nonetheless, the task of transforming the vehicle market and decarbonizing road 

transport without excessively burdening motorists and the society cannot be left entirely to 

LDV efficiency standards, but necessitates a broad set of policy instruments. For example, 

incentivizing the market introduction and diffusion of alternative electricity-based drivetrains 

may well require support from additional targeted policies—potentially ranging from 

financial assistance in the build-up of charging infrastructure, public support of R&D in 

battery technology to temporary (purchase) subsidies for certain (immature) technologies 

deemed particularly beneficial in the long run. Other complementary policy instruments can 

target further upstream the fuel chain (e.g., electricity suppliers) to ensure that the switch 

from fossil liquid hydrocarbons to an electricity-based energy supply actually yields the far-

reaching decarbonization striven for by climate policy. Given the availability of a well-

aligned supplementary policy mix , LDV efficiency standards may then focus on one 

objective—most reasonably, realizing the cost-effective efficiency improvement potentials 

for each drivetrain technology—and allot other goals, which are currently still pursued by 

means of LDV standards as well, to policy instruments specifically tailored for these goals.  

We conclude with a final remark on the issue of technology neutrality. Technology 

neutrality—that is, putting all drivetrain technologies on equal regulatory footing—is 

regularly advocated as a central principle of LDV efficiency regulation. A truly technology-
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neutral LDV standard design normally remains an illusion, however. This holds at least if we 

interpret technology neutrality as the principle of giving all vehicles the same credit for an 

equal contribution to the regulation’s actual objective(s). Understood in this sense, 

technology neutrality will regularly be violated for one or both of the two following reasons. 

First, for several potential objectives of LDV efficiency standards, there is no practically 

viable metric at hand that is a highly precise indicator of actual goal attainment. The available 

metrics often do not allow precisely measuring a vehicle’s contribution to the actual 

objective; typically, the metric is rather a surrogate for the actual objective. For example, 

none of the metrics discussed above (or in the literature) is perfectly aligned to the objective 

of correcting consumer undervaluation of future fuel costs—not even very close. For any of 

these metrics, the implications in terms of saved future fuel costs of a marginal efficiency 

improvement as denoted in the respective metric (e.g., per saved g w-t-w GHG emissions or 

Joule of final energy consumption) usually vary across drivetrains using different fuels. This 

implies that for some drivetrain technologies their credited contribution to compliance with 

the regulation exceeds their true contribution to the actual objective, whereas other 

technologies get less credit than they deserve.574 If the credit received for official compliance 

purposes for the same effective contribution to the actual regulatory goal deviates across 

different drivetrains, the principle of technology neutrality—in the sense depicted above—is 

obviously violated. For many conceivable objectives of LDV efficiency standards, each 

potential metric may well entail such violations, although to differing extent. 

Second, achieving—or even approximating—technology-neutrality is further 

complicated if—as is currently the case—the regulator pursues multiple objectives by means 

of LDV efficiency standards at the same time. The relative fit (or the alignment) of the 

available standard metrics to the regulation’s objectives often varies across the different 

goals.575 This further increases the difficulties to find a (single) metric that mirrors the 

regulator’s objective function sufficiently well. Moreover, different drivetrain technologies 

have different relative merits with respect to the different objectives pursued; that is, the rank 

order of their regulatory favorability crucially hinges on the regulators choice of the metric. 

                                                 
574 We can exemplify this by looking at final energy standards, and maintaining the correction of fuel cost 

undervaluation as the sole or primary regulatory objective: A Joule of final energy contained in gasoline or 

diesel, saved through improving ICE vehicles’ efficiency, has significantly less economic value than a Joule 

electric energy saved in BEV. Although w-t-w GHG emissions or primary energy consumption might better 

represent fuel costs, none of the considered metrics is an accurate fuel cost indicator, and all are tainted with 

substantial uncertainties. 

575 For instance, w-t-w standards are much more apt to mitigate total GHG emissions attributable to passenger 

road transport than tailpipe standards, whereas the latter enable a clearly better control of the transport sector’s 

oil dependency. 
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Hence, opting for a metric implicitly involves a prioritization decision with respect to the 

multiple objectives pursued simultaneously. However, even prioritization and carefully 

balancing of different regulatory objectives cannot resolve the trade-offs inherent to a set of 

drivetrain technologies that perform heterogeneously with respect to the simultaneously 

targeted goals: The choice of the LDV efficiency standard metric will inevitably yield 

regulatory winners and losers among the competing technologies.576 

Summing up, subjecting all drivetrain technologies to the same rules may suggest 

conformity with the technology neutrality principle at a first superficial glance; yet the 

previous analysis showed that the choice of the LDV standard metric has a large impact on 

the regulatory attractiveness of different drivetrain technologies as seen from a 

manufacturer’s perspective and therefore on the incentives to promote the respective 

technology. That is, even if all drivetrain technologies are formally treated equally, the 

decision on the metric implicitly entails a decision on which technologies the regulator deems 

to deserve particular regulatory support.577 
 

                                                 
576 Note that a regulatory winner is defined as a technology that receives regulatory credits, in terms of its 

formal contribution to compliance with the LDV standard’s targets, in disproportion to its actual contribution to 

achieving the set of objectives. Conversely, a regulatory loser is disproportionally little credited for its actual 

contribution to the regulation’s goals. That is, what matters is the discrepancy between a technology’s actual 

performance with respected to the weighted set of objectives and the extent to which the technology can bring 

its performance to bear in terms of regulatory compliance. 

577 For a broader critical discussion of the principle of technology neutrality in climate policy, see Azar and 

Sandén (2011). 
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Part D: Interactions among Policy Instruments 

10 Cross-sectoral Implications of Different LDV Standard 

Metrics: Interactions with Quantitative GHG Control 

Instruments 

As already indicated above, a (regulation-induced) partial shift in the transport 

sector’s energy supply from oil-based liquid fuels to electricity and hydrogen also affects 

other sectors of the economy, in particular power generation and industry. Although we can 

only sketch these effects here, we have to structure the analysis along two dimensions: the 

cross-sectoral interactions triggered by road transport’s electrification are fundamentally 

shaped by the precise design of implemented LDV efficiency standards, particularly the 

chosen standard metric, and the overarching GHG quantity control regime. Regarding the 

latter, we distinguish (a) between cases with and without a binding cap-and-trade emissions 

trading scheme (ETS) in place and (b) as to which sectors are covered by the ETS. With 

regards to metrics, besides depicting the impacts of electrification under the currently 

prevailing tailpipe CO2 emissions standards (with and without super credits), we will 

highlight the resulting effects for three alternative vehicle standard designs: w-t-w GHG 

standards, final energy consumption standards, and primary energy standards.  

We put our main focus on the implications of cross-sectoral interactions on domestic 

GHG emissions. In doing so, we make some simplifying assumptions. First and foremost, we 

abstract from any upstream emissions occurring outside the regulating entity—e.g., GHG 

emissions during the extraction and refining of fossil fuels. That is, all GHG emissions 

related to vehicles’ energy supply can possibly be subjected to domestic quantity control 

instruments. We also abstract from LDV standards-induced changes in the influx of GHG 

reduction credits from international offsetting mechanisms (such as Joint Implementation (JI) 

or Clean Development Mechanism (CDM) credits), which would affect both domestic and 

international emissions. Notwithstanding, interactions that may impact global GHG 

emissions beyond the regulating entity’s jurisdiction—through affecting carbon leakage 

risks—are addressed as well when considered noteworthy. Moreover, we focus on vehicles’ 

energy consumption during operation; that is, we disregard GHG emissions during vehicle 

manufacturing and disposal. Furthermore, when now assessing the GHG implications of the 

interplay of fuel economy regulations with the overarching climate policy regime, we widely 

confine the analysis to the demand side of the energy market and abstract from supply side 

reactions (see Box 12).  
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Box 12. Fossil Fuel Market Supply Side Considerations  

Given the nature of fossil energy commodities as exhaustible resources, a 

comprehensive global-scale analysis, which cannot be provided here, would require 

broadening the scope beyond the demand side and covering the energy suppliers’ reactions as 

well. In contrast to prototypical “normal” product markets that are characterized—in theory, 

at least—by marginal cost pricing, owners of exhaustible fossil resources receive a scarcity 

rent for their commodities. The owners extract their finite amount of resources along the time 

path so that they maximize the present value of their scarcity rent revenue stream (Hotelling, 

1931).  

In view of the—potentially detrimental—consequences of global warming, however, 

the actual scarcity with respect to fossil energy use does not apply to the physical availability 

of energy resources, but to the GHG absorption capacity of the atmosphere. Whereas fossil 

energy carriers are (relatively) abundantly in the ground, the capacity for absorbing the GHG 

emissions from their combustion becomes increasingly scarce. According to Stocker et al. 

(2013), cumulated CO2 emissions must not exceed 790 GtC if global warming is to be kept 

below 2°C (since pre-industrialization) with a probability of two thirds.578 Until 2011, 515 

GtC have already been emitted, shrinking the remaining budget to 275 GtC. The—under 

current economic and technical conditions economically exploitable—fossil fuel reserves 

exceed by far (roughly, by a factor of 3) the remaining GHG budget that would still allow to 

keep global warming below 2°C; this holds even more true for the much larger resources that 

are not yet economically extractable (e.g., International Energy Agency, 2012; McGlade & 

Ekins, 2015; Meinshausen et al., 2009; Wissenschaftlicher Beirat der Bundesregierung für 

Globale Umweltveränderungen, 2011). Given the current character of the atmosphere’s GHG 

absorption capacity as a common pool resource, climate policy action is required to bring the 

scarcity of the atmospheric GHG sink to bear in economic decisions.  

Yet, politically imposed scarcity of the atmospheric capacity to absorb CO2 curtails 

the scarcity rents of fossil energy resource owners (Edenhofer, Flachsland, Jakob, & 

Lessmann, 2013).579 If the owners expect a declining demand for their resources in the 

                                                 
578 The cumulated budget of 790 GtC takes account of emissions of GHG other than CO2; otherwise, cumulated 

emissions would have to stay below 1000 GtC (Stocker et al., 2013). 

579 A fossil energy resource owner’s remaining scarcity rent is essentially determined by the extraction costs of 

its resources (Kalkuhl & Edenhofer, 2014). In particular owners of resources that are expensive to extract may 

be effectively expropriated because resources with relatively high extraction costs will stay underground. 
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future—implying diminishing profits—due to climate policy measures,580 they face an 

incentive to accelerate the extraction of their resources. Hence, the climate policy-induced 

expectation of a declining demand for fossil energy can even speed up the accumulation of 

CO2 in the atmosphere, resulting in the so-called green paradox (e.g., Gerlagh, 2010; Grafton, 

Kompas, & Van Long, 2012; Sinn, 2008; Strand, 2007).581 To effectively halt climate 

change, thus, all relevant emitters (that is, primarily governments, not individual emitters) 

would then need to timely agree on abatement targets, preferably a binding global cap on 

GHG emissions, and credible policies to achieve these targets—before fossil energy resource 

owners might substantially scale up their production.582 Even though some doubts remain as 

to whether fossil energy suppliers will actually act as (long-term) intertemporal optimizers 

and therefore respond to upcoming climate policies by speeding up their resource extraction, 

internationally coordinated actions to tackle GHG emissions have to be taken long before 

fossil energy becomes physically scarce.  

Vehicle fuel efficiency policies that effectively cut the domestic demand for fossil 

fuels can help pave the way towards that end. Particularly if LDV efficiency standards help 

tapping cost-effective fuel saving potentials, they may increase policy-makers’ willingness to 

commit to ambitious GHG abatement targets through reducing the costs for achieving these 

targets. Whether and to which extent vehicle efficiency standards contribute to limiting the 

accumulation of atmospheric CO2 in the short and medium term still depends—besides the 

(domestic) overarching GHG quantity control regime—on the medium-term price elasticity 

of the fossil energy supply. If an energy commodity’s supply (here, the oil supply) is very 

price-inelastic, vehicle regulation-induced domestic demand reductions will be almost 

entirely absorbed by other demanders in the wake of decreasing fossil energy prices, thereby 

                                                 
580 The—reasonable—expectation of a prospectively decreasing demand for fossil fuels can be based on a 

variety of climate policy measures—ranging from increasing carbon tax schedules, the introduction of emissions 

trading (with initially limited regional scope), and energy efficiency policies (unless “backfire” occurs) to R&D 

policies that bring down the costs of RES and increase the substitutability of fossil energy. 

581 Other scholars (e.g., Edenhofer & Kalkuhl, 2011; Hoel, 2010; van der Ploeg & Withagen, 2012) relativize 

the risk of a green paradox by pronouncing several real-world circumstances that can prevent it from actually 

occuring.  

582 Due to technical constraints, resources owners’ scope for discretionary intertemporal shifts in their resource 

extraction is limited. 
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rendering the global net emissions impact of the regulation negligible.583 Conversely, a non-

negligible (positive) price elasticity of the fossil fuel supply ensures that domestic demand 

reductions also become—partially, at least—effective on a global scale. Generally, the fossil 

energy supply is relatively inelastic in the short and medium term, but tends to become more 

elastic with increasing market shares of shale gas and shale oil  (e.g., Arora, 2014; S. P. A. 

Brown & Krupnick, 2010; Fattouh, 2007; 2014; C. Hausman & Kellogg, 2015; Krupnick, 

Kopp, Hayes, & Roeshot, 2014; Light, 1999; Medlock, 2012a; 2012b; Ponce & Neumann, 

2014). In case the (medium term) supply side elasticity varies substantially across fossil 

commodities, regulation-induced fuel switches can make a difference for LDV standards’ 

effectiveness in terms of global GHG impacts. 584 

Irrespective of vehicle fuel efficiency standards’ exact short- and medium term impact 

on global emissions, their major environmental merits may be to enable credible domestic 

commitment to (and international agreement on) ambitious GHG abatement targets through 

strengthening their economic, technical, and political feasibility. Finally, we briefly mention 

another potential supply side-related economic benefit of LDV efficiency policies that can 

arise to oil-importing countries: for large economies that absorb a substantial fraction of the 

fossil fuel—particularly oil—supply, such as the U.S. or the EU as a whole, large-scale 

vehicle fuel economy improvements may even trigger improvements in their terms of trade; 

                                                 
583 This effect is also known as the energy (market) channel or fossil fuel price channel of carbon leakage 

(Boeters & Bollen, 2012; Di Maria, Michielsen, & van der Werf, 2013). See Bauer et al. (2013) for a multi-

model comparison of fossil fuel market interactions and the resulting magnitude of energy channel leakage 

effects from internationally fragmented climate policy efforts. 

If suppliers actually behave in accordance with the green paradox and (a) interpret the—climate policy-

induced—demand reduction (and consequent price drop) as an indicator for a further shrinking fossil fuel 

demand in the future (compared to their prior expectations) and (b) earn a considerable scarcity rent (that is, 

the—reduced—attainable market price still (significantly) exceeds their marginal extraction costs and (c) can 

relatively quickly scale up their supply (without substantially increasing their extraction costs), the observed 

medium-term price elasticity of the fossil fuel supply may even become negative. Then, the drop in fossil fuel 

market prices and the growth of fossil fuel supply coincide as both are a result of climate policy (and its 

expected consequences). In this case, which we deem rather improbable, however, LDV efficiency standards 

would cause rising global GHG emissions in the medium term. 

584 Imagine, for instance, the case that—triggered by vehicle regulations—a given amount of carbon 

incorporated in oil-based liquid fuels is substituted by the same amount of carbon used to generate gas-based 

traction electricity or hydrogen. If the oil supply were totally inelastic, whereas the gas supply were price-

elastic, this fuel shift would imply an increase in global GHG emissions. Actually, global GHG emissions would 

even rise if the amount of carbon in oil-based fuels were substituted by a smaller amount of carbon in gas-based 

fuels; that is, in this case, an LDV efficiency regulation-induced decrease in domestic carbon combustion would 

be counterproductive in terms of global GHG abatement. Of course, and as this chapter will show, the net 

emissions impact of such fuel switches also crucially hinges on the domestic policy instruments that are applied 

to the different fuels and which may considerably differ across fuels. Yet, even if all fossil fuels were subject to 

the same domestic GHG control policies, the global-scale GHG impact of fuel switches may vary dependent on 

the respective supplies’ price elasticities. 
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that is, a decrease of the price of remaining fuel imports can occur as a further economic 

benefit.585 

 

In the remainder of this chapter, we assess how unanticipatedly fast EV market 

development (triggered through rapid technological progress and significant cost degression, 

for instance) affects overall domestic emissions and potential carbon leakage risks. We assess 

and compare these effects for different combinations of LDV efficiency standard designs and 

overarching domestic GHG control regimes. Tightening the stringency of vehicle efficiency 

standards can be key driver for the market uptake of EV. Thus, we also look into the interplay 

of raising the standards’ stringency, thereby induced fleet electrification, and the 

implemented GHG quantity control instruments. That is, we examine which combinations of 

LDV standard metrics and overarching GHG control policies facilitate translating tightened 

vehicle efficiency standards (and thereby induced quickly rising EV market shares) into 

additional domestic GHG emissions reductions without severely increasing potential carbon 

leakage risks.  

 

10.1 No Cap-and-Trade Emissions Trading Scheme 

We begin with the case of no binding cap-and-trade ETS (or similar GHG quantity 

control policy) being established.586 Without any GHG caps imposed, changes in the 

emissions attributable to LDV usage make the “straightest” impact on total domestic GHG 

emissions. LDV efficiency standards do least interfere with other climate policy measures 

that may otherwise cushion—e.g., through triggered additional abatement in other sectors—

the impacts of dedicated transport sector policies. That is, vehicle regulation-induced changes 

in emissions attributable to LDV will be reflected with widely the same magnitude in the 

regulating entity’s overall GHG balance. Starting with the case of the absence of any binding 

quantity control of domestic GHG emissions, we now briefly describe the effects of 

                                                 
585 If the country implementing the fuel economy policy is a net oil exporter, obviously, this positive economic 

side effect vanishes or may rather turn into its opposite.  

586 For the sake of restricting the number of regarded overarching climate policies that interact with vehicle 

efficiency standards, we consider cap-and-trade emissions trading being the archetype (and best representation) 

for binding GHG quantity control instruments that impose an absolute cap on emissions. If the cap were 

enforced by other policy measures, aiming at minimal overall compliance costs, the (isolated) effects of 

introducing additional sectoral policies such as vehicle emissions standards would likely be similar. 
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progressing LDV electrification with different standard metrics applied—as we will 

subsequently also do for the other overarching GHG control policies considered. 

 

10.1.1 Tailpipe CO2 Emissions Standards without Super Credits 

As long as the tailpipe CO2 emissions standard remains binding in the wake of an 

intensified electrification, rising EV shares will increase overall domestic emissions. Whereas 

the direct tailpipe CO2 emissions remain widely the same with more EV on the road, the 

growing energy demand from EV will cause additional indirect CO2 emissions related to the 

provision of electricity and hydrogen. This holds true unless EV market penetration is solidly 

linked to additional RES expansion that allows providing entirely carbon-neutral electricity 

and hydrogen for fueling the additional EV. Otherwise, the increase in overall domestic GHG 

emissions is determined by the marginal GHG intensity of electricity generation.587 The 

direct absolute CO2 exhaust from LDV remains constant because the effect of a decreasing 

number of sold conventional ICE vehicles is offset by their rising emissions intensity.588 

  

10.1.2 Tailpipe CO2 Emissions Standards including Super Credits 

With super credit provisions enacted, a deterioration of the domestic GHG balance 

will inevitably occur with rising EV shares—irrespective of the marginal carbon intensity of 

electricity generation. As shown earlier, applying multipliers to EV increases the fleetwide 

average direct CO2 exhaust per vkm. Additional upstream emissions for the propulsion of EV 

just further worsen the GHG performance of tailpipe CO2 emissions standards including 

super credits.  

                                                 
587 See section 8.3 for more details on marginal upstream GHG effects of an increasing EV market penetration. 

In the following, we assume that hydrogen is entirely produced through electrolysis and not through steam 

reforming. We can dispense with this differentiation without considerably compromising the analysis as both 

power generation and industrial hydrogen production through steam reforming processes would regularly be 

simultaneously subjected to emissions trading (as is the case in the EU ETS, for instance). 

588 If we consider possible changes in the specific mileage of conventional ICE vehicles in the wake of growing 

EV market shares, their absolute CO2 emissions may not remain identical. First, systematic differences in the 

annual mileage of vehicle models that are electrified and those that stick with ICE drivetrains can affect the total 

CO2 exhaust; if EV are driven less due to their limited range or more due to lower running costs, the emissions 

from conventional vehicles will grow or fall, respectively. Second, the increase in average fuel consumption per 

vkm of conventional vehicles can reduce their annual mileage and thereby their total emissions; this impact is 

determined by the magnitude of the rebound effect (i.e., the price elasticity of driving). The net effect is 

ambiguous. 
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10.1.3 W-t-w GHG Emissions Standards 

Abstracting from mileage effects, w-t-w GHG emissions standards ensure that 

increasing EV market shares leave total domestic GHG emissions unchanged—provided that 

w-t-w emissions factors are calculated based on actual marginal emissions impacts.589 If  

w-t-w GHG factors based on the electricity supply’s average emissions intensity are applied 

instead, its relation to the marginal emissions impact determines the effect of vehicle 

electrification on total domestic emissions: if the average emissions intensity exceeds the 

marginal emissions intensity of electricity generation, rising EV market shares decrease total 

domestic GHG emissions, and vice versa. The direction as well as the magnitude of potential 

mileage effects, resulting from systematic deviations in the mileage of vehicle types with 

differing w-t-w emissions intensities, is ambiguous as both crucial variables are tainted with 

uncertainty. First, the annual mileage of EV (and the annual all-electric mileage of PHEV) 

depends amongst others on developments in battery capacity and thereby range, charging 

infrastructure, taxation of electricity consumed by EV etc. Second, unlike tailpipe CO2 

emissions standards, it is not unequivocal with w-t-w standards whether the fuel economy of 

conventional vehicles deteriorates with increasing EV market penetration. The higher the 

specific w-t-w emissions of EV, the more fuel-efficient conventional ICE vehicles must be in 

order to still comply with the standards. In case EV’s w-t-w emissions exceed those of 

conventional vehicles, the fuel economy of the latter will even improve—and their specific 

mileage will likely increase—with rising EV market shares.590 To sum up, with no ETS in 

                                                 
589 In regulatory practice, w-t-w emissions factors will likely be established for a few years in advance to 

provide planning security to manufacturers; this may, however, lead to (moderate) discrepancies between EV’s 

official w-t-w GHG factors and their real-world marginal GHG impact. Moreover, EV’s GHG impact likely 

changes over their usage phase in the wake of changes in the electricity system.  

Furthermore, the independence of total domestic emissions from shifts in the vehicle sales mix, being inherent 

to w-t-w GHG standards, is premised on our assumption that all emissions occur within the regulating entity. 

Recall that we abstracted from any upstream emissions occurring outside the regulating entity—e.g., GHG 

emissions during the extraction and refining of imported fossil fuels. If (a) non-domestic emissions along the 

fuel supply chain were included in the calculation of w-t-w GHG factors and (b) there were differences across 

drivetrain technologies in the shares of attributable w-t-w emissions that occur within and outside the egulating 

entity, electrification would yield changes in total domestic emissions even with w-t-w GHG standards based on 

marginal emissions impacts. If EV feature a smaller share of non-domestic emissions in their overall w-t-w 

GHG impact than ICE vehicles, total domestic emissions increase in the wake of a shift in the fleet mix from 

ICE vehicles to EV, while emissions abroad decrease ceteris paribus—and vice versa. Consider, for instance, the 

case that marginal US gasoline supply is refined in Canada and based on oil—energy-intensively—produced 

from tar sands, whereas marginal electricity is generated from domestic gas. Then, domestic (U.S.) emissions 

increase with more EV on the road, although the fleet’s w-t-w emissions remain constant. For the EU, we would 

see the opposite effect if, for example, gasoline refined in the EU from Arabian oil imports were replaced by 

electricity generated from shale gas that was imported as LNG. 

590 That is, the question of superiority in terms of w-t-w emissions (of either EV or conventional vehicles) is a 

crucial determinant of the direction in which the—electrification-induced—rebound effect for conventional 

vehicles will work. 
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place, w-t-w GHG emissions standards render overall domestic GHG emissions clearly least 

sensitive to (unanticipated) EV market penetration—except for the case that (a) EV’s w-t-w 

GHG factors are assigned based on average emissions intensity and (b) there is a large 

difference between the electricity supply’s average and marginal emissions intensity. 

 

10.1.4 Final Energy Standards 

The specific final energy consumption of ICE vehicles clearly exceeds that of EV.591 

Thus, given that the final energy standard remains binding, a shift in the new vehicle market 

towards EV brings along an increase in the specific fuel consumption of conventional 

vehicles. Yet that does not necessarily imply an increase in overall domestic GHG emissions 

in the wake of growing EV market shares. Whereas emissions attributable to the provision of 

final energy for EV add to the overall GHG balance, the total fuel consumption and CO2 

exhaust from conventional vehicles still diminish; the latter is because the increase in specific 

emissions of ICE vehicles is overcompensated by the decrease in their sales volume. Leaving 

aside mileage effects, it holds that if the (additional) final energy consumed in EV is less 

carbon-intensive (from a w-t-w perspective) than the replaced final energy from oil-based 

fuels, electrification of passenger road transport will reduce total emissions. However, 

yielding net savings in total GHG emissions from electrification under final energy standards 

requires that the marginal electricity generation must not come from (non-CCS) fossil fuel-

fired power plants. Even electricity produced from natural gas, being the least carbon-

intensive fossil energy carrier, would entail a larger GHG footprint per unit of delivered final 

energy due to the losses during electricity generation.592 That is, in order to make a positive 

contribution to GHG mitigation, a substantial share of the additional electricity demand from 

a growing EV fleet has to be delivered by renewable or other low-GHG energy sources.593  

 

                                                 
591 Compared to BEV, conventional ICE vehicles consume approximately 3 times as much final energy; for 

FCEV, the factor decreases to roughly 2 (e.g., JRC, EUCAR, & CONCAWE, 2014; Kasten et al., 2013). The 

performance of PHEV in terms of final energy consumption depends on the share of all-electric driving and is 

therefore crucially determined by the battery capacity. 

592 If the heat production in combined heat and power (CHP) plants is credited in the calculation of GHG 

emissions attributable to electricity generation, electricity from gas-fired CHP plants can be less carbon-

intensive than gasoline and diesel per unit of final energy. 

593 Note that nuclear or CCS-equipped power plants deliver low-carbon electricity, but may lack societal 

acceptance, suffer from technical and economic feasibility risks, and entail other environmental problems. 
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10.1.5 Primary Energy Standards 

Primary energy standards may be interpreted as an analog to w-t-w GHG emissions 

standards: despite addressing differing target dimension (primary energy consumption instead 

of GHG emissions), they use similar calculation methodologies. Primary energy standards 

cover the total energy consumed to propel a vehicle—along the fuel’s entire supply chain. 

That is, conversion losses occurring further upstream the supply chain in order to produce a 

high-value final energy carrier may offset its better tank-to-wheel energy efficiency. In the 

wake of rising EV shares, the total amount of primary energy consumed remains constant, but 

the composition of primary energy carriers used as input over the fuel supply chain may 

change. Consequently, the GHG effect depends on the (marginal) carbon intensity of primary 

energy carriers attributable to the propulsion of EV relative to the carbon intensity of oil 

which is the dominant primary energy carrier imputable to gasoline and diesel.594 As a rule of 

thumb, it holds that if EV are fueled with electricity or hydrogen produced predominantly 

from natural gas and renewables (or that is generated in nuclear and CCS-equipped plants), 

growing EV shares will improve the overall GHG balance; if the marginal electricity stems 

mainly from coal-fired power plants, domestic emissions will rise.  

 

10.2 Emissions Trading Scheme for Stationary Sources 

Emissions trading is deemed by many an economically efficient and politically viable 

instrument to tackle anthropogenic GHG emissions. On a global scale, the Kyoto Protocol 

contains provisions for trading of GHG emissions across those countries with mitigation 

obligations. Emissions trading mechanisms are also used at more subsidiary levels to 

coordinate emission mitigation efforts among different sectors and sources in a supposedly 

cost-minimizing manner. Over recent years, several GHG ETS with differing sectoral scope 

have emerged at the national as well as the regional level. The certainly most prominent 

example to date is the European Union Greenhouse Gas Emission Trading System (EU ETS) 

which commenced operation in January 2005. Thus far, it covers emissions from stationary 

emissions sources in energy- and GHG-intensive industries and the electricity generation 

sector as well as from intra-EU commercial aviation; as yet, there are no concrete plans to 

                                                 
594 Besides the oil used as a chemical basis for producing gasoline and diesel, other primary energy carriers add 

to the primary energy account of gasoline and diesel; such inputs of other primary energy carriers can occur 

during the extraction, refining, processing, and transportation of (primary and final) energy carriers. Obviously, 

the same—that is, the use of different primary energy carriers along the supply chain of a given final energy 

carrier—holds true for other transport fuels. 
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include road transport (i.e., vehicles’ direct CO2 exhaust) into the scheme. This implies that 

fuels for EV and conventional vehicles are treated differently with regards to their subjection 

to the EU ETS: whereas the GHG emissions attributable to EV’s energy supply occur almost 

entirely in stationary sources (power plants and hydrogen production facilities) which are 

widely covered by the EU ETS, the emissions from the combustion of gasoline and diesel in 

ICE vehicles do not fall into the scheme’s sectoral scope. Given that the spatial scope of the 

European vehicle CO2 emissions standards and the EU ETS are widely congruent,595 the 

regulatory situation in the EU can serve as a good illustration of the interplay of a cap-and-

trade scheme with limited sectoral coverage and vehicle efficiency standards (that apply 

different target metrics).596 

 

10.2.1 Tailpipe CO2 Emissions Standards without Super Credits 

Again abstracting from any potential mileage and rebound effects, the total amount of 

consumed oil-based liquid fuels and the related direct GHG emissions remain constant 

irrespective of the EV share in the new vehicle fleet. Since EV’s fuel supply is most widely 

subjected to the ETS for stationary sources, EV’s additional energy consumption can be 

considered almost GHG-neutral from a domestic economywide perspective. Any GHG that 

are emitted upstream in the production of electricity-based fuels are fully offset by additional 

abatement efforts elsewhere in the ETS-covered sectors. In consequence, the EV market 

penetration does not impact overall domestic GHG emissions. The success of EV in the 

domestic vehicle market may have an indirect influence on the global GHG emissions 

balance, however.  

With a binding cap-and-trade ETS for stationary sources in place, the additional 

electricity demand from EV will normally lead to an increase in the price of electricity and 

the CO2 allowance price; these price increases are needed to incentivize extra domestic 

abatement activities that offset the GHG emissions attributable to EV’s energy supply. Rising 

allowance prices exert economic pressure on stationary CO2 sources, particularly in  

                                                 
595 Besides the 28 EU countries, Iceland, Liechtenstein, and Norway participate in the EU ETS; yet the 

emissions of these three non-EU participants constitute only a very minor share of the total emissions covered 

by the scheme. 

596 Although the EU ETS also covers some mobile emissions sources beyond industrial emitters and electricity 

generation facilities, this does not adversely affect its appropriateness as a real-world example for an ETS 

covering stationary sources because (a) GHG emissions from intra-EU aviation constitute only a small share of 

all covered emissions and (b) the most critical issue is whether LDV motor fuels (for passenger vehicles) are 

covered by the scheme or not.  
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energy-intensive industries, thereby possibly augmenting relocation incentives in energy 

price-sensitive industries. If industrial facilities actually resettled or reinvested in regions 

without comparable climate policies (e.g., carbon taxation) enacted, rising domestic EV 

market shares would stimulate a tendency towards higher global emissions.597 Whereas the 

total amount of domestic GHG emissions would remain constant, the emissions outside the 

spatial scope of the regarded ETS might grow through resettled industrial facilities (Aichele 

& Felbermayr, 2013; Babiker, 2005; Bednar-Friedl, Schinko, & Steininger, 2012; Paroussos, 

Fragkos, Capros, & Fragkiadakis, 2014; Reinaud, 2008). That is, LDV electrification would 

cause carbon leakage. 

Looking at the EU ETS as an example, the slowly beginning electrification of LDV 

will hardly bring along severe carbon leakage risks. First, with an allowance price of roughly 

6€ per ton of CO2 (October 2014), the current carbon price signal is too weak to seriously 

threaten the competitiveness of the European industry.598  Given the large existing allowance 

surplus in the EU ETS (European Commission, 2012c; European Environment Agency, 

2014b), it appears very unlikely that the additional electricity demand from EV will trigger a 

substantial increase of the allowance price level—even if EV penetrate the market faster than 

projected. This extensive surplus—accumulated due to the economic crisis, an over-

allocation of free allowances, and generous rules for the use of Joint Implementation (JI) and 

Clean Development Mechanism (CDM) credits—will presumably persist until far into the 

2020ies; this basic conclusion widely holds irrespective of whether, when, and how exactly 

the proposed market stability reserve (MSR) is introduced (European Commission, 2014c; 

2014d; Gilbert et al., 2014; Matthes, Cludius, & Hermann, 2014). 

Second, there are already measures implemented to attenuate such carbon leakage 

risks: energy-intensive and electricity-intensive industrial emitters are allocated free 

emissions allowances and can receive a financial compensation for EU ETS-caused 

                                                 
597 This effect is also referred to as the industry channel or competitiveness channel of carbon leakage. 

598 For an assessment of the carbon leakage vulnerability of the European industry, given the current state of the 

allowance price and other relevant circumstances, see e.g., de Bruyn, Nelissen, and Koopman (2013); Graichen 

et al. (2013). For phase I (205-2007) and phase II (2008-2012) of the EU ETS, with significantly higher than 

current allowances prices during the latter, a study on behalf of the European Commission (Bolscher et al., 

2013) as well as Dechezleprêtre, Gennaioli, Martin, and Muûls (2014), Healy, Schumacher, Slingerland, and 

Stroia (2014), Branger, Quirion, and Chevallier (2013), and Petrick and Wagner (2014) did not find evidence of 

carbon leakage.   
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electricity price increases, respectively.599 Thus, EV-induced carbon leakage risks will not 

raise serious concerns in the EU for the next ten or more years. Instead, an additional 

allowance demand through more EV on the road may rather have a positive effect by 

revitalizing the EU ETS. However, in the more distant future or in other regions with 

(upcoming) cap-and-trade ETS the situation may possibly be different. 

Furthermore, if actually facing a substantial carbon price signal, carbon-constrained 

domestic industries will likely develop and deploy innovative low-GHG technologies that 

may subsequently spill over to other regions with less ambitious climate policy targets (e.g., 

Dechezleprêtre, Glachant, Haščič, Johnstone, & Ménière, 2011; Glachant, Dussaux, Ménière, 

& Dechezleprêtre, 2013; Verdolini & Galeotti, 2011). After these technologies have 

undergone cost reductions in the vanguard region, they are adopted in other regions for cost 

reasons. This technology spillover effect can attenuate potential carbon leakage from 

unilateral climate policy or may theoretically even turn the overall carbon leakage balance on 

its head and bring along net negative carbon leakage; that is, the domestic GHG reduction 

would not be (partially) offset but rather be augmented in other regions through “green” 

technology diffusion (Barker, Junankar, Pollitt, & Summerton, 2007; Gerlagh & Kuik, 2007; 

Golombek & Hoel, 2004).600        

Nonetheless, cross-sectoral shifts of the energy demand—into ETS-governed 

sectors—generally entail the risk of carbon leakage; therefore, the impact of rising EV shares 

on the allowance scarcity within the ETS is worth looking at. Moreover, besides effects on 

global GHG emissions, policy-makers will be concerned about competitiveness issues in 

energy-intensive industries and job impacts of domestically increasing carbon prices. For a 

given number of additional EV, the potential carbon leakage risks arising from their energy 

                                                 
599 Indeed, most industrial emissions covered by the EU ETS (i.e., roughly 95 %) arise in industries that can be 

found on the carbon leakage list (that indicates industries deemed exposed to carbon leakage risks) and are 

therefore eligible for allocation of free emissions allowances—instead of purchasing allowances by auction 

which is the official default allocation option (de Bruyn et al., 2013; European Commission, 2009a). The list of 

sectors that are eligible for state aid compensating for EU ETS-induced electricity price increases is shorter but 

still quite extensive (European Commission, 2014b). 

Another potential approach to address relocation incentives provided by unilateral carbon trading (or alternative 

carbon pricing policies) is border tax adjustments (also referred to as border carbon adjustments) that correct 

import and export prices for the value of embedded carbon emissions; while theoretically being a suitable policy 

instrument, border tax adjustments face practical implementation challenges and may be disputable under WTO 

rules (e.g., D. Becker, Brzeskot, Peters, & Will, 2013; Böhringer, Balistreri, & Rutherford, 2012; Böhringer, 

Fischer, & Rosendahl, 2014; Dissou & Eyland, 2011; Fischer & Fox, 2012; Ismer & Neuhoff, 2007; Kuik & 

Hofkes, 2010; Monjon & Quirion, 2010; 2011). 

600 Yet, most studies estimate positive leakage rates; that is, domestic emissions abatement would partially be 

offset by GHG emissions increases outside the regulation’s scope. See e.g., Branger and Quirion (2014) and 

Paroussos et al. (2014) for an overview of carbon leakage studies and estimated leakage rates. 
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demand are similar for the different standard metrics.601 Thus, in the remainder of this 

section, we will not repeat the previous basic considerations and confine the depiction of 

potential carbon leakage effects to those that are specific to the respective standard metric.  

 

10.2.2 Tailpipe CO2 Emissions Standards including Super Credits 

As known from section 8.2.5, the specific and total fleetwide tailpipe CO2 emissions 

increase linearly with the share of EV in the new vehicle fleet, again abstracting from 

potential—possibly mutually neutralizing—mileage and rebound effects as described in 

footnote 588. ETS-covered upstream emissions attributable to EV do not affect the overall 

domestic GHG balance, as is always the case with a binding emissions cap.  

For a given EV share, the potential risks of carbon leakage remain similar at a first 

glance; yet, two factors may (slightly) increase carbon leakage risks compared to a regulation 

without super credit provisions. First, the rising total fuel consumption of conventional 

vehicles entails an increase in the upstream energy demand and GHG emissions from the 

production of gasoline and diesel; if these emissions (from refineries, for instance) need to be 

covered by ETS allowances, this additional demand tends to push allowance prices upwards. 

Second, the higher specific fuel consumption (and therefore higher marginal cost of driving) 

of conventional vehicles may lead to a shift in usage patterns from conventional vehicles to 

EV. The resulting increase in electric mileage—compared to a regulation without super 

credits—would increase the electricity demand from the transport sector and exert additional 

pressure on allowance prices. On the other hand, such a fuel economy-induced shift towards 

electric driving would imply a cushioning effect on the growth in direct CO2 emissions from 

conventional vehicles (as well as related indirect upstream emissions).  

Of course, these carbon leakage implications of electrification-induced changes in 

conventional vehicles’ fuel economy may occur for any other standard metric as well. Their 

extent and direction (compared to tailpipe CO2 emissions standards without super credits) 

depend on whether and how much the respective LDV standard metric increases or decreases 

ICE vehicles’ fuel consumption relative to the “benchmark” of tailpipe standards without 

super credits. Thus, we will not repeat this line of argument related to conventional vehicles’ 

upstream emissions impact; the potential strength of carbon leakage effects can be inferred 

from electrification’s impact on conventional vehicles’ fuel economy. 

                                                 
601 The additional allowance demand per EV differs only insofar as the incentives for improving the energy 

efficiency of EV and thus their energy consumption vary across the different standard metrics. 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

370 

10.2.3 W-t-w GHG Emissions Standards 

As always with emissions from stationary sources being capped by a binding ETS, the 

impact of rising EV shares on overall domestic GHG emissions depends on whether the total 

(fossil) fuel consumption of conventional vehicles increases or decreases. For any positive  

w-t-w emissions factor ascribed to EV, the consumption of—non-ETS-covered—fossil oil-

based fuels will go down. Total domestic GHG emissions decrease by the amount of 

upstream emissions that is attributed to fueling the additional EV on the road.602   

Yet, the question of how to determine the EV’s w-t-w emissions is even less 

straightforward with a cap-and-trade scheme for stationary sources in force than it is already 

without. This holds particularly true if the w-t-w emissions intensity should be assigned based 

on the EV’s marginal GHG emissions impact instead of the average emissions intensity of the 

consumed electricity. Given the binding cap, any GHG emissions from EV’s ETS-covered 

fuel suppliers will inevitably imply a same amount reduction of domestic emissions from 

other industrial emissions sources and electricity suppliers subject to the ETS. If these 

offsetting abatement efforts are entirely borne by electricity suppliers, the marginal LDV 

electrification-induced emissions impact on the electricity system is zero; otherwise, 

additional EV imply positive marginal emissions within the boundaries of the electricity 

system. The next question is then how to treat induced emissions abatement in the industrial 

sector. As the GHG reduction there is directly linked—via the common cap—to the LDV 

electrification-induced emissions growth in the electricity sector, one might ask whether EV 

should receive (full) credit for the decreasing emissions from industrial facilities. If EV 

received full credit for induced emissions mitigation in both industry and the electricity 

sector, their w-t-w emissions factor would necessarily be zero. Then, in terms of rising EV 

shares’ impact on overall domestic emissions, we would see widely the same results as in the 

case of tailpipe CO2 emissions standards (without super credits); that is, while domestic 

emissions remain constant, carbon leakage risks possibly grow. Contrarily, growing EV sales 

would yield the largest net reduction of domestic GHG emissions if the calculation of EV’s 

GHG factors ignored interactions within the ETS and focused on direct, fuel production-

related emissions. See also section 10.3 for further considerations on this issue. 

                                                 
602 In order to be precise, this value needs to be corrected for (a) the relatively small amount of (avoided) 

upstream emissions that can be attributed to the replaced liquid fuels covered by the ETS and—as always—for 

(b) mileage and rebound effects. The extent (and possibly even the direction) of rebound and mileage effects is 

ambiguous, though, because with w-t-w standards—unlike tailpipe CO2 emissions standards—it is unclear how 

rising EV sales affect conventional vehicles’ fuel economy. If EV are more GHG-intensive than conventional 

vehicles in terms of—assigned—w-t-w GHG emissions, the specific fuel consumption of conventional vehicles 

will decrease with higher EV shares, and vice versa. 
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Different from most other vehicle efficiency metrics, w-t-w standards can incorporate 

incentives for vehicle manufacturers to engage in the transition towards a low-carbon 

electricity supply (see section 9.1). Whether this is actually the case also depends on the 

precise modalities of the w-t-w emissions factor calculation, that is, whether and to which 

extent vehicle manufacturers have an influence on the GHG intensity ascribed to their EV’s 

specific energy consumption. Manufacturers must be given the opportunity to earn credits—

in terms of a reduction of their own EV’s w-t-w GHG factors—by committing to finance 

RES, which fulfill the criterion of hard additionality. Consequently, providing manufacturers 

with regulatory incentives to contribute to RES expansion requires that otherwise (i.e., 

without financing additional RES) non-zero w-t-w GHG factors are assigned to their EV, 

although their attributable emissions are covered by a cap-and-trade ETS for stationary 

sources.603 If manufacturers fully “carbon-neutralize” their EV’s energy consumption through 

financing the expansion of RES commensurate to the expected electricity demand of their 

sold EV, electrification would leave domestic emissions unchanged, but—in contrast to 

tailpipe standards—the risk of electrification-induced carbon leakage would disappear.  

 

10.2.4 Final Energy Standards 

As shown above, with rising EV market shares, the cumulated CO2 emissions from 

conventional vehicles diminish under final energy standards despite an increase in their 

specific fuel consumption. The additional energy consumption of EV can be considered—

from a domestic perspective—effectively carbon-neutral since upstream emissions 

attributable to EV are offset through intensified mitigation efforts by other ETS-covered 

emitters. Hence, each sold EV replacing a conventional ICE vehicle entails a net reduction in 

domestic GHG emissions. The magnitude of the net GHG savings per EV can be 

approximated by the EV’s specific final energy consumption times LDV’s lifetime mileage 

multiplied by the GHG factor of a unit final energy contained in oil-based fuels.604 An EV’s 

specific final energy consumption determines its economywide GHG impact: the higher its 

specific final energy consumption, the larger the displaced oil consumption of conventional 

vehicles and thereby the amount of avoided domestic GHG emissions will be.  

                                                 
603 Notwithstanding, manufacturers may want to “carbon-neutralize” the electricity consumption of their EV not 

only for LDV standard compliance purposes, aiming at a relaxation of the effective stringency of fuel economy 

targets for their remaining conventional fleet, but also for marketing reasons since potential EV buyers pay heed 

to a renewable electricity supply.  

604 Again, one would have to correct this approximation for (a) mileage effects if mileages differ across 

drivetrain technologies and (b) rebound effects if these occur. 
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10.2.5 Primary Energy Standards 

The interactions of an ETS covering only stationary emitters with LDV primary 

energy standards are structurally the same as with final energy standards. That is, growing 

EV market shares will certainly decrease domestic GHG emissions. The abatement effect of a 

given number of additional EV is regularly greater, however. The net GHG savings are now 

determined by the EV’s specific primary energy consumption factor. Analogously to final 

energy standards, the net GHG savings per EV can be approximated by the EV’s (assigned) 

specific primary energy consumption times LDV’s lifetime mileage multiplied by the average 

GHG factor of a primary energy unit attributable to conventional vehicles’ fuel supply.605 

Whereas the latter is normally relatively similar to the GHG factor per final energy unit 

contained in oil-based fuels,606 an EV’s consumption of primary energy per vkm will usually 

clearly exceed its specific final energy consumption—except for the case that the traction 

electricity for the EV is mainly supplied by RES. This explains the better performance of 

EV—in terms of avoiding economywide GHG emissions—under primary energy standards 

than when using final energy as metric. The previous results hold true if the specific primary 

energy consumption of an EV is calculated based on the average primary energy input 

required to provide traction electricity (or hydrogen). If the regulator intends to use the 

marginal primary energy consumption impact of the electricity demand from additional EV, 

we face problems somehow similar to those for w-t-w GHG emissions standards: it is not 

clear how to assign the primary energy factor if the electricity demand from EV displaces—

due to the constraints imposed by the ETS cap—primary energy consumption of other 

electricity demanders and industrial facilities.  

Besides w-t-w GHG emissions, primary energy consumption is the only LDV 

efficiency standard metric that (possibly) allows manufacturers to comply with the regulation 

not only through energy market demand-side reactions (i.e., improving their vehicles’ fuel 

economy) but also by supply-side measures. If manufacturers can receive credits for 

improving the energy conversion efficiency of marginal electricity generation, primary 

energy standards set incentives to financially support the—additional—expansion of 

renewable generation capacities. Applying the physical energy content method or the direct 

                                                 
605 Besides potential mileage and rebound effects, this approximation requires correction for the (avoided)  

ETS-covered upstream emissions from the conserved fossil oil-based fuels because the primary energy 

consumption metric also captures the upstream part of the fuel chain—similarly to w-t-w standards. 

606 For conventional vehicles, the GHG factor of a unit final energy contained in fossil oil-based fuels exceeds 

the emissions factor of a unit primary energy roughly by a factor of 1.2; for EV, the ratio of primary energy 

consumption per unit of final energy consumption exceeds a factor of 2 for most electricity generation scenarios 

(e.g., Edwards et al., 2014).  



Cross-sectoral Implications of Different LDV Standard Metrics 

373 

equivalent method, RES have by definition a primary energy conversion factor of 1, whereas 

the conversion factors for converting fossil energy carriers into electricity are substantially 

lower (see footnote 527). Thus, if manufacturers financed additional RES, the primary energy 

consumption ascribed to their EV would decrease. It might be noteworthy that, in case 

manufacturers finance additional renewable electricity generation commensurate to their sold 

EV’s entire energy demand, the aggregate emissions from ICE vehicle’s and therefore total 

domestic GHG emissions decrease in the wake of progressing fleet electrification; this is in 

contrast to bringing RES-fueled EV into the market under w-t-w GHG standards, which 

leaves total domestic emissions unchanged. Even if manufacturers take full advantage of the 

opportunity to fuel their EV with renewable energy (and are credited for this), a non-

negligible primary energy consumption is still attributed to their EV; hence, total primary 

energy consumption from the conventional fleet has to decrease with more EV on the road.607 

With regards to potential carbon leakage risks, the effects are the same as with w-t-w GHG 

standards: if the growth of EV’s market shares is accompanied by a (vehicle manufacturer-

financed) RES expansion, which fulfills the criterion of hard additionality and covers the 

EV’s energy demand, emissions allowances in the ETS do not become more scarce and 

carbon leakage pressure does not increase with growing EV market shares. 

 

10.2.6 Uncertainty and Policy Dynamics 

As well as regulators may attempt to anticipate the upcoming market penetration of 

EV when determining the stringency of tailpipe CO2 emissions standards, they can also 

consider the expected additional electricity demand from EV when setting the future ETS cap 

for stationary emissions sources in order to tackle potential carbon leakage risks. Such 

foresighted cap adjustment considerations suffer, of course, from the same uncertainty about 

future EV market developments. Mispredictions of the future EV market penetration will 

have contrary effects with regards to optimal stringency of tailpipe emissions standards on 

the one hand and the optimal ETS cap for stationary sources on the other hand: with faster 

growing EV shares than expected, the official tailpipe CO2 target would better become more 

stringent, whereas the cap would better be raised to accommodate the higher electricity and 

allowances demand from EV. That is, the allocative efficiency of the burden sharing across 

sectors worsens if the regulator fails to correctly anticipate the market success of EV. 

                                                 
607 Recall that, if the additional energy demand from EV is supplied by manufacturer-financed additional RES, 

the reduction in ICE vehicles’ aggregate tailpipe emissions and thereby in total domestic emissions per sold EV 

will be similar in magnitude to the case of final energy standards. 
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The regulator might respond to the uncertain EV market development by 

discretionarily adjusting its policy to new information and changing expectations, but this 

entails the risk of asymmetric policy responses. If the regulator—facing unanticipatedly fast 

rising EV sales—merely raises the ETS cap due to concerns regarding the international 

competitiveness of domestic industries, but leaves the stringency of vehicle efficiency 

standards unchanged, the overall climate policy effectiveness (in terms of total domestic 

emissions) deteriorates with all LDV standard designs. In case the regulator fully 

“compensates” ETS-covered stationary emitters for the additional allowance demand caused 

by LDV electrification trough relaxing the cap by this amount, the resulting total domestic 

GHG emissions for the different standard designs would be the same as in the case without 

any ETS in place.608 As mentioned earlier, carbon leakage risks due to high allowance prices 

should not be a major concern to policy-makers for the next decade, at least not in the EU, 

and thus cannot justify relaxing the ETS cap in response to a fast emerging market for EV. 

In the previous assessment of the interplay of different LDV standard metrics with an 

ETS for stationary sources, we implicitly pursued a ceteris paribus approach, that is, we 

compared the effects while assuming the same (unanticipated) rise in EV market shares 

occurs. Yet, it should be repeated here that the different metrics for LDV efficiency standards 

set differening incentives for the development, production, and marketing of EV. Some 

standard designs render selling EV less attractive for manufacturers (e.g., primary energy 

standards) than others (e.g., tailpipe CO2 emissions standards including super credits); LDV 

standard design therefore affects the actual market penetration of EV.609 Moreover, the 

chosen standard metric affects EV’s specific energy consumption and thereby their total 

energy and (indirect) allowance demand for a given market share. Whereas, tailpipe CO2 

emissions standards do not provide any incentives for energy efficiency improvements, the 

other standard metrics reward such improvements.610 When assessing the impacts of future 

                                                 
608 Obviously, this holds true only if the regulator raises the cap by the exact magnitude of the—standard 

design-specific—additional electrification-induced allowance demand. If the cap were relaxed by a lump-sum 

amount irrespective of the deployed LDV standard design, the results would not resemble those of the case 

without any ETS in place anymore because different standard metrics yield different EV market penetration 

rates and differing specific energy consumption levels of EV.    

609 The regulatory treatment of EV within the framework of LDV efficiency standards is only one of many 

determinants of the market success of EV, though. Other factors (such as the availability of charging 

infrastructure, financial purchase incentives and favorable taxation, access to high-occupancy lanes, parking 

privileges) may well have a stronger influence. 

610 With w-t-w (and primary energy) standards, the methodology applied to assign w-t-w GHG (and primary 

energy consumption) factors determines whether such incentives exist: in order to (significantly) incentivize 

energy efficiency improvements in the EV fleet, these factors have to be non-zero (or—with primary energy 

standards—non-negligible) despite the offsetting effect of the ETS mechanism. 
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electrification of passenger road transport on total domestic GHG emissions as well as on 

industrial competitiveness and thereby carbon leakage risks for different regulatory 

conditions, one has to consider both (a) the specific impact on GHG emissions and allowance 

scarcity per additional EV and (b) the effect of the regulatory design on the number of EV 

sold. Normally, the adverse impact on total GHG emissions per sold EV and the number of 

EV sales can be expected to show a positive correlation.611 

 

10.3 Comprehensive Emissions Trading Scheme  

Including Motor Fuels 

With an ETS that is restricted to stationary sources in industry and electricity 

generation, fuels consumed by EV and conventional ICE vehicles are treated differently with 

respect to being subjected to a GHG cap. In this section, we suppose that all emissions—

direct and indirect—related to LDV’s energy consumption are covered by a binding cap-and-

trade ETS.612 The administratively least complex option to integrate fossil transport fuels 

(mainly gasoline and diesel) into a comprehensive ETS is the upstream approach (see e.g., 

Bergmann et al., 2005; Flachsland et al., 2011; Hermann et al., 2014; Holmgren et al., 2006). 

Fuel producers and importers are obliged to surrender allowances commensurate to the 

carbon content of their sold fuels. The required allowance coverage can be verified relatively 

easily in the context of existing administrative procedures for fuel tax collection. Given the 

reasonably small number of obliged entities and the uncomplicated monitoring mechanism, 

the transaction costs of an upstream trading scheme are rather low. Thus, upstream trading is 

the preferred approach of those regulators that already included (or decided to do so soon) the 

transport sector into their ETS: the nationwide ETS in the Republic of Korea (International 

Carbon Action Partnership, 2015) and the (non-capped) ETS established in New Zealand 

(The Parliament of New Zealand, 2008) as well as the regional ETS in California (California 

                                                 
611 However, as shown in section 9.7, this is not necessarily the case. In case of an extremely favorable—and 

possibly environmentally harmful—regulatory treatment of EV (e.g., tailpipe CO2 emissions standards with high 

multiplier factors), relatively small numbers of sold EV may already suffice to considerably bring down the 

marginal costs of the remaining required emissions reduction in the residual conventional fleet. Consequently, 

further increasing the number of EV sales would yield only small (marginal) regulatory benefits in terms of 

avoided costs for improving the fuel economy of conventional vehicles. Hence, a less favorable treatment could 

possibly yield an equilibrium fleet with higher EV market shares.  

612 If a country agreed to comply with an overall national GHG emissions target and ensured compliance by 

means of other mechanisms than an ETS, but which still aim at equalizing the MAC across sectors, the 

implications of different LDV standards would be similar. Compensation for the GHG emissions attributable to 

EV can come from mitigation policies within the upstream fuel supply sectors (electricity and hydrogen 

production) as well as from abatement in other emitting sectors (e.g., buildings, agriculture etc.). 
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Air Resources Board, 2014) and Quebec (Government of Québec, 2014) (both starting to 

capture transport fuels in 2015) deploy upstream trading. The probably so far most 

prospective attempt to establish a federal cap-and-trade ETS in the U.S.—the Waxman-

Markey bill which was passed by the House of Representatives on 26 June 2009 (U.S. House 

of Representatives, 2009), but was turned down by the Senate afterwards—also comprised 

motor fuels in the scheme’s scope by means of an upstream approach.  

If fossil motor fuels are included in the regulatory scope of the ETS, rising EV market 

shares leave total domestic GHG emissions unchanged, irrespective of the vehicle standard 

metric—just as the design and stringency of fuel efficiency standards generally do not affect 

overall domestic GHG emissions. This holds true as long as the cap remains a binding 

constraint. An increase of the emissions attributable to road transport will necessarily be 

compensated by GHG emissions cuts of the same amount from other emitters captured by the 

ETS. Nevertheless, by affecting the sectoral burden sharing, the standard design may still 

matter from a climate policy perspective as it can have an impact on global GHG emissions 

through carbon leakage effects.  

The larger the share of domestic GHG emissions to be attributed—either directly or 

indirectly—to the transport sector, the more scarce emissions allowances become for the 

remaining GHG sources, including industrial emitters. The triggered rise in allowance prices 

may go along with increasing competitiveness risks for those industrial branches that are 

vulnerable due to high energy intensity and exposure to intensive international competition. 

The additional allowance price pressure on stationary emitters that results from rising EV 

shares is widely commensurate to the extent to which the different standard designs increase 

overall domestic GHG emissions in the case of no ETS being established. If an LDV standard 

design—in the absence of a cap-and-trade ETS—entailed growing domestic emissions in the 

wake of an intensified EV market penetration, rising EV shares would trigger increasing 

allowance prices under a comprehensive ETS; the larger the domestic GHG increase in case 

without any cap would be, the more pressure is exerted on stationary emitters with an ETS 

including motor fuels in place.613 That is, LDV electrification renders emissions allowances 

more scarce, for sure, under tailpipe CO2 standards (with and without super credit provisions) 

and final energy standards.  

                                                 
613 This holds irrespective of whether the growing emissions in the non-ETS case—and therefore the additional 

allowance demand in case of a comprehensive ETS—originate from stationary sources providing energy for EV 

or from fossil fuel combustion in ICE vehicles. 

The magnitude of the potential allowance price increase also depends on the price elasticity of the (other 

emitters’) allowance demand: if the demand is price-elastic, this will cushion possible carbon leakage risks. 
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For w-t-w and primary energy standards, the impacts again crucially depend on how 

w-t-w emissions and primary energy consumption factors, respectively, are assigned to the 

different vehicle types. As was discussed in the previous section, this is not at all a 

straightforward task with a cap-and-trade ETS in place. We sketched the difficulties of 

assigning w-t-w emissions and primary energy consumption factors to EV if these should be 

based on the EV’s marginal impacts. With motor fuels under the cap, moreover, similar 

difficulties arise for conventional vehicles. If seen from an economywide perspective, the 

marginal GHG emissions and primary energy consumption attributable to conventional 

vehicles—needed for w-t-w and primary energy standards, respectively—may become 

subject to controversy, too. As with electricity consumption from EV, growing GHG 

emissions from fossil fuel combustion will trigger offsetting abatement activities from other 

emitters covered by the cap, and vice versa. Likewise, additional or reduced primary energy 

consumption of conventional vehicles will—transmitted through the ETS—regularly displace 

or encourage, respectively, primary energy consumption somewhere else within the scheme’s 

coverage, although not necessarily to the exactly same extent.614  

Using the average w-t-w GHG intensity and average primary energy intensity of the 

vehicles’ energy supply instead is not satisfactory, though, because these average values are 

not necessarily good indicators of vehicles’ marginal impacts on the allowance market—

particularly in case of EV. Yet, their marginal impacts determine additional EV’s actual 

carbon leakage effect under these standard metrics. Looking at the differential in total GHG 

emissions (or primary energy consumption) from electricity generation before and after 

increasing the number of EV on the road is not satisfactory to estimate EV’s marginal w-t-w 

emissions (or primary energy consumption) impact either; this differential can already 

include allowance and electricity price-triggered reductions in the electricity demand (from 

industry and other demanders).615 An alternative approach would be to assess how the 

additional electricity demanded from new EV would be generated, given current market and 

                                                 
614 In contrast to total domestic GHG emissions, the overall domestic primary energy consumption can still 

increase under a binding economywide emissions cap—through a switch to less GHG-intensive primary energy 

carriers (e.g., RES). Thus, the extent of the offsetting is less clear with regards to primary energy consumption. 

615 Determining EV’s w-t-w GHG factors this way is tainted with further severe methodological problems. 

First, deriving the differential from current real market observations is impracticable, given the need to inform 

manufacturers about the regulation’s details before its application. Second, even the ex-post estimation of EV’s 

specific impact on electricity system-wide GHG emissions involves several uncertainties, even if using recent 

electricity market data. For instance, EV’s actual mileage must be known to denominate the observed GHG 

differential to a GHG per vkm basis. Furthermore, (unobserved) autonomous changes in other demanders’ 

electricity consumption can distort the estimation. Third, aggregate electricity demand and supply react with 

inertia to varying allowance prices: electricity demand is generally more price-elastic in the long-run, and 

suppliers may first use allowances from a hedging reserve before adjusting their supply’s GHG intensity. 
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allowance price conditions, but leaving aside ETS interactions. The additional GHG 

emissions that arise in this counterfactual electricity generation scenario could serve as a 

proxy for the marginal pressure exerted in the emissions allowance market by additional EV. 

If an EV manufacturer credibly commits to finance additional renewable generation 

capacities (that is, beyond the counterfactual reference scenario), this would find entrance 

into the calculations and lower the w-t-w GHG factors of the manufacturer’s EV. To ensure 

consistency, the same approach would need to be adopted for calculating ICE vehicles’ w-t-w 

GHG factors; the details and assumptions of the calculation and thereby its results will 

normally be less controversial than for EV, though.616  

If the latter method were correctly applied to assign w-t-w GHG emissions factors, 

and abstracting from mileage effects, increasing EV shares would leave the allowance price 

widely unaffected: the—in the wake of LDV electrification—reduced allowance demand 

from fossil motor fuel suppliers would be entirely absorbed by the suppliers of additional 

electricity for fueling EV. Put differently, this scenario-based approach of assigning w-t-w 

GHG (and possibly primary energy)617 factors would ensure that the emissions from fossil-

fueled ICE vehicles have to be reduced by an amount that allows supplying energy to EV 

without increasing the overall emissions allowance demand. This holds irrespective of 

whether manufacturers “carbon-neutralize” their EV through financing additional RES 

capacities; in this case, the carbon-neutral growth of the electricity supply goes along with a 

stable allowance demand from motor fuel suppliers as ICE vehicles’ total fuel consumption 

remains stable (implying a deterioration of ICE vehicles’ fuel economy). If, instead, EV’s 

official w-t-w GHG factors are based on the average GHG intensity of the electricity 

generation mix, the relation of the average-based and the depicted conceptual marginal 

emissions factors determines the impact of increasing EV shares on potential carbon leakage 

risks: if the average-based w-t-w GHG factors of EV exceed the conceptual marginal impact, 

additional EV alleviate the allowance (and electricity) price pressure for industrial emitters, 

and vice versa. 

If w-t-w emissions and primary energy factors are assigned according to these 

(counterfactual scenario-based) marginal impacts, the likely rank order of the different LDV 

                                                 
616 A conventional vehicle’s downstream (i.e., tailpipe) emissions would still be given by the carbon content of 

its specific consumption of (oil-based) hydrocarbon fuels; a more complex and possibly contentious scenario-

based analysis would be needed only for the upstream part of conventional vehicles’ w-t-w GHG emissions. 

617 Whereas it is generally conceivable to calculate primary energy consumption factors by means of a similar 

methodology, this would not ensure “carbon leakage neutrality” of LDV electrification, however, because the 

link between primary energy consumption and w-t-w emissions is not stable; particularly in the electricity 

generation sector, there are opportunities to decouple GHG emissions from primary energy consumption. 
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standard metrics—in terms of inherent carbon leakage risks (via the competitiveness channel) 

for a given increase of EV in the new vehicle fleet—is as follows:618 As noted earlier, with 

tailpipe CO2 emissions standards, additional EV will inevitably increase the scarcity of 

allowances and raise potential carbon leakage risks; super credit provisions further amplify 

this effect.619 Under final energy standards, an accelerated EV market penetration will 

normally also entail upwards pressure on allowance prices—unless the marginal electricity 

generation is predominantly based on renewables. W-t-w GHG standards are neutral with 

regards to carbon leakage risks; they neither alleviate nor increase the transport sector’s 

demand for allowances in the wake of rising EV market shares. For primary energy 

standards, the effect of an increasing electrification of the fleet on carbon leakage risks is 

most ambiguous. If the—calculated by means of the previously described approach—

marginal primary energy consumed for electricity generation is more carbon-intensive than 

fossil fuels combusted in conventional vehicles, as would be the case for coal-fired power 

plants, additional EV tend to increase allowance prices; the opposite would hold true if the 

electricity were generated in relatively low-carbon gas-fired plants.  

 

10.4 Separate Sectoral Quantity Controls 

Finally, we briefly touch upon the case that an overall domestic GHG emissions target 

is split up into sub-caps. That is, binding quantitative emissions targets are set and separately 

enforced for different sectors or sector groups of the economy. For example, the EU has 

defined distinct emissions reduction targets for (a) electricity generation as well as (energy-

and GHG-intensive) industrial facilities that is enforced by means of the EU ETS and (b) the 

remaining GHG sources which are subject to a variety of policy measures at the national and 

EU level (amongst others, vehicle CO2 emissions standards).620 The relative contributions of 

                                                 
618 Recall once again that different standard designs regularly do not yield the same EV market penetration: the 

regulatory benefit inherent to selling EV, which crucially determines the actual market success of EV, varies 

across different standard metrics. Furthermore, EV’s effect on allowance prices is a determinant in itself of the 

pace of EV market penetration: if additional EV cause—under the standard design implemented—allowances 

prices to rise, this will stimulate the demand for the most GHG-efficient vehicle types as their total cost of 

ownership relatively decrease. For instance, with tailpipe CO2 emissions standards including super credits 

provisions, rising EV shares may unfold a self-perpetuating momentum—unless EV are more carbon-intensive 

than conventional vehicles. 

619 The situation is basically the same as with an ETS that covers only stationary sources; the total direct  

(i.e., tailpipe) GHG emissions from LDV remain unaffected from the EV share. 

620 The EU-wide GHG target for non-EU ETS sectors was further broken down to cumulated emissions targets 

for these sectors at the member state level. While member states are held responsible for achieving these targets, 

emissions trading across countries is permitted in order to balance national over- and undercompliance. 
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the two emitter groups were determined with the intention to minimize the total costs for 

achieving the given economywide mitigation target; that is, the sectoral targets should 

equalize the MAC across sectors (Capros, Mantzos, Papandreou, & Tasios, 2008; European 

Parliament & Council of the European Union, 2009a).  

Unanticipated shifts in the demand for emissions-relevant products and activities from 

one regulatory domain (i.e., one sub-cap) to another imply deviations from the pre-estimated, 

supposedly optimal burden sharing and may thereby lead to MAC differences across sectors. 

These MAC differences signify excess compliance costs relative to the optimal sectoral 

allocation of abatement efforts. Switching from conventional vehicles to EV, and thereby 

from diesel and gasoline to electricity-based fuels, entails such a shift in demand for 

emissions-relevant products across the boundaries of regulatory scope; in the European 

context, “emissions demand” is shifted from the non-EU ETS to the EU ETS domain. If the 

electrification of road transport was not considered or its extent mispredicted in the target 

setting process, unanticipated market penetration of EV will likely adversely affect the 

overall cost-effectiveness of a climate policy regime that is built on distinct sectoral 

emissions targets—compared to an (ex-post) optimal allocation of abatement burdens. This 

holds, at least, unless mechanisms are implemented that allow sectoral targets to dynamically 

adjust to unexpected EV market developments.  

The cost-effectiveness of achieving a given domestic emissions target deteriorates 

irrespective of whether the relative abatement burden of either EU ETS sectors or non-EU 

ETS sectors increases; the latter will be the case if EV penetrate the market more slowly than 

expected by the regulator, and vice versa. In terms of global GHG mitigation effectiveness, 

however, it can matter which sectors face increased competition for the GHG emissions 

budget provided by their respective sectoral cap. If transport’s electrification raises the 

relative abatement burden for those sectors which are most vulnerable to activity relocation, 

potential GHG emissions leakage effects can deteriorate its global-scale climate protection 

effectiveness. Whereas some energy-intensive industrial branches may actually be vulnerable 

to leakage risks (de Bruyn et al., 2013; European Commission, 2009b; Graichen et al., 2013; 

Grubb, Brewer, Sato, Heilmayr, & Fazekas, 2009; Juergens, Barreiro-Hurlé, & Vasa, 2012), 

products and services from most non-EU ETS sectors are widely domestically bound (e.g., 

road transport, heating) and thus not susceptible to carbon leakage. Hence, exposure of non-

EU ETS sectors to higher (explicit or implicit) carbon prices or to intensified climate policy 

measures of other kind bears lower environmental risks in terms of global GHG impacts. 

Presupposing that carbon leakage risks are widely restricted to industrial emitters 

covered by the EU ETS, impacting the uptake of EV and their energy efficiency is the key 

channel by which the LDV standard design can affect global GHG emissions. For a given 
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pace of EV market penetration and a given specific energy consumption of EV (and 

abstracting from mileage effects as well as standard-incentivized RES expansion), all 

standard metrics are identical in terms of carbon leakage risks through relocation of EU ETS-

covered industrial emitters. Due to the separate sub-caps, EU ETS sectors are widely shielded 

from the standard design’s impact on the consumption of—and (tailpipe) emissions from—

fossil oil-based transport fuels;621 scarcity signals do not cross the boundaries of the distinct 

regulatory domains. Total domestic emissions remain unaffected by EV market shares 

anyway due to the economywide GHG cap that is constituted by the sum of sub-caps. 

Nonetheless, the LDV standard metrics that involve the largest carbon leakage risks under a 

common cap—that is, tailpipe CO2 emissions standards and to a lesser extent final energy 

standards—will likely also unfold the largest pressure on ETS-covered industries under 

separate quantity control policies because they normally render marketing EV most attractive 

to manufacturers and set no incentives for improving EV’s specific energy consumption.622  

For w-t-w GHG (and primary energy) standards, potential effects on carbon leakage 

risks are dependent on the approach chosen to assign w-t-w GHG (and primary energy 

factors)—particularly as to whether they include incentives for EV manufacturers to 

contribute to the expansion of renewable electricity generation. Whereas the impact of 

manufacturer-financed RES expansion on total domestic emissions is the same—i.e., non-

existing—as with a comprehensive cap-and-trade ETS, the effects on carbon leakage risks 

differ with distinct sub-caps. Ceteris paribus, the EV manufacturer-financed expansion of 

renewable electricity generation entails an abatement burden shift across sectors. Stationary 

GHG emitters from the electricity and industrial sectors (as well as electricity-intensive 

industries) are relieved due to declining allowance and electricity prices. Emitters that are 

subject to the same cap as ICE vehicles’ direct CO2 emissions, on the other hand, face 

increasing scarcity of their emissions budget because conventional vehicles’ emissions grow 

                                                 
621 Recall that the consumption of hydrocarbon fuels such as diesel and gasoline still affects—but to a relatively 

small extent, however—the scarcity of allowances within the ETS for stationary sources due to the upstream 

GHG emissions released during refining these fuels. 

622 The possibly relatively high upstream GHG emissions related to the production of fossil motor fuels further 

add to tailpipe CO2 standards potential carbon leakage impacts. Note, moreover, that an EV market penetration-

induced increase in the relative scarcity of allowances in EU ETS sectors does not necessarily imply that non-

EU ETS emitters are partially relieved from their abatement burdens. In case of tailpipe CO2 emissions 

standards including super credits, rising EV shares increase the GHG emissions attributable to road transport in 

both regulatory domains. Due to the—specific and absolute—growth of hydrocarbon fuel consumption of 

conventional vehicles, further costly climate policy instruments may need to be imposed to ensure compliance 

with the non-EU ETS cap. Consequently, the MAC increase within both distinct domains. Even if the (non-

vehicle related) MAC should—coincidentally—be equalized across regulatory domains in the new equilibrium 

with a higher than anticipated EV market share, economic inefficiencies still occur because vehicle 

manufacturers contribute disproportionally little to the economywide abatement target. 
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if EV’s w-t-w GHG factors decrease. That is, potential carbon leakage risks from (faster than 

foreseen) market uptake of EV can be offset if manufacturers make use of the opportunity to 

lower their EV’s w-t-w GHG factors through financing additional RES. The alleviation of 

allowance price pressure and consequent carbon leakage risks would still prevail if EV 

manufacturers finance RES that are additional within the scope of the carbon leakage-

vulnerable domain (e.g., the EU ETS), but crowd out RES in less vulnerable sectors  

(e.g., renewables used for heating purposes in private households).623 Thus, the RES 

expansion financed by EV manufacturers can yield a positive GHG impact at the global 

scale, even if the financed RES are not truly additional in an economywide perspective.  

We concede that this line of carbon leakage argument is currently of rather theoretical 

nature, given the present state of the EU ETS. The impact of the economic crisis, which 

affected the GHG emissions of EU ETS sectors more than those of non-EU ETS sectors, and 

the resulting allowance surplus will superpose the effects of a slowly beginning LDV fleet 

shift towards EV for quite a while. Therefore, considering the current situation of the 

European economy and of the EU ETS, it seems rather implausible that some more EV on the 

road than anticipated can exert serious economic pressure on industries covered by the EU 

ETS. Moreover, until the end of the decade, the amount of sold EV will probably remain so 

small that the effective stringency of the distinct emissions caps will hardly be affected; 

afterwards, yet, the pace of road transport’s electrification may have considerable impacts. 

 

10.5 Effects of Tightening the Stringency  

of LDV Efficiency Standards  

The previous sections were concerned with the implications, in terms of domestic 

and—via carbon leakage—potential global GHG emissions impacts, of rising EV market 

shares. We did, however, not explicate the drivers underlying the electrification of the LDV 

fleet. LDV efficiency standards that become increasingly stringent can certainly be among 

the key drivers; besides the standards’ stringency, the strength of the regulatory push depends 

on their precise modalities. Here, we briefly elucidate mechanisms and factors that determine 

                                                 
623 If EV manufacturers are credited for financing the expansion of renewable electricity generation, although it 

crowds out other RES elsewhere, the scarcity of the emissions budget for sectors under the non-EU-ETS cap 

increases twofold. First, this regulatory domain suffers a loss of climate-friendly energy supply (due to the RES 

crowding-out). Second, emitters in these non-EU-ETS sectors have to deliver additional abatement efforts 

because crediting for manufacturer-financed RES expansion implies an increase of ICE vehicles’ tailpipe 

emissions. Hence, particularly if such crowding-out effects occur, alleviating potential carbon leakage risks 

through offering RES crediting may come at the cost of growing MAC disparities across sectors. 
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the net effectiveness—in terms of total economywide GHG impacts—of tightening LDV 

efficiency standards if electrification is a feasible compliance option. As can be inferred from 

the previous considerations, the net GHG impact is crucially dependent on the overarching 

GHG quantity control regime and the chosen standard metric. In order to keep the analysis 

well-traceable and to focus on the interplay of standard metrics and quantity control 

instruments, we once again abstract from a number of effects that are normally of minor 

impact—such as mileage effects, changes in emissions during vehicle manufacturing, the 

fleet’s size, its age structure etc. The remainder of this section briefly analyzes and compares 

the net effectiveness of raising LDV efficiency standards’ stringency under different 

combinations of standard metrics and quantitative GHG control instruments. For that 

purpose, we assume that the specific emissions or energy consumption target manufacturers 

have to comply with is reduced by a given percentage, which is the same for all considered 

standard metrics. 

For the sake of analytical ease, we decompose the total net effect of raising the 

stringency of LDV efficiency standards into a ceteris paribus effect and an electrification 

effect. The ceteris paribus effect describes the impacts on total domestic GHG emissions and 

potential carbon leakage risks that would occur if the fleet structure remained unchanged—in 

terms of market shares of different drivetrain technologies—subsequent to tightening the 

LDV standards. The electrification effect captures the impacts of changing EV market shares, 

which have been subject of the previous sections, as far as they are induced through a raise in 

the standards’ stringency. 

As it is the case for the electrification effect, the ceteris paribus effect can bring about 

changes in both tailpipe and upstream emissions. Without binding GHG quantity control 

instruments in place, the total magnitude of the tailpipe and upstream GHG reductions is 

basically given by the reduction in specific w-t-w GHG emissions of ICE vehicles and EV 

times the number of ICE vehicles and EV in the new vehicle fleet, respectively.624 With a 

negligible pre-existing (i.e., before tightening of the standard) EV share, the ceteris paribus 

                                                 
624 This is a somewhat simplifying depiction, however. First, it abstracts from upstream emissions from the 

production of hydrocarbon-based fossil transport fuels. Second, it does not consider PHEV which cause GHG 

emissions from the generation of traction electricity and also emit tailpipe emissions when using the range 

extender. A more precise breakdown of the total ceteris paribus GHG effect from tightening LDV efficiency 

standards would have to incorporate these factors. Then, the ceteris paribus reduction in upstream emissions 

would be given by the sum over all vehicle types of (a) the reduction in a vehicle type’s specific final energy 

consumption times (b) the GHG emitted upstream per unit final energy consumed by the vehicle type times (c) 

the vehicle type’s sales volume in the new vehicle fleet. The correct ceteris paribus reduction in tailpipe 

emissions would be calculated analogously. Still, for better comprehensibility of the key factors and 

mechanisms determining the net GHG effect of raising LDV standards’ stringency, we attribute tailpipe and 

upstream emissions widely exclusively to ICE vehicles and EV, respectively, in the remainder of this section. 
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effect widely equals the decrease in tailpipe emissions. Furthermore, the ceteris paribus 

emissions reduction will then be equal for all considered standard metrics: tailpipe GHG 

emissions from LDV decrease commensurate to the mandated relative efficiency 

improvement. This decline in tailpipe emissions will be reflected in a same-magnitude 

reduction in total domestic emissions unless vehicles’ tailpipe emissions are subject to a 

binding cap; in the latter case, the achieved tailpipe emissions savings will be neutralized by 

increasing emissions from other emitters being regulated under the same cap.  

If there is already a non-negligible pre-existing EV share in the fleet, the strength of 

the ceteris paribus effect varies across the different standard metrics. Although the exact rank 

order of the different metrics—in terms of ceteris paribus emissions savings—is not entirely 

unambiguous, some clear assertions can be derived. For the moment, we maintain the 

assumption of no emissions cap being in place. Tailpipe standards almost certainly yield the 

smallest ceteris paribus GHG abatement of all considered standards because they require only 

ICE vehicles to improve their fuel economy, whereas they do not incentivize energy 

efficiency improvements—and thereby upstream emissions reductions—in the EV fleet. 

Tightening LDV standards that use energy consumption or w-t-w emissions as metric, on the 

contrary, entails upstream and tailpipe ceteris paribus GHG reduction effects.625 The absolute 

magnitude of the ceteris paribus upstream effect increases—and the absolute magnitude of 

the ceteris paribus tailpipe effect decreases—with the pre-existing EV share. 626 

Consequently, the gap in achieved total ceteris paribus emissions reductions between tailpipe 

standards and other standard metrics also increases with the pre-existing EV share. The rank 

order among final energy, primary energy, and w-t-w GHG standards crucially depends on 

how manufacturers allocate their mandated efficiency improvement efforts across drivetrains 

technologies and on the relative GHG intensity of the different energy carriers used. 

If stationary emitters are subject to a binding cap-and-trade ETS, any reductions in 

upstream emissions attributable to LDV will be neutralized through increasing emissions 

from other emitters under the cap. Thus, the total ceteris paribus effect solely consists of the 

change in tailpipe emissions. This affects the metrics’ rank order with respect to the 

magnitude of the ceteris paribus effect—it becomes more ambiguous. Now, the rank order is 

fundamentally determined by the allocation of mandated efficiency improvements across 

drivetrain technologies. The more effort is invested in making EV more efficient, the less 

                                                 
625 Even if we accounted for upstream emissions from the production of diesel and gasoline, the ceteris paribus 

upstream effect would almost necessarily be smaller for tailpipe standards than for any other standard metric. 

626 Therefore, the maximum absolute ceteris paribus reduction in domestic emissions achievable with tightened 

tailpipe standards also diminishes with the pre-existing EV share. 
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reductions of ICE vehicles’ specific tailpipe emissions is required to comply with tightened 

standards.627 To be more precise, the crucial criterion whether a metric yields smaller or 

larger total ceteris paribus GHG savings than tailpipe standards is whether the pre-existing 

EV make a larger or smaller relative contribution to the fleetwide efficiency improvement 

target than ICE vehicles. If pre-existing EV reduce their specific emissions or energy 

consumption—as measured in the LDV standard’s metric—relatively more than the required 

fleetwide average percentage reduction, this implies that ICE vehicles have to reduce their 

specific emissions (and energy consumption) relatively less than the mandated fleetwide 

percentage reduction, and vice versa. Thus, tailpipe standards yield a larger total ceteris 

paribus emissions reduction than standards with other metrics if the pre-existing EV fleet 

makes a disproportionally large contribution to the required efficiency improvement. The 

relative contributions of vehicles with different drivetrain technologies are—among other 

determinants—a function of the chosen standard metric (see Annex B). Although induced 

energy efficiency improvements in the EV fleet do not materialize as domestic GHG savings 

if stationary emissions sources are subjected to a cap-and-trade ETS, they may possibly still 

have an impact on global GHG emissions: the reduced energy demand from the EV fleet can 

cause a—yet rather weak—drop in domestic allowance prices and thereby alleviate potential 

carbon leakage risks. 

Under a binding cap on economywide domestic emissions, enforced either via a 

comprehensive cross-sectoral ETS or a number of sub-caps, there is no ceteris paribus GHG 

effect of raising LDV standards’ stringency—as there is no effect on domestic emissions at 

all.628 Again, however, the strength of the ceteris paribus effects that would occur without the 

cap is a determinant of the impact of tightened standards on potential carbon leakage risks. 

With a comprehensive cross-sectoral ETS and separate sub-caps, the total “counterfactual” 

ceteris paribus effect and the “counterfactual” upstream ceteris paribus effect, respectively, 

determine the carbon leakage impact. The larger these “counterfactual” effects, the more are 

potential carbon leakage risks mitigated.  

The effects of electrification under different combinations of LDV standard metrics 

and overarching quantitative GHG control regimes have been described previously in this 

chapter. We showed that electrification has a particularly strong—per additional EV—

leverage on total domestic emissions and/or carbon leakage risks under tailpipe standards, 

                                                 
627 It becomes obvious that, for all standard metrics (except for tailpipe standards), the magnitude of the ceteris 

paribus tailpipe effect and the ceteris paribus upstream effect are negatively correlated. 

628 More precisely, for a tightening of the standard to yield no domestic GHG impact it would suffice if all 

emissions—directly and indirectly—attributable to LDV were subject to a binding cap. 
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especially if these include super credit provisions. The total electrification effect is, of course, 

determined not only by the impact per EV, but also by the number of EV induced through 

increasing the standard’s stringency. Although the relationship between LDV standard metric 

(and the thereof arising regulatory benefits from selling EV) and EV’s market penetration is 

not unambiguous (see section 9.7), it is not an implausible scenario that increasing the 

stringency of tailpipe standards—and, to an attenuated degree, of final energy standards—

induces the strongest electrification among all considered standard metrics. 

What eventually matters is the total net effect of raising LDV efficiency standards’ 

stringency, summing up the ceteris paribus and the electrification effects. Although the actual 

impacts of tightening LDV efficiency standards in any real-world situation are highly 

contingent on the precise regulatory design of the standard, on a number of circumstances in 

the respective vehicle market as well as on the specific broader climate policy context, we 

can derive some relatively robust tendencies. In the following, the key results with respect to 

the total net environmental effectiveness are briefly summarized. 

Tailpipe standards, particularly those including super credit provisions, are the only 

standard metric that may actually yield an increase in total domestic emissions subsequent to 

tightening the standards’ stringency. For tailpipe standards without super credit provisions, 

this can only happen if (a) upstream emissions are not capped and (b) raising the standards’ 

stringency is a strong electrification trigger so that the upstream emissions from additionally 

induced EV overcompensate the mandated decline in tailpipe emissions.629 Super credit-

enhanced tailpipe standards may possibly bring about a net increase in total domestic 

emissions even if upstream emitters are subject to a binding cap; this is because super credits 

even allow actual tailpipe emissions to grow in response to tightening the official tailpipe 

emissions target. Again, this counter-intentional effect is premised on a relatively strong 

induced electrification of the new vehicle fleet.630 

Raising the stringency of energy consumption standards—both final energy and 

primary energy standards—almost certainly decreases total domestic emissions irrespective 

of whether or not upstream emissions from stationary sources are subject to a cap-and-trade 

                                                 
629 Unlike tailpipe standards including super credits, those without super credit provisions deliver a certain 

tailpipe emissions reduction irrespective of the induced electrification. With upstream emissions being capped, 

this reduction in tailpipe emissions equals the total net GHG impact if tightened standards. 

630 Tightening of the tailpipe standard would have to trigger EV market dynamics (e.g., through unfolding 

increasing returns), which would not have occurred otherwise, to stimulate a sufficiently strong growth of EV 

sales. 
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ETS.631 The extent of the resulting net reduction in total domestic emissions as well as the 

rank order of the two energy consumption metrics is uncertain, however. It is essentially 

determined by the allocation of efficiency improvement efforts across drivetrain 

technologies, the GHG intensity of the different fuels, and the strength of the induced 

electrification. In case there is no binding emissions cap enforced, w-t-w GHG standards 

deliver a net reduction in domestic emissions that is certain in magnitude and independent 

from both the extent of induced electrification and the allocation of energy efficiency 

improvements across vehicle types. If upstream emissions are capped, the net effect on 

domestic emissions crucially hinges on the chosen approach to assign w-t-w GHG factors to 

EV—that is, how emissions that fall under the cap are regulatorily treated: if upstream 

emissions from stationary sources covered by an ETS are entirely excluded from assigning 

w-t-w GHG factors, the impacts of tightening w-t-w standards would widely resemble those 

under tailpipe standards without super credits; for the case of non-negligible w-t-w factors 

assigned to EV, the results and the mechanisms determining them are similar to those under 

energy consumption standards. 

If total domestic emissions are subject to a binding cap—enforced either by means of 

a comprehensive cross-sectoral ETS or a number of separate sub-caps—the stringency of 

LDV efficiency standards has generally no impact on total domestic emissions. However, 

changing standard stringency can affect the abatement burden sharing across sectors and 

thereby carbon leakage risks. Widening the scope beyond emissions within the domestic 

jurisdiction and drawing attention to potential carbon leakage impacts, we get a similar 

picture of the different standard metrics with regards to their relative performance, regulatory 

favorability, and vulnerability to uncertainty. Tailpipe standards will regularly entail the 

largest carbon leakage risks or contribute least to alleviating them. Under a common 

economywide cap with cross-sectoral emissions trading, the allowance scarcity will normally 

be greatest with tailpipe standards; thus; industrial emitters face the highest allowance prices 

among the considered standard metrics.632 This is because a given percentage increase in 

                                                 
631 With final energy standards, there is very small chance that raising their stringency increases total domestic 

emissions if upstream emissions are not capped. This requires, however, both a strong induced electrification 

effect as well as a very GHG-intensive energy supply for EV. With primary energy standards and upstream 

emissions being capped, total domestic GHG emissions can rise only in the highly improbable case that 

manufacturers reacted to more stringent targets mainly by shifting their fleet mix from (pre-existing) EV with 

relatively high primary energy consumption factors to ICE vehicles. That is, raising the standards’ stringency 

would de-incentivize electrification. 

632 Note that the total GHG emissions attributable to LDV may still drop subsequent to tightening tailpipe 

standards’ stringency, but the relief for the remaining emitters under the comprehensive cap will be weaker than 

with other standard metrics. 
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LDV efficiency standards’ stringency yields the smallest reduction—or, particularly if super 

credits are available,633 possibly even an increase—in total GHG emissions attributable to 

LDV if tailpipe CO2 emissions are the standard’s metric. Whereas increasing the LDV 

efficiency standard’s stringency may conceivably lead to increasing allowance scarcity with 

tailpipe standards, all other standard metrics lead to a decrease of the amount of allowances 

surrendered for LDV’s energy consumption and therefore diminish carbon leakage risks.634  

For the cases of (a) a binding cap that applies only to stationary emissions sources 

from industry and power generation and (b) an economywide emissions limit that is enforced 

through separate sub-caps, the crucial criterion for assessing the risks of carbon leakage from 

industrial facilities is the same: that is, the upstream emissions attributable to LDV. Again, 

tailpipe standards usually perform worst in this regard because they provide no regulatory 

incentives for energy efficiency improvements in the EV fleet and may well yield the 

strongest electrification in the wake of tightened standards. Although normally being clearly 

smaller in magnitude, raising the standards’ stringency can still cause a rise of the allowance 

price under other standard metrics, too. Stricter standards imply higher allowance prices if the 

energy-demand reducing effect of induced energy efficiency improvements in the EV fleet is 

overcompensated by the additional energy demand from an accelerated growth of the EV 

fleet.  

A more detailed analysis of the effects of tightening LDV efficiency standards’ 

stringency under all possible combinations of standard metrics and GHG quantity control 

policies can be found—in tabular form—in Annex B.  

 

10.6 Synopsis 

Although LDV efficiency standards directly address emissions and energy 

consumption from passenger road transport only, they may also considerably affect other 

sectors of the economy, both in environmental as well as in economic terms. This holds 

                                                 
633 Recall that, under tailpipe standards including super credit provisions, (induced) electrification increases the 

allowance demand from stationary sources that supply electricity and hydrogen as well as from refineries to 

cover their associated tailpipe emissions. 

634 For final energy standards, there is a small chance that tightening the standard’s stringency leads to rising 

allowances prices; this requires, however, that the induced electrification is quite strong and EV’s final energy 

supply is very GHG-intensive. Still, this chance is substantially lower than with tailpipe standards. 

Again, and as always in the presence of binding emissions caps, the impacts of tightened w-t-w (and primary 

energy) standards are contingent on the methodology used for calculating w-t-w (and primary energy) factors 

assigned to LDV’s energy consumption, particularly EV’s upstream energy consumption. 
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particularly true in view of the starting commercialization of EV that entails an increasing 

cross-sectoral intertwining. Therefore, and because electrification will likely be the most 

important technological transition of road transport in the decades to come, we put a special 

focus on the implications of the market uptake of EV. Of course, electrification of the vehicle 

fleet is not an autonomous process, but essentially driven by the incentives set through 

transport, energy, climate, and environmental policy. Increasingly stringent LDV efficiency 

standards can be a key trigger for accelerated vehicle electrification. The interplay of such 

efficiency regulations for road transport with other economic sectors is essentially shaped by 

the precise regulatory design of the vehicle standards, especially the chosen target metric, and 

the overarching climate policy framework.635 This chapter compared how (unanticipated) EV 

market penetration affects domestic GHG emissions, sectoral abatement burden sharing, and 

carbon leakage risks under different combinations of LDV standard metrics and GHG 

quantity control policies. We identified which combinations are particularly sensitive—in 

terms of domestic (and global GHG) impacts—to EV’s market diffusion and thereby 

vulnerable to the uncertainties inherent to its pace. 

 

10.6.1 Ranking Standard Metrics in Terms of Their Vulnerability  

to Unanticipated Electrification  

By and large, with tailpipe CO2 emissions standards in place, particularly those 

including super credit provisions, the domestic climate policy balance reacts most sensitively 

to (unpredicted)636 developments of the EV market. Considering all effects, (super credit-

enhanced) tailpipe standards feature the greatest leverage on (a) domestic emissions if these 

are not limited by a binding cap (or a number of sub-caps) or—if domestic emissions are 

capped—(b) the abatement burden sharing across sectors and thereby go along with the 

largest potential carbon leakage risks (via the competitiveness channel): First, for a given 

increase in EV market shares and given EV fuel economy, tailpipe standards entail greater 

additional energy consumption and GHG emissions attributable to road transport than with 

                                                 
635 Of course, further sectoral as well as cross-sectoral policy measures (e.g., mandatory RES shares, 

economywide energy efficiency improvement obligations) may also impact this interplay, but a comprehensive 

assessment of the interactions of vehicle standards with the full set of potential complementary climate and 

energy policy instruments is beyond the scope of our analysis. Hence, we focus on the presumably most relevant 

pillar of the overarching climate policy framework in terms of withholding GHG from the atmosphere, that is, 

absolute quantity control policies (i.e., GHG emissions caps). 

636 Naturally, the immediate sensitivity to EV market developments is the same irrespective of whether the 

regulator anticipates them or not. Yet, the regulator can (timely) take counteracting measures if she anticipates 

undesired electrification-induced impacts on domestic emissions, energy consumption, and carbon leakage risks. 
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any other standard metric. Second, tailpipe CO2 standards may well—although not 

necessarily—yield the strongest growth in EV sales in case of unexpected EV cost decreases 

because selling EV implies high regulatory benefits. Third, tailpipe standards provide no 

incentives to improve the specific energy consumption of EV so that each EV absorbs a 

larger fraction of the electricity supply than it would with other standard metrics.  

Growing domestic GHG emissions or increasing competitiveness and carbon leakage 

risks will occur as a consequence of the regulator underestimating the market penetration of 

EV. If the EV market evolved slower than expected, the afore-mentioned effects would—

theoretically—be reversed. However, as stated in footnote 419, we rate this to be a (highly) 

unrealistic case; in political reality, we expect vehicle manufacturers to exert political 

pressure to relax the tailpipe CO2 emissions standards if EV sales fall short of expectations. 

Noteworthily, tailpipe CO2 emissions are the only standard metric, under which raising the—

official—stringency of the LDV efficiency standard may realistically yield an increase in 

total domestic GHG emissions; this would be the case if the mandated reduction in tailpipe 

emissions is overcompensated by the—with tailpipe standards, comparably strong—

(upstream) emissions-increasing effect of induced electrification. 

W-t-w GHG standards, being on the opposite side of the spectrum, exert the weakest 

leverage on emissions attributable to new LDV. Assuming that w-t-w GHG factors are based 

on marginal emissions impacts, total domestic emissions remain unaffected by the market 

uptake of EV—for both the case with no cap in place and, of course, the case with an 

economywide emissions limit. Only with a cap covering solely stationary GHG sources, 

rising EV market shares will yield reductions in total domestic emissions. However, this 

comes at the expense of the stationary emitters covered by the cap because a growing number 

of EV entails a shift in relative abatement burden towards these sectors. The strength of this 

effect is essentially determined by how the (marginal) w-t-w emissions of EV are calculated 

under a cap for stationary sources.637 With separate binding sectoral emissions targets, 

stationary emitters from the electricity generation and industrial sectors face the same 

tightening of the effective stringency of their sectoral cap due to a rising allowance demand if 

EV market shares grow; yet instead translating less emissions from conventional vehicles into 

additional domestic GHG mitigation, the sectors whose emissions are jointly capped with 

transport are partially relieved from their effective abatement burden. Raising the stringency 

                                                 
637 If upstream emissions from capped stationary sources are entirely excluded from the w-t-w GHG factors, the 

impacts of electrification under w-t-w standards will widely resemble those under tailpipe standards. 

Electrification yields a reduction in total emissions only if EV are assigned non-negligible (positive) w-t-w 

GHG factors. 
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of w-t-w GHG standards will bring along a well-predictable (a) total domestic GHG 

reduction if there is no binding emissions cap enforced or (b) relief to potentially leakage-

vulnerable industrial emitters if domestic emissions are controlled through a comprehensive 

economywide cap. Solely with separated sub-caps or if emissions trading is restricted to 

stationary sources, the impacts of tightening w-t-w standards on domestic emissions and 

carbon leakage risks cannot be foreseen with high precision. 

Among the LDV efficiency standard metrics considered, the effects of (unanticipated) 

electrification of the fleet—in terms of their impact on emissions attributable to LDV and 

total domestic emissions as well as potential carbon leakage risks—are most uncertain with 

energy consumption standards. For both types of energy consumption standards, these 

impacts are essentially determined by the (average) GHG intensity of the energy carriers 

consumed by EV compared to those consumed by conventional vehicles. That is, without any 

emissions caps enforced, the effect on domestic emissions under final energy and primary 

energy standards depends on whether EV’s final and primary energy sources, respectively, 

are more or less GHG-intensive than conventional vehicles’ fuels. If the final and primary 

energy carriers consumed by EV are more GHG-intensive, progressing electrification will 

lead to increasing total domestic emissions under final and primary energy standards, 

respectively—and vice versa. Analogously, the extent of potential carbon leakage risks 

caused by shifts in abatement burdens to the detriment of industrial emitters covered by a 

cap-and-trade ETS also depends on the fuels’ relative GHG intensities: the higher the GHG 

intensity of energy consumed by EV, the larger the pressure on stationary industrial emitters 

per additionally sold EV.638  

Final energy standards typically exert greater leverage per additional EV on domestic 

emissions and/or—if upstream emissions are subject to binding GHG quantity control 

instruments—on the sectoral allocation of abatement burdens than primary energy standards. 

This is because EV and ICE vehicles normally differ more in the GHG intensity of their 

consumed final energy’s than in their consumed primary energy’s GHG intensity. The 

consumed final energy is regularly (significantly) more GHG-intensive for EV than for ICE 

vehicles. Although there are great variations across regions as to whether primary energy 

sources used for electricity generation are more or less GHG-intensive than the primary 

                                                 
638 With a distinct cap for stationary sources from industry and electricity generation, electrification of the LDV 

fleet necessarily increases allowance scarcity for these stationary emitters. With a comprehensive cross-sectoral 

cap including motor fuels, electrification may contribute to falling allowance prices. Still, in both cases it holds 

that leakage risks are the weaker in the wake of electrification, the lower the GHG intensity of EV’s energy 

supply. 
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energy sources (mainly oil) of ICE vehicles, the GHG intensity differences are often smaller 

for primary energy than for final energy carriers. Hence, with final energy standards, total 

emissions attributable to LDV road transport (that is, tailpipe and upstream emissions) will 

regularly grow in the wake of electrification, whereas there is no clear tendency with primary 

energy standards. Consequently, under final energy standards and unless electricity is 

generated very low-carbon, each additional EV (a) increases total domestic emissions if no 

binding limit on domestic emissions is established, (b) increases allowance scarcity and 

carbon leakage risks if an economywide cross-sectoral cap-and-trade ETS is established, or 

(c) only moderately decreases total domestic emissions while increasing carbon leakage risks 

if only stationary sources are subject to a binding cap. Under primary energy standards, 

electrification yields better results for each of the three scenarios.639 However, final energy 

standards still perform better than tailpipe standards.  

Tightening of energy consumption standards (almost) certainly decreases tailpipe 

emissions as well as total emissions attributable to operating LDV, implying a drop in overall 

domestic emissions unless they are controlled by a—after standard tightening, still binding—

cap (or a number of sub-caps). The effectiveness in terms of net domestic emissions 

reductions and alleviating carbon leakage risks as well as the rank order of the two energy 

consumption metrics (and the comparison with w-t-w standards) is ambiguous. This is 

essentially determined by the allocation of efficiency improvement efforts across drivetrain 

technologies, by the strength of the induced electrification, and again by the GHG intensity of 

the different fuels. 

 

10.6.2 Commitment and Credibility versus Policy Flexibility 

If deviations of the actual EV market development from the regulator’s expectations, 

which underlay the determination of the LDV efficiency standard’s stringency as well as of 

the emissions cap(s), and the resulting adverse consequences become evident, regulators can 

adjust their policies. In response to new information, regulators may redefine both their fuel 

efficiency as well as their—sectoral and/or economywide—emissions targets. From a static 

perspective, adjusting policy flexibly ex-post can improve welfare as it avoids potentially 

                                                 
639 In scenario (c), the weaker decrease in tailpipe emissions (which causes the reduction in total domestic 

emissions) under final energy standards than under primary energy standards is due to smaller differences in 

primary energy consumption than in final energy consumption between EV and ICE vehicles—and not to 

differences in the energy carriers’ GHG intensities. With economywide emissions being controlled by a number 

of separate sub-caps, both energy consumption metrics yield no domestic GHG mitigation and have the same 

carbon leakage implications per additional EV. 
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costly consequences of mispredictions made ex-ante. In a dynamic perspective, however, 

frequent policy amendments can be expensive, too, because they undermine the credibility of 

climate policy measures. The prospect of flexible policy adjustments may particularly distort 

manufacturers’ incentives to advance innovative (drivetrain) technologies due to ratchet 

effects and hold-up problems (e.g., Brunner, Flachsland, & Marschinski, 2011; Gersbach & 

Glazer, 1999; Helm, Hepburn, & Mash, 2003; Hepburn, 2006; Tarui & Polasky, 2005).640 

The ratchet effect describes strategic behavior of regulated firms if their current 

performance is a determinant of the future stringency of environmental policy (Freixas, 

Guesnerie, & Tirole, 1985; Weitzman, 1980). Costly investments in EV rollout appear less 

attractive to manufacturers if they expect that LDV standards’ stringency will be relaxed in 

case electrification pace lags behind the expectations underlying the initial target-setting 

process. Conversely, manufacturers could fear a tightening of LDV efficiency standards if 

they press ahead with electrification, also rendering electrification relatively unattractive. The 

scope for such strategic behavior is premised on the firms having market power (Requate, 

2005). In the oligopolistic vehicle market, therefore, a (too) flexible policy approach may 

distort manufacturers away from shouldering the costs and effort of pressing ahead with EV 

market development and may instead induce manufacturers to bank on target relaxation by 

the regulator.   

Investment reluctance as a consequence of firms expecting discretionary policy 

adjustments in the future is not restricted to the above strategic considerations—that is, 

striving for a more lenient regulation. Even if firms cannot strategically influence regulation 

(e.g., due to a dispersed market structure), they may still hesitate to invest in bringing 

innovative technologies to market maturity. As technology investments are regularly 

characterized by a high degree of specificity and irreversibility, implying widely sunk 

investment costs, a policy change involves the risk of devaluing the investment. Lacking 

(credible) commitment to policy targets can cause such investment reluctance irrespective of 

whether the policy is adjusted as a result of the regulator behaving opportunistic, political 

volatility in the wake of shifts in public opinion, or new information emerging (Brunner et al., 

                                                 
640 The trade-off between credible commitment, which is needed to incentivize (irreversible) investments, on 

the one hand and the discretion to flexibly adjust policy to new circumstances on the other hand is 

unsurprisingly not restricted to the domain of environmental, particularly climate policy. For an earlier, more 

general discussion of this trade-off and the problem of time-inconsistency in public policy, see e.g., Kydland 

and Prescott (1977); Rodrik and Zeckhauser (1988). 
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2011).641 Vehicle manufacturers may react to policy uncertainty by complying with the LDV 

efficiency standards in a way that involves less (specific and irreversible) investments, e.g., 

through changing the sales mix or implementing established fuel-saving technologies instead 

of developing and deploying new drivetrains. From an overall welfare perspective, this 

strategy may well be economically less efficient.  

Furthermore, adjustments of the stringency of fuel economy standards and 

economywide or sectoral emissions caps typically cannot take effect instantaneously, but 

need some lead time. Thus, in the meantime, incorrectly anticipated EV market penetration 

rates may shape the fuel economy of the LDV fleet and impact its emissions over the lifetime 

of the vehicles sold during this period. Also, temporarily (more than predicted) increasing 

allowances prices may theoretically already trigger some industry relocations, thereby 

causing carbon leakage effects, before policy is adjusted to unexpected developments. 

Therefore, given the ubiquitous uncertainties surrounding the medium-term market success of 

EV, there is a rationale for vehicle standard metrics that are less vulnerable to mispredicted 

EV market shares and do not call for regular policy adjustments—that is, LDV standard 

metrics other than tailpipe CO2 emissions. 

 

10.6.3 Rationale for a Comprehensive ETS Including Motor Fuels 

With regards to the overarching climate policy framework and the allocation of 

abatement burdens across sectors, uncertainties about EV market penetration and the 

increasing intertwining of the electricity and transport sectors provide some arguments in 

favor of integrating all transport fuels into a comprehensive ETS. First, frequent and timely 

adjustments of sectoral abatement obligations to maintain an efficient burden sharing are 

politically infeasible. Second, asymmetric political responses to electrification-induced 

changes in energy consumption patterns may imply adverse effects in terms of overall GHG 

emissions. To underpin the latter argument, let us consider the case of an ETS for stationary 

sources, while transport’s direct emissions (i.e., tailpipe emissions from combusting fuels) are 

subject to other climate policy instruments. If industrial emitters as well as producers of 

                                                 
641 In a—due to lacking (credible) commitment—uncertain policy context, postponing irreversible investments 

creates an option value (Fuss, Szolgayova, Obersteiner, & Gusti, 2008); see also Dixit and Pindyck (1994) and 

section 2.2.3.2. To still incentivize specific and irreversible investments (e.g., in R&D and deployment of 

innovative drivetrain technologies), a higher rate of return is needed for these investments. If this is to be done 

within the incentive structure provided by LDV efficiency standards (e.g., through providing super credits), and 

not by means of fiscal incentives, new regulatory distortions and even greater leverage of the uncertain EV 

development may be the consequence. 
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electricity and hydrogen claimed the threat of a severely increasing scarcity of emissions 

allowances because of a growing fuel production for the transport sector, this would likely 

have an effect on the negotiations about the emissions cap for future trading periods (or even 

still the current period). Those sectors facing intensified competition for emissions rights 

might well be successful in lobbying towards a relaxation of their cap that offsets—or at least 

alleviates—the potential electrification-induced increase in allowance demand.  

At the same time, it appears doubtful whether the climate policy stringency for 

transport and possibly other non-ETS sectors, which are partially relieved from abatement 

burdens in the wake of a shift towards electric mobility, will be increased so that it fully 

compensates for the relaxed cap for stationary sources. Such increases in climate policy 

ambition, (allegedly) unforeseen by these emitters, could evoke strong political resistance and 

claims of protection of trust. Both groups of emitters, stationary sources from electricity 

generation and industry as well as transport and possibly other non-ETS sectors, would likely 

call for rather conservative sectoral abatement targets that accommodate the uncertainty 

inherent to EV’s market penetration, that is, targets which restrain their economic burdens 

even in case of a—from their respective sectoral perspective—unfavorable EV market 

development. In consequence, the resulting emissions level may end up being higher than it 

would have been without uncertainty regarding future shifts in transport’s fuel supply.  

A comprehensive cap that captures all transport fuels and includes an emissions 

trading mechanism is implicitly capable of balancing uncertain cross-sectoral shifts in 

abatement burdens inherent to LDV electrification. An increased allowance demand from 

electricity and hydrogen producers is at least partially offset by a decreased demand from 

gasoline and diesel producers—except for the case of tailpipe CO2 standards.642 Moreover, 

through an equal treatment of all transport fuels within a comprehensive ETS, the calculation 

of specific primary energy consumption and specific (marginal) w-t-w emissions factors 

would be put on equal footing for the different fuels. Thus, we deem a comprehensive ETS, 

in combination with w-t-w GHG standards or energy consumption standards, least vulnerable 

to uncertain EV developments with regards to total domestic emissions and burden sharing 

across sectors.643  

                                                 
642 In case of tailpipe CO2 standards, there might at most be a slight mileage-induced decrease in emissions 

from gasoline and diesel consumption due to the rebound effect. 

643 We reemphasize that establishing a comprehensive ETS does not render sectoral policies such as vehicle 

efficiency standards obsolete. Given the market imperfections in several markets for energy-consuming (or, 

more generally, GHG-relevant) products, a common carbon price signal across sectors transmitted via a 

comprehensive ETS will hardly bring about the most efficient abatement mix. 
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10.6.4 Tailpipe Standards’ Lacking Control  

over an Electrifying Fleet’s GHG Impact 

The potential adverse effects resulting from the electrification of the new LDV fleet 

sketched above are widely premised on incorrect (or uncertain) predictions of EV’s 

technology and market developments. With perfect foresight, the regulator would be able to 

better control total domestic GHG emissions as well as the abatement burden sharing across 

sectors through determining the stringency of the vehicle efficiency standards and (in due 

time) adjusting—if established—the sectoral caps or the economywide emissions cap. 

However, even with perfect foresight, the range within which the regulator can exercise 

control about domestic emissions and simultaneously about relative sectoral abatement 

burdens is dependent on the applied standard metric (and the overarching climate policy 

framework).  

We briefly illustrate this by looking again at the examples of w-t-w GHG standards 

and tailpipe CO2 emissions standards. W-t-w emissions standards enable a quite precise and 

comprehensive control of GHG emissions attributable to new LDV (that is, both direct 

tailpipe and upstream emissions).644 The total domestic emissions can be controlled by means 

of either an economywide cap or a number of sub-caps.645 Consequently, for any given 

economywide overall GHG budget, the regulator can freely determine—via the stringency of 

the w-t-w LDV standard—which share should be assigned to sectors potentially facing 

competitiveness and carbon leakage risks. Tailpipe CO2 emissions standards, on the contrary, 

provide less scope for reducing the total GHG emissions attributable to LDV. Contrary to  

w-t-w standards, tightening tailpipe emissions standards does not result in a proportionate 

reduction in GHG attributable to LDV. Whereas vehicles’ direct tailpipe emissions actually 

decrease proportionate to the rising stringency (unless super credits are deployed), the total 

emissions attributable to new LDV will regularly do not because of the induced change in 

EV’s market share (and the lacking regulatory incentive to improve EV’s energy efficiency). 

The tighter the tailpipe CO2 standard, the larger the market share of EV, whose specific 

upstream emissions are not addressed at all by tailpipe standards, will become. The limited 

scope to lessen transport’s total GHG emissions by means of tailpipe CO2 standards also 

constrains the regulator’s scope to determine the abatement burden sharing across sectors. 

                                                 
644 Abstracting from mileage and rebound effects, the emissions attributable to new LDV change proportionate 

to the imposed w-t-w emissions standard. 

645 As already mentioned above, another advantage of capturing all transport fuels under a binding emissions 

cap is to put the calculation of w-t-w GHG factors on an equal methodological footing; these factors could then 

represent the pressure that a vehicle’s fuel consumption exerts on the allowance scarcity. 
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Since total GHG emissions attributable to new LDV cannot be reduced beyond a certain level 

through tightening tailpipe standards due to induced shifts towards EV, a boundary on the 

emissions budget for the remaining sectors is implicitly imposed. Thus, for a given 

economywide emissions budget, the “minimum LDV emissions” inherent to tailpipe 

standards set the limit for the relative burden sharing between transport and the remaining 

emitting sectors. If the remaining sectors should be allowed to emit more with regards to 

competitiveness and carbon leakage concerns, this necessarily goes along with higher 

economywide emissions.646 Hence, even when abstracting from the substantial uncertainty 

regarding EV’s future market penetration, the constrained capability of tailpipe CO2 

standards to curtail the energy consumption and (indirect) GHG impact of EV argues in favor 

of standard metrics that better cope with increasing EV market shares. 
 

                                                 
646 Of course, this reasoning is simplified; in reality, the regulator will also have other policy instruments at 

hand to address transport’s GHG emissions. Yet, the argumentation demonstrates once more the insufficiency of 

tailpipe CO2 standards to control the total GHG emissions from (new) LDV when vehicle fuels with points of 

emission other than the tailpipe penetrate the market. 
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11 Interactions of LDV Standards with Complementary 

Fuel Efficiency Policies 

In most major automobile markets, LDV efficiency standards are not the sole policy 

instrument dedicated to improving the fleet’s fuel economy and GHG performance. The 

further instruments employed towards this end can take, amongst others, the form of direct 

financial incentives provided to consumers or manufacturers, information disclosure 

measures, R&D support, or obligations to bring a given share of innovative low-GHG 

technologies into the market. If these instruments are implemented in addition to binding fuel 

efficiency standards, they will normally interfere with the latter. In this chapter, we scrutinize 

the interplay of LDV efficiency standards with complementary fuel efficiency policies. In 

doing so, we primarily focus on how these complementary instruments affect the 

effectiveness and efficiency of LDV standards in achieving their key objective: raising the 

average fuel economy or GHG efficiency level of the fleet. Other effects of complementary 

policies will be discussed only relatively cursory.647 

In our theoretical model and in our numerical analyses comparing uniform and 

attribute-based standards, we assumed that the regulator perfectly anticipates the effects of 

the different standard designs on the fleetwide average weight, being the reference attribute 

of our analyzed attribute-based standards. Through implicit adjustments that fully offset 

variations in the fleet’s structure with regards to vehicle weight, it was ensured that all 

vehicle standard designs yield the same—non-mileage-weighted—fleetwide average fuel 

economy in the equilibrium.648 In the following, we assess the impacts of implementing 

additional efficiency policy measures without implicitly amending the fuel economy 

standards in response to the market reactions triggered by these additional policies. Instead, 

we assume the limit value function to remain fixed even if complementary fuel efficiency 

instruments are implemented. That is, we do not eliminate the possibility of changes in the 

standards’ effectiveness in terms of fuel economy achieved in the equilibrium. 

 

                                                 
647 For instance, the complementary instruments examined in the following may affect the number of vehicles 

on the road, their mileage, their hedonic value, the fleet’s age structure, or the pace of technological progress. 

648 Practically, this is achieved by adjusting the intercept of the linear limit value function to the average 

equilibrium vehicle weight, which is essentially determined by the limit value function’s gradient, the cost and 

emissions factors, the market structure, and the assumptions about manufacturers’ foresight. 
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11.1 Fiscal Incentives: Taxes, Subsidies, and Feebates 

In this section, we examine the interplay of LDV efficiency standards with fiscal 

instruments that also aim at boosting LDV’s efficiency. These pricing instruments can come 

in the form of taxes and charges, subsides, or a combination thereof. All of them should 

stimulate the demand for carbon-efficient vehicles by providing immediate financial rewards. 

We restrict the analysis to fiscal incentives that directly address vehicles’ specific emissions 

or fuel economy. That is, the assessment basis of the tax or subsidy is the GHG emissions or 

fuel consumption per vkm. Fiscal instruments that unfold indirect effects on LDV’s 

efficiency—such as fuel or CO2 taxes—are not regarded here.649  

 

11.1.1 Immediate Fiscal Incentives Due at Time of Vehicle Purchase 

CO2-based taxes to be paid at the time of purchase or first registration of an LDV 

have become common in Europe and other major automobile markets worldwide (ACEA, 

2014a; Bastard, 2010; He & Bandivadekar, 2011; Kalinowska, K., & Kunert, 2009). 

Generally, it holds that the higher a vehicle’s specific CO2 emissions, the higher the 

registration tax rate will be. However, the precise terms of the tax schedule vary greatly 

across countries. For instance, some countries have a linear tax scale, others a progressive or 

discontinuous one; in some countries, the registration tax becomes due only after passing a 

CO2 threshold, whereas others apply the tax from the first gram of CO2. The tax can be levied 

either on vehicle purchasers or manufacturers; supposing manufacturers pass through the tax, 

both options will have widely the same financial implications. 650 

At the other end of the spectrum of fiscal fuel efficiency policies are extensive CO2-

based subsidy schemes that would subsidize a significant fraction of the new vehicle fleet. A 

major drawback of an entirely subsidy-reliant fuel economy policy is that it would severely 

strain public budgets and cause considerable cost of raising public funds. Hence, in 

regulatory reality, fuel efficiency- or specific emissions-related subsidies are usually 

restricted to particularly efficient vehicles or vehicles that include certain technologies 

deemed innovative and therefore “subsidy-worthy.” 

                                                 
649 See e.g., Gillingham (2011a) and Li et al. (2009) for methodological issues and quantitative estimates of the 

fuel price elasticity of vehicle fuel economy. 

650 In the presence of so-called anomalies in consumer behavior, there may be differences in the impacts 

between both options, however. See section 11.1.1.3.3 for a brief discussion of the impact of differing salience. 
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Financial incentive mechanisms that combine CO2-based taxes and subsidies are so-

called feebate schemes. This fiscal instrument imposes a tax (or a—name-giving—fee) on 

vehicles with specific emissions above a pivot point defined by the regulator, while granting 

a subsidy (or a—name-giving—rebate) to vehicles which emit less than the pivot point’s 

emissions value. The greater the distance of a vehicle’s emissions from the pivot point, the 

larger the fee or the rebate will be. In order to increase their public acceptance, feebate 

schemes can be designed (widely) revenue-neutral so that the sum of collected fees equals the 

sum of granted rebates, but this is not necessarily the case. In recent years, feebates gained 

increasing attention in the literature on fuel economy issues (e.g., Bunch & Greene, 2010; 

D'Haultfœuille, Givord, & Boutin, 2014; W. B. Davis, Levine, Train, & Duleep, 1995; de 

Haan, Mueller, & Scholz, 2009; Fergusson, 2012; Gillingham, 2013a; Greene, 2009; Greene 

et al., 2005; K. C. Johnson, 2006; Peters, Mueller, de Haan, & Scholz, 2008; Ryan, Ferreira, 

& Convery, 2009). At the same time, feebate schemes have grown in appeal to policy-

makers; while some countries and states consider adopting a feebate policy, others have 

already implemented feebate schemes—with the French „Bonus/Malus“ program probably 

being the most prominent one (Bastard, 2010; D'Haultfœuille et al., 2014; Klier & Linn, 

2012b). 

All fiscal fuel economy incentives considered here—CO2-based taxes, subsidies, and 

feebates—have in common that they set a price on a vehicle’s specific emissions or fuel 

consumption. In case of a continuous schedule, each additional gram CO2 emitted or liter fuel 

consumed per vkm causes (opportunity) costs in the form of either tax payments becoming 

due or foregone subsidies.651 Basically, both a pure tax scheme and a pure subsidy scheme 

can be interpreted as a feebate scheme with very low or very high pivot point emissions, 

respectively. Thus, for most of the remainder of this section, we will focus on feebates only; 

the essential results will also hold true for CO2-based taxes and subsidies.  

 

11.1.1.1 Taxes versus Subsidies 

Still, there are some noteworthy differences among the fiscal incentivization 

approaches with regards to their impact on the fuel consumption of the fleet on the road. For 

the sake of comprehensiveness, we now briefly highlight some of these differences before 

turning to the interactions between LDV efficiency standards and fiscal incentives. If 

                                                 
651 In case of a discontinuous schedule, the fiscal incentives will entail distortions in the form of notch effects. 

See also section 8.4. 



Interactions of LDV Standards with Complementary Fuel Efficiency Policies 

401 

applying the same rate per increment in specific emissions, CO2-based taxes, subsidies, and 

feebates, all provide the same marginal incentive to improve new vehicles’ emissions 

efficiency. Consequently, they will yield similar results in terms of fuel economy choices in 

consumers’ new vehicle purchase decisions.652 Yet, they are not equally well capable of 

correcting other allocative distortions that affect overall emissions from LDV. Take, for 

instance, the very basic question of whether or not to buy a (new) vehicle. If consumers do 

actually consider future fuel costs only partially, there will be too many vehicle owners with 

subsidy or feebate policies as well as with efficiency standards. Even if these policies ensured 

that new vehicles feature almost “optimal” fuel economy levels (in the sense that the 

marginal cost of improving fuel economy and the fuel savings thereby achieved are 

equalized), consumers would purchase too many vehicles because they underestimate the 

total cost of vehicle ownership. Only a registration tax that corrects the undervaluation 

market failure by means of adding the disregarded future fuel costs to the purchase price 

through a tax (that is, the pivot point of a feebate scheme would be zero) corrects this 

allocative distortion.  

A potential adverse side effect of imposing (high) CO2-based registration taxes—

besides politically undesired social impacts of higher net vehicle prices—might be that they 

provide incentives to extend the operating life of vehicles in order to realize fixed cost 

degression (Elmer et al., 2010). This would slow down the fleet renewal rate and increase the 

share of old, relatively inefficient vehicles on the road.653 If fuel economy improvements 

were incentivized—instead of taxing inefficient vehicles—through subsidizing fuel-efficient 

ones, the opposite would be the case.654 The additional655 specific emissions-reducing effect 

                                                 
652 Accounting for the income effects of a subsidy scheme and mental accounting effects (that is, consumers 

assign a certain—widely fixed—budget to vehicle purchases), however, a subsidy policy may yield a new 

vehicle fleet of somewhat larger and thereby more emissions-intensive vehicles than a tax or feebate policy. 

653 Fuel cost undervaluation generally tends to cause vehicle owners to extend the usage phase of their vehicles 

beyond the optimal point of time for replacing them by new, more fuel-efficient vehicle models. They 

underestimate the fuel costs that can be saved by taking advantage of the fuel economy differential between old 

and new, more fuel-efficient vehicles. Registration taxes further decelerate the fleet renewal pace. 

654 Of course, there are more targeted, allocatively more efficient, and less costly options available to tackle the 

fleet renewal problem than a comprehensive subsidization scheme. For example, registration tax refunds could 

be granted for scrapping old, inefficient vehicles to counter overaging or „geriatrification“ of the fleet on the 

road (Elmer et al., 2010; Nemry et al., 2009). These could be geared towards maximizing their emissions saving 

(and fuel cost underestimation correction) impact. For instance, the scrappage scheme could be designed such 

that the higher the specific emissions of the scrapped vehicle, the higher the credit will be that can be deducted 

from the registration tax liability related to the new vehicle. In the absence of scrappage incentives, a revenue-

neutral feebate scheme would be a compromise between a pure tax or subsidy scheme with regards to the trade-

off between fleet renewal rate on the one hand and, on the other hand, triggering a higher number of vehicles on 

the road and public budget constraints. 
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of an accelerated fleet renewal may be offset by the growing number of vehicle sales (and 

vehicles on the road) triggered by the decrease in vehicle retail prices inherent to a subsidy 

policy.656 The net effect—that is, whether fiscal fuel economy incentives set through taxes or 

subsidies yield lower absolute emissions—depends on the respective elasticities. In the 

following, we put the focus back on the fiscal incentive scheme’s impact on fuel economy 

choices in new vehicle purchases. 

 

11.1.1.2 Mechanisms of Interaction between Fiscal Incentives and LDV 

Standards 

The interplay of a feebate policy with LDV efficiency standards is crucially 

determined by their respective design details—particularly on whether the standards and the 

feebate schedule are attribute-based or not. We differentiate the cases in which (a) both the 

feebate scheme and the LDV standards are either attribute-based or not, (b) the feebate 

scheme is attribute-based but the standard is uniform, and (c) attribute-based standards are 

combined with non-attribute-based feebates. For all cases, we assume that the LDV 

efficiency standard remains binding in the presence of the feebate scheme.   

If both the feebate schedule and the emissions targets set by means of LDV standards 

are independent from any reference attribute, the implementation of the feebate policy in 

addition to the standards does not have any effects at all. The feebate scheme will increase 

the demand for low-emitting vehicles and decrease the demand for rather inefficient vehicles. 

In consequence, the effective bindingness of the efficiency standards is attenuated. This 

means, in terms of our model, that the value of the shadow price of the emissions constraint  

( ) drops. More precisely,   decreases by the amount of the feebate rate (i.e., the marginal 

change in the total fee paid or rebate received per additional unit of emissions or fuel 

consumed)657. It becomes obvious that the total regulatory cost per additional emissions 

unit—consisting of the shadow price of the emissions constraint (implicitly priced-in by the 

manufacturers) and the feebate rate (explicitly charged/rewarded by the regulator)—remains 

the same. As long as the LDV standard remains binding, a change in the feebate rate only 

                                                                                                                                                        
655 Here, “additional” refers to in addition to the subsidy’s direct effect of reducing the specific emissions of 

new vehicles. 

656 Note, however, that a fiscal fuel economy policy-induced change in the number of vehicles on the road will 

normally not cause a proportional change in overall mileage; the increase in overall mileage will be cushioned to 

a certain extent by a decrease in the annual per-vehicle mileage. 

657 That is, we assume a linear feebate schedule. 
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changes the relative contribution of the two elements to these total regulatory costs. As the 

effective incentives faced by consumers and manufacturers remain unchanged, the resulting 

fleet will do so, too.   

In regulatory reality so far, CO2-based taxes, subsidies and feebates are normally not 

attribute-based; that is, all vehicles featuring the same specific emissions value pay the same 

tax or receive the same subsidy irrespective of their weight, size or any other vehicle 

characteristic. Nonetheless, it is well conceivable and already discussed in the literature to 

base feebate rates on the vehicles‘ footprint (Gillingham, 2013a; Greene, 2009), their weight 

(K. C. Johnson, 2006), or further attributes (Mims & Hauenstein, 2008).  

For the following consideration, we assume that both the feebate scheme and the LDV 

standards employ the same reference attribute. If the slope of the feebate schedule (that is, the 

increase in the pivot emissions per incremental increase in the reference attribute) and the 

slope of the standards’ limit value curve are identical, the imposition of the feebate scheme in 

addition to the standards will—again—not have any effect on the fleet’s emissions 

performance or other vehicle characteristics.658 We observe the same effect as in the case 

with both LDV standards and feebates being flat (i.e., not attribute-based): the shadow price 

of the emissions constraint set by the LDV standards decreases by the amount of the feebate 

rate so that the total financial incentives for efficiency improvements remain unchanged.659 

With identical slopes of the feebate schedule and the limit value function, the total value of 

the subsidy (or the penalty) implicit to adjustments of the reference attribute remains 

unchanged, too. If the slopes differ (still assuming the same reference attribute used by both 

instruments), however, the interplay of feebates with LDV standards will yield changes in the 

fleet’s properties—compared to the situation with only standards being implemented. We will 

mention the consequences of heterogeneous slopes after discussing the two cases of 

combinations of attribute-based with uniform (or “flat”) fuel economy policy instruments. 

Next, we regard the case of a uniform LDV efficiency standard to be supplemented 

with an attribute-based feebate scheme. We suppose, as it is normally the case, that the 

chosen reference attribute is vehicle size-related and positively correlated with the vehicle’s 

specific emissions. The implicit subsidy given to vehicle size that is inherent to attribute-

                                                 
658 For this result, it does not matter whether the attribute-based LDV efficiency standards are fixed or 

adaptable. 

659 As it is the case with attribute-based standards, with attribute-based feebates, the feebate rate will not equal 

the actual economic marginal abatement costs, but the the marginal costs as perceived by the manufacturer. The 

latter include the manufacturer’s costs inherent to an adjustment of the pivot point applied to its fleet; these, 

however, are not economic costs as they generate public revenues. 
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based feebates tends to shift the vehicle demand towards larger vehicles—compared to the 

situation before introducing the additional feebate scheme. Yet, the uniform standard ensures 

that the same emissions target is still met—even if vehicles become larger. Thus, in the new 

equilibrium, the new vehicle fleet will be larger in average vehicle size and it will feature 

more fuel-saving technologies to offset the gain in size. In terms of our model used, a 

manufacturer’s abatement strategy is partially shifted from reducing weight (or size in 

general) towards reducing “others.” As this shift is caused by distorting incentives inherent to 

attribute-based feebates, which cannot be rationalized on economic grounds, it inevitably 

deteriorates the overall cost-effectiveness of the regulatory package.660   

The most prevalent case in regulatory practice is the combination of attribute-based 

vehicle standards and complementary non-attribute-based feebates (or CO2-based taxes). The 

limit value function of the LDV emissions standards is normally fixed in the short and 

medium term. In this case, the feebate scheme will likely bring along a reduction in specific 

emissions—compared to the situation prior to its imposition—via affecting the fleet mix and 

manufacturers’ abatement strategies. The non-attribute-based feebate scheme affects the 

relative costs of the different abatement options available to the manufacturers. Considering 

the case of WBS, emissions abatement by means of weight reductions becomes relatively 

cheaper; consequently, other abatement options become relatively more expensive. This is 

due to the feebate-induced shift of the demand towards smaller, low-emitting vehicles; this 

shift lessens manufacturers’ marginal costs of weight reductions occurring in the form of a 

reduced willingness-to-pay of vehicle purchasers.661 Thus, subsequent to the implementation 

of the feebate scheme, manufacturers will adjust their compliance strategy and rely more on 

weight reductions than before. For any given emissions target, the equilibrium average 

vehicle weight will be lower than without the feebates.662 With fixed WBS (that is, a given 

limit value curve), this implies a feebate-induced movement along the limit value curve: in 

the new equilibrium, the fleet will be lighter and feature lower specific emissions.  

                                                 
660 Note that the attribute-based feebate scheme biases manufacturers’ decisions among different abatement 

options, but—given the uniform efficiency standards—it leaves the allocation of emissions reduction 

requirements across manufacturers unchanged. 

661 Framed differently, non-attribute-based feebates reduce the subsidy implicitly granted to additional vehicle 

weight: under WBS, this implicit subsidy’s value depends on the value of the shadow price  . The feebate 

scheme reduces   and thereby the amount of the subsidy inherent to WBS. As non-attribute-based feebates do 

not comprise a subsidy to weight increases themselves, the total subsidy for additional weight decreases. Recall 

that the imposition of additional attribute-based feebates, whose slope equals the slope of the LDV standard’s 

limit value curve, leaves the total amount of the implicit subsidy for vehicle weight unchanged. 

662 In terms of the framework that will be introduced in section 11.4, the imposition of the feebate scheme 

renders the MCF  flatter. 
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The same effect will occur—although to an attenuated extent—if the feebates were 

attribute-based, too, but with a flatter feebate schedule. As long as the feebate schedule is 

flatter than the standards’ limit value curve, newly imposed feebates will shift the demand 

towards smaller and less emitting vehicles—with the consequences described above. 

Conversely, oppositional effects can be observed if the slope of an attribute-based feebate 

schedule is steeper than the slope of the limit value curve of attribute-based standards. In the 

latter case, the feebate scheme’s steep slope implies a demand shift towards larger vehicles 

because it increases the implicit subsidy granted to additional vehicle weight or size. Thus, 

imposing the feebate results in a fleet of larger and more emissions-intensive vehicles in the 

new equilibrium; the feebate scheme triggers a movement along the limit value curve in the 

opposite direction of the cases depicted before. With regards to the strength of the impact of 

complementary fiscal incentives on new vehicles’ fuel economy under binding and—in the 

short term—fixed efficiency standards, it generally holds: the larger the amount of the fiscal 

incentives as well as the larger the difference between the slopes of the feebate schedule and 

the limit value function, the larger the impact will be. 

Our finding that complementary feebates being combined with mandatory LDV fuel 

economy or vehicle GHG emissions standards are widely ineffective in improving the fleet’s 

efficiency as long as the standards remain binding somehow contrasts with the 

recommendations of the U.S. National Research Council’s Committee on Transitions to 

Alternative Vehicles and Fuels. National Research Council (2013) sees a role for feebates—

alongside fuel economy and emissions standards—within a policy package to improve the 

fuel efficiency and GHG performance of LDV. Note, however, that we do not deem feebates 

entirely obsolete in the presence of LDV efficiency standards either. First, the combination of 

a feebate policy with fuel efficiency standards—jointly constituting a so-called hybrid 

instrument that combines price and quantity controls—can better accommodate uncertainty 

with respect to the (marginal) costs of compliance with the LDV efficiency standards’ 

targets.663 Second, due to their potential effect on the market shares of different vehicle 

segments (that is, their potential downsizing effect) if being non-attribute-based, feebates 

may still have an—improving—impact on the actually realized fuel and GHG efficiency of 

the new vehicle fleet.664  

                                                 
663 See the discussion on the implications of uncertainty in the next section. 

664 This effect may potentially be augmented through the greater salience of the financial implications of a 

vehicle’s fuel economy level. See section 11.1.1.3.3. 
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In this context, another potential difference between taxes, feebates, and subsidies 

with respect to their impact on the fleet’s fuel economy or emissions performance might be 

noteworthy. Despite setting the same marginal price on specific emissions, they can affect 

consumers’ vehicle choices via their effect on total retail prices and thereby the households’ 

effective budget constraints. As taxes shift—abstracting from revenue recycling—the 

consumption possibility frontier inwards, consumers may not only be induced to purchase 

fewer but also smaller (and cheaper) vehicles. If LDV efficiency standards are attribute-

based, this implies a more ambitious effective emissions target. Obviously, the opposite is the 

case with a subsidy-based policy which tends to worsen the new vehicle fleet’s fuel economy. 

The effect described here may occur irrespective of the slope of the tax, feebate, or subsidy 

schedule—it comes in addition to the impact of the slope of the fiscal incentive scheme.  

 

11.1.1.3 Feebates and LDV Efficiency Standards:  

Theoretical Equivalence and Real World Differences 

11.1.1.3.1 Theoretical Equivalence of Feebates and Efficiency Standards 

Before turning to further fiscal instruments to promote better fuel efficiency, it might 

be worth to take a closer look at the similarities and differences between LDV efficiency 

standards and feebates. In the absence of behavioral anomalies and uncertainty with regards 

to manufacturers’ abatement costs, both instruments can theoretically be designed fully 

equivalent in the incentives they provide and therefore in the new vehicle fleets they bring 

forth.665 To achieve equivalence, the feebate rate has to be set equal to the shadow price of 

the emissions constraint imposed through fuel efficiency standards (i.e.,  ). For practical 

feasibility reasons, only the incentive structure of tradable fuel efficiency standards can be 

resembled by a feebate scheme. Otherwise, assuming heterogeneous cost structures across 

manufacturers, the regulator would have to apply a specific feebate schedule with differing 

rates to each manufacturer; this would be practically and politically hardly feasible.666 

Moreover, the common feebate schedule has to be linear (that is, the fee or rebate per fuel 

consumption increment is constant); otherwise, manufacturers with different equilibrium fuel 

economy levels would face differing financial incentives for marginal fuel efficiency 

improvements under the feebate scheme, whereas the credit price (representing the financial 

                                                 
665 This theoretical equivalence is also shown by Gillingham (2013a); Roth (2014) and Klier and Linn (2012b). 

666 Merely theoretically, it would even be possible to design a feebate scheme which resembles LDV efficiency 

standards that do not allow internal averaging within a manufacturer’s fleet, but mandate compliance on the 

vehicle level. Equivalence would then require a multitude of vehicle model-specific feebate schedules. 
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incentive for fuel economy improvements imposed through tradable LDV efficiency 

standards) would be the same across manufacturers.  

If LDV efficiency standards and feebates are attribute-based, obviously, the slopes of 

the limit value function and the function determining the pivot emissions values must be 

identical to design both instruments equivalently. Otherwise, the relative contributions of 

adjusting the reference attribute and other abatement options to the overall emissions 

mitigation effort would differ between the two policies; this would lead to fleets with 

differing vehicle properties and probably to a different allocation of abatement efforts across 

manufacturers, too. Assuming (induced) technological progress, either the feebate rate or the 

fuel efficiency standards’ target must be adjusted regularly to maintain equivalence over 

time: if technological progress occurs, meeting a given fuel efficiency target will likely 

become cheaper so that the shadow price of the emissions constraint decreases. Upholding 

equivalence would then require tightening the standards or reducing the feebate rate (or 

adjusting both).  

 

11.1.1.3.2 Inequivalence under Uncertainty 

In reality, of course, the regulator does not have perfect knowledge of manufacturers’ 

abatement costs—as well as there is uncertainty about the magnitude of the sum of benefits 

from improved fuel economy.667 Under uncertainty, the equivalence of price-based 

environmental policy instruments (such as feebates or carbon taxes) and quantity-based 

instruments (such as fuel economy standards or emissions trading) does not hold true any 

longer. The groundbreaking theoretical framework for assessing the relative merits of price 

and quantity instruments under uncertainty was provided by Weitzman (1974). Weitzman—

as well as the closely related papers of Adar and Griffin (1976) and Fishelson (1976)—shows 

that the relative steepness of the slopes of the marginal abatement cost function and the 

marginal damage (or benefit) function determine the preferability of the instruments.  

                                                 
667 As discussed earlier, a major source of uncertainty regarding future (marginal) GHG abatement costs relates 

to the development of EV. 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

408 

We focus on the case of uncertainty—or, equivalently, incorrect information on the 

part of the regulator—regarding manufacturers’ marginal abatement costs.668 In this case, 

Adar and Griffin (1976), Fishelson (1976), and Weitzman (1974) conclude that quantity 

instruments should be preferably employed if the slope of the MAC function is flatter than 

the slope of the marginal benefit function, and vice versa. That is, LDV efficiency standards 

should be preferred over a feebate scheme if the marginal cost for improving vehicles’ fuel 

economy rise slower than the benefits resulting thereof. These results can be explained 

intuitively. Let us start with a feebate policy under uncertainty. If the regulator’s assumptions 

regarding manufacturers’ (marginal) abatement costs are incorrect, its set feebate rate will 

miss the fuel economy target aimed at. If the regulator underestimates the actual MAC, the 

realized fuel economy will fall short of the target, and vice versa. An elastic (i.e., flat) MAC 

function implicates that the deviation from the intended fuel economy target will be relatively 

large. If—at the same time—the marginal benefit function is steep, the benefits foregone 

thereby (in case of too low fuel economy) will be large or the benefits gained thereby (in case 

of “too high” fuel economy) will be relatively small. In both cases—that is, better or worse 

fuel economy than intended—the feebate scheme performs poorly and the welfare losses will 

be relatively large. Conversely, with a very steep MAC function, a fuel efficiency standard 

can put tremendous burdens on manufacturers (and eventually on consumers, too) if it is set 

too ambitious. If the actual MAC deviate from the regulator’s estimates, its fuel economy 

target will no longer be optimal; the optimal stringency of efficiency standards declines if the 

actual MAC exceed the expectations, and vice versa. Consequently, feebates should be given 

preference if the marginal benefits from efficiency improvements vary only modestly with 

the (already achieved) fuel economy level and if implementing additional fuel saving options 

becomes increasingly expensive. 

A thorough assessment of whether a feebate policy or fuel efficiency standards are the 

preferable policy instrument to regulate LDV’s specific emissions and fuel economy is 

clearly beyond our scope here. This would require estimating both the MAC and the marginal 

benefit functions. At a very first glance, however, there might be indications in favor of 

                                                 
668 Here, we widely disregard the case of uncertainty regarding the marginal benefits of fuel economy 

improvements because benefit uncertainty—as long as it is uncorrelated to uncertainty with respect to MAC—

does not affect the relative preferability of either quantity-based or price-based instruments. Of course, incorrect 

assumptions of the regulator with respect to the marginal benefits also entail welfare costs, but these are equal 

for both instruments since both lead to the same suboptimal fuel economy level (if the regulator’s MAC 

assumptions were correct). Note that Adar and Griffin (1976), Fishelson (1976), and Weitzman (1974) focused 

on uncertainty regarding the absolute level of the MAC and marginal benefits (that is, their intercept), but did 

not examine uncertainty regarding their slopes. For the effects of multiplicative uncertainty (that is, uncertain 

slopes) on instrument choice, see e.g., Hoel and Karp (2001) and Watson and Ridker (1984). 
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feebates. Whereas there are few doubts about the positive slope of the MAC function, the 

marginal benefit function might be rather flat. It is worth noting, yet, that the slope of the 

marginal benefit function crucially depends on which factors should be incorporated—a 

question that is far from being unanimous as there are many potential contributors to the 

benefits of improved fuel economy (such as the fuel cost undervaluation internality, climate 

externalities, energy security externalities, congestion externalities due to rebound effects, 

R&D spillovers, learning curve externalities). In order to underscore the very preliminary 

hypothesis of a relatively flat marginal benefit function, we exemplarily look at three major 

contributors: 

 The marginal fuel cost undervaluation internality may be approximated to be constant, 

based on the assumptions of—with respect to the achieved fuel economy level—

stable fuel prices and stable (excessive) implicit discount rates applied to future fuel 

costs.  

 The global warming externality, often invoked as a key justification for vehicle 

emissions standards, is characterized by an enormous degree of uncertainty regarding 

its magnitude.669 It regularly holds that the higher the estimates of the social cost of 

carbon (SCC) for a given GHG concentration in the atmosphere, the steeper is the 

climate damage function with respect to further emissions. Unless values from the 

upper tail of the distribution of SCC estimates are adopted,670 the following argument 

can be brought forward for a relatively wide range of SCC estimates: considering (a) 

that LDV road transport is only one among many sources of GHG emissions and (b) 

that climate damages are a function of the cumulated stock of GHG in the 

                                                 
669 The estimates of the social cost of carbon vary by far more than an order of magnitude (e.g., Ackerman & 

Stanton, 2012; Anthoff et al., 2009; Guo et al., 2006; Interagency Working Group on Social Cost of Carbon, 

2013; Kopp et al., 2012; Nordhaus, 2011b; Tol, 2008; Waldhoff et al., 2014; Watkiss & Downing, 2008; 

Watkiss et al., 2005). This great variance is due to uncertainty and disagreement on a number of key parameters 

such as climate sensitivity, economic impacts of a warming climate, discount factors, risk attitudes, equity 

weighting etc. 

670 It appears noteworthy here, however, to point at the recent work of Weitzman who just argues for taking 

heed of the tails of climate change-related probability distributions (Weitzman, 2009; 2011; 2012a). Weitzman 

emphasizes the importance of structural uncertainty—as well as non-quadratic convexity—in the economics of 

climate change, resulting from a cascade of highly uncertain processes that eventually determine the welfare 

impact of climate change. The probabilities of these processes are widely unknown as the currently observed 

rapid rise in atmospheric GHG concentration is unprecedented. This cascade leads to a probability distribution 

of the aggregate welfare impacts of any given emissions path, which is spread out and features fat tails in the 

upper half. These fat tails represent a rather improbable risk but not at all negligible possibility of truly 

catastrophic climate change, meaning almost unbounded disutility to humanity. Factoring in—instead of cutting 

off—improbable but still possible catastrophic scenarios implies an upward shift as well as a steeper slope of the 

marginal global warming damage function. This clearly supports rather strict quantity controls on a global 

level—not necessarily on a (sub-)sectoral level, however. 
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atmosphere, it appears plausible to assume that the contribution of (avoided) global 

warming externalities to the slope of the marginal benefit function of LDV efficiency 

standards is quite moderate.671 

 Whereas the marginal climate externality benefit (slightly) decreases with ever-

improving LDV fuel economy, the marginal—positive—R&D externality may 

increase: to achieve substantial fuel economy progress, more advanced and innovative 

technologies are needed, whose (marginal) knowledge diffusion spillovers will likely 

grow in value. 

In sum, considering factors that may contribute to an increasing as well as to a 

decreasing slope, the slope of the marginal benefit function may well be flatter than the MAC 

function.672 

Finally, we should note that well-designed combinations of quantity and price 

regulations, so-called hybrid instruments, usually perform superior to each instrument by 

itself (Roberts & Spence, 1976).673 Such hybrid instruments are quantity-based in the first 

place, but include “safety valves.” Basically, a “safety valve” is a non-prohibitive penalty for 

non-compliance; that is, if the marginal abatement costs for achieving the target exceed a 

trigger value, a pricing mechanism applies. Applied to fuel efficiency standards, 

manufacturers would have to pay a fixed amount for each g CO2 per vkm their fleets’ average 

specific emissions exceed their targets. This mechanism helps avoid (a) excessive abatement 

costs for achieving an ex-post too strict emissions target and—if the regulation also includes 

                                                 
671 If there are potentially plenty and relatively cheap abatement options to compensate today’s transport sector 

emissions in the future (and in others sectors), this tends to flatten the marginal benefit function from current 

GHG abatement through more fuel-efficient LDV.  

For general discussions of environmental policy instrument choice for regulating stock externalities, with a 

particular application to climate change, see e.g., Hoel and Karp (2001; 2002); Karp and Zhang (2005); Kolstad 

(1996); R. Newell and Pizer (2003); J. Parsons and Taschini (2013). 

672 Further factors that can contribute to a decreasing slope are energy security externalities and congestion 

externalities due to rebound effects; hence, we deem it plausible that the marginal benefit function rather 

declines in ever-increasing fuel efficiency. 

Lastly, we briefly note that some contributors to the marginal benefits of improving fuel efficiency may be 

positively correlated to the marginal costs thereof; in particular, this could apply to learning curve effects in the 

production of advanced technologies (e.g., fuel cells or batteries for electric drivetrains) if they spill over across 

firms and thereby create positive externalities. Ceteris paribus, a positive correlation between ex-ante uncertain 

marginal benefits and uncertain marginal abatement costs increases the performance of quantity-based 

instruments relative to price-based instruments (Stavins, 1996) . It appears doubtable, yet, whether this effect 

can outweigh the—supposedly—flatter slope of the marginal benefit function. 

673 In the context of limiting global warming, hybrid instruments have re-attracted considerable attention; see 

e.g., Goulder and Schein (2013); Jacoby and Ellerman (2004); Maeda (2012); McKibbin and Wilcoxen (2002); 

Pizer (2002).  
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a floor price—(b) foregoing (fuel saving) benefits that can be realized very cheaply. De facto, 

both the U.S. and European fuel efficiency standards incorporate such a “safety valve.” The 

penalties for non-compliance are certainly not prohibitive, although appraising whether these 

implicit trigger prices of the “safety valve” are set appropriately is beyond our scope. A floor 

price to reward overcompliance is not implemented, however. Thus, there are no federal (in 

the U.S.) and EU-wide regulatory incentives to realize any further efficiency improvements if 

the standards lose their bindingness.674 

In view of this lack of a floor price, and considering the significant uncertainty 

regarding the development of the EV market, we see a rationale for introducing a feebate 

scheme in addition to already implemented fuel efficiency standards. As shown earlier,  

the—uncertain—future share of EV in the new vehicle fleet exerts great leverage on 

manufacturers’ marginal compliance costs; if EV undergo a quicker cost degression and 

penetrate the market faster than expected, the (marginal) cost of complying with a given LDV 

efficiency standard target will fall, and vice versa. A hybrid instrument can better 

accommodate this uncertainty. The leverage and the consequential compliance cost 

uncertainty are particularly strong under the currently employed tailpipe CO2 metric (and 

with super credit provisions), thereby further increasing the attractiveness of a hybrid 

instrument.675 The combination of a feebate scheme with LDV efficiency standards factually 

resembles a hybrid instrument. A—moderate—feebate rate would constitute the floor price 

(that is, a lower bound on the regulatory price of fuel efficiency), the sum of the penalty for 

non-compliance with the LDV standard and the feebate rate constitutes the upper bound.676 In 

the most probable cost scenarios, the regulatory price of fuel efficiency (represented by the 

shadow price of the emissions or fuel economy constraint) remains endogenous.677 If both the 

feebate rate and the non-compliance penalty are chosen appropriately, implementing a 

complementary feebate scheme may well increase the regulation’s resilience against (cost) 

uncertainties and thereby improve its cost-effectiveness.  

 

                                                 
674 On a (member) state level, though, fiscal incentives may serve a floor price function and incentivize further 

fuel efficiency improvements. 

675 Through adjusting the standard design and choosing a different metric, the leverage can be reduced. 

Nonetheless, implementing a factual hybrid instrument can still be net beneficial if the benefits from mitigating 

(expected) uncertainty-related losses exceed the (administrative) costs of its introduction. 

676 If the current trigger price of the “safety valve” should be maintained, the value of the penalty for non-

compliance must be reduced by the feebate rate. 

677 That is, if the constraint imposed by the standard becomes neither so weak that the marginal compliance cost 

fall below the feebate rate nor so strict that the marginal compliance cost exceed the penalty rate. 
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11.1.1.3.3 Impacts of Differing Salience 

Besides uncertainty, psychological factors may cause differences in the impacts of 

fuel efficiency standards and feebates—due to salience and motivation crowding effects. 

Salience tends to increase a variable’s decision weight in the choice process (e.g., Dellavigna 

2009); moreover, salience may induce consumers to separate decision variables that would 

rationally be evaluated in an integrated manner (such as a vehicle’s retail price and its 

applicable feebate rate) (Kim, 2006).678 That is, the same price tag on fuel economy may have 

different effects depending on whether it is well-visible or widely hidden. The official 

addressee of a feebate scheme can either be the manufacturer, the retailer, or the consumer. 

Specifically in the latter case, the payable fee or the rebate to be received are highly salient. 

In contrast, the shadow price arising from the emissions constraint imposed through 

efficiency standards will normally be a non-explicit part of the total retail price.679 In 

consequence, a feebate to be directly paid by the consumer may have a larger impact on her 

fuel economy decision than an implicit shadow price of equal amount (Gillingham, 2013a).680 

Or framed differently, the feebate rate that is required to achieve a given fuel economy target 

might be lower than the shadow price of an efficiency standard having the same fuel 

economy target.  

Moreover, considering salience effects, the mix of abatement options employed for 

achieving a given fuel economy target may be dependent on the visibility of the price 

incentive. With greater salience-induced decision weight of the price on fuel economy, 

monetary components (retail price, feebate, fuel costs) gain cumulated importance in 

consumers’ decision processes at the expenses of hedonic components (e.g., size, 

performance). This could mean, for instance, that a smaller explicit—than an implicit—price 

differential would be needed to make consumers willing to switch to a smaller vehicle 

class—whereas the manufacturers’ (engineering) costs for implementing fuel-saving 

technologies will likely remain unaffected by the choice of policy instrument. Hence, with a 

salient feebate policy, vehicle downsizing—or a shift in the sales mix towards smaller 

                                                 
678 See Chetty et al. (2009) and Finkelstein (2009) for empirical evidence of tax salience effects in the context 

of toll collection and sales taxes, respectively. 

679 If the feebate obligation is levied on manufacturers (or retailers) who just pass it through to the retail price, 

the salience of the price on fuel economy will be the same as with standards. 

680 In this behavioral context, the “power of free” also seems worth mentioning: when making decisions, 

consumers tend to fall victim to the appeal of free or zero cost (Ariely, 2008; Shampanier, Mazar, & Ariely, 

2007). For CO2-dependent vehicle taxation, this would imply that a well-visible complete tax waiver may be 

disproportionally more effective than applying very low (but non-zero) tax rates to particularly fuel-efficient or 

low-emissions vehicles. 
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vehicles—may become a more important pillar of manufacturers’ abatement strategies. Such 

changes in the abatement strategy can also affect the interplay of a feebate policy with LDV 

fuel efficiency standards if both instruments are simultaneously employed: accounting for 

these potential implications of differing salience (i.e., smaller average vehicle size), the 

stringency-increasing effect on attribute-based standards of implementing a complementary 

feebate scheme may be amplified—unless the feebate schedule features a relatively steep 

pivot point function.  

Contrary impacts may possibly arise from motivation crowding effects. It is well 

documented that, deviant from orthodox economic theory, extrensic motivation (such as 

financial incentives) can potentially adversely influence consumers’ intrinsic and image-

driven motivation (for socially beneficial action) (e.g., Ariely, Bracha, & Meier, 2009; 

Bénabou & Tirole, 2006; Brekke, Kverndokk, & Nyborg, 2003; Deci, Koestner, & Ryan, 

1999; Frey, 1999; Frey & Jegen, 2001). Applied to vehicle choice, putting an explicit price 

on vehicles’ specific GHG emissions (or fuel economy) may undermine intrinsic motives to 

purchase a fuel-efficient and therefore environmentally benign vehicle. Obviously, a 

separately listed feebate amount will be recognized as an explicit price on emissions 

intensity—rather than the shadow price inherent to vehicle emissions standards; this holds in 

particular if the feebate is to be paid (or received) by the consumer. That is, the strength of 

potential motivation crowding effects is positively correlated with the salience of the 

regulation-induced price on fuel economy.  

The interplay of fiscal incentives with LDV efficiency standards via the motivation 

crowding path can be explained using the following intuition. We may understand 

consumers’ climate change concerns as a self-imposed moral tax that increases linearly in a 

vehicle’s specific GHG emissions. Crowding-out of intrinsic environmental motivation 

would lower the rate of the moral tax. The impacts thereof on the fleet structure resemble 

those of lowering the rate of a non-attribute-based feebate scheme that is implemented in 

addition to a binding fuel efficiency standard. If the standard is attribute-based, crowding-out 

of intrinsic motivation would then cause a movement along the limit value curve: in the new 

equilibrium with weakened environmental morale, vehicles are larger and heavier as well as 

more emissions-intensive than before.681  

                                                 
681 Theoretically, it is also conceivable, though, that consumers apply an attribute-based benchmark. That is, 

they evaluate a vehicle’s climate friendliness, which is the assessment base for the self-imposed moral tax, 

relative to other vehicles from the same class rather than in absolute terms. This may be the case in particular if 

the consumers’ perceptions are influenced by an attribute-based labeling scheme (see section 11.3). Then, 

crowding-out of intrinsic environmental motivation would not—or only to a lesser extent—cause vehicles to be 

larger and more emissions-intensive in the new equilibrium. 
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As we do not have any empirical evidence on the magnitude of either the (earlier 

described) direct salience effects or indirect motivation crowding effects of (a) feebate 

policies and (b) LDV fuel efficiency standards, we can only hypothesize which effect may 

dominate: as motivation crowding effects are found to be strongest for small stakes (Gneezy 

& Rustichini, 2000; J. Heyman & Ariely, 2004), we deem it plausible that the direct salience 

effects are stronger in the vehicle choice context.  

 

11.1.2 CO2-based Circulation Taxes 

Instead of a one-off payment at the time of vehicle purchase or first registration, fiscal 

incentives for improving vehicles’ efficiency can also be provided on a periodical basis. In 

political practice, such periodical fiscal incentives normally come in the form of taxes, 

whereas subsidies are rather uncommon, and are collected annually; that is, CO2-based 

annual circulation (or ownership) taxes are the standard case for this instrument type. They 

are equally widespread as CO2-based registration taxes. As with one-off fiscal incentives, the 

imposition of CO2-based circulation taxes requires relatively little administrative effort 

because manufacturers have to report the specific CO2 emissions of their vehicles anyway. 

Circulation tax schemes which determine a vehicle’s tax burden—at least partially, possibly 

besides other assessment bases—according to its specific CO2 emissions are widespread 

across Europe, although their concrete design and their tax rates vary considerably. 

In the presence of LDV efficiency standards, CO2-based circulation and registration 

taxes share most properties with respect to their effect on fuel economy. The mechanisms that 

govern the interplay of fiscal fuel economy incentives and efficiency standards are the 

same—irrespective of whether payments are made annually ore just once. As long as the 

standards remain binding, CO2-based circulation taxes will affect the average fuel economy 

of the new vehicle fleet only if (a) the LDV standards are attribute-based and (b) the 

imposition of the circulation tax affects the characteristics of the fleet with respect to the 

chosen reference attribute. As known from the previous analysis, the latter requires either (a) 

a non-attribute-based circulation tax or (b) that the slope of an attribute-based circulation tax 

schedule deviates from the slope of the LDV standard’s limit value curve.682 

                                                 
682 This proposition is premised on the assumption that both the circulation tax and the LDV efficiency 

standards use the same reference attribute. If the rates of the circulation tax and the LDV efficiency standard’s 

target assignment mechanism are based on different reference attributes, the imposition of complementary 

circulation taxes (or similar fiscal incentives) may also change the average value of the reference attribute in the 

new equilibrium and thereby affect the (mandated) fuel economy of the new vehicle fleet. 
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Circulation taxes and registration taxes may, however, also show some differences in 

their effects on LDV fuel economy—particularly under consideration of anomalies in 

consumer behavior. If consumers apply high implicit discount rates not only to fuel costs, but 

to a vehicle’s entire running costs including tax payments, registration taxes will be relatively 

more effective in guiding vehicle purchase decisions than circulation taxes (of the same 

cumulated amount). Supposing that the registration tax and the expected value of cumulated 

circulation tax payments are identical in magnitude,683 registration taxes provide stronger 

incentives to choose a smaller, low-emissions vehicle because they are fully due and visible 

at the time of purchase/registration and thereby not subject to excessive—implicit—

discounting.684 This effect may be (partially) offset, however, if purchase or registration taxes 

are to be paid by manufacturers or retailers and if they incorporate them into vehicle retail 

prices without making them explicitly visible; in that case, the reduced salience of the tax—

compared to circulation taxes which are levied on vehicle owners—could possibly weaken its 

impact on consumers’ vehicle choices. Recall again that these potential differences in the 

impacts of registration and circulation taxes are of relevance for the new vehicle fleet’s fuel 

economy (in the new equilibrium) only if the LDV efficiency standards are attribute-based. 

Otherwise, taxation-induced changes in the market shares of different LDV segments and 

therefore the average size of new vehicles do not affect the fleet’s specific fuel consumption. 

If we regard not only the fuel economy of the new vehicle fleet but of all cars on the road, we 

note another difference between circulation and registration taxes: as periodically levied 

circulation taxes do not involve the fixed cost degression effect (with respect to the vehicle 

holding period) of one-off registration taxes, they—relatively—accelerate fleet renewal and 

thereby entail a more modern and less emissions-intensive fleet on the road.  

 

                                                 
683 To calculate the equivalent circulation tax rate, future tax payments are discounted at rates applied by public 

institutions (thereby ensuring equivalent public revenues) or at—risk-adjusted—rates deemed “appropriate” for 

private investments. Irrespecttive of their precise magnitude, both are assumed to be lower than the discount 

rates applied to vehicles’ running costs. 

684 This hypothesis is underscored by empirical data on hybrid vehicle adoption in the U.S.: Beresteanu and Li 

(2011), Diamond (2009) as well as Gallagher and Muehlegger (2011) find that delayed and fragmented tax 

credits are less effective than sales tax waivers and rebates that immediately reduce the vehicle’s upfront costs. 

Recall that the presumed application of excessively high implicit discount to future payments of CO2-based 

circulation taxes is not necessarily solely a consequence of inconsistencies in intertemporal decision-making, 

but can also be due to other cognitive biases such as salience effects. 
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11.1.3 Distortions from Regional Fragmentation  

of the Fiscal and Regulatory Framework 

LDV efficiency standards and fiscal incentives to improve vehicles’ efficiency may 

not coincide in their regional scope. In Europe, for instance, vehicle CO2 emissions standards 

are imposed and administered centrally at the EU level, whereas tax policies—including 

vehicle taxation—are most widely the responsibility of member states. As member states do 

not align or harmonize their vehicle-related tax policies, the resulting fragmented incentive 

structure will likely cause distortions and economic inefficiencies. Indeed, we observe a 

multitude of differing fiscal incentive schemes in the EU—spanning CO2-based circulation 

and registration taxes as well as subsidies and feebates. These schemes vary largely in their 

design details and—most importantly—in the price they set on an incremental increase in 

vehicles’ specific emissions (that is, the tax, subsidy, fee, or rebate per gram CO2 per vkm). 

To exemplify the resulting distortions, imagine the case that a feebate is implemented 

only in parts of the entity that implemented common LDV efficiency standards.685 In that 

case, consumers in the region with additional feebates would purchase above-average fuel-

efficient vehicles because they are subject to the feebate and the shadow price of the 

emissions constraint imposed through binding LDV standards. As always with fiscal fuel 

efficiency incentives, the regional feebate scheme reduces the value of the shadow price  

(i.e.,  ) due to the relaxed effective bindingness of the LDV standard’s emissions target. 

However, given the limited spatial scope of the feebate scheme, the decrease in   is smaller 

than the feebate rate. In consequence, consumers in the region covered by the feebate scheme 

face a higher price on specific emissions after the imposition of the feebate than before with 

the LDV standards only. Conversely, consumers in the remaining regions face a weaker price 

signal than before due to the diminished  . Hence, they buy more emissions-intensive 

vehicles than they would do without the regionally limited feebates. That is, assuming similar 

consumer preferences, the average fuel economy in the regions not covered by the feebate 

scheme is below the equilibrium average fuel economy of new vehicles in the entire 

jurisdiction (i.e., the fuel economy target imposed through the LDV standards, presupposing 

their bindingness). If we assume that the degree of imperfections in the new vehicle market is 

identical in the entire jurisdiction of the LDV standards, such regional divergence in the 

(marginal) financial incentives for purchasing fuel-efficient vehicles is obviously suboptimal. 

To achieve the given fuel economy target in a cost-effective manner, consumers in the 

                                                 
685 Similar distortions will arise if complementary fiscal incentives are provided all over the LDV efficiency 

standard’s jurisdiction, but their financial level (i.e., the tax, feebate, or subsidy per increment in specific 

emissions) varies across regions within this jurisdiction.  
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feebate region would have to purchase less fuel-efficient vehicles (than with the fragmented 

regulation), and vice versa.686 

The effects of fiscal incentives with limited regional scope on the average equilibrium 

fuel economy in the entire LDV jurisdiction are governed by the same mechanisms depicted 

in section 11.1.1.2. That is, whether the imposition of regionally imposed fiscal incentives 

affects the LDV jurisdiction-wide fuel economy depends on the design of the respective 

policy instruments—concretely, whether they are attribute-based or not, and the relative 

steepness of their slopes if being attribute-based. Of course, the strength of these effects is 

crucially determined by the magnitude of the regional fiscal incentives (i.e., the feebate, tax, 

or subsidy rates) and their coverage (i.e., the share of the entire new vehicle market to which 

the fiscal incentives are applied). 

If there are systematical mileage differences across regions (as within the EU, for 

instance), confronting vehicle purchasers with heterogeneous (fuel economy) price signals 

could prove beneficial, however: given larger absolute marginal internalities in regions with 

relatively high annual mileages, additional regulations that increase the price on fuel intensity 

there may turn out to be welfare-increasing. Also, abstracting from interactions via the value 

of the reference parameter of attribute-based standards, the average mileage-weighted 

specific emissions in the superordinated jurisdiction decrease if additional measures are taken 

in regions with high annual vehicle mileages—and vice versa. 

Allocative distortions as a consequence of a fragmented regulatory landscape are not 

confined to the case of heterogeneous fiscal incentives across regions. It is also conceivable 

that countries and regions, which are subject to a common LDV efficiency standard, enact 

their own subsidiary efficiency standards at the same time.687 The vehicle fleet that is sold by 

manufacturers and importers in the region with own subsidiary standards has to comply with 

the respective efficiency targets. At the same time, these vehicles are accounted towards 

compliance with the superordinated LDV efficiency standards. The simultaneous presence of 

overlapping mandatory LDV efficiency standards can cause similar allocative distortions as 

heterogeneous fiscal incentives. 

                                                 
686 Recall that—for the sake of clearness—we abstracted from regional differences in consumers’ vehicle 

preferences; that is, if being subject to the same regulations and fiscal incentives, consumers would purchase 

vehicles with identical fuel economy in all regions. Nonetheless, with heterogeneous preferences across regions, 

complementary fiscal incentives with only limited spatial scope would still create the same distortions and 

adversely affect the cost-effectiveness of the overall regulatory setting.  

687 For instance, in the U.S., the Clean Air Act gives the state of California the authority to enact stricter 

standards for LDV than the federal standards. Before agreeing with the Obama administration on a substantial 

rise in the ambition of the federal standards, California actually planned to exercise this right. 
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A prerequisite for the occurrence of such distortions is that the subsidiary LDV 

efficiency standards are still binding if the superordinated standards are met. Assuming that 

consumers have similar vehicle preferences across regions, this will be the case if the 

subsidiary LDV standards are more stringent than the superordinated standards. In the 

regions with more ambitious standards,    increases compared to a situation with a single 

common—less ambitious—standard in the larger jurisdiction. Again, the mandated greater 

fuel economy in the regions with tighter standards relaxes the effective stringency of the 

common fuel efficiency standard in the remaining fraction of the larger jurisdiction, thereby 

reducing   there. Consequently, consumers in vehicle markets with additional regional LDV 

standards drive too fuel-efficient vehicles, whereas the remaining consumers spend too much 

on fuel—compared to a cost-effective allocation of abatement efforts (within the larger 

jurisdiction) for achieving a given overall efficiency target. The overall level of ambition is—

again—affected itself only if (a) the superordinated LDV standards are attribute-based and 

(b) the average value of the reference attribute (in the larger jurisdiction) is affected by the 

imposition of additional regional LDV efficiency standards. This may be the case, for 

instance, if the regional standards are uniform: then, the interplay of multiple LDV efficiency 

standards will lead to a fleet of (slightly) smaller and more fuel-efficient vehicles in the new 

equilibrium. Otherwise, the imposition of additional standards at the regional level solely 

yields a—costly—reallocation of abatement burdens, but no environmental benefits.688 

 

11.1.4 Dedicated Fiscal Incentives to Promote EV 

The successful rollout of innovative, environmentally benign technologies often 

requires technology-specific support policies during early deployment and commercialization 

stages (Bergek & Berggren, 2014; Fischer et al., 2012). Hence, many countries around the 

world have implemented fiscal policy instruments specifically dedicated to supporting the 

market uptake of EV—either by providing subsidies for EV purchases or exempting them 

from taxes being due for conventional vehicles (ACEA, 2014b; International Energy Agency, 

2013; Mock & Yang, 2014). Here, we focus on the interplay of such targeted fiscal measures 

                                                 
688 Goulder, Jacobsen, and van Benthem (2012) elaborate the issue of overlapping LDV efficiency standards 

quantitatively, using the example of California’s proposed GHG standards for motor vehicles which interact 

with the federal CAFE standards. Given that 13 further states pledged to also adopt California’s standards 

(thereby affecting the federal standards’ bindingness), they find a high—though not full—offsetting effect 

through the interactions of the state-level GHG standards with the superordinated CAFE standards. See also 

Goulder and Stavins (2010) for a broader discussions of potential problems (and benefits) arising from 

overlapping federal and state-level climate policies. 
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with attribute-based non-adaptable standards. Otherwise (that is, with uniform or adaptable 

standards), and as long as the standards remain binding, the financial incentives for EV 

purchases cannot affect the average specific emissions (or specific energy consumption) of 

the new vehicle fleet—as officially calculated for standard compliance.689 The impact of 

imposing fiscal incentives for purchasing EV in addition to pre-existing LDV efficiency 

standards is not entirely unambiguous and it is crucially influenced by the choice of the 

reference attribute as well as the standard metric.  

We start from the premise that the financial incentives for EV are effective in the 

sense that they boost the sales of EV compared to the equilibrium that would occur without 

the targeted fiscal policy. Then, two effects of targeted financial incentives for EV should be 

distinguished. First, because EV are normally heavier than ICE vehicles of the same size due 

to the battery weight, the fiscal incentives may increase the average weight of the new vehicle 

fleet. Thus, under WBS, the EV incentives would lead to a relaxation of the effective 

emissions target and consequently to an increase in specific emissions. With other reference 

attributes, the fiscal policy-induced gain in average weight remains without consequences for 

the fleet’s emissions performance.  

The second potential effect stems from fiscal EV incentives affecting the structure of 

the fleet with regards to the market shares of different vehicle segments. In the first place, EV 

subsidies may trigger a fleet shift towards smaller vehicles. As yet, the fuel cost savings that 

are attainable with EV are usually not sufficient to make up for their higher purchase costs. 

This disadvantage in total cost of ownership, worsening EV’s market prospects, is further 

aggravated by consumers’ fuel cost undervaluation: undervaluation further widens the—

perceived—total cost of ownership gap between EV and ICE vehicles. The (absolute) size of 

this cost gap normally increases with the size of the vehicle because larger vehicles consume 

more energy and therefore require larger batteries which are the main cost component of EV. 

EV subsidies aim to narrow or even close the (perceived) cost gap. If the amount of the 

subsidy is a lump sum per EV irrespective of its battery’s energy storage capacity,690 the 

narrowing effect of the EV subsidies is relatively greater for smaller vehicles: for rather small 

vehicles, the relative decrease of the gap compared to the pre-subsidy situation is larger, and 

the remaining gap relative to the purchase price is smaller. Thus, the EV subsidies likely 

                                                 
689 Accounting for mileage effects (see section 5.7), super credits (see section 8.2.3), and effects on upstream 

emissions (see section 8.3 as well as chapters 9 and 10), fiscal policies that affect the market uptake of EV might 

well have an impact on the fleet’s actual emissions performance and energy consumption even if the official 

efficiency target remains constant and is still met. 

690 This is, for instance, the case for most EV subsidy policies in the EU, whereas the U.S. federal income tax 

credits depend on the battery‘s electricity storage capacity. 
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boost the marketability of smaller vehicles more than the market prospects of vehicles from 

upper segments.691 Consequently, it appears more attractive for manufacturers to produce (a 

larger number of) smaller vehicles with lower battery capacity requirements than (less) EV 

from upper vehicle segments; this strategy ensures receiving a higher cumulated amount of 

EV subsidies and brings down the required abatement effort in the remaining ICE fleet.  

The EV subsidies also have a secondary effect on the fleet structure through affecting 

the value of the shadow price of the emissions or fuel consumption constraint—to be more 

precise, they affect the shadow price via systematic differences in drivetrain efficiency across 

different drivetrain technologies.692 The direction and strength of this effect crucially depends 

on the metric chosen for the LDV efficiency standards. If EV perform better than ICE 

vehicles in the LDV standards’ target metric,693 the subsidy-induced demand shift from ICE 

vehicles to EV causes a reduction of the shadow price. That is, the subsidy-induced shift of 

the demand towards EV relaxes the effective bindingness of the efficiency standards. As 

shown earlier, this will certainly be the case under tailpipe CO2 standards and—to a 

somewhat smaller extent—final energy standards. Under w-t-w GHG and primary energy 

standards, a relaxation of the effective stringency is still probable (in particular for BEV, less 

so for FCEV), but not necessarily the case. In consequence, manufacturers make less use of 

abatement options other than—subsidized—electrification. These other abatement options 

also comprise size (and weight) reductions. Hence, a decrease of the shadow price (caused by 

a subsidy-induced growth of the demand for EV) triggers a growth in average vehicle size.  

In the rather improbable case that electrified vehicles perform worse in the chosen 

standard metric than their conventional counterparts, opposite effects occur.694 Then, the EV 

                                                 
691 Cost considerations are usually not the dominating purchase motive of most current EV buyers, so-called 

early adopters (e.g., Frenzel et al., 2015; Hahnel et al., 2014; Kahn, 2007; Ozaki & Sevastyanova, 2011; 

Rezvani et al., 2015; Schuitema et al., 2013). However, the smaller the gap in—perceived—total cost of 

ownership between EV and conventional vehicles, the larger will be the probability that other motives 

(environmental consciousness, self-image, symbolic value of EV, status, or peer group-specific social norms) 

prevail over cost disadvantages so that the consumer eventually chooses an EV. 

692 Of course, the previously described tendency of EV subsidies to increase the demand for smaller vehicles 

also affects the value of the shadow price; that is, it tends to decrease the shadow price.. 

693 That is, EV feature lower specific emissions or consume less energy per vkm than ICE vehicles of the  

same size. 

694 The potential occurrence of this case is premised on the use of w-t-w GHG emissions or primary energy 

consumption as the standard’s target metric, or on applying technology-specific benchmarks (in combination 

with a credit trading option for over- and undercompliance).  

Note that if electrified vehicles actually perform worse than ICE vehicles in the LDV standard’s target metric, 

the market uptake of EV is entirely demand-driven (and subsidy-driven). There is no regulatory pull; that is, 

manufacturers will not promote EV as part of their strategy to comply with the efficiency standards. Therefore, 

the number of sold EV in the new vehicle market would be relatively small in this case. 



Interactions of LDV Standards with Complementary Fuel Efficiency Policies 

421 

demand stimulus delivered by the subsidies deteriorates the average drivetrain efficiency as 

measured in the target metric. The subsequent increase of the shadow price implies 

intensified abatement efforts, including intensified use of downsizing and light-weighting 

options. Hence, vehicles become smaller and lighter. From a political perspective, however, it 

seems implausible that the regulator selects an LDV efficiency standard metric which 

discourages manufacturers to sell EV and that the regulator offers subsidies for EV purchases 

at the same time. Thus, it appears far more plausible that the “drivetrain efficiency-effect” 

decreases the shadow price of the constraint imposed by the LDV efficiency standards.  

The net impact of the two effects affecting the fleet’s size structure—that is, (a) the 

subsidy-induced additional demand for mostly rather small EV and (b) the adjustment of 

downsizing and light-weighting efforts because of the interplay of EV sales with the LDV 

efficiency standard’s effective stringency—is not fully unambiguous, but the tendency is 

clear. In most instances, the second effect will dominate. This holds in particular if there are 

substantial systematic differences between EV and ICE vehicles in their drivetrain efficiency 

as measured in the standard’s target metric.695 Particularly tailpipe emissions standards, but 

also final energy standards, necessarily imply such substantial efficiency differences across 

drivetrain technologies. Therefore, the average vehicle size will almost certainly increase 

subsequent to the introduction of EV subsidies if the LDV standards apply these target 

metrics which ascribe clear superiority to EV (over ICE vehicles) in terms of drivetrain 

efficiency. Only under w-t-w GHG or primary energy standards, the fleetwide average 

vehicle size may decrease in the new equilibrium with EV subsidies.696  

If EV subsidies actually induce a sales shift across vehicle segments of differing size 

(and weight), this entails an adjustment of the fleetwide emissions (or energy consumption) 

target under attribute-based (non-adaptable) LDV standards. Under WBS, a—rather 

improbable—shift towards smaller vehicles could attenuate or offset the adverse “ceteris 

paribus” effect of electrification on the fleet’s fuel economy; this “ceteris paribus” effect 

                                                 
695 Recall that the first effect is directly caused by the subsidy granted to each sold EV (motivated by 

manufacturers’ rationale of “receiving more subsidies per battery cell”), whereas the “second round” effect is a 

consequence of systematic differences in drivetrain efficiency (as measured by the standard’s target metric) 

between EV and ICE which affect the bindingness and thereby the shadow price of the constraint. Thus, the 

latter effect shows a high sensitivity to the LDV efficiency standard’s design details.  

696 Another theoretically conceivable constellation that entails a decrease in the vehicles’ average size is the 

case of size-based LDV efficiency standards with a very steep limit value function. In this case, adjustments of 

the reference attribute do not play a role in the manufacturers’ abatement strategy anyways; consequently, a 

change of the shadow price of the constraint imposed by the standards hardly affects manufacturers’ decisions 

with regards to vehicle size. Thus, the subsidy-induced increase in the demand for relatively small EV might be 

the prevailing effect. 
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refers to the (battery weight-related) gain in average vehicle weight and the subsequent 

relaxation of the WBS’ effective efficiency target inherent to the electrification of vehicles 

—while keeping their size constant. In the more realistic case that granting additional EV 

subsidies leads to larger (and heavier) vehicles compared to a reference scenario without the 

EV subsidies, this size effect just adds to the “ceteris paribus” effect. With attribute-based 

standards that employ a more directly size-related reference attribute (such as the vehicle’s 

footprint), only the size effect matters. Then, a potential subsidy-induced demand shift across 

vehicle segments (towards smaller vehicles) can possibly even lead to an improvement of the 

fleet’s efficiency performance (as measured by the target metric) through tightening the 

standard’s efficiency target.697 Again, a growth in average vehicle size and thereby a 

deterioration of the fleet’s efficiency performance is more likely, however.698 

Summing up, under attribute-based LDV efficiency standards, subsidization of EV 

will—with high probability—increase overall GHG emissions not only via growing upstream 

emissions related to electricity generation, but also by relaxing the LDV standard’s effective 

efficiency target through increasing the value of the reference attribute.699 This holds true in 

the short- and medium-term, and as long as the effects of introducing EV subsidies were not 

anticipated and taken into account in the standard setting process. As was argued in section 

9.8, in the long term, promoting EV market penetration may yield an environmental dividend 

by triggering market transformation dynamics.700  

 

11.2 Zero Emission Vehicle Mandates 

In addition to fleetwide efficiency standards, policy-makers may directly mandate a 

minimum EV market share. Such a mandate obligates each automaker to achieve a given 

                                                 
697 Since an EV subsidy-induced decrease in average vehicle size is premised on using w-t-w GHG emissions or 

primary energy consumption as the standard’s target metric, a tightening of the official efficiency target may 

well yield an actual decrease in overall GHG emissions (including upstream emissions). 

698 Finally, note that there are significant interdependencies between, on the one hand, the magnitude of EV 

subsidies-induced changes in the fleetwide average value of the reference attribute and, on the other hand, the 

impact of these changes on the efficiency target under attribute-based LDV standards. For instance, a steep 

slope of the limit value function implies that the efficiency target reacts relatively sensitively to changes in the 

reference attribute, but at the same time manufacturers hardly adjust the reference attribute subsequent to 

changes in the standard’s effective stringency (as reflected by the shadow price). 

699 A deterioration of the fleet’s overall emissions performance can be widely taken for granted under WBS as 

well as if the standard’s target metric is tailpipe CO2 emissions or final energy consumption. Recall that the 

effect on upstream emissions depends on the overarching climate policy framework (see chapter 10). 

700 See also Congressional Budget Office (2012) for this line of argument in the context of U.S. tax credits  

for EV. 



Interactions of LDV Standards with Complementary Fuel Efficiency Policies 

423 

percentage of EV in its total new vehicle sales, but the regulation may also include flexibility 

mechanisms that allow individual manufacturers to comply by purchasing EV credits from 

other, overcomplying manufacturers. This kind of policy regularly aims at triggering 

technology leaps instead of continuous improvements of established vehicle technologies, 

thereby overcoming technological lock-in (Dijk & Yarime, 2010). The (factually) 

technology-specific quantitative targets should steer—more directly than other policy 

instruments—private R&D funds into the desired direction. California has been a pioneer in 

promoting electricity-based drivetrains by means of EV mandates (Collantes & Sperling, 

2008). The California ZEV (zero emission vehicle) mandate—as part of California’s low 

emission vehicle (LEV) program—was first enacted in the early 1990s. Initially, California’s 

ZEV regulations mainly aimed at reducing local air pollutants (e.g., CO, NOx) through clean 

propulsion technologies rather than mitigating GHG emissions. Consequently, the regulations 

initially credited only vehicles with utterly no tailpipe emissions (that is, BEV and FCEV). 

Later, it was amended so that low-emissions vehicles combusting fossil fuels were also 

eligible for partial compliance with the regulations. The broadening of the mandate’s scope 

should strike a balance between promoting innovative, but still immature technologies and 

getting more mature, advanced vehicles such as hybrid vehicles on the road soon.  

The California experience also points out caveats of ZEV mandates (Kemp, 2005; 

National Research Council, 2006; Savage, Gorman, & Street, 2013; Vergis & Metha, 2012; 

Wells Bedsworth & Taylor, 2007). Although California’s ZEV policy spurred manufacturer 

activities concerning EV development programs as well as the expansion of charging 

infrastructure and hydrogen fueling stations across California, the initially formulated targets 

(in terms of EV market penetration) could not be achieved. It turned out that the technology 

assumptions of the California Air Resources Board (CARB), particularly with regards to the 

crucial battery technology, were far too optimistic. Accordingly, the actual market 

penetration of “genuine” ZEV lagged behind the targets. The regulator responded to the 

insufficient technological progress by deferring and weakening the mandate several times, 

and by opening the eligibility criteria so that further low-emitting vehicle technologies could 

also be credited towards the mandate—until the mandate was finally repealed in its original 

form. Whereas some observers point at manufacturers’ stranded investments caused by the 

original ZEV mandate, others emphasize the mandate’s merits in helping to pave the way for 

the commercialization of EV (including (plug-in) hybrids). Later, California re-introduced 

quantitative sales targets for ultra-low tailpipe emissions vehicles. Interestingly, while the 

requirements of the original ZEV mandate were consistently watered down in the years after 
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its introduction, the current targets were recently raised in ambition as the underlying 

technology expectations turned out to be too conservative this time.701 The frequent 

amendments of the California ZEV regulations in response to the observed EV technology 

advancement exemplifies the trade-off—between cost containment through target 

adjustments and a thereby potentially occurring loss of the regulation’s credibility—inherent 

to this kind of technology-specific support.702  

For the following depiction of the interplay of ZEV mandates with LDV efficiency 

standards, we presume that the mandate is actually successful in terms of achieving the 

targeted market EV shares. Obviously, as long as the number of EV mandated is smaller than 

the number that would emerge even without the ZEV mandate (that is, under the incentives 

solely set by the fuel efficiency standard), the additional ZEV mandate has no impact. The 

structure of the fleet as well as its overall fuel economy and GHG emissions performance 

remain unaffected by the ZEV mandate.  

If the number of mandated EV exceeds what would have occurred in the equilibrium 

without the mandate, the effects of additionally imposing a ZEV mandate are quite congruent 

with those of targeted EV subsidies. The interaction mechanisms are widely the same 

regardless of whether the increase in EV sales is incentivized through subsidies or directly 

mandated. Thus, we will just briefly recapitulate the essential results here. Whereas the 

electrified part of the new vehicle fleet tends to decrease in average vehicle size—but not in 

average weight—due to high battery costs, the remainder of the fleet will likely grow in 

average vehicle size and weight. The latter effect is caused by a decrease of the shadow price 

in the wake of a mandate-induced higher fleet share of normally—in terms of the chosen 

standard metric—more efficient EV.703 Under by far most circumstances, the net impact will 

be an increase in average vehicle size and—almost certainly—in average vehicle weight. 

Consequently, with attribute-based LDV standards, an additional binding ZEV mandate will 

regularly deteriorate the average emissions and fuel efficiency of the new vehicle fleet—by 

relaxing the standard’s effective target through increasing the new equilibrium value of the 

                                                 
701 See California Environment Protection Agency (2014) for current targets and actual progress in bringing 

ZEV into the market.  

702 Greater flexibility (regarding the mandate’s targets as well as with respect to the technologies accepted for 

compliance) reduces the regulation’s costs—at least in the short- and medium-term—but it may jeopardize 

achieving the long-term target of pressing ahead with the intended technology transition process. It should be 

mentioned, though, that the credibility of the regulation also suffers if the targets become unrealistic to achieve; 

then, an adjustment may even help restore the policies credibility. 

703 As known, the choice of the LDV standard metric crucially determines the extent of the efficiency advantage 

of EV over ICE vehicles. 
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reference attribute. The strength of this effect is crucially dependent on the adopted standard 

metric and the reference attribute chosen.704 With LDV standards that are not based on 

current values of a reference attribute (i.e., uniform or historical standards) and as long as the 

LDV efficiency standard remains binding, ZEV mandates will not have any impact on the 

realized vehicle efficiency as defined in terms of the standard’s target metric; yet, imposing 

an additional ZEV mandate will still likely lead to changing equilibrium results in terms of 

other potential LDV efficiency metrics (see section 9.6). 

Beyond a worsening of the new vehicle fleet’s average efficiency in terms of the LDV 

standard’s target metric that probably occurs under attribute-based standards, a ZEV 

mandate-induced increase in the market share of EV often also yields additional 

environmental burdens further upstream in the value chain.705 First, EV normally cause 

higher GHG emissions and entail greater energy consumption than conventional ICE vehicles 

during the vehicle manufacturing stage as well as—further downstream—during the disposal 

stage. Second, during the usage phase, EV normally also entail more upstream GHG 

emissions and energy consumption (mainly related to electricity generation and hydrogen 

production) per unit of the LDV standard’s metrics—this holds surely for tailpipe emissions 

and very likely if final energy consumption is the target metric. Then, each additional EV 

(further) deteriorates the new vehicle fleet’s overall carbon (and energy resource 

consumption) footprint.706 The simultaneous availability of super credits for EV would 

further aggravate the impacts of a ZEV mandate on the fleet’s direct efficiency (as measured 

by the standard’s target metric) and the mandate’s indirect upstream effects. Generally, it 

becomes obvious that the implications of an additional ZEV mandate on emissions and 

energy consumption crucially depend on the standard’s reference attribute, its target metric, 

                                                 
704 With WBS as well as if the standard’s target metric is tailpipe CO2 emissions or final energy consumption, 

the deterioration of the fleet’s average efficiency will usually be particularly strong. Only if the mandated EV 

share is so large that the LDV efficiency standard is not binding anymore, the ZEV mandate may possibly lead 

to an improvement of the fleet’s average efficiency. 

705 These potential environmentally adverse upstream impacts are widely independent from whether the LDV 

efficiency standards are attribute-base or not.As these burdens are related to an increasing share of EV in the 

new vehicle fleet, they occur irrespective of whether the increase is caused by a ZEV mandate or fiscal 

incentives for EV purchases. 

706 This is—by definition—not the case with w-t-w GHG and primary energy standards because these standard 

metrics account for upstream emissions and energy consumption, respectively. In the wake of—mandatorily—

rising EV shares, the specific amount of GHG emitted and primary energy consumed (over the fuel’s entire life 

cycle) remains constant with w-t-w GHG and primary energy standards, respectively. However, the mix of 

primary energy carriers used for final energy production, and thereby their average carbon intensity, may 

change. In consequence, if the primary energy carriers used for fueling EV are more carbon-intensive than those 

used for fueling ICE vehicle, rising EV shares (a) increase the carbon footprint of the new vehicle fleet under 

primary energy standards and (b) decrease the overall primary energy consumption of the fleet under w-t-w 

GHG standards—and vice versa. See also section 9.2.2. 
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the properties of the upstream (fuel) supply chain, as well as the overarching climate policy 

framework (see chapter 10).707  

Again, despite there is—in the presence of a binding LDV efficiency standard—no 

immediate environmental benefit (except for potential improvements in local air quality) 

from a compulsory obligation to bring a certain share of low-emitting vehicles into the 

market, there can be a rationale for such support mechanisms in a dynamic perspective. They 

may contribute to reaping R&D spillovers that are normally particularly large for innovative 

technologies and to realizing increasing returns of EV rollout, which are often also 

characterized by significant positive externalities. Furthermore, ZEV mandates may help 

resolve the chicken-and-egg problem in infrastructure build-up for electricity-based 

drivetrains. Hence, if these targeted (technology-specific) policies actually help overcome 

technology lock-in, they may unfold long-term environmental benefits by fostering the early 

market transformation towards technologies which are indispensable for a thorough 

decarbonization of road transportation.708 

Finally, we briefly point to a difference between financial EV incentives and 

quantitative mandates: the degree of uncertainty with respect to the market share of EV. The 

EV share emerging in the new vehicle fleet is regularly better predictable with a—binding—

ZEV mandate. This difference can have severe implications for the interplay of EV support 

policies with LDV efficiency standards. As was shown in previous chapters, the potential 

adverse environmental and economic impacts of rising EV shares are widely premised on 

their lacking, insufficient, or incorrect anticipation and consideration in the policy-making 

process. If the interactions of the EV market share with the fuel efficiency of the (remaining 

conventional) fleet, with emissions and energy consumption in upstream sectors, and 

potentially also with other emitting sectors linked via an ETS were properly incorporated 

when designing or amending the targets and details of LDV efficiency standards as well as 

further complementary climate policy measures, negative impacts can substantially be 

alleviated. With a ZEV mandate, the better predictability of future EV market shares 

facilitates—for the regulator—anticipating these interactions and adjusting its policy 

                                                 
707 As known, with upstream emissions being capped (e.g., by means of an ETS), the increase in emissions and 

energy consumption attributable to LDV does not affect overall domestic emissions. 

708 Given limited abatement potentials in other sectors (e.g., agriculture) as well as the likely concentration of 

the use of low-carbon liquid fuels on air, maritime, and freight transport, pursuing ambitious climate targets will 

probably necessitate the extensive electrification of the LDV fleet. 

Moreover, the long-term benefits of ZEV mandate-induced technological progress in batteries and electric 

drives may even reach out beyond the motor vehicle domain (Burke et al., 2000). 
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portfolio accordingly.709 Another uncertainty-related asset of ZEV mandates relative to EV 

subsidies is the better planning certainty for the build-up of a complementary energy supply 

infrastructure; the better predictable demand reduces risk costs and helps attracting investors. 

If a ZEV mandate applies only to a fraction of the vehicle market that is subject to a 

common LDV efficiency standard (as is the case in the U.S.), we face allocative distortions 

somehow similar to those occurring with regionally fragmented fiscal incentives or 

subsidiary LDV standards (see section 11.1.3). Manufacturers will strive for concentrating 

their EV sales in the region that has implemented the mandate by means of a price 

discrimination strategy.710 As EV are normally more fuel-efficient (in terms of the LDV 

standard’s metric) than both conventional vehicles and the manufacturer’s fleetwide 

efficiency target imposed by the standard, each sold EV generates a regulatory benefit, which 

comes in the form of a relaxed efficiency target for the remainder of the manufacturer’s fleet. 

The financial value of this regulatory benefit is determined by the manufacturer’s MAC and 

the EV’s efficiency advantage (relative to the efficiency target). In the market place, EV 

receive an implicit subsidy—granted by the manufacturer—commensurate to their generated 

regulatory benefit. The imposition of a ZEV mandate leads to a regional differentiation of 

these implicit subsidies. In the mandate region, EV will be subsidized beyond their marginal 

regulatory benefit in order to increase EV sales there and to comply with the mandate. Given 

the positive slope of the MAC function, the rise in EV sales in the mandate region causes the 

MAC to fall. Thus, the implicit EV subsidy and thereby the number of EV sales in the other 

regions decrease. In the new equilibrium (including the regionally restricted ZEV mandate), 

the number of EV and the fleetwide average efficiency are higher in the mandate region, 

whereas both values are lower in the remaining regions—compared to the situation without a 

regional ZEV mandate. Note, however, that the total amount of EV sales necessarily 

                                                 
709 However, even with a ZEV mandate that is politically credible and appears binding at a first glance (that is, 

the mandated market share of EV is larger than the EV market share that would likely occur without the 

mandate), the future EV market share may not be perfectly predictable. For instance, if the mandated number of 

EV is sufficiently high so that substantial increasing returns to scale (which unfold self-sustaining EV market 

dynamics) materialize, the ZEV mandate may lead to more ZEV sales than initially mandated. That is, EV may 

become—mandate-induced—increasingly competitive so that the mandated EV market share is not a binding 

constraint anymore. 

710 Again, we assume that the regional ZEV mandate is a binding constraint. 
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increases subsequent to the imposition of the regional ZEV mandate;711 yet, this number 

could be achieved in a more cost-effective way if it were mandated in a harmonized 

framework for the entire vehicle market subject to the LDV efficiency standards.  

 

11.3 Information Disclosure Measures 

Besides fuel economy and GHG emission standards, R&D support, and fiscal 

incentives, information disclosure measures are deemed by many policy-makers an important 

tool for reducing motorists’ fuel cost burdens and mitigating the transport sector’s climate 

impact. Despite being considered rather weak instruments, well-designed informational 

measures should complement instruments with deeper market interference in order to  

(a) increase the latter’s efficacy and (b) overcome specific barriers to better fuel economy that 

cannot be effectively addressed by these. The relatively weak market interference spotlights 

another asset of fuel economy information schemes: they face less resistance in the political 

process than fiscal or regulatory policy instruments.712 Thus, they are used in many countries 

to stimulate better fuel economy of the LDV fleet. Information disclosure measures aim at 

enabling better founded vehicle choices not only by providing mere numbers, but also 

through increasing their decision weight in a decision-making context that is—supposedly—

characterized by bounded rationality, biases, and the use of heuristics. 

As with the other complementary instruments discussed in this chapter, the interplay 

with binding vehicle efficiency standards is essentially shaped by the information policies’ 

impact on vehicle attributes, which are determinants of the standards’ effective stringency. 

We exemplify these interactions by comparing the regulations currently implemented in the 

U.S. as well as in Germany and the EU. In doing so, we focus on vehicle labels as they are 

currently the most widely used tool for providing information on fuel economy and GHG 

performance. Afterwards, we briefly address the implications and opportunities of the rise of 

the internet as information source for the vehicle choice process. 

                                                 
711 This still holds true if the number of EV sold in the entire vehicle market subject to the LDV standards (prior 

to the regional ZEV mandate) exceeds the regionally mandated number of EV sales. Recall that, in the regions 

without a ZEV mandate, manufacturers always subsidize EV sales commensurate to their marginal regulatory 

benefit. Therefore, a decrease in the implicit subsidy and thereby in the EV sales there is premised on a 

diminishing marginal regulatory benefit. Leaving everything else (e.g., ICE technology costs) the same, the 

marginal regulatory benefit decreases only with a growing overall number of EV sales. Having in mind that, in 

the mandate region, the implicit subsidy for EV is raised beyond the marginal regulatory benefit, it becomes 

obvious that even a regionally restricted ZEV mandate necessarily increases the total number of sold EV. 

712 Notwithstanding, the precise design and implementation of information disclosure measures may still be 

subject to severe lobbying efforts—as it was the case for the German fuel economy and CO2 label, for instance. 
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11.3.1 Rationale for Information Disclosure Policies  

Before turning to the precise labeling approaches taken in the U.S. and Germany as 

well as their interplay with the respective vehicle efficiency standards, we first briefly 

summarize the rationale behind information disclosure measures. Whereas fuel economy 

standards directly mandate better fuel economy, labeling schemes and other information 

provision measures pursue a “persuasive” rather than a prescriptive approach. Hence, they are 

deemed a more liberal and less controversial instrument for promoting the market penetration 

of fuel-efficient LDV.713 

Prospective vehicle buyers usually state that fuel economy is among the criteria given 

highest priority when choosing a new vehicle—mainly for financial reasons: a number of 

surveys and studies showed that consumers are more motivated by fuel consumption (and the 

related fuel cost) considerations than by environmental concerns (e.g., Grünig et al., 2010; 

Lane, Banks, & Anable, 2012; U.S. Environmental Protection Agency & Department of 

Transportation, 2010; U.S. Environmental Protection Agency & U.S. National Highway 

Traffic Safety Administration, 2010b). Although they are aware of the environmental impacts 

of LDV and stated general interest in environmentally benign vehicles, they are hardly 

willing to accept higher costs or to sacrifice other desired vehicle attributes (such as comfort, 

size, and engine performance) in order to save emissions (Deloitte, 2010; U.S. Environmental 

Protection Agency & National Highway Traffic Safety Administration, 2010c). However, 

regardless of consumers’ concerns about fuel economy, there seems to be an apparent 

attitude-action gap; that is, fuel economy aspects appear to play only a minor role in the 

actual vehicle choice process (e.g., Kollmuss & Agyeman, 2002; Lane & Potter, 2007; LSE, 

Tech4i
2
, Block de Ideas, & Universitat Oberta de Catalunya, 2013). 

This attitude-action gap may—at least partially—be traced back to information 

deficiencies (e.g., Lane & Potter, 2007; LSE et al., 2013). Collecting and processing 

information is effortful and costly; thus, consumers may even rationally be inattentive to fuel 

economy (Sallee, 2014; Shugan, 1980; Stigler, 1961). Information disclosure measures 

should tackle these deficiencies through providing the data that is required for making cost-

effective fuel economy choices. Given the public good nature of (fuel economy) information, 

its centralized compilation and dissemination creates positive externalities and is 

                                                 
713 Information provision measures usually aim at stimulating the demand for fuel-efficient vehicles that are 

more environmentally benign and at the same time reduce the drivers’ total cost of vehicle ownership. If the 

information policies intendedly address consumers’ cognitive limitations and behavioral biases to do so, they 

can be classified as nudges (Thaler & Sunstein, 2008) or means of libertarian paternalism (Camerer, Issacharoff, 

et al., 2003; Sunstein & Thaler, 2003; Thaler & Sunstein, 2003). 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

430 

economically warranted. Yet, having the (physical) data available is only a necessary 

condition for cost-effective choices; translating the data into numbers and metrics that are 

meaningful for consumers (e.g., cost figures) is needed to mitigate their information 

processing cost. Otherwise, that is, if the consumer perceives the provided data as a clutter of 

opaque technical details, she will still not take the fuel efficiency information appropriately 

into consideration when deciding on her new car. Several studies underscore that  

easy-to-grasp information is regularly more effective than complex and detailed information 

that require higher mental effort to be evaluated (e.g., Grünig et al., 2010; Song & Schwarz, 

2008; U.S. Environmental Protection Agency & National Highway Traffic Safety 

Administration, 2010a; 2010b; C. Wilson & Dowlatabadi, 2007). Such information 

processing and editing may also involve making some generalizing assumptions and 

simplifications at the expenses of accuracy.714 Finally, public information policy can aim at 

overcoming systematic biases in decision-making which may otherwise lead to choices that 

burden consumers with higher total cost of vehicle ownership than optimal. 

In addition to effects on the consumers’ adoption rate of energy-efficient equipment, 

information programs may also stimulate product innovation towards improved energy 

efficiency on the part of manufacturers: Egan and Waide (2005) stress that the EU’s letter 

grade energy efficiency label for appliances has stimulated manufacturers to develop more 

efficient products; R. Newell et al. (1999) find a substantial increase in the responsiveness of 

such innovations to energy price changes after energy efficiency labeling was implemented. 

Firms may be apprehensive of competitive disadvantages if poor energy efficiency 

performance of their products is revealed by mandatory labeling or other information 

disclosure measures. 

The capabilities and constraints of informational measures in promoting greater 

energy efficiency have been assessed by several scholars. The measures studied range from 

word-of-mouth information provision by retail agents (e.g., Allcott & Sweeney, 2014; C. D. 

Anderson & Claxton, 1982; Kallbekken, Sælen, & Hermansen, 2013), over cross-household 

                                                 
714 Simplifying and condensing data by the regulator in order to provide simple, intuitive information may itself 

cause some economic inefficiency: for instance, discrete energy efficiency classes can cause notch effects on the 

part of manufacturers (Sallee & Slemrod, 2012) or may induce consumers to use other available information less 

diligently (e.g., Houde, 2014; R. Newell & Siikamäki, 2013; 2014). However, the benefits from increased 

consideration of fuel economy may still well outweigh any distortions from simplified information provision. 

Moreover, some degree of generalizing and simplifying is inevitable if consumers are not to be bothered with 

comprehensive technical handbooks. For example, already the differentiated fuel economy figures for city and 

highway driving provided on fuel economy labels (see next section) lack some precision because the withhold 

information about the assumptions made on weather, road conditions, driving style etc. The cumulative and 

annual fuel cost figures entail significantly more weighty assumptions (with respect to fuel prices and annual 

mileages, in particular); yet their essential underlying assumptions are made explicit. 
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energy consumption comparisons (Allcott, 2011b; Ayres, Raseman, & Shih, 2013), to energy 

efficiency displays—mostly—at the point of sale. Particularly the latter have been under 

intensive academic scrutiny. Most research to evaluate the merits of energy efficiency 

disclosure has been conducted in the domain of household appliances: a variety of 

informational policies for—amongst others—cooling appliances (Deutsch, 2010a; Hutton & 

Wilkie, 1980; Kallbekken et al., 2013), televisions (Heinzle, 2012), washing machines 

(Deutsch, 2010b), tumble driers (Kallbekken et al., 2013), air conditioners (Shen & Saijo, 

2009), and water boilers (R. Newell & Siikamäki, 2013; 2014) has been examined.715 Just as 

the precise research approaches taken vary (ranging from stated preferences to natural field 

experiments), so do the results found.716 Still, there are some widely shared findings of which 

we highlight one here as it is of particular relevance for the subsequent deliberations: the 

disclosure of (life cycle) cost figures generally appears to be more effective in affecting 

consumers’ decisions than providing information in terms of physical units. 

 

11.3.2 Examing the Impacts of Fuel Efficiency Labeling:  

Examples from the U.S. and Germany 

LDV fuel efficiency labeling of LDV has gained attention in academia (and 

regulatory impact assessments) in particular over the recent decade (e.g., Codagnone, 

Bogliacino, & Veltri, 2013; Gärtner, 2005; Grünig et al., 2010; Noblet, Teisl, & Rubin, 2006; 

U.S. Environmental Protection Agency & National Highway Traffic Safety Administration, 

2010b). Potential interactions of information policies with binding fuel efficiency standards 

have been largely neglected thus far, though. The vehicle’s specific fuel economy, the 

expected fuel costs, and its CO2 emissions performance are regularly presented on so-called 

window stickers (that is, labels including numerical and graphical information elements that 

are attached to the vehicles presented in the showroom).717 Regulators deem these labels 

promising in ameliorating information gathering and processing deficiencies, thereby 

appealing to prospective vehicle buyers’ rationality. 

                                                 
715 Also for residential buildings, whose energy consumption for heating purposes constitutes the largest 

fraction of private households’ total energy consumption in most countries, informational measures—mainly 

energy performance certificates and audit programs—aiming at improved energy efficiency are investigated 

(Amecke, 2011; Brounen & Kok, 2011; K. Palmer, Walls, Gordon, & Gerarden, 2011; Ürge-Vorsatz, Koeppel, 

& Mirasgedis, 2007; Walls, Palmer, & Gerarden, 2013). 

716 For broader reviews of eco-labeling as instrument of environmental policy, see e.g., Banerjee and Solomon 

(2003); M. A. Cohen and Vandenbergh (2012); Galarraga Gallastegui (2002); Mason (2013). 

717 The included information may be—partially—also provided in other formats and through other channels. 
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At a first glance, the precise design details of such window stickers may seem to be of 

minor importance for the success of the labeling scheme—in terms of cutting new vehicles’ 

specific fuel consumption and GHG emissions—as long as essentially the same information 

is provided. However, insights from theories of human decision-making and empirical 

observations suggest that not only the informational content by itself is important, but that 

framing effects crucially matter, too. That is, the triggered stimulus towards the adoption of 

energy-efficient vehicle alternatives is heavily contingent upon the precise form of 

information display.718 As both the U.S. and Germany have recently revised their LDV 

labeling schemes, we will use these examples to illustrate how the design of information 

provision measures may affect their (environmental) effectiveness—under special 

consideration of their interplay with fuel efficiency standards. To address this issue, we 

briefly recall relevant cognitive biases that can govern the LDV decision-making process and 

that are supposed to play an important role for the efficacy of energy efficiency labeling:719 

 The effort invested in assessing a particular vehicle characteristic and the decision 

weight given to it is affected by the attribute’s salience (DellaVigna, 2009; Jarvenpaa, 

1990; Yates & Aronson, 1983). According to the salience effect, consumers give—

among all available information—disproportionate decision weight to eye-catching, 

well-experienceable and better observable attributes. If initial acquisition costs 

(mainly the purchase price) as well as other, non-monetary vehicle attributes are 

considerably more salient than future energy costs, overemphasis will likely be given 

to the former. Being in the showroom, the vehicle’s physical properties as well as its 

price tag are very salient, whereas its fuel economy may be shrouded without an 

appropriate label. By means of a well-visible and attention-catching label, the salience 

and therefore the decision weight of energy efficiency properties and future energy 

cost can be increased.  

                                                 
718 A large number of laboratory and field experiments in the field of behavioural economics as well as research 

from neuroeconomics have demonstrated the impacts of such framing effects. They revealed principles that 

govern the perception and structuring of decision problems as well as the evaluation of outcomes and 

probabilities; these principles often produce predictable shifts of revealed preferences if the—objectively—same 

decision problem is framed in different ways (for an introductory overview, see e.g., Camerer, Loewenstein, and 

Prelec (2005); Camerer, Loewenstein, and Rabin (2003)). During recent years, these findings have been 

investigated and applied in several economic domains; however, their application to energy information 

schemes for LDV is poor. Recently, research started to systematically elaborate on the use of findings from 

behavioral sciences for tailoring the design of LDV efficiency labels to consumers’ actual decision-making 

(Codagnone et al., 2013; LSE et al., 2013). 

719 Here, we only recall those biases that are of particular importance for a comparison of the U.S. and German 

LDV labels. See section 3.3.2 for a more comprehensive discussion of cognitive limitations, biases, and 

heuristics that may be relevant for LDV decision-making. 
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 Loss aversion is one of the best known—and empirically most tested—decision-

making anomalies: the avoidance of losses appears to be more decision-guiding than 

the prospect of gains (e.g., Camerer, 2000; Kahneman et al., 1991; Tversky & 

Kahneman, 1991; 1992). Labeling campaigns could prepare and present energy 

consumption information in a manner that gives emphasis to the rising energy 

expenses if a vehicle option with low fuel economy is chosen. Framing the additional 

energy costs incurred by foregoing an energy saving opportunity as losses instead of 

framing the energy cost savings yieldable from an energy efficiency investment as 

gains would then increase the probability of making an efficiency investment—even if 

the objective (financial) attractiveness of the alternatives remains entirely 

unchanged.720 

 Finally, the magnitude effect appears noteworthy in this context (e.g., Benzion et al., 

1989; Loewenstein & Prelec, 1992; Thaler, 1981). According to this anomaly, the 

discount rate applied to future payments depends on their magnitude. The lower the 

magnitude of the payment, the higher is the applied discount rate. The return to an 

investment in better fuel economy accrues over many years. Moreover, it is not a  

one-off payment in return to an earlier investment in better fuel efficiency, but it 

comes in the form of a lower bill each time the vehicle is refueled or longer intervals 

between refueling. The way these financial returns are framed affects the applied 

discount rate and thereby their present value. Aggregating sums increases their 

(perceived) cumulative present value. Yet, even leaving aside the intertemporal 

dimension, consumers tend to perceive differences between alternative choice options 

with regards to a given attribute (e.g., fuel economy) as larger and give greater 

decision weight to that attribute if it is expressed on an expanded scale (Burson, 

Larrick, & Lynch, 2009; Pandelaere, Briers, & Lembregts, 2011). Presenting fuel cost 

savings (or excessive fuel costs) for the vehicle’s entire expected mileage/lifetime (or 

the average ownership period) would therefore have a stronger decision-guiding 

impact than presenting per month, per annum or per vkm data.721 Camilleri and 

Larrick (2013) confirm the finding that expressing fuel cost/fuel consumption data on 

a larger scale increases the probability of consumers choosing more fuel-efficient 

vehicle models, and they also propose an additional potential explanation for this 

observation—namely anchoring effects (see Ariely, Loewenstein, & Prelec, 2003; 

                                                 
720 For LDV purchase decisions, Codagnone et al. (2013) and LSE et al. (2013) confirm this hypothesis in an 

experimental setting. 

721 See e.g., Gourville (1998) for laboratory evidence of the effects of temporally (dis-)integrating payments. 
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Bergman, Ellingsen, Johannesson, & Svensson, 2010; Epley & Gilovich, 2006; 

Furnham & Boo, 2011; Tversky & Kahneman, 1974) with respect to consumers’ 

expected own mileage.722 The mileage used as denominator for quantifying a 

vehicle’s expected fuel costs constitutes the anchor from which consumers make their 

estimates as to their personal mileage; a larger anchor tends to increase their mileage 

estimates and thereby renders vehicles with lower running costs financially more 

attractive.  

Of course, decisions on the purchase of energy-consuming goods are complex and 

driven by many further behavioral factors, too, that cannot be outlined here. Moreover, the 

strength of the impact of these so-called anomalies varies with the intuitive or deliberate 

character of the decision—which again varies with the product category regarded. 

Nevertheless, based on these well-documented psychological effects there are already some 

hypotheses derivable regarding how the new window sticker designs in the U.S. and in 

Germany will likely affect LDV purchase decisions. 

Although the new window stickers for LDV in the U.S. and in Germany essentially 

provide very similar information, they exhibit some fundamental design differences. Both 

labeling schemes provide information about the specific fuel consumption, the specific CO2 

emissions, and the expected fuel costs. Furthermore, both schemes comprise a relative rating 

element that compares the labeled LDV to other vehicles. The most striking and momentous 

differences between the U.S. and the German window stickers pertain to these comparative 

elements.  

In the U.S., a central and attention-catching element of the window sticker is a fuel 

cost comparison. It indicates in bold characters whether and how much “you save” or “you 

spend” in fuel costs over five years, compared to the—fleetwide—average vehicle (see 

Figure 38 and Figure 39). Furthermore, the label includes information on specific fuel 

consumption (in terms of MPG or MPG-equivalents for EV), annual fuel costs, and 

emissions. In contrast, the most salient feature of the new German window sticker is a 

colored, vehicle weight-based CO2 emissions rating in the form of a letter grade (see Figure 

40 and Figure 41). The benchmark each vehicle is rated against is a reference CO2 emissions 

(per vkm) value for vehicles of the same weight; the higher a vehicle’s weight, the higher is 

                                                 
722 Camilleri and Larrick (2013) also confirm that translating fuel economy into cost data is more effective in 

shifting preferences towards fuel-efficient vehicles than providing fuel consumption information. 
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the reference emissions value.723 Data on the expected fuel costs are presented less 

prominently on the German window sticker. Moreover, the German label provides only 

information on the expected annual fuel costs (and ownership tax), whereas the U.S. label 

also includes—besides annual fuel costs information—some measure of cumulated costs. 

Based on these building blocks, we can derive hypotheses on the impacts of the window 

sticker designs in the U.S. and in Germany:   

 Abstracting from other structural factors (e.g., pre-existing preferences for certain 

vehicle types, fuel prices, etc.), the new U.S. labeling scheme is supposed to have a 

larger influence on consumers’ LDV purchase decisions than its German counterpart. 

This is mainly due to greater prominence of fuel cost information. As mentioned 

earlier, several studies revealed that consumers are more concerned about the 

financial than the environmental implications of the fuel economy of their cars.724 

Moreover, studies suggest that vehicle buyers are more familiar with the concept of 

fuel economy and fuel cost data than with emissions information (Lane & Banks, 

2010; U.S. Environmental Protection Agency & National Highway Traffic Safety 

Administration, 2010b). Making salient what consumers understand and care about 

will presumably increase the decision weight of fuel efficiency in the vehicle choice 

process.725 The hypothesis of greater effectiveness of the U.S. label is further 

underscored by the magnitude effect, since only the U.S. label provides cumulated 

                                                 
723 On the German label, the discrete efficiency classes are defined in terms of percentage deviations from the 

reference CO2 emissions value. As this value increases with vehicle weight, the absolute emissions and fuel cost 

savings resulting from moving to a better efficiency class also increase with the vehicle’s weight. If consumers 

are not aware of the thereby varying marginal benefit and instead have a constant willingness-to-pay per 

improvement by one efficiency class, the German labeling approach will likely cause economic efficiency-

decreasing distortions. This effect may be further amplified by the fact that heavier vehicles normally feature 

higher mileages; consequently, the disparity in emissions and fuel cost savings from moving to a better 

efficiency class between small and large vehicles further grows. 

724 The finding that (fuel) costs have a stronger impact than information on GHG performance may, however, 

not hold true universally for all energy-consuming durables. The relative effectiveness of financial versus  

non-monetized environmental incentives, which appeal to consumers’ environmental conscience, also depends 

on the amount of money at stake. Particularly for only small financial sums at stake, monetary incentives can 

even crowd out altruistic or environmental motives (e.g., Bowles, 2008; Frey & Oberholzer-Gee, 1997; Gneezy 

& Rustichini, 2000; Goeschl & Perino, 2012; Lanz, Wurlod, Panzone, & Swanson, 2014; Perino, Panzone, & 

Swanson, 2014). Yet, given the financial implications of different fuel economy levels even under low fuel 

prices, monetary motives will presumably prevail for the vast majority of consumers—except for those having 

strong intrinsic environmental motivation (Coad, de Haan, & Woersdorfer, 2009)—with respect to their vehicle 

fuel economy decisions. Moreover, for environmentally less inclined, conservative consumers, emphasizing 

environmental properties on product labels may even have a negative impact on their willingness-to-pay for 

energy-efficient product variants (Gromet, Kunreuther, & Larrick, 2013). 

725 As long as the new vehicle fleet is dominated by fossil-fueled ICE vehicles, the effects of stimulating 

consumers to reduce their vehicles’ fuel costs or CO2 emissions are widely equivalent, given the high correlation 

between fossil fuel consumption and CO2 emissions. 
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fuel cost information. The exploitation of loss aversion in the U.S. label design—

through framing above-average fuel consumption as causing losses—will likely also 

contribute to enhanced consumer responsiveness.  

 In the U.S., the new labeling scheme is expected to increase consumers’ flexibility 

and responsiveness across vehicle classes. When starting their choice process, most 

consumers are willing to consider vehicles from more than one class (U.S. 

Environmental Protection Agency & National Highway Traffic Safety 

Administration, 2010b; 2010d). The U.S. label is supposed to have a stronger impact 

on the eventual choice with regards to vehicle class. This supposition is crucially 

based on the central comparative element of the label: the fuel cost information 

presented in the “you save/you spend” frame is drawn from a comparison with the 

fleetwide average vehicle, whereas there are no very prominently placed within-class 

comparisons. Therefore, with the U.S. label design, smaller vehicles are 

systematically and well-visibly better ranked than larger vehicles, which normally 

feature higher fuel consumption levels. Following the desire to avoid perceived losses 

in fuel costs, car buyers might be willing to choose a smaller vehicle with lower fuel 

consumption. As the fuel consumption of the fleetwide average new vehicle serves as 

reference point for assessing whether a given vehicle model entails a relative loss or 

gain in fuel costs, the responsiveness to the central comparative element can be 

expected to be particularly large for consumers whose set of considered vehicle 

options ranges around this reference point: choosing a somewhat smaller and more 

fuel-efficient vehicle may then allow switching from the “spend” to the “save” 

domain.726 

 In contrast, vehicle buyers subjected to the German label are assumed to react with 

more inertia in this respect and to rather “optimize”727 the fuel economy or CO2 

emissions performance within their pre-selected vehicle class. In terms of using fuel 

efficiency as a decision criterion, the colored letter grade-based efficiency rating will 

attract much of consumers’ attention. Since a vehicle’s efficiency is measured against 

a reference vehicle of the same weight, good grades can be achieved in each vehicle 

class. Despite their normally lower absolute fuel consumption, smaller and lighter 

                                                 
726 Given certain needs and preferences, consumers will normally consider vehicles from classes that are similar 

rather than fundamentally disparate in their essential properties. 

727 Here, “optimization” refers to choosing an appropriate fuel economy level under the restrictions set by 

bounded rationality and cognitive biases. For instance, consumers may strive for purchasing a vehicle which at 

least achieves a given minimum letter grade (i.e., that satisfices their preferences in this regard). 
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vehicle types are not necessarily rated better than heavy and more fuel-consuming 

vehicles. For instance, heavy SUV can earn a better efficiency rating than subcompact 

cars, although their fuel consumption and CO2 emissions per vkm clearly exceed 

those of the latter. Actually, given the current state of vehicle technology, it might 

even be easier to find well-rated vehicles in larger and heavier segments of the LDV 

market. In consequence, the German efficiency label may provide an impetus for a 

market shift towards larger and generally more energy-consuming vehicles rather than 

stimulating the demand for small “fuel-sipping” cars.728 

                                                 
728 Indeed, the precise calculation method applied for the German efficiency (letter) grading entails some 

incentives towards upsizing and particularly “upweighting” of the fleet. The slope of the vehicle weight-based 

reference emissions function (that is, the additional CO2 emissions “granted” to the reference vehicle per 100kg 

increase in weight) exceeds the current physical correlation between vehicle weight and specific emissions: the 

former is 9g CO2 per 100kg vehicle weight (Bundesministerium für Wirtschaft und Energie, 2011), the latter 

is—for the 2013 European new vehicle fleet—roughly 6g CO2 per 100kg (International Council on Clean 

Transportation, 2014). In other words, making vehicles heavier—while maintaining the average-based relation 

of weight and CO2 emissions—tends to improve their efficiency grade on the German fuel economy label, 

despite increasing their absolute CO2 emissions per vkm.  

This “weight dividend effect” can be illustrated by a numerical example. Take the sales-weighted correlation 

between specific CO2 emissions and vehicle weight as basis for determining the typical emissions of model year 

2013 vehicles with different weight. Such average vehicles with a weight of up to roughly 1.1 t (e.g., 

subcompact cars) would receive the efficiency grade “C,” heavier average vehicles receive a “B,” and very 

heavy vehicles (e.g., large SUV) with a weight of more than 3 t would even get an “A” rating. Figure 40 and 

Figure 41 show the labels for the first and the last case, respectively. 

The privileging of heavy, high performance vehicles inherent to the German labeling approach can presumably 

be traced back to industry policy motives, aiming at strengthening the competitive position of German 

manufacturers in the domestic market as they mainly produce heavy vehicles from upper segments of the LDV 

market. In contrast to German manufacturers’ preference for a weight-based label, consumers apparently do not 

deem vehicle weight an appropriate attribute to define the reference group of vehicles to which a given vehicle’s 

efficiency is compared. Consumers can be confused by an inconsistent relation of a vehicle’s specific emissions 

and its efficiency label grade, particularly if this occurs even for vehicles of the same size and within the same 

segment—thereby weakening the label’s effectiveness (Gärtner, 2005; Wallis, 2011). 
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Figure 38. U.S. Fuel Economy Label for a Better-than-average Vehicle 

 

Source: United States Environmental Protection Agency 
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Figure 39. U.S. Fuel Economy Label for a Worse-than-average Vehicle 

 

Source: United States Environmental Protection Agency 
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Figure 40. German Fuel Economy Label for a Vehicle with Relatively Low Mass 

 

Source: Self-created label, using the online tool provided by Deutsche Energie-Agentur 

[http://www.pkw-label.de/pkw-label-erstellen.html] 
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Figure 41. German Fuel Economy Label for a Vehicle with Relatively High Mass 

Source: Self-created label, using the online tool provided by Deutsche Energie-Agentur 

[http://www.pkw-label.de/pkw-label-erstellen.html] 
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Based on the results presented earlier in this chapter, the implications of the different 

labeling approaches for the fuel economy and CO2 emissions performance of the new vehicle 

fleet are quite straightforward. In the presence of a mandatory and binding LDV efficiency 

standard, complementary policies have an impact on the overall average fuel economy and 

emissions performance only if (a) the standard is attribute-based and (b) the complementary 

policies affect the equilibrium value of the reference attribute. In light of our previous 

hypotheses, we can infer contrary impacts of the U.S. and German labeling approaches. The 

new U.S. label tends to shift the vehicle demand towards smaller and lighter vehicles, 

whereas the German labeling policy may tend to yield opposed effects. In consequence, the 

effective average fuel economy target (and GHG target) of the footprint-based U.S. standards 

will be tightened, whereas a label-induced vehicle weight increase of the German fleet would 

entail—at least in the medium term—a relaxation of the effective average emissions target in 

the EU.729  

 

11.3.3 The Role of Fuel Economy Information  

in Internet-based Vehicle Search  

Today, the majority of vehicle purchasers starts their search and conducts most of 

information gathering on the internet. Although on-site vehicle inspection in the showroom at 

the dealership still plays a role, most customers already expended web-based search efforts 

earlier (e.g., Capgemini, 2009; Center for Advancing Health, 2009; U.S. Environmental 

Protection Agency & National Highway Traffic Safety Administration, 2010b; 2010c). 

Vehicle choice is often approximated to be a two-stage process: first, the consumer narrows 

down her set of vehicles considered for purchase to a relatively small number of remaining 

options which often belong to the same (or similar) vehicle class; second, the consumer 

scrutinizes the remaining options in greater detail, possibly involving test driving, and 

eventually chooses a vehicle (e.g., Grünig et al., 2010; IEEP, ABRL, & COWI, 2006; Noblet 

et al., 2006; Siriwardena, Hunt, Teisl, & Noblet, 2012).730 Nowadays, the first stage—that is, 

the pre-selection process—is widely based on information collected online (e.g., Teisl et al., 

                                                 
729 Besides its effects on the fleet’s fuel consumption and emissions performance, the window sticker design 

may also impact on road transport safety. The German label contributes to maintaining weight disparities in the 

vehicle fleet, having adverse effects on safety. In contrast, the U.S. labeling scheme entails an impetus towards 

weight convergence across vehicles. Because mass disparity crucially determines injury risks in multi-vehicle 

collisions, incentivizing weight convergence potentially reduces fatality rates in such collisions (see section 7.4). 

730 Others (e.g., U.S. Environmental Protection Agency, 2012a), however, model vehicle choice in a multi-

tiered structure.   
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2004; U.S. Environmental Protection Agency & National Highway Traffic Safety 

Administration, 2010b; 2010c). Only the final choice step normally takes place at the 

dealership where the consumer encounters the fuel efficiency window sticker. Given the 

supposed two-tier structure of the vehicle choice process, an important question pertains to 

the stage at which—and how—fuel economy and GHG information actually come into play. 

To our knowledge, the role of fuel efficiency information in today’s vehicle selection process 

is a so far insufficiently researched question.731 

A central role in online vehicle purchases and web-based pre-purchase information 

gathering play intermediary websites—connecting consumers and retailers—such as 

cars.com (U.S.) or autoscout24.de (Germany). These websites implement search engines and 

filters to narrow down the vast number of offered vehicles in accordance with the customer’s 

preferences. Interestingly, the search masks of all regarded websites neglect fuel economy as 

a potential criterion for narrowing down the choice, even in advanced, more detailed search 

modes.732 Besides rough filters such as vehicle type (e.g., compact car, SUV, van), customers 

can apply filters for more specific vehicle properties such as engine performance, different 

interiors, or vehicle color (see Figure 42 and Figure 43); expectedly, the vehicle’s retail price 

                                                 
731 There is ample literature finding that fuel economy is not a key criterion in the first stage of the decision 

process, at which the choice set is narrowed down mainly with respect to vehicle class, and that fuel economy is 

rather considered in the second stage (e.g., Bowyer, 2010; Grünig et al., 2010; Noblet et al., 2006; Teisl, Rubin, 

& Noblet, 2008). Somewhat contradictory results are obtained by Lane and Banks (2010): they find that 

consumers tend to trade off fuel economy against vehicle size (and price) in the first stage of the choice process, 

and subsequently—that is, after the decision on the preferred vehicle class is made—pay little attention to 

picking a fuel-efficient model as they underestimate the remaining fuel economy range. Hence, consumers’ 

belief that there are only minor fuel economy differences among vehicles of the same class is suggested as 

explanation for the neglect of fuel economy in the first stage and the second stage as well: either because the 

perceived small within-class fuel economy differences rank behind other criteria when narrowing down the 

choice set or because fuel economy needs to be considered already in the first stage to yield substantial fuel cost 

savings through choosing a rather small vehicle class. 

A question that deserves further research is whether the vehicle selection process is primarily driven by (stable) 

consumer preferences regarding the importance of different vehicle attributes or by the (informational) structure 

of the decision-making environment.  

732 In the research mode of cars.com, customers have the option to search for High MPG vehicles. Yet, this 

filter is not very sophisticated but merely distinguishes between vehicles that achieve the preset threshold value 

of 40 MPG and those that do not. 

The assessment of a number of intermediary vehicle websites serving different countries was conducted in fall 

2013. Thus, any potential recent changes with regards to additional fuel economy search criteria are not 

considered, here.   

There are other, mostly non-commercial websites that put a particular focus on vehicle fuel efficiency (e.g., 

fueleconomy.gov in the U.S. or the “VCD Auto-Umweltliste” in Germany), but these websites usually lack 

several other information (e.g., retail prices and specific vehicle characteristics) that are of importance for 

consumers in order to compare different vehicles. Particularly a lack of price information renders a website 

unattractive for consumers as an information source and search tool (e.g., Lane & Banks, 2010; U.S. 

Environmental Protection Agency & National Highway Traffic Safety Administration, 2010c). 
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is central search criterion, too. Yet, a thereby narrowed set of vehicles can theoretically still 

cover the full fuel economy range from gas guzzlers to highly efficient fuel sippers. Fuel 

economy, fuel cost, or GHG emissions information is not available before clicking on a 

concrete vehicle offer; and even then, the fuel efficiency information is presented in a 

condensed form instead of showing the full fuel economy label as required in the show room 

(or equivalently comprehensive information).  

 

Figure 42. Screenshot of the Search Mask of cars.com 

 

Source: www.cars.com 
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Figure 43. Screenshot of the Search Mask of autoscout24.de 

 

Source: www.autoscout24.de 
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This missing feature of vehicle search websites might be of significant relevance for 

the eventual fuel economy and GHG performance of the purchased vehicle fleet, and its 

impact may exceed that of the window sticker design. It seems plausible that the websites’ 

structure and their implemented sets of filters tend to reduce the importance of fuel economy 

in the choice process relative to other vehicle properties. This intuition can easily be grasped 

by looking once again at the choice process. 

Understanding the choice process as a sequence of successive stages, each stage 

represents a decision regarding a certain criterion or set of criteria; this decision has 

implications for the available manifestations of the characteristics to decide on at the 

following stages. Applying this staged decision structure to vehicle choice, if a customer 

decides at the first stage to get a truck or a large SUV, the number of high MPG vehicles that 

remain in this branch of the decision tree will—if at all—be small. At each stage, consumers 

concentrate on collecting and evaluating information that are most characterizing for the 

attributes to decide on at the respective stage. For instance, the decision for a truck or a large 

SUV may be largely driven by cargo capacity considerations; the higher fuel consumption of 

these vehicle types may then have played a minor role at this stage. It becomes obvious that 

the succession of attributes to decide on can have a substantial impact on the final outcome of 

the vehicle choice process. Based on findings from behavioral research, this succession will 

likely be affected by the decision environment instead of being fixed in the consumer’s 

mindset. Thus, the search menu structure provided by the vehicle websites can be assumed to 

shape the purchaser’s search and decision-making routine (Häubl & Trifts, 2000).733  

The regarded intermediary vehicle websites support a search and decision-making 

routine that contributes to fuel economy receiving minor attention. Browsing these websites, 

consumers may start with the regular search mask and select one or more vehicle types (e.g., 

SUV). If they perceive everything else being widely equal (or—rather—if they are not 

attentive to other vehicle characteristics such as the fuel costs accruing over the vehicle’s life 

span), most people prefer larger, higher performance, and more luxurious vehicles. At this 

early stage already, consumers might sort out most high MPG vehicles which are regularly 

found in smaller vehicle segments. Subsequently, they apply advanced search criteria to 

further narrow down their choice set. Eventually facing a relatively small number of 

                                                 
733 Moreover, as mentioned earlier, the importance of a product characteristic in a choice situation—and its rank 

in a tiered decision structure—is affected by its salience. The lower its visibility, the weaker is the decision 

weight—and the later is the consideration—of the characteristic. Therefore, “hiding” fuel economy information 

until being on the final branch of the decision tree (that is, clicking on precise vehicle offers) tends to further de-

emphasize the importance of fuel economy. 
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remaining vehicles, they may now click on precise vehicle offers, encountering fuel economy 

information for the first time.  

Although possibly not entirely satisfied with the fuel economy numbers found there, 

consumers may still be reluctant to restart the search process from the very beginning to find 

more fuel-efficient vehicles. First, consumers may want to avoid incurring the related 

transaction—particularly search—costs. Going back from a lower branch of the staged 

decision tree, which consists of relatively few vehicles, to a higher branch (in order to re-

extend the set of considered vehicles) is costly. Thus, consumers have to balance the costs 

from (partially) restarting the search process against the potential gains from thereby finding 

a vehicle that better fits their demands. Second, vehicle buyers may not even be aware of the 

full range of fuel efficiency available in the market if their narrowed vehicle pre-selection is 

mainly found in the low fuel economy segments.  

In consequence, consumers tend to choose larger and more fuel-consuming vehicles 

compared to the case that they were fully informed about the different vehicle options’ 

efficiency properties from the very beginning of the search process.734 This distortion can be 

offset by LDV efficiency standards only (a) if these are not attribute-based or (b) if attribute–

based standards are “adaptable” or “historical” in the sense used in chapter 5. Otherwise, a 

larger and heavier new vehicle fleet implies higher (specific) fuel consumption with weight-

based or footprint-based standards due to the relaxation of the effective efficiency target.  

 

Box 13. Research Agenda: Making Fuel Economy an Integral Component  

of Web-based Vehicle Search 

Changes in consumers’ vehicle information search routines and purchase behavior 

offer new opportunities to give fuel efficiency greater prominence in the choice process. This 

requires implementing approaches that integrate fuel economy information in a salient and 

easily accessible way from the very beginning of today’s widely web-based vehicle search 

processes. Focusing on intermediary vehicle websites, which combine search tools with 

actual vehicle offers from retailers, an approach deemed promising is borrowed from the 

search masks of some hotel and flight booking websites. Besides setting a maximum 

purchase price, vehicle websites should allow customers to also set a limit on fuel 

                                                 
734 Of course, due to financial constraints (and possibly personal preferences as well), many consumers will still 

search for small vehicles that are normally more fuel-efficient. Still, they will pay less attention to fuel economy 

and more attention to other vehicle attributes if the latter are better visible and part of the search mask. 
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consumption, specific GHG emissions, and/or fuel costs right away from the beginning of the 

search process. Acknowledging that some customers may find it difficult to set a limit on fuel 

consumption or GHG emissions by giving an absolute number, this function could be 

implemented by means of a sliding scale that is similar to that on hotel or flight booking 

websites. This sliding scale could cover the range of fuel economy levels of either all vehicles 

or only those vehicles remaining in the consumer’s narrowed choice set—or both.735 Thereby, 

the scale immediately gives an impression of the fuel economy generally available.  

For regulators that strive for rendering fuel efficiency a key criterion in both the 

vehicle class decision and the eventual model choice, there are good arguments in favor of 

implementing the sliding scale as a dynamic information element. When starting the search 

process, the sliding scale always represents the fuel economy range of the entire fleet of new 

vehicles. This provides consumers with the opportunity to exclude “gas guzzlers,” which are 

mainly found in large-vehicle segments, from their further search already at the beginning. If 

the consumer reduces her choice set to certain vehicles types,736 the sliding scale may adjust 

accordingly to the fuel economy range of the remaining vehicles. Such an adjustment could 

facilitate that consumers make efficient choices within their preferred vehicle class(es). If the 

sliding scale would still cover the full fuel economy range of the entire new vehicle fleet, 

differences of a few MPG (or a few tenth of a liter in fuel consumption per 100 vkm) might 

appear relatively small and possibly negligible on this broad range. In consequence, the 

adjustment of the sliding scale can be expected to have an effect similar to attribute-based 

fuel economy labels, that is, promoting fuel-efficient within-class choices.737 Hence, the 

                                                 
735 There are combined display formats conceivable that integrate the full marketwide fuel economy range 

without significantly hampering fuel-efficient within-vehicle class choices. If both the entire fleetwide 

bandwidth of available fuel economy levels and the fuel economy range of the vehicles remaining in the 

narrowed choice set should be displayed simultaneously within one graphical element, a color-based 

demarcation could be used, for instance: the fuel economy of the vehicles still considered by the consumer could 

range from red (lowest fuel economy, indicating fuel cost losses compared to a reference vehicle which is 

determined based on the remaining choice set) to green (highest fuel economy, indicating savings), whereas the 

fuel economy bandwidth that is not covered by the vehicles in the current choice set could be colored gray (and 

be possibly displayed in a condensed form). It must be ensured, however, that such relatively complex 

information elements do not confuse or overstrain consumers so that they do not use the provided information at 

all. 

736 Whereas some consumers may generally be willing to consider a broader range of different vehicle types, 

others may constrain their choice set to few segments or only one vehicle type. Employees who use their car 

solely for commuting purposes may be an example for the first group, families that have to transport their 

children can represent the latter group. 

737 The rationale for an adjusting scale is underscored by the finding in the literature that consumers tend to 

underestimate the fuel economy range within a given vehicle class. An adjusted scale improves the visibility of 

fuel economy differences among vehicles of comparable size, comfort, performance etc. Moreover, consumers 

regularly state a desire for informational elements that facilitate within-class comparisons (e.g., Lane & Banks, 

2010; Wallis, 2011). 
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dynamic nature of the fuel economy information provided by the sliding scale should 

integrate both (a) a stimulus towards purchases of smaller and generally less fuel consuming 

vehicle types and (b) incentives to optimize fuel economy within the chosen vehicle class.  

To examine whether and to what extent earlier and more salient fuel economy and 

fuel cost information disclosure would actually affect vehicle purchase behavior, a controlled 

field experiment appears to be a promising approach. Ideally, this experiment would be 

conducted jointly with a commercial intermediary vehicle website in order to reach actual 

prospective car purchasers and to maximize its representativeness.738 Visitors of the website 

could be assigned randomly based on their IP address to different treatments, i.e., different 

website designs.739  

The evaluation of the proposed experiment’s results should focus on how the 

additional informational features affect the size and fuel economy of purchased vehicles as 

well as the customers’ search process. Obviously, the first question can be answered—if 

consumers eventually purchase their vehicles online—by comparing the decisions regarding 

vehicle size and fuel economy made by the treatment group and the control group.740 The 

evaluation of the impact on the search process—including an analysis of possible changes in 

(a) consumers’ priorities with respect to vehicle characteristics and (b) their stepwise choice 

refinement procedure—involves tracking and analyzing the browsing behavior.  

Testing and assessing a number of different treatments could help to answer several 

still open questions with regards to the most effective way of precisely designing an 

                                                 
738 To our knowledge, so far, only one experiment was conducted that involved actual commercial intermediary 

websites to prominently provide lifetime operating cost information (along with the purchase price) for energy-

consuming durables (Deutsch, 2007; 2010a; 2010b). The experiment resulted in statistically significant but 

small-in-magnitude energy savings. The transferability of these results is to be judged critically, however. The 

examined energy-consuming durables, washing machines and refrigerators, are less complex goods and they 

feature less dimensions consumers care about; moreover, they are rather functional goods, involving fewer 

emotional and hedonic factors than cars. Thus, on the one hand, car purchsers may care less about energy cost 

information even if presented at an earlier stage of the decision process because other characteristics dominate 

the decision process—more than with refrigerators. On the other hand, it may hold that prospective vehicle 

buyers are more flexible with respect to some energy consumption-determining characteristics of the product 

(e.g., considering a smaller and therefore less fuel-consuming vehicle), whereas this flexibility may not apply to 

refrigerators because consumers search for a size that fits into their kitchens. Furthermore, the information tool 

proposed here (i.e., a sliding scale) considerably deviates from the approach taken in this experiment. 

739 By using IP addresses for assigning visitors to different treatments, it should be ensured that each individual 

customer will search within the same website design if repeatedly browsing the website.  

740 Results observed for consumers buying their vehicles online may possibly not equally apply to consumers 

who use intermediary websites as information source, but eventually purchase the vehicle at the dealership—

under consideration of potential test drives as well as information and customer advice received there. 

Furthermore, the website design may affect the propensity to buy online. 
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additional fuel economy, fuel cost, and/or GHG information filter into online search masks. 

These open questions include amongst others: 

 Which information and which metric should be added to the search mask (fuel economy 

in terms of MPG, fuel consumption in liters per 100 vkm/miles, fuel costs, total running 

costs including CO2-dependent taxes, specific CO2 emissions etc.)? Too much 

information can undermine the policy’s efficacy by causing information overload and 

confusion on the part of the consumers.  

 Should loss aversion be exploited, and how can it be done most efficiently? Should the 

displayed fuel economy information be measured—and rated—against a reference point? 

What should this reference point be (e.g., fleetwide average, average of the remaining 

choice set, a representative frontrunner vehicle)?741 

 How should fuel cost information be presented (on a per annum, lifetime, or average 

holding period basis)? Which customization options (e.g., with respect to mileage, 

holding period, fuel prices) should be provided—without overstraining the customer—in 

order to enable her to estimate her personal expected fuel costs?742 

 Should an integrated cost figure (purchase and operating cost) be provided? Given a 

susceptibility to mental accounting, separate figures might be more effective in triggering 

fuel-efficient choices due to the greater salience of fuel cost differences.  

 

11.3.4 Synopsis 

Information deficiencies, lacking attention, and cognitive biases are often deemed 

important—consumer-side—obstacles to improving the new vehicle fleet’s fuel economy and 

GHG performance. Only if consumers are aware of fuel economy differences across 

                                                 
741 Presupposing convexity of the decision value function in the loss domain and concavity in the gain domain, 

the choice of the reference point is not trivial and involves a trade-off. A very ambitious reference point (that is, 

a highly fuel-efficient benchmark vehicle) would attribute fuel cost losses to the majority of vehicles. The 

effects thereof are ambiguous. On the one hand, consumers are more responsive to designated losses than to 

gains of the same amount. On the other hand, the marginal responsiveness decreases with the distance from the 

reference point; in consequence, consumers who do not consider purchasing a high fuel economy car may not 

pay much attention to the additionally incurred loss if choosing an incrementally less fuel-efficient vehicle. 

Another question pertains to whether the reference fuel economy level should be uniform across the entire fleet 

or rather vehicle class-specific (or consumer choice set-specific). 

742 Acknowledging the problems inherent to providing cost figures based on average usage patterns, the basic 

idea of a customizable IT-based decision-support tool for calculating life cycle (energy) cost was already 

proposed by Lund (1978). 
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considered vehicle options as well as the related cost (and emissions) implications, they can 

make (fuel-)efficient choices. Hence, information provision measures can be an effective 

means of stimulating the choice of more fuel-efficient vehicles—through drawing consumers’ 

attention to fuel economy, reducing information gathering and evaluation costs, and 

remedying cognitive biases.  

Particularly with respect to overcoming psychological barriers to energy efficiency, 

not only the factual content but also the precise format and framing of information disclosure 

play a crucial role. Proponents of goal-oriented information framing (“nudging”) emphasize 

that it can accommodate heterogeneity in consumers’ susceptibility to cognitive biases which 

may cause undervaluation of future fuel costs. Rational deciders who are not subject to 

cognitive biases would hardly be swayed by applying framing techniques because their 

choices are solely based on the factual content of the label (or other kind of informational 

material). Only biased consumers would respond to framing techniques that aim at correcting 

consumers’ undervaluation. This “asymmetrical paternalism”(Camerer, Issacharoff, et al., 

2003) is in stark contrast to fiscal incentives and fuel efficiency standards which—

objectively—alter decision parameters (that is, the net vehicle prices and possibly the set of 

available vehicles) equally for all consumers, and thereby cause welfare-decreasing 

distortions for non-biased consumers. Hence, their weaker market interference and better 

targeting are stressed as being the major assets of information disclosure policies.743 

So far, fuel economy labels (so-called window stickers) are the most widespread 

information tool in major automobile markets. Accounting for the interplay with binding 

attribute-based standards (whose limit value function is normally fixed in the medium term), 

to be environmentally effective, it is important for information provision measures to 

motivate the purchase of smaller and lighter vehicles. A comparison of the U.S. and the 

German LDV efficiency labels revealed major design differences that are supposed to have 

an impact on their environmental effectiveness—also under consideration of their interaction 

                                                 
743 See Allcott and Taubinsky (2015) as well as Allcott et al. (2014) for a theoretical and experiment-based 

discussion of the welfare effects of information, fiscal, and regulatory energy efficiency policies when 

consumers are heterogeneous in their degree of information imperfections and cognitive biases. 

Still, whereas—putatively neutral—information provision is regularly approved by economists of all shades, 

this does not hold true for making use of framing techniques that intend to nudge consumers. Opponents claim 

that this would violate consumers’ liberty by being manipulated, and they doubt the prospects of improving 

consumers’ decision-making quality by means of libertarian paternalism (e.g., Grüne-Yanoff, 2012; Hansen & 

Jespersen, 2013; D. Hausman & Welch, 2010; Schnellenbach, 2011; Schnellenbach, 2012). Counterarguments 

may comprise that there is no truly neutral way of information framing; this holds true even more for a decision 

environment such as the real-world vehicle market, in which huge marketing budgets—presumably—aim at 

swaying consumers into larger vehicle segments that usually feature higher profit margins. 
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with mandatory, binding fuel efficiency standards. Whereas the U.S. label is hypothesized to 

motivate the purchase of smaller LDV, thereby tightening the fuel economy and GHG 

standards’ effective targets, oppositional effects are assumed for the German approach. The 

weight-based efficiency rating on the German label can unfold its detrimental environmental 

impacts particularly effective in combination with the European weight-based CO2 emissions 

standards because they mutually reinforce their weaknesses.  

In light of the growing importance of the internet as information source, it becomes 

evident, however, that fuel economy labels and their specific design matter far less if some 

fundamental decisions (e.g., on the vehicle class) with important implications for fuel 

economy are already made before the label is presented to the consumers. If the consumer 

merely chooses among a selection of large SUV when encountering the label for the first time 

in her decision process, even a well-designed label will hardly trigger a trend towards less 

fuel-consuming vehicles. Thus, beyond its design and content, the effectiveness of fuel 

efficiency information is highly dependent on the stage in the choice process at which it is 

easily accessible for consumers. With the rise of web-based vehicle search, much more 

attention has to be paid to integrating fuel economy and GHG performance prominently into 

online information sources in order to render them important criteria from the very beginning 

of the vehicle choice process. So far, this issue is widely disregarded so that fuel efficiency 

remains widely invisible for most of web-based vehicle search. A modern information 

provision policy may comprise mandating the inclusion of GHG emissions and fuel economy 

filters on commercial websites. Exploiting the opportunities offered by new search tools  

(e.g., customizable fuel cost calculators that are tailored to individual driving profiles) has the 

potential to substantially improve consumers’ decisions with regards to fuel efficiency. 

 

11.4 R&D Support 

In view of the high social returns to R&D, which regularly clearly exceed private 

returns due to knowledge spillovers, regulators may identify targeted R&D policies as a 

beneficial and effective leverage point for improving the fuel economy performance of the 

LDV fleet. The regulator has several options at hand to stimulate—additional744—research in 

fuel-saving technologies; roughly, support of private R&D activities (by means of grants, tax 

credits etc.) and financing research in public institutions can be distinguished. Here, we are 

                                                 
744 Here, additional refers to technological improvements that exceed those stimulated by LDV efficiency 

standards and other pre-existing policies. 



Interactions of LDV Standards with Complementary Fuel Efficiency Policies 

453 

not concerned with the design details of the R&D support policy. We focus on the 

(environmental) consequences if the regulator were successful in stimulating the additional 

development of new fuel-saving technologies or improvement of existing ones. Successful 

R&D shifts the manufacturers’ production possibility frontier outwards. That is, in this 

context, the technological progress eases the trade-off between fuel economy on the one hand 

and, on the other hand, vehicle attributes that are valued by consumers but increase the 

vehicle’s fuel consumption (e.g., size, engine performance, comfort). We depict the 

interactions of effective R&D support policies with (weight-based)745 LDV emissions 

standards graphically in Figure 44. 

Firstly, we introduce the manufacturer compliance function ( MCF ). Broadly 

speaking, MCF  denotes a manufacturer’s optimal strategy to comply with an emissions 

constraint—in terms of its decision on its fleet’s average vehicle weight. The constraint 

regarding the average specific emissions of the manufacturer’s fleet is imposed by means of a 

(weight-based) vehicle emissions standard. As known, the regulator allocates the abatement 

requirements across manufacturers by employing a limit value function ( LVF ) that assigns 

manufacturer-specific emissions targets dependent on the average weight of a manufacturer’s 

vehicle fleet. For any manufacturer-specific emissions target iE , there is—as seen from the 

manufacturer’s perspective—a cost-minimizing compliance strategy in terms of reducing 

weight and deploying other emissions-reducing options (“others” in our above model). That 

is, leaving all other parameters and variables unchanged, we can express a manufacturer’s 

choice with respect to vehicle weight as a function of iE :  ,

wb
ii wx E . MCF  is the inverse of 

 ,

wb
ii wx E . As shown in chapter 5, a manufacturer’s decisions with respect to adjusting 

vehicle weight—and thereby its MCF —are determined by a number of parameters, ranging 

from the cost and emissions factors of adjustments in weight and “others,” initial 

endowments with weight and “others,” over individual market shares, to the slope of LVF

.746 As long as the emissions target is binding, each point on the MCF  is associated with a 

different compliance cost level: the closer a point to the axes origin, the higher are the 

compliance costs. A shift on the MCF  towards the axes origin implies an intensified use of 

weight reductions as well as of other costly abatement options.  

                                                 
745 The following reasoning on the impacts of R&D support policy in the context of weight-based LDV 

emissions standards also applies to attribute-based standards using another reference attribute. 

746 For instance, the relatively more costly weight reductions compared to reductions in “others” or the steeper 

LVF  (i.e., the higher  ), the steeper MCF  will be. 
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The intersection of MCF  and LVF  denotes the resulting equilibrium average vehicle 

weight and emissions (or fuel economy).747 In our initial situation, before additional 

technological progress is triggered via public R&D policy measures, manufacturer i ’s fleet 

has an average weight of 
/

,

w o RD

i wx  and features an emissions value of /w o RD

iE . Now, we look at 

the implications of technological advancement that shifts the production possibility frontier 

outwards. Transferring this shift of the production possibility frontier to the analytical 

framework used in Figure 44, manufacturer i ’s compliance function is shifted downwards 

from /w o RD

iMCF  to /w RD

iMCF . Compared to the initial situation, the better efficiency achieved 

through technological progress enables greater vehicle weight (and better engine 

performance, more comfort-enhancing equipment etc.) for any given manufacturer-specific 

emissions target iE . At the same time, MCF  will normally become flatter through R&D 

support. Assume, for instance, that R&D policy induces the development of more efficient 

vehicle engines. This implies that an incremental relaxation of a manufacturer’s emissions 

target allows a larger weight increase (compared to the situation before the induced 

technological progress) because the emissions increase per additional kg vehicle weight  

(i.e., 
w in our model) is smaller now.748 

 

                                                 
747 Note that MCF  is necessarily steeper than LVF  unless the regulator chooses an absurdly high slope of LVF  

(i.e., 
w  ); if it holds 

w  , the slope of MCF  would turn negative. First, for technical reasons, the lower 

bound for the slope of MCF  is 
w dw, which is an upper bound for reasonable values of  . Second, arguing 

more economically, the steepness of LVF —that is, the increase in manufacturer-specific target stringency 

subsequent to a weight reduction—is one component of a manufacturer’s private costs associated with weight 

reductions. These “regulatory” costs of weight reductions (under WBS) are fully factored into the 

manufacturer’s compliance strategy; that is, they are a determinant of the slope of MCF . Yet, weight reductions 

also cause “manufacturing” costs (engineering costs, more costly light-weight components, possibly reduced 

willingness-to-pay of consumers etc.), which further reduce a manufacturer’s weight reduction efforts in case of 

a tightened fuel economy target—implying a further increasing slope of MCF . Both “manufacturing” and 

“regulatory” costs of weight reductions ensure that the MCF  will be steeper than LVF . 

748 It becomes obvious that we relax here our earlier assumption of full technological independence of the 

different abatement options. 
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Figure 44. Impacts of R&D Support under WBS 

 

 

When assessing the implications of—by means of public R&D support—accelerated 

technological progress, we have to distinguish once again between the cases of a fixed and an 

adaptable LVF . We start with the case of fixed WBS, being representative for most real-

world regulations—at least in the short term and often also in the medium term. Under fixed 

WBS, LVF  remains entirely unaffected by the technological development. We see that, in 

the new equilibrium, both the manufacturer’s specific emissions (
/w RD

iE ) and its average 

vehicle weight (
/

,

w RD

i wx ) increase compared to the situation prior to the technology leap. Due to 

the shift of the production possibility frontier and thereby MCF , manufacturers can 

comply—in a cost-minimizing manner—with a given fuel economy target with larger and 

heavier vehicles than before. Under fixed WBS, the increased vehicle size and weight lead to 

a relaxation of the manufacturer’s emissions target, which again triggers growth in vehicle 

size and so on—until the new equilibrium is reached. These adjustments apply to all 

regulated manufacturers; therefore, the average emissions and fuel consumption of the entire 

vehicle fleet increases. In short, with a fixed weight-based LVF , R&D policy that makes 
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emissions abatement easier leads to actually less abatement.749 Yet, the shift in the production 

possibility frontier also raises consumers’ utility derived from their then larger and more 

comfortable vehicles. 

An increase in fleetwide average emissions subsequent to an induced technology leap 

will not occur if the standards are adaptable and immediately adjust the LVF  to changes in 

the average value of the reference attribute. That is, adaptable WBS implicitly entail a 

parallel downwards shift of LVF ; the slope of LVF  (i.e.,  ) remains constant. In the new 

equilibrium under adaptable WBS, denoted by the intersection of /w RD

iMCF  and 
adLVF , 

vehicles will again be larger than without the R&D support, but due to the LVF  adjustment 

they will still achieve the same average fleetwide fuel economy. In Figure 44, for better 

comprehensibility, we regard a representative manufacturer whose specific emissions remain 

constant after technological progress. Note, however, that this is not necessarily the case—

despite the necessity of constant overall fleetwide average emissions. As was shown in 

chapters 5 and 6, the impacts of increasing stringency of the emissions constraint (as 

represented by a downwards shift of LVF ) can vary across manufacturers. That is, while 

some manufacturers may emit more than in the situation before additional technological 

progress emerged, others will reduce their specific emissions in the new equilibrium.  

With uniform LDV standards (i.e., a flat LVF ), additional technological progress 

leaves the average emissions intensity of the fleet unchanged, too. Again, R&D support 

policies will only lead to a larger and more luxurious fleet because the induced technological 

improvements reduce the need for downsizing in order to comply with the—constant—

emissions target. In contrast to adaptable WBS, under uniform standards, no changes in 

manufacturer-specific emissions targets can occur subsequent to additionally induced 

technological progress; that is, the allocation of abatement efforts remains unaffected by 

R&D policy.  

The previous argument according to which targeted R&D policy will cause adverse 

effects on the fleetwide emissions performance under non-adaptable WBS is derived from a 

static ceteris paribus view. The regulator may, however, anticipate the effects of 

                                                 
749 This holds true as long as the standard remains binding after the technology leap. The standard will be 

rendered non-binding if—after technological progress—consumers’ marginal willingness-to-pay for further 

gains in size/performance/comfort (i.e., beyond what is achievable with fuel consumption compliant with the 

standard’s target) is lesser than the perceived (i.e., undervalued) fuel costs incurred thereby.  

Roth (2014) also examines the environmental consequences of R&D support policy in the presence of binding 

fuel economy standards. The paper identifies adverse environmental effects due to an R&D policy-triggered 

increase in the number of vehicles on the road and miles travelled. The impact of induced technological progress 

on the vehicles’ specific GHG emissions and fuel economy under attribute-based standards—as being in the 

focus here—is disregarded by Roth (2014). 



Interactions of LDV Standards with Complementary Fuel Efficiency Policies 

457 

technological progress on MCF  and embed its R&D support policy in a broader policy 

package that also includes a discretionary adjustment of the LVF  (if the LVF  is not adapted 

automatically). Thereby, an increase in average emissions can be prevented while still 

preserving the benefits of technological progress in terms of enabling larger, more powerful, 

and more comfortable vehicles as valued by consumers.750 Even if an attribute-based 

standard’s stringency is not adjusted right away so that emissions increase in the short run, 

R&D support measures may yield positive environmental returns in the long run as they 

facilitate setting more stringent emissions targets in the future. The—politically and 

economically justifiable—scope for raising the LDV standards’ stringency is widened 

because any given emissions target can be achieved at lower costs in the wake of accelerated 

technological progress; these cost reductions come in the form of lower immediately 

manufacturing-related costs and/or less sacrificed consumer utility due to adjustments in 

vehicle properties valued by consumers such as size and performance. For a definite appraisal 

of the net merits of any R&D support policy measure, yet, these potential benefits have to be 

balanced against the costs of the policy. The cost-benefit ratio and therefore the appraisal will 

regularly be the more favorable, the greater the magnitude of positive externalities that can be 

generated through knowledge spillovers. Hence, public R&D support may focus in particular 

on more basic and applied research in innovative technologies (e.g., enhanced batteries or 

fuel cells for EV) rather than (incremental) development research of already widely mature 

and established technologies whose benefits can be internalized more easily by patent policy 

(Griliches, 1986; Lichtenberg & Siegel, 1991; Link, 1981; Mansfield, 1980; Shapiro, 2013). 

 

                                                 
750 Whereas vehicles necessarily feature increased “hedonic attributes” (that is, size, performance, comfort etc.) 

in the new optimum after a technology leap, the change in the optimal fuel efficiency is ambiguous. On the one 

hand, the marginal gain in “hedonic attributes” that can be realized per additional increment in fuel consumption 

increases with technological progress. On the other hand, the marginal utility derived thereof decreases with 

higher already achieved levels of these attributes. Hence, whether the new optimal fuel economy level after 

technological advancement is lower or higher than before is highly dependent on the slope of consumers’ utility 

function with respect to “hedonic attributes.” The greater the concavity of the utility function, the lower is the 

fuel consumption in the new optimum. 
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12 Concluding Remarks 

In this dissertation, we discussed the rationale for fuel efficiency standards, their 

design, the challenges that lie ahead with the required transition towards electricity-based, 

non-fossil vehicle technologies as well as the role and interactions of LDV efficiency 

standards within the climate policy mix. These concluding remarks stress some of the key 

results and highlight important unresolved questions that are ripe for future research. 

Improving Fuel Efficiency to Relieve the Atmosphere—and Motorists as well 

Climate change is a major threat to the development of human societies, calling for 

deep cuts in economywide GHG emissions. Given its role as second largest GHG emitting 

sector in industrialized countries, the transport sector has come under increasing pressure to 

contribute its fair share to climate stabilization efforts. As its current energy supply is largely 

based on fossil oil, energy security concerns provide another motivation for cutting the 

sector’s fuel consumption. Improving vehicle fuel efficiency has been identified as a key 

lever for reducing road transport’s climate impact and its energy security externalities. 

Towards this end, vehicle CO2 emissions standards and closely related fuel economy 

standards have been implemented—or regulators are planning to do so—in several major 

automobile markets.  

If these externalities were the only market imperfections that distort fuel efficiency 

decisions, mandatory CO2 emissions or fuel economy standards would be an inferior policy 

response. Pigouvian fuel taxation to internalize environmental and energy security 

externalities would be the straightforward remedy, rendering fuel efficiency standards 

superfluous. However, the vehicle market is characterized by a number of additional market, 

institutional, and behavioural barriers to fuel economy. These barriers can warrant policy 

interventions beyond Pigouvian fuel taxes, as solely pricing fuel consumption-related 

externalities will not bring about the most cost-effective allocation of abatement efforts. 

Despite a substantial and still growing body of scientific literature, the actual severity of these 

imperfections and their welfare impacts are still contentious, nonetheless.  

Based on the observation that consumers often act boundedly rational and are 

susceptible to behavioural biases, vehicle buyers’ undervaluation of future fuel costs relative 

to a vehicle’s upfront costs (and possibly other, more salient and tangible vehicle attributes as 

well) takes a front seat among these potential barriers; hence, the correction of this 

undervaluation is a key rationale for mandatory fuel efficiency standards. Considering 

consumers’ supposed propensity to underinvest in fuel economy (and the consequential 

underprovision of fuel-saving technologies by vehicle manufacturers) as well as the large 
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fraction these costs represent in private households’ total expenditures, dedicated policy 

action to improve vehicle fuel efficiency seems justified not only for tackling climate and oil 

dependency externalities but because it also serves consumer policy purposes. This is 

congruent with the results from the regulatory impact assessments for both the European and 

U.S. LDV efficiency standards, finding that tightened standards will not only yield social 

benefits in terms of reduced GHG emissions and lessened energy imports, but that they also 

decrease consumers’ total cost of vehicle ownership without sacrificing valued vehicle 

attributes.  

Whereas it is widely undisputed that individuals do not behave in accordance with 

rational choice’s assumptions, the conjecture of a systematical bias in consumers’ valuation 

of the benefits from improved fuel economy remains controversial, in spite of considerable 

empirical and survey evidence backing this supposition. Given the still inconclusive evidence 

on the magnitude of consumer fuel cost undervaluation—or even its mere existence—and its 

central role for justifying fuel efficiency policies, research on this issue should continue. The 

need for further research also pertains to the degree of heterogeneity across consumers in 

their vulnerability to impose undervaluation internalities on themselves as well as the 

prospects for more “light-handed” or “libertarian” approaches (than mandatory standards) to 

lessen these internalities.751 

Consider the Distortions Inherent to Attribute-based Fuel Efficiency Standards 

Even supposing a general rationale for fuel efficiency standards, their actual welfare 

effects crucially hinge on their implementation details. The same mandated fleetwide fuel 

economy or CO2 emissions target can have fundamentally different welfare implications 

contingent on how it is achieved. In most major automobile markets, regulators rely on 

attribute-based standards which differentiate manufacturer-specific targets through 

conditioning them on the value of a reference parameter. Attribute-based standards should 

balance the allocation of required emissions (or fuel consumption) reduction efforts and 

thereby the cost distribution across manufacturers, but they distort the choice among 

available abatement options. The regulation’s overall cost-effectiveness can be improved 

                                                 
751 First and foremost, policy should aim at reducing the extent (and heterogeneity) of the internality through 

de-biasing consumers by means of appropriate informational measures. This mitigates the necessity and severity 

of imprecisely targeted internality-correcting policies with deeper market interference such as fuel efficiency 

standards, thereby reducing welfare losses from newly imposed distortions. Nevertheless, as long as consumers 

significantly undervalue future fuel costs on average, vehicle efficiency standards can contribute to achieving 

climate targets in a more cost-effective manner and benefit motorists on average, although some (those with low 

vehicle utilization and who do not undervalue) will be worse off. 
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through assigning emissions targets based on (current values of) a reference attribute only in 

case there are no flexibility provisions—such as credit trading—implemented that enable the 

convergence of manufacturer-specific shadow prices of the emissions or fuel economy 

constraint.752 Credit trading renders this type of target differentiation obsolete from a cost-

effectiveness perspective. Moreover, the cost-effectiveness-improving effect of credit trading 

may diminish—or possibly even be reversed—under attribute-based standards. Ultimately, a 

non-distorting target assignment rule (e.g., uniform standards), combined with a well-

working credit trading mechanism, will normally bring about the most cost-effective target 

achievement because it equalizes the marginal abatement costs across manufacturers as well 

as across abatement options.753  

If attribute-based standards are nonetheless preferred by regulators for distributional 

and politico-economic reasons, the reference attribute as well as the slope of the limit value 

function should be chosen with great care—that is, such that the efficiency losses from 

distorting abatement decisions are kept small. In this regard, the U.S. footprint-based 

approach performs better than the European WBS.754 For one, weight reductions are a highly 

effective means of cutting a vehicle’s specific fuel consumption whose exploitation is 

disincetivized by WBS. Furthermore, WBS inhibit a potentially road safety-improving 

reduction of weight disparities within the LDV fleet.  

Fuel Efficiency Standards are Inappropriate to Guide the Transition towards EV 

Since attribute-based standards disincentivize shifts in the fleet mix and vehicle  

re-design towards smaller and lighter LDV, technological advancements in drivetrain 

efficiency have to make a larger contribution to regulatory compliance. This implicit 

technology stimulus is considered by some to be an asset of attribute-based standards as it 

                                                 
752 Recall that the manufacturer-specific shadow price of the emissions or fuel economy constraint equals a 

manufacturer’s marginal abatement costs only in case of non-distorting standards. Credit trading equalizes the 

shadow price across manufacturers. Thus, with distorting attribute-based standards, credit trading does not 

ensure equalization of marginal abatement costs across manufacturers. 

753 Yet, systematical differences in the magnitude of the marginal internality across purchasers of different 

vehicle types—due to heterogeneity in utilization rates and susceptibility to behavioral biases, for instance—call 

for a second look at the cost-effectiveness postulate of equalized (undistorted) shadow prices. Premised on the 

identifiability of such systematical differences in the marginal internality, approaches that intend to differentiate 

the implicit shadow price or (in case of fiscal policies) the explicit price on fuel efficiency—such as mileage 

weighting—would deserve intensified scientific scrutiny. 

Besides not distorting manufacturers’ abatement choices, uniform standards may decrease safety and 

positionality externalities by providing an impetus towards size convergence within the fleet. 

754 Both vehicle weight and footprint permit a similar differentiation of manufacturer-specific emissions targets 

if used as the reference attribute. 
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would foster the timely and smooth transition to highly efficient electricity-based drivetrains. 

Despite their remaining potential for fuel economy improvements, ICE vehicles running on 

fossil hydrocarbons will be insufficient to bring along the far-reaching decarbonization 

needed in the transport sector in the long run. Facing the environmental, economic, and social 

downsides of biofuels as well as the energetic inefficiency of synthetic hydrocarbons, other 

drivetrain technologies—namely electric motors propelled through batteries or fuel cells—

have to supersede the ICE. 

Towards this end, in both the U.S. and the EU, the fuel efficiency standards contain 

special provisions—so-called super credits or incentive multipliers,755 in particular—that 

explicitly aim at accelerating the market rollout of innovative, low-carbon drivetrain 

technologies. However, in addition to not necessarily inducing higher sales volumes of such 

vehicles, these provisions may well undermine the objective of correcting consumer fuel 

efficiency undervaluation and import high uncertainty into the regulation with respect to 

eventually realized actual fuel efficiency: the effectively required fuel economy improvement 

of conventional ICE vehicles becomes highly contingent on the pace of EV market 

penetration. Moreover, through creating a notch at the threshold emissions level that defines 

eligibility for receiving them, super credits distort manufacturers’ decisions with respect to 

PHEV design, a technology which will likely have an important catalyzing function for 

transitioning to electric mobility.756 Hence, this incentive mechanism is tainted with severe 

side effects.  

More generally, the required transition towards energy-efficient, electricity-based 

drivetrain technologies should not (predominantly) be guided by incentives set via fuel 

economy regulations. Given the specific barriers to their market uptake (which are quite 

different from barriers to the adoption of incremental fuel economy improvements of 

conventional ICE vehicles), dedicated technology-specific support is warranted. Key barriers 

that alternative drivetrains have to overcome are increasing returns in combination with 

spillovers related to their development and diffusion (e.g., R&D, learning-by-doing, and 

learning-by-using spillovers) as well as the required, coordination-intensive, concurrent 

build-up of a new energy supply infrastructure. Policies to overcome technology lock-in and 

path dependency resulting from increasing returns, spillovers, and coordination problems can 

comprise amongst others: strategic R&D support, temporary financial incentives for the 

                                                 
755 Super credits or incentive multipliers allow multiple counting of eligible vehicles for standard compliance 

calculation, thereby further decreasing a manufacturer’s official average emissions. 

756 This does not hold for the U.S. where eligibility is defined technology-specifically rather than contingent on 

reaching an emissions threshold as in the EU. 
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purchase of innovative drivetrains, public procurement, parking privileges, provision or 

support of public charging stations for EV, subsidies and loan guarantees for hydrogen 

infrastructure build-up, or mandating minimum fleet shares for alternative drivetrain 

vehicles.757 

Electrification of the LDV Fleet Calls for a New Metric to Regulate Vehicle Efficiency 

With growing market shares of electric drivetrains, the currently widespread tailpipe 

CO2 emissions standards become increasingly inappropriate for regulating LDV fuel 

efficiency. This is because of fundamental differences in the fuel supply and emissions 

structure between conventional ICE vehicles and EV: whereas the largest fraction of GHG 

related to propelling ICE vehicles is released at the tailpipe during operation, most GHG 

emissions and energy conversion losses attributable to EV occur upstream during the 

generation of electricity or production of hydrogen. Consequently, with tailpipe CO2 

standards implemented, EV have a large leverage on the fuel economy of conventional ICE 

vehicles. Furthermore, as they entirely neglect upstream emissions, tailpipe emissions 

standards do not provide any regulatory incentives for increasing the energy efficiency of 

vehicles entirely running on electricity or hydrogen, and provide only cushioned incentives 

for improving the energy efficiency of PHEV. Uncertainty about EV’s future market 

penetration therefore jeopardizes both GHG abatement targets as well as the realization of net 

beneficial fuel cost savings—even without the use of super credits, which would further 

aggravate this problem. 

Hence, for coming revisions of fuel efficiency standards, at the latest applicable from 

2025 onwards, a new basis of assessment—other than tailpipe emissions—is needed. Yet, the 

insight that the currently prevailing tailpipe metric is no longer suitable for a future fleet that 

consists of various drivetrain technologies, whose GHG emissions and energy conversion 

losses occur at different stages of the fuel supply chain, does not by itself provide an answer 

as to which alternative metric should replace it. Among the potential alternative metrics for 

regulating vehicle efficiency, energy consumption standards and w-t-w GHG standards 

appear particularly promising, but methodological challenges remain to be resolved. 

Eventually, a thorough impact assessment may even recommend subjecting manufacturers to 

more than one constraint—that is, employing multiple metrics simultaneously. For instance, 

w-t-w GHG or primary energy standards could be complemented by technology-specific 

                                                 
757 Nonetheless, credible and increasingly stringent fuel efficiency standards can still play a useful role in 

promoting alternative drivetrain technologies through signaling the necessity of (jointly) advancing their rollout. 
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minimum efficiency requirements in order to ensure that for each drivetrain technology the 

most cost-effective efficiency improvement potentials are tapped. However, research on these 

issues has just begun and deserves increased scientific attention in the years to come.758 

Electrification not only affects the choice of the appropriate metric for vehicle 

efficiency standards, but it also necessitates a thorough re-assessment of the rules to assign 

manufacturer-specific fuel efficiency targets—that is, whether to employ attribute-based 

standards and which reference parameter to apply. With regards to the latter question, 

particularly the suitability of vehicle weight as reference attribute is influenced by 

electrification. On the one hand, the impact of vehicle weight on fuel efficiency declines for 

EV because they can (at least partially) recuperate the energy used for overcoming inertia and 

gradient resistance, which increases with vehicle weight.759 Hence, the relative importance of 

weight reductions as a means for reducing vehicles’ specific GHG emissions and fuel 

consumption decreases, attenuating the distortion inherent to WBS. On the other hand, the 

adequacy of weight as an indicator for a vehicle’s MAC likely diminishes if electrification is 

applied heterogeneously across manufacturers.760 Keeping a vehicle’s size widely constant, 

electrification of the drivetrain normally corresponds to a gain in vehicle weight, especially in 

the case of BEV. Thus, a manufacturer’s average vehicle weight increasingly represents its 

fleet’s degree of electrification rather than its vehicles’ size, which is an essential MAC 

determinant. With WBS, therefore, heterogeneous electrification pace can lead to a markedly 

different distribution of abatement requirements and compliance costs across manufacturers. 

Those manufacturers having a technological advantage in EV technologies will be relieved 

from abatement burdens. With credit trading (or similar flexibility mechanisms) 

implemented, this would mainly be a distributional matter; otherwise, the deteriorated MAC 

representativeness of vehicle weight as reference attribute may considerably harm the 

                                                 
758 The suitability of a metric also crucially hinges on the prioritization of objectives the regulator pursues with 

vehicle efficiency standards. The potential objectives of the regulation can span consumer, technology, climate, 

and broader environmental policy goals. Pursuing different regulatory objectives simultaneously inevitably 

involves trade-offs. None of the conceivable standard metrics can serve the different purposes equally well. For 

instance, a trade-off can be identified between incentivizing the transition towards innovative electricity-based 

drivetrains on the one hand and reliably remedying fuel cost undervaluation on the other. 

759 Consequently, other energy consumption determinants—in particular air drag, which is vehicle size-

related—gain in relative importance for the fuel efficiency of EV. 

760 This holds even more for weight’s adequacy as indicator for a vehicle’s utility, bearing in mind that weight 

is labeled as “utility parameter” in the European regulation. 
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regulation’s cost-effectiveness.761 Furthermore, with an uncertain fleetwide electrification 

pace, which implies increased uncertainty with regards to fleetwide average weight, more 

frequent adjustments of the limit value curve could be required to maintain the same effective 

fuel efficiency target. Generally, it appears that attribute-based standards tend to be less 

efficient for an electrifying fleet because it becomes more difficult to tailor an appropriate 

limit value function. As these aspects have not attracted much scientific interest so far, many 

questions remain for elaboration, however. 

Establishing a Comprehensive ETS in Response to Sectoral Intertwining 

The commencing—and in the long run indispensable—electrification of the LDV 

fleet entails an increasing intertwining of the transport and electricity sectors. This calls for 

an intensified coordination of the respective sectoral policies as well as an adequate 

overarching regulatory framework. Otherwise, pursuing narrowly defined sectoral goals 

without considering cross-sectoral policy implications may well cause adverse effects 

elsewhere. For instance, the additional electricity demand inherent to a vehicle regulation-

induced shift from ICE vehicles to EV might unintendedly increase carbon leakage risks from 

potential relocation of allowance price-sensitive, energy-intensive industrial emitters—due to 

rising electricity and allowance prices if large stationary emitters from the electricity and 

industry sectors were subject to a common ETS as it is the case in the EU. A comprehensive 

cap-and-trade ETS (including motor fuels)762 would put all transport fuels on equal regulatory 

footing. It is implicitly capable of balancing uncertain cross-sectoral shifts in abatement 

burdens inherent to LDV electrification.763 Thus, we deem a comprehensive ETS, in 

combination with w-t-w GHG standards, or possibly energy consumption standards, least 

vulnerable—with respect to total domestic GHG emissions, burden sharing across sectors, 

and correcting consumer fuel cost undervaluation—to the challenges arising from (uncertain) 

EV developments.764  

                                                 
761 The implicit additional regulatory benefits provided via more lenient targets for electrification vanguards 

may actually be welcomed by regulators in order to promote electrification and reap the associated spillovers. 

However, this electrification-inherent “weight dividend” is not well-targeted, and it will thus hardly restore or 

ensure a cost-effective allocation of abatement efforts. As explained earlier, other support mechanisms for 

innovative technologies are clearly more suited. 

762 Motor fuels would be captured most cost-effectively using an upstream approach, holding refineries and fuel 

importers responsible for surrendering allowances commensurate to the carbon content of their fuels brought 

into the market. 

763 An increased allowance demand from electricity and hydrogen producers is at least partially offset by a 

decreased demand from gasoline and diesel producers—except for the case of tailpipe CO2 standards. 

764 Moreover, covering all transport fuels jointly within a comprehensive ETS also helps harmonizing the 

methodological basis for the calculation of vehicles’ w-t-w emissions (or primary energy consumption) factors. 
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Importantly, establishing a comprehensive ETS does not obviate the need for specific 

sectoral measures such as targeted fuel efficiency policies or instruments dedicated to 

promoting innovative drivetrains. This holds true, although the implementation or tightening 

of fuel efficiency standards would not have an impact on the total amount of domestic GHG 

emissions.765 Given the prevalence of numerous imperfections and frictions in GHG 

emissions-relevant markets (from energy-consuming goods over energy services to the 

energy supply side), a common carbon price signal across sectors transmitted via a 

comprehensive ETS will hardly bring about the most efficient economywide abatement 

path—neither in the short nor in the long run. 

Fuel Efficiency Standards Are to Be Embedded in a Well-aligned Transport Policy Mix 

Finally, we therefore emphasize that not only cross-sectoral interactions call for 

careful coordination, but also within the transport sector a set of supplementary instruments 

needs to be aligned. LDV efficiency standards constitute only one pillar of a comprehensive 

strategy to achieve ambitious climate and energy policy targets in the transport sector. To 

achieve these targets effectively and in an economically efficient manner, a broad integrated 

approach that addresses all modes and levers—a reduction of activity in terms of passenger-

kilometers, a reduction in vkm, a shift towards climate-friendly transport modes, an 

improvement in energy efficiency, and a reduction of the GHG intensity of the consumed 

energy—is indispensable. The package of additional measures should comprise instruments 

that help utilizing those levers that cannot be effectively addressed by means of fuel 

efficiency standards. These supplementary policies span, amongst others, urban and 

infrastructure planning to reduce the structural demand for (car) travel, provision of (better) 

public transportation services to induce model shift, and RES expansion to decarbonize the 

energy supply of an electrifying vehicle fleet.766 Moreover, harmful subsidies and distorting 

incentives (such as the current company car taxation in many countries) should be removed. 

Furthermore, complementary measures should counter potential undesired side effects of 

                                                 
765 On a global scale, tightened domestic fuel efficiency standards may actually have a—limited—GHG impact, 

e.g., via vehicle technology spillovers or relieving domestic industrial emitters from carbon costs and thereby 

reducing carbon leakage risks, although the latter example is currently more of theoretical nature. 

766 The latter also refers to another field of increasing sectoral interrelations arising in the wake of the vehicle 

fleet’s electrification: the expansion and integration of (intermittent) renewables as well as the need for 

electricity grid expansion. Contingent on the metric chosen, vehicle efficiency standards may actually foster the 

growth and electricity market integration of RES as well as contribute to containing grid expansions needs. 

Particularly w-t-w GHG standards, and possibly also primary energy standards, can be designed such that they 

provide incentives for investments in additional RES capacities and for facilitating load-smoothening smart 

charging. 
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vehicle efficiency standards—particularly an increase in mileage-related externalities (e.g., 

accidents, congestion, local pollution) due to the rebound effect. Fuel taxation (or other 

means of carbon pricing) simultaneously incentivizes better fuel economy and reduced 

mileage; basically, it addresses all GHG mitigation levers including more environmentally 

benign driving behavior. Hence, it should form a mainstay in any climate strategy for the 

transport sector; nonetheless, it is not the universal silver bullet.  

Even in the presence of mandatory LDV efficiency standards, the use of additional 

instruments specifically dedicated to improving vehicle fuel efficiency can be synergetic 

rather than adversely interfering. This holds in particular when considering the challenges of 

a—in terms of drivetrain technologies and fuels used—diversifying LDV fleet. For instance, 

the combination of vehicle efficiency standards and complementary feebates factually 

constitutes a hybrid instrument, combining elements of both price and quantity controls. 

Thereby, the resilience of the fuel efficiency regulation against uncertainties with respect to 

manufacturers’ compliance costs and the pace of LDV fleet electrification can be improved 

relative to the sole use of one of these seemingly mutually exclusive instruments.767 This 

underscores the necessity of composing a well-aligned policy mix within which well-

designed fuel efficiency standards can form a valuable part to relieve both the environment 

and the motorist.  

 
 

                                                 
767 Yet, more research is warranted on how these instruments can be combined in the most (cost-)effective way, 

under consideration of the potentially differing behavioral responses they trigger. 
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Appendix A: Simulation Results for the European  

Vehicle Market (Model-year 2011) 

Our previous numerical simulations were based on a highly stylized version of the 

U.S. LDV market. In the resulting baseline set of parameters, reductions in vehicle weight 

were an expensive means of CO2 emissions abatement. Thus, there was a large scope for 

WBS to improve the overall cost performance of the fuel economy regulation compared to 

uniform standards.768 Latest simulation-based technology modeling and tear-down cost 

assessment finds, however, that weight reductions can be achieved at substantially lower 

costs. Therefore, we re-parameterize our model based on recent data for the European vehicle 

market and new estimates for the abatement costs. Afterwards, we briefly illustrate the 

relative cost-effectiveness of the different regulatory options discussed earlier under the new 

set of parameters. Another reason for the additional simulations presented in this appendix is 

that the European Commission—in contrast to EPA and NHTSA, which implemented 

footprint-based standards in the U.S.—actually introduced WBS and will continue to apply 

vehicle mass as reference attribute for the compliance period starting in 2020.  

 

A.1 Re-Parameterization for the European Vehicle Market 

When estimating the parameters for the European vehicle market, we apply similar 

simplifications as we did before for the U.S. market in the chapter Numerical Simulation. 

Again, we consider only two types of manufacturers, both of which are subject to the same 

regulation. Those of type 1 mainly produce larger vehicles and collectively hold share n of 

the overall market, whereas those of type 2 specialize in smaller vehicles and represent (1 – 

n) of the market. Individual market shares are still represented by iMS . Also, we normalize 

the average baseline weight and other technology parameters such that 
0 0 1o wx x  ; 

, , ,w o w o     will be adjusted accordingly. And 
0/E E   remains the emissions target as a 

share of baseline emissions.  

To begin our new baseline parameterization we draw on a stylized version of the 

European Union car market in the year 2011, the last year before the European regulation 

                                                 
768 Of course, the amplified heterogeneity across manufacturer groups—as implied by our assignment of initial 

endowments with weight and “others”—also contributed to the relatively good performance of WBS compared 

to uniform standards. 
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came into effect. Large-car manufacturers are represented by the German manufacturers 

(Volkswagen, Daimler, BMW)769, which comprise n=39 percent of the market; individually, 

their market shares average LMS =19 percent.770 Small-car manufacturers are represented by 

the remaining manufacturers in the European vehicle market, with (1–n)=61 percent of the 

overall market and with individual market shares averaging about SMS =10 percent. Small 

cars have a baseline emissions intensity of 130 g CO2 per vkm, whereas large cars emit 

approximately 141 g CO2 per vkm. By assigning all manufacturers to only two differing 

groups, the variance in attributes and emissions, and therefore the heterogeneity across 

manufacturers, is mitigated. As heterogeneity is the key issue for determining policy 

rankings, we will also regard more polarized market structures by treating the fleets of 

Daimler and Fiat as being representative for their respective manufacturer group.  

For the cost and emissions parameters, we refer to recent research conducted and 

commissioned by ICCT as well as EPA and NHTSA.771 To determine o  and o  we draw on 

cost curves that estimate the CO2 emissions abatement potential of passenger vehicles and the 

associated costs for the European market until 2020 (Meszler et al., 2013). They calculate 

cost curves including and excluding weight reductions; we fit the latter to our functional form 

and get the parameters 1550o   and 40o  .772 Considering technical analyses of the 

impact of light-weighting measures on fuel consumption as well as the current correlation 

between vehicle mass and CO2 emissions in the European market, we assume that a weight 

reduction of 100 kg will yield a CO2 reduction of 6 g per vkm; given the average vehicle 

weight of 1389 kg, this translates to an emissions impact factor of 83w  .773 Our estimate 

                                                 
769 Given the corporate average compliance requirements of both European and U.S. standards, each 

corporations fleet comprises all brands and controlled firms belonging to the respective group. 

770 Individual market shares are calculated as weighted averages, based on data provided by ICCT (2013a). 

771 See U.S. Environmental Protection Agency (2012b); U.S.Environmental Protection Agency and U.S. 

National Highway Traffic Safety Administration (2010b; 2011; 2012b); FEV (2011; 2012a; 2012b; 2012c; 

2013); International Council on Clean Transportation (2011; 2013c); German (2012); Kasab and Velliyiur 

(2012); Koffler and Rohde-Brandenburger (2010);  Kolwich (2013); Lotus Engineering (2010; 2012); Meszler 

et al. (2012a; 2012b; 2013); Ricardo Inc. and Systems Research and Applications Corporation (2011); Singh 

(2012). 

772 The analyses underlying these parameter values focus on already available technologies and on 

conventional—that is, fossil fuel-based—vehicles. Otherwise, a complete switch to all-electric vehicles (battery-

electric or fuel cell electric vehicles) would theoretically allow to fully eliminate—tailpipe—CO2 emissions 

from new LDV. All-electric vehicles are assumed not to play a significant role in the regarded period until 2020. 

773 See particularly ICCT (2011, 2013b). 

This estimate includes secondary effects of weight reductions, such as transmission adjustments or engine 

downsizing, yielding further fuel savings. Light-weighting measures enable such subsequent adjustments 

without loss of performance in the course of a broader vehicle re-design in response to the reduced vehicle mass. 
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of w  is based on data from EPA and NHTSA’s Joint Technical Support Documents 

prepared for the U.S. rulemaking, adjusted to the European fleet, and takes account of even 

more recent research from FEV and Lotus Engineering (summarized in Meszler et al., 2013): 

we set 11,500w  .774 Data on heterogeneity in average vehicle weight across manufacturers 

is readily available (International Council on Clean Transportation, 2012a; 2013a); grouping 

German and all remaining manufacturers yields 
0

, 1.07L wx   and 
0

, 0.95S wx  , respectively. 

Premised on the assumption that all manufacturers share a common baseline emissions value, 

i.e., L SB B , we get this value ( 12L SB B  ) as well as initial heterogeneity in “others:” 

0

, 1.03L ox   and 
0

, 0.98S ox  .775 

The following overview summarizes the baseline parameter values for our stylized 

model year 2011 European vehicle market:  

83w   40o   

11,500w   1,550o   

0

, 1.07L wx   
0

, 1.03L ox   

0

, 0.95S wx   
0

, 0.98S ox   

12LB   12SB   

0 142LE   0 130SE   

0.19LMS   0.10SMS   

                                                                                                                                                        
As already mentioned earlier, our assumption of mutually independent emissions factors is also a simplification. 

In reality, these emissions factors are interdependent and dynamic, that is, their value changes over time and 

with technological progress. Vehicle mass is a determinant of the inertia, gradient, and rolling resistance to be 

overcome. Therefore, it holds that the more efficient the vehicle’s overall drivetrain (that is, the conversion of 

the fuel’s chemical energy to kinetic energy), the smaller the emissions impact of weight will be. Conversely, 

the lighter the vehicle (and the thus the resistance to overcome), the smaller are the absolute emissions savings 

yieldable from a more efficient drivetrain. Hence, with—autonomously emerging and regulation-induced—

technological progress, these emissions impact parameters (as well as the cost parameters) will be subject to 

change (see also footnote 213). The regulatory structure affects the pace of technological progress in the 

different domains of vehicle technology; for instance, WBS will steer R&D resources towards drivetrain 

improvements rather than developing light-weighting measures. Nonetheless, for our static analysis assessing 

the abatement potentials and the associated costs of the vehicle fleet as of 2011, these parameter values appear 

appropriate. 

774 Whereas EPA and NHTSA's cost estimates are widely consistent with our assumed quadratic form of the 

cost function for (percentage) weight reductions, FEV's 2020 cost function features a larger exponent, but a 

negative intercept (that is, initial weight reductions would be achievable at negative net costs). 

775 
0 0( 1)L S L S w oB B nE n E        ,  0 0 0

, , /i o i i i w w ox E B x     . 
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Given these baseline values, we first solve for the equilibrium costs under each of the 

different standard designs described earlier, assuming a goal of a 25 percent reduction in 

average CO2 emissions (and, equivalently, fuel consumption) from 2011 to 2020, that is, 

0.75  . This percentage reduction is based on the nominal EU 2020 target of 95 g CO2 per 

vkm, but also accounts for the actual stringency-relaxing effects of so-called eco-innovation 

credits, super credits for low-emission vehicles, and the phase-in of the target.776  

 

A.2 Overall Abatement Costs  

We start with considering the effect of   on the fleetwide average abatement costs. 

For the three (nontradable) WBS, each standard design will have a different optimal 

parameter value for  . Given our baseline set of parameters,  

Figure 45 plots the average costs of the different policy scenarios for a range of 

[0, ]w  . Average costs of each policy are expressed as a ratio of optimal average costs, so 

they are bound below by 1. The dashed vertical lines indicate the values of   as set by the 

EU regulation for 2015 (left line) and 2020 (right line). The EU’s limit value curves for 2015 

and 2020 increase manufacturer-specific emissions targets by 4.57 g CO2 per vkm and 3.33 

CO2 per vkm, respectively; this translates to   values of 63 and 46. As our cost functions are 

based on a time horizon until 2020, being in line with R&D and product cycles rather than 

2015, we mainly focus on the latter value of  .  

  

                                                 
776 In 2020, only 95% of a manufacturer’s fleet have to comply with the target. 
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Figure 45. Overall Abatement Costs (AC) for Different Values of    

(Baseline Parameterization) 

 

Notes: Here and in all following figures depicting overall abatement costs (AC), manufacturer-

specific reduction costs (RC), or manufacturer-specific compliance costs (CC), the plotted average 

costs per vehicle for the different policy scenarios are expressed as a ratio of the optimal average costs 

per vehicle. 

 

For the different WBS scenarios, we clearly see that average costs are lower and the 

cost-minimizing   is higher as the distortion in the choice between abatement options 

diminishes—that is, going from fixed WBS to adaptable WBS to historical WBS. This 

emphasizes the importance of the distortionary effect of standards based on current weight if 

CO2 abatement through weight reduction is economically feasible. 

We observe that costs for tradable WBS are strictly increasing with  , as the optimal 

level of   is always zero. Moreover, the costs of tradable WBS converge—with increasing 

values of  —relatively quickly towards those of the respective nontradable standard. This 

result is largely owed to the way how we constructed the two manufacturer groups: using 

average values for 
0

,i wx  and 
0

,i ox  within each group understates the actual variance in initial 

endowments with weight and “others” across manufacturers, thereby mitigating manufacturer 

heterogeneity in the European vehicle market.  

In this setting with relatively homogeneous manufacturer groups, there is only limited 

scope for welfare-improving trading activities. This holds the more, the larger   gets. For 

high values of  , allowing credit trading basically does not make a noticeable difference 

anymore because all manufacturers merely (and almost entirely) exploit the abatement 

options offered through reducing “others” and dispense with weight reduction opportunities 
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due to the disincentives provided by the regulation—before and after introducing trading.777 

Indeed, for high values of   close to w , trading even has (a very slight) negative effect on 

overall abatement cost for adaptable standards due to suboptimal trades; that is, those 

manufacturers with already lower MAC in the nontrading equilibrium become credit buyers 

after allowing trading, thereby further increasing the MAC disparities. 778 

Overall, given the weak heterogeneity across manufacturers in the baseline 

parameterization and the fact that weight reductions are an effective and economically viable 

means of emissions abatement, it does not surprise that the (overall abatement cost-

increasing) distortionary effect of WBS dominates the effect of better balanced manufacturer-

specific emissions targets. Hence, the optimized values of   for nontradable WBS are small. 

Accordingly, WBS perform better than uniform standards only with very modest slopes of 

the limit value function, that is, at the left fringe of Figure 45. For most values of  , uniform 

standards are superior to distortionary WBS.  

The optimal values for   are 3, 4, 79wbf wba wbh     . Using these optimal 

values, we find the excess cost burdens shown in Table 3. 

 

                                                 
777 The resulting very similar values of ,i o  across manufacturers imply almost equalized MAC, thus offering 

barely any scope for overall abatement cost-reducing trades. 

778 The differing relative initial endowments with weight and “others” imply non-equalized MAC across 

manufacturers in the trading equilibrium. 
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Table 3. Excess Cost Burdens for Different Policy Scenarios (Baseline Parameterization) 

Scenarios 

  

 wbf    wba    wbh   

uAC  1.7% 1.7% 1.7% 

wbhAC  1.5% 1.5% 0% 

wbfAC  1.6% 1.6% 49.7% 

wbaAC  1.6% 1.6% 32.2% 

twfAC  0% 0.1% 49.8% 

twaAC  0% 0% 32.2% 

,th tuAC AC  0% 0% 0% 

Notes: AC, (overall average) abatement costs; u, uniform standards; wbh, historical WBS; wbf, fixed 

WBS; wba, adaptable WBS; twf, tradable fixed WBS; twa, tradable adaptable WBS; th, tradable 

historical WBS; tu, tradable uniform standards.  

 

In order to assess the impacts of the slope of the limit value function under greater 

manufacturer heterogeneity, we now regard a more polarized market: the fleets of Daimler 

and Fiat are assumed to represent their respective manufacturer group. Leaving all other 

parameters the same, we scale the heterogeneity between Daimler and Fiat so that it fits the 

original market averages. Thus, we only adjust the initial endowments with weight and 

“others,” and get 
0

, 1.17L wx  , 
0

, 1.13L ox  , 
0

, 0.89S wx  , 
0

, 0.92S ox  . For this polarized 

scenario, Figure 46 again plots the average abatement costs of the different policies relative 

to the optimum.  
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Figure 46. Overall Abatement Costs for Different Values of   (Polarized Parameterization) 

 

 

Given the substantially increased heterogeneity in vehicle weight, along with the fact 

that it is positively correlated with “others” and that weight reductions are the more costly 

emissions abatement option, we find that the WBS outperform uniform standards for a wider 

range of   values.779 Historical WBS, as expected, have the lowest costs; furthermore, with 

only two types of manufacturers, it is straightforward to solve for a value of   such that the 

reduction targets are optimally specified—independently from manufacturer heterogeneity.780 

Generally, the greater heterogeneity across manufacturers in the polarized scenario 

tends to increase the relative excess burden of all (nontradable) standards. Trading, 

unsurprisingly, makes the biggest difference when   is small and thus heterogeneity in 

reduction targets is stronger. Perhaps interestingly, even with amplified heterogeneity, the 

influence of market shares that attenuates the distortion in the case of adaptable WBS 

dominates the effect of trading already at modest values of   (i.e., 48  ), although the 

individual market shares are not extremely high. 

For the polarized parameterization, the respective optimal values for   are 

19, 25, 84wbf wba wbh     . Table 4 shows the excess cost burdens using these values. 

 

                                                 
779 If manufacturers are regarded separately instead of being bunched and averaged within the two manufacturer 

groups, we observe a substantially weaker correlation of 
0

,i wx  and 
0

,i ox . This tends to worsen the overall cost 

performance of WBS (compared to both uniform and optimal standards).  

780 For more than two manufacturers, historical WBS will normally not replicate the optimum. 



The Economics of Vehicle CO2 Emissions Standards and Fuel Economy Regulations 

558 

Table 4. Excess Cost Burdens for Different Policy Scenarios (Polarized Parameterization) 

Scenarios 

  

 wbf    wba    wbh   

uAC  11.8% 11.8% 11.8% 

wbhAC  7.1% 5.8%% 0% 

wbfAC  10.4% 10.6% 60.3% 

wbaAC  10.0% 9.9% 38.0% 

twfAC  1.5% 2.7% 60.3% 

twaAC  1.0% 1.9% 38.0% 

,th tuAC AC  0% 0% 0% 

Notes: AC, (overall average) abatement costs; u, uniform standards; wbh, historical WBS; wbf, fixed 

WBS; wba, adaptable WBS; twf, tradable fixed WBS; twa, tradable adaptable WBS; th, tradable 

historical WBS; tu, tradable uniform standards.  

 

Even for the polarized scenario, WBS do not clearly outperform uniform standards. 

For the EU regulation’s 2020 slope of the limit value curve (i.e., 46  ), uniform standards 

feature overall abatement costs almost identical to those of tradable fixed WBS and 

nontradable adaptable WBS. As the European regulation (a) comprises a pooling option that 

resembles credit trading provisions and (b) because it is known that changes in the fleetwide 

average vehicle weight feed back—in a lagged way—into the limit value function as with 

adaptable standards, EU’s WBS might still yield somewhat lower costs than a uniform 

standard would do. Yet its costs will certainly exceed those of tradable non-distorting (i.e., 

uniform or historical) standards by a substantial amount; the same will likely hold for 

deploying a less distorting reference attribute such as the vehicle’s footprint. 

 

A.3 Cost Distribution 

Obviously, besides determining the overall abatement costs, the choice of   also has 

an important influence on the distribution of costs across manufacturer types. Figure 47 and 

Figure 48 plot the reduction costs and—in case of tradable standards—the compliance costs 

(including expenses or revenues from credit trading) of large- and small-car manufacturers, 

relative to the fleetwide average costs in the optimum, for the polarized scenario. Increasing 
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  monotonically increases costs for the small-car manufacturers and decreases them for the 

large-car manufacturers. The cost decrease for large-car manufacturers is, however, not 

monotone in the case of distorting WBS: for ever-rising values of  , increasing 

inefficiencies caused by the distortion-induced misallocation of abatement efforts between 

adjusting weight and “others” will outweigh the cost-decreasing effect of a more favorable 

assignment of emissions targets.  

Note that historical WBS with the optimal wbh  leave the cost distribution at the 

overall optimal cost levels, whereas fixed and adaptable WBS with optimally chosen wbf  and 

wba , respectively, leave large-car manufacturers with higher costs and small-car 

manufacturers with lower costs relative to optimal policy. This is owed to the trade-off 

between better balancing emissions reduction efforts across manufacturers and the thereby 

incurred costs of distorted abatement decisions. Still, under all reasonable slopes of the limit 

value curve, each WBS improves the situation of large-car manufacturers compared to 

uniform standards.  

With optimally assigned emissions targets, the reduction costs of large-car and small-

car manufacturers are not equal. In the optimum, both manufacturer types conduct the same 

percentage reduction in weight and in “others;” given their greater initial endowments with 

weight and “others,” this implies higher reduction costs per vehicle for large-car 

manufacturers compared to small-car manufacturers and to the average costs in the 

optimum.781  

 

                                                 
781 Although the absolute costs per vehicle differ across different manufacturers, equal percentage reductions in 

weight and “others” guarantee equalized MAC.  
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Figure 47. Reduction Costs (RC) or Compliance Costs (CC) of Large-Car Manufacturers  

for Different Values of   (Polarized Parameterization) 

 

 

Figure 48. Reduction Costs (RC) or Compliance Costs (CC) of Small-Car Manufacturers  

for Different Values of   (Polarized Parameterization) 

 

 

A.4 Abatement Effort Distribution 

Figure 49 and Figure 50 depict the percentage reductions in emissions of large-car 

and small-car manufacturers, respectively, as a function of the slope of the limit value curve. 

For nontradable WBS, the reaction of manufacturer-specific abatement efforts to changing 
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values of   shows similar—but far less pronounced—patterns as the reaction of 

manufacturer-specific reduction costs. The stronger response of the reduction costs is an 

implication of the convex shape of the reduction cost function which amplifies the effect of 

different percentage abatement efforts. 

The greater abatement effort of large-car manufacturers under adaptable WBS 

compared to fixed WBS is mainly owed to their higher individual market shares (relative to 

small-car manufacturers). This implies a weaker distortion of their abatement decision and a 

more intensive use of weight reductions as means of emissions abatement. In consequence, 

their specific CO2 targets become relatively tighter, requiring greater abatement efforts.  

For tradable WBS, the allocation of emissions reductions to manufacturer groups is 

close to the optimum;782 the excessive overall abatement costs observed earlier are therefore 

almost entirely due to the suboptimal use of the different abatement option as inherent to 

distorting WBS. 

 

Figure 49. Percentage Emissions Reduction (ER) of Large-Car Manufacturers  

for Different Values of   (Polarized Parameterization) 

 

                                                 
782 Large-car manufacturers’ percentage emissions reductions are slightly too little. This is a consequence of 

their relatively greater endowment with the vehicle attribute subject to the distortion, i.e., 
0 0 0 0

, , , ,/ /L w L o S w S ox x x x . Thus, the gap between perceived and actual MAC is larger for large-car manufacturers; 

the distortion-induced general weaker-than-optimal use of weight reductions plays a greater role in their 

abatement mix. Contrarily, for tradable adaptable WBS, large-car manufacturers abate a bit more than in the 

optimum because their larger individual market shares, triggering intensified abatement, overcompensates the 

previous effect. 
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Figure 50. Percentage Emissions Reduction (ER) of Small-Car Manufacturers  

for Different Values of   (Polarized Parameterization) 

 

 

In this appendix, we dispense with a further sensitivity analysis that assesses the 

impacts of variations in the non-regulatory parameters—that is, all parameters except  

for  —on the results for our highly stylized model of the European market. The directions 

of effects resulting from such variations remain widely the same as in the sensitivity analysis 

conducted earlier in the main text and are therefore not discussed again. 
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Appendix B: Effects of Tightening the Stringency 

of LDV Fuel Efficiency Standards 

Supplementing chapter 10 (in particular section 10.5), Table 5 outlines the effects—

with respect to domestic GHG emissions, potentially induced carbon leakage risks, and 

abatement burden sharing across sectors—of tightening the stringency o LDV fuel efficiency 

standards. The effects are given for all combinations of five different LDV standard metrics 

(tailpipe emissions standards with and without super credits, final and primary energy 

consumption standards, and w-t-w GHG standards) and four GHG quantity control regimes 

(no ETS, ETS for stationary sources only (such as in the EU), comprehensive cross-sectoral 

ETS, and comprehensive but fragmented ETS). The comparison of effects across these 

combinations is based on the assumption that for each standard type the target value—as 

measured in the LDV efficiency standard’s respective metric—is reduced by the same 

percentage. Moreover, consistent with section 10.5, the following assumptions are made: (a) 

prior to tightening, the initial fleet structure (in terms of market shares of different drivetrain 

technologies, specific energy consumption and GHG emissions, etc.) is identical for all 

standard types; (b) the LDV efficiency standards are and remain binding; (c) rebound and 

mileage effects are disregard; (d) the entire well-to-tank fuel chain is domestic for all 

considered transport fuels (that is, no emissions and primary energy impacts of changing 

domestic fuel consumption occur outside the entity imposing the LDV standards so that the 

w-t-w emissions and primary energy factors of the different fuels represent their domestic 

GHG emissions and primary energy consumption impacts, respectively.) 

The effects and results depicted in the table underscore that the (domestic) 

environmental effectiveness, possibly induced carbon leakage risks, and distributional 

implications of tightened vehicle efficiency standards are highly contingent upon the precise 

standard design and the overarching GHG control policy; the impacts occurring for any 

particular combination of LDV standard metric and ETS regime cannot be generalized to 

other combinations.  

For each standard design, the upper row (light green) describes the direct or ceteris 

paribus effect of tightened standards (i.e., holding the fleet structure constant in terms of the 

distribution of drivetrain technologies), the middle row (light red) describes the (induced) 

electrification effect, and the lower row (light blue) describes the net effect on domestic 

emissions (and carbon leakage risks). 
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The bold signs captioning each cell have the following meaning: 

- : Domestic GHG emissions decrease 

+ : Domestic GHG emissions increase 

+/- : Domestic GHG emissions effect is ambiguous, no clear tendency 

(-) : Domestic GHG emissions likely decrease, but not entirely unambiguously 

(+) : Domestic GHG emissions likely increase, but not entirely unambiguously 

o : Domestic GHG emissions remain unchanged 
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Table 5. Effects of Tightening the Stringency of LDV Fuel Efficiency Standards  

 No cap-and-trade ETS 
Cap-and-trade ETS for 

stationary sources 

Comprehensive cap-and-trade 

ETS (including motor fuels) 

Comprehensive, but 

fragmented  

cap-and-trade ETS 

Tailpipe 

standards 

without 

super 

credits 

- 

 Tailpipe emissions are reduced 

commensurate to the increase in 

stringency 

 Upstream emissions intensity of 

(pre-existing) EV is not affected 

 Total ceteris paribus effect is 

thus the stronger, the smaller the 

pre-existing share of EV in the 

fleet 

- 

 Tailpipe emissions are reduced 

commensurate to the increase in 

stringency 

 Upstream emissions intensity of 

(pre-existing) EV is not affected 

 Total ceteris paribus effect is thus 

the stronger, the smaller the pre-

existing share of EV in the fleet 

o 

 Tailpipe emissions are reduced 

commensurate to the increase in 

stringency 

 Upstream emissions intensity of 

(pre-existing) EV is not affected 

 Reduced allowance demand from 

refineries and fuel importers 

allows other emitters within the 

ETS to increase their emissions  

o 

 Tailpipe emissions are reduced 

commensurate to the increase in 

stringency 

 Upstream emissions intensity of 

(pre-existing) EV is not affected 

 Other emitters under the sub-cap 

neutralize abatement from LDV 

as long as the sub-cap remains 

binding 

+ 

 Share of EV increases, leading to 

more upstream emission from 

fueling EV 

 Total tailpipe emissions remain 

unaffected from higher EV share 

o 

 More EV leave domestic 

emissions in ETS sectors 

unchanged, but possibly increase 

carbon leakage pressure as 

allowance scarcity increases 

 Electrification relaxes specific 

targets for ICE vehicles, but 

leaves their total emissions 

unchanged 

o 

 Stationary sources emit more 

GHG for producing traction 

electricity and hydrogen due an 

induced larger EV share, 

absorbing allowances released by 

refineries and fuel importer 

 Net effect on the transport 

sector’s demand for 

allowances—and thereby on 

carbon leakage risks—depends 

on the number of allowances 

needed to supply energy for 

additional EV relative to the 

number of allowances released 

from refineries and fuel 

importers, that is, carbon leakage 

o 

 More EV leave total emissions 

unchanged, but possibly increase 

carbon leakage pressure in 

stationary sectors as allowance 

scarcity increases 
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risks increase (decrease) with 

strong (weak) induced growth of 

EV sales  

(-) 

 Net effect from less tailpipe but 

more upstream emissions is 

ambiguous; it crucially depends 

on the effect of rising standard 

stringency on the share of EV in 

the fleet.  

 Net decrease in total domestic 

emissions is more likely than an 

increase 

- 

 Total domestic emissions 

decrease, but carbon leakage 

risks may increase 

o 

 Total domestic emissions remain 

unchanged 

 Net effect on carbon leakage risk 

is uncertain 

o 

 Total domestic emissions remain 

unchanged, but carbon leakage 

risks may increase 

Tailpipe 

standards 

with 

super 

credits 

- 

 Widely the same effects as 

without super credits 

 With EV in the fleet before the 

standards are tightened, the 

ceteris paribus reduction in 

tailpipe—and thereby total 

domestic—GHG emissions will 

be smaller than without super 

credits: consideration of super 

credits reduces the officially 

calculated average specific GHG 

emissions of the fleet; thus, 

mandating an equal relative 

efficiency improvement implies a 

smaller effective (tailpipe) 

emissions reduction requirement  

- 

 Widely the same effects as 

without super credits 

 With EV in the fleet before the 

standards are tightened, the 

ceteris paribus reduction in 

tailpipe—and thereby total 

domestic—GHG emissions will 

be smaller than without super 

credits: consideration of super 

credits reduces the officially 

calculated average specific GHG 

emissions of the fleet; thus, 

mandating an equal relative 

efficiency improvement implies a 

smaller effective (tailpipe) 

emissions reduction requirement 

o 

 Same effects as without super 

credits 

o 

 Same effects as without super 

credits 
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+ 

 Share of EV increases, leading to 

more upstream emission from 

fueling EV 

 Total tailpipe emissions from 

ICE vehicles also increase with 

rising EV share 

 Ambiguous whether more EV 

sales are incentivized than 

without super credits 

+ 

 More EV leave domestic 

emissions in ETS sectors 

unchanged 

 Total tailpipe emissions from 

ICE vehicles increase with rising 

EV share 

 Carbon leakage pressure may 

well increase because upstream 

energy demand for fueling both 

EV (electricity and hydrogen 

production) and ICE vehicles 

(e.g., energy consumption during 

liquid fuel refining) grows 

 Ambiguous whether more EV 

sales are incentivized than 

without super credits 

o 

 Induced electrification leaves 

total domestic emissions 

unchanged, but increases carbon 

leakage risks 

 Induced electrification increases 

total tailpipe emissions—and 

therefore allowance demand—

through relaxing effective 

efficiency targets 

 Stationary sources emit more 

GHG—and need additional 

allowances—for producing 

traction electricity and hydrogen 

due to an tightening-induced 

larger EV share 

 Greater probability that stricter 

tailpipe GHG standards increase 

allowance scarcity and carbon 

leakage risk through triggering 

LDV electrification  

o 

 More EV leave total domestic 

emissions unchanged, but 

increase carbon leakage pressure 

in stationary sectors as allowance 

scarcity increases 

 Electrification-induced relaxation 

of effective tailpipe emissions 

standards does not affect total 

emissions under the respective 

sub-cap that includes tailpipe 

emissions, but the abatement 

burden among the jointly capped 

sectors 

+/- 

 Rising EV shares increase not 

only upstream emissions from 

electricity and hydrogen 

production, but also tailpipe 

emissions due to the leverage in 

the relaxing impact on effective 

efficiency target for ICE vehicles 

 With super credits, there is a 

higher probability that tightening 

the standards eventually yields 

higher domestic emissions 

(-) 

 Induced electrification will not 

cause weaker effective efficiency 

for ICE vehicles and thereby 

higher tailpipe emissions than 

before the standards were 

tightened unless the 

electrification effect is very 

strong (e.g., because increasing 

returns trigger a significant cost 

reduction of EV) 

 Still, the net reduction in total 

o 

 Total domestic emissions remain 

unchanged, but higher 

probability of increasing carbon 

leakage risk than without super 

credits because electrification 

causes the transport sector to 

absorb a larger share of the 

economywide carbon budget 

o 

 Total domestic emissions remain 

unchanged, but carbon leakage 

risks may increase 
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domestic emissions will normally 

by smaller with super credits 

 Carbon leakage risks may well 

rise 

Final 

energy 

standards 

- 

 Final energy consumption of the 

LDV fleet is reduced 

commensurate to the increase in 

standard stringency 

 Effect on total GHG emissions 

attributable to LDV depends on 

allocation of final energy savings 

across drivetrain technologies 

and on final energy carriers’ 

emissions intensity 

 If—as is probable—the 

emissions intensity (including 

upstream emissions) of EV’s 

final energy carriers exceeds the 

emissions intensity of 

gasoline/diesel, the ceteris 

paribus effect will be the larger 

the more final energy savings 

take place in the (pre-existing) 

EV fleet 

 Ceteris paribus reduction in total 

GHG emissions will normally be 

larger than with tailpipe 

standards as both EV and ICE 

vehicles must improve their 

efficiency—this holds unless (a) 

the specific final energy 

consumption of (pre-existing) 

- 

 Final energy consumption of the 

LDV fleet is reduced 

commensurate to the increase in 

standard stringency; with a cap 

on stationary emissions, only 

changes in tailpipe emissions 

matter for the ceteris paribus 

effect on total GHG emissions 

 Ceteris paribus effect is weaker 

than with final energy standards 

and no emissions trading because 

mandated final energy reductions 

are partially realized in the (pre-

existing) EV fleet where they do 

not materialize in domestic GHG 

savings due to the cap for 

stationary sources 

 Ceteris paribus effect will we 

stronger than with tailpipe 

standards and emissions trading 

for stationary sources if the 

induced relative cut in specific 

final consumption of the ICE 

fleet—being commensurate to 

the reduction in tailpipe 

emissions—exceeds that of the 

(pre-existing) EV fleet, and vice 

versa 

o 

 Final energy consumption of the 

LDV fleet is reduced 

commensurate to the increase in 

standard stringency 

 Reduced allowance demand from 

refineries and fuel importers as 

well as energy suppliers for (pre-

existing) EV allows other 

emitters within the ETS to 

increase their emissions; 

potential risks of carbon leakage 

diminish as the allowance price 

drops 

o 

 Final energy consumption of the 

LDV fleet is reduced 

commensurate to the increase in 

standard stringency 

 Reduced allowance demand from 

refineries and fuel importers as 

well as energy suppliers for (pre-

existing) EV allows other 

emitters under both affected sub-

caps to increase their emissions 

 Abstracting from refineries 

upstream emissions, potential 

risks of carbon leakage (from 

stationary sources) diminish only 

if there is a relevant pre-existing 

EV fleet whose energy demand 

declines due to tightened 

standards 
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EV is reduced relatively more 

than that of ICE vehicles and (b) 

the energy supply of EV is very 

low-carbon so that these 

reduction yield no considerable 

upstream emissions savings 

(+) 

 Share of EV increases, leading to 

more upstream emission from 

fueling EV 

 Electrification—moderately—

decreases total tailpipe emissions 

as it reduces the number of ICE 

vehicles but also relaxes their 

effective efficiency target 

 Only in the—improbable—case 

that EV’s final energy carriers 

are less emissions-intensive 

(including upstream emissions) 

than ICE vehicles’ final energy 

carriers, electrification decreases 

total emissions 

- 

 Higher EV shares decrease total 

tailpipe emissions from ICE 

vehicles, despite worsening their 

specific efficiency 

 Electrification does not affect 

total emissions from stationary 

sources 

 Impact on allowance demand and 

carbon leakage risks depends on 

the net effect of (a) the energy 

demand from additional—

through increased standard 

stringency incentivized—EV and 

(b) the reduction in energy 

demand from (pre-existing) EV 

due to induced final energy 

efficiency improvements (as well 

as (c) the reduction in upstream 

emissions from producing 

gasoline and diesel) 

o 

 Induced electrification does not 

affect total emissions 

 Electrification raises allowances 

prices—compared to the situation 

with the ceteris paribus effect 

only—if the final energy 

consumed by EV is more GHG-

intensive than the fuels for ICE 

vehicles 

o 

 Induced electrification does not 

affect total emissions 

 Electrification shifts the overall 

abatement burden sharing to the 

detriment of emitters under the 

cap for stationary sources: 

producers of electricity and 

hydrogen for EV increase their 

allowance demand, thereby 

possibly augmenting carbon 

leakage risks; possibly 

diminishing allowance demand 

from refineries—for energy 

consumption during fuel 

production processes—will 

normally not offset this effect 
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(-) 

 The emissions-decreasing ceteris 

paribus effect of mandated 

improvements in final energy 

efficiency will normally prevail 

 The total reduction in domestic 

emissions almost certainly 

exceeds that occurring under 

tailpipe standards 

 Increasing the standards’ 

stringency can lead to a net 

increase in total emissions only if 

it is a strong driver for 

electrification and if the final 

energy supplied to EV is very 

emissions-intensive 

- 

 Total domestic emissions 

decrease; whether the decrease is 

larger than without the cap on 

stationary sources depends on the 

change in upstream GHG 

emissions in the non-cap case: if 

the reduction in EV’s final 

energy consumption due to 

mandated efficiency 

improvements exceeds the 

additional final energy demand 

from induced additional 

electrification, final energy 

standards in combination with a 

cap on stationary emissions will 

yield smaller overall GHG 

savings 

 The reduction in total GHG will 

normally be greater than with 

tailpipe standards and capped 

emissions from stationary 

sources—unless (a) EV 

contribute disproportionally 

much to the required reduction in 

final energy consumption and (b) 

the induced growth in EV sales is 

very low so that the percentage 

decrease in total tailpipe 

emissions is smaller than the 

percentage decrease in final 

energy consumption 

o 

 Total domestic emissions remain 

unchanged;  

 Effect on carbon leakage risks 

ambiguous, but more likely to 

diminish; allowances prices will 

rise only if the induced 

electrification is relatively strong 

and EV’s final energy supply is 

relatively GHG-intensive 

o 

 Total domestic emissions remain 

unchanged, but carbon leakage 

risks can increase 
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Primary 

energy 

standards 

- 

 Primary energy consumption of 

the LDV fleet is reduced 

commensurate to the increase in 

standard stringency 

 Effect on total GHG emissions 

attributable to LDV depends on 

allocation of primary energy 

savings across drivetrain 

technologies and on the 

emissions intensity of the used 

primary energy sources 

 Under primary energy standards, 

(pre-existing) EV normally 

contribute relatively more to the 

mandated energy savings than 

under final energy standards; this 

due to EV’s higher share in the 

targeted energy consumption 

metric since the primary energy 

needed per unit of final energy 

delivered is usually larger for EV 

than for ICE vehicles 

 It is ambiguous whether the total 

ceteris paribus reduction in GHG 

emissions and primary energy 

consumption is greater under 

primary or final energy standards 

 If (pre-existing) EV make a 

disproportionally low 

contribution to the mandated 

efficiency improvements (that is, 

their percentage reduction in 

specific energy consumption falls 

- 

 Primary energy consumption as 

attributed to the LDV fleet is 

reduced commensurate to the 

increase in standard stringency 

 With a cap on stationary sources, 

only changes in tailpipe 

emissions matter for the ceteris 

paribus effect on total GHG 

emissions 

 Ceteris paribus effect is weaker 

than with primary energy 

standards and no emissions 

trading because mandated 

primary energy reductions are 

partially realized in the (pre-

existing) EV fleet where they do 

not materialize in domestic GHG 

savings due to the cap for 

stationary sources 

 Ambiguous whether the ceteris 

paribus reduction in tailpipe 

emissions is larger or smaller 

than with final energy standards 

and stationary sources under the 

cap: whereas the relative 

contribution of ICE vehicles to 

the mandated fleetwide energy 

efficiency target decreases under 

primary energy standards, this 

does, however, not necessarily 

imply that their total reduction in 

tailpipe emissions is smaller 

under primary energy standards. 

o 

 Primary energy consumption as 

attributed to the LDV fleet is 

reduced commensurate to the 

increase in standard stringency 

 The reduced allowance demand 

from refineries and fuel 

importers as well as energy 

suppliers for (pre-existing) EV 

allows other emitters within the 

ETS to increase their emissions 

 Potential risks of carbon leakage 

diminish as the allowance price 

drops 

o 

 Primary energy consumption as 

attributed to the LDV fleet is 

reduced commensurate to the 

increase in standard stringency 

 The reduced allowance demand 

from refineries and fuel 

importers as well as energy 

suppliers for (pre-existing) EV 

allows other emitters under both 

affected sub-caps to increase 

their emissions 

 Abstracting from refineries 

upstream emissions, potential 

risks of carbon leakage (from 

stationary sources) diminish only 

if there is a relevant pre-existing 

EV fleet whose energy demand 

declines due to tightened 

standards 
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short of the fleetwide required 

percentage reduction), ICE 

vehicles have to make a 

relatively large additional 

reduction—beyond the fleetwide 

required percentage reduction—

to offset this shortcoming due to 

EV’s higher primary-energy-to-

final-energy-ratio; conversely, if 

EV make a disproportionally 

large contribution to the 

fleetwide target, primary energy 

standards entail a greater 

relaxation of the effective energy 

efficiency target for ICE 

vehicles. Thus, in the first (latter) 

case, the total primary energy 

consumption tends to be smaller 

(larger) under primary energy 

standards than under final energy 

standards. A clear-cut 

proposition—beyond a 

tendency—is not possible 

because the two energy 

consumption metrics yield 

different efficiency 

improvements in the (pre-

existing) EV fleet 

 To estimate the GHG impact, the 

emissions intensity of the 

different primary energy sources 

needs to be considered as well. If 

the primary energy sources used 

to fuel EV are more emissions-

 If the relative cut in specific 

energy consumption realized in 

the (pre-existing) EV fleet falls 

(considerably) short of the 

relative energy saving target for 

the entire fleet, ICE vehicles 

would normally have to cut their 

specific energy consumption—to 

offset EV’s shortfall—more 

under primary energy standards 

than under final energy 

standards; the greater leverage of 

shortcomings in the EV fleet on 

required abatement of tailpipe 

emissions in the ICE fleet under 

primary energy standards is due 

to EV’s higher primary-energy-

to-final-energy-ratio 

 The ceteris paribus effect will we 

stronger than with tailpipe 

standards and emissions trading 

for stationary sources if ICE 

vehicles make a greater relative 

contribution to the fleetwide 

efficiency improvement target 

than EV, that is, if the induced 

relative cut in specific primary 

energy consumption of the ICE 

fleet—being commensurate to 

the relative reduction in tailpipe 

emissions—exceeds that of the 

(pre-existing) EV fleet 
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intensive than those used to fuel 

ICE vehicles (i.e., mainly oil), 

the ceteris paribus reduction in 

total GHG emissions tends to be 

larger than with final energy 

standards, and vice versa, 

because a larger share of the total 

(primary) energy savings takes 

place in the (pre-existing) EV 

fleet. Notwithstanding, the 

previous argument also still 

holds: by tendency, the 

probability that primary energy 

standards yield a larger ceteris 

paribus GHG reductions than 

final energy standards decreases 

with the contribution of EV to 

the mandated energy efficiency 

improvement 

 The previous results hold as long 

as EV feature a higher primary-

energy-to-final-energy-ratio—

that is, unless RES, which have a 

very high conversion factor, are 

the primary energy basis for 

EV’s final energy carriers; 

otherwise, the results for the 

comparison of final and primary 

energy standards might be 

reversed 
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+/- 

 Induced electrification leads to 

more upstream emission from 

fueling EV, but decreases total 

tailpipe emissions 

 Net effect of electrification on 

total GHG emissions depends on 

the used primary energy sources’ 

relative emissions intensity: if the 

primary energy sources used to 

fuel EV are more emissions-

intensive than those used to fuel 

ICE vehicles, electrification 

increases total emissions 

 Tightening primary energy 

standards will normally be a 

weaker electrification trigger 

than increasing the stringency of 

final energy (and tailpipe) 

standards as EV are less 

favorable in terms of primary 

energy consumption than in 

terms of final energy 

consumption (and tailpipe 

emissions); theoretically—that is, 

if EV feature higher primary 

energy factors —increasing 

standard stringency could even 

disincentivize fleet electrification 

 If EV’s primary energy basis 

mainly consists of fossil fuels 

(rather than RES), induced 

electrification will be relatively 

weak; hence, a large 

(-) 

 Higher EV shares decrease total 

tailpipe emissions from ICE 

vehicles, whereas total upstream 

emissions remain constant 

 Theoretically—that is, if EV 

feature higher specific primary 

energy consumption than ICE 

vehicles—additional EV would 

reduce ICE vehicles’ specific 

tailpipe emissions, too; in this 

case, however, raising the 

stringency of primary energy 

standards would disincentivize 

electrification 

 If standard tightening actually 

disincentivizes electrification and 

slows down the pace of EV’s 

market uptake, the electrification 

effect would lead to rising 

tailpipe emissions; this is rather 

improbable, however 

 The impact on allowance demand 

and carbon leakage risks in ETS 

sectors depends on the net effect 

of raised standard stringency on 

(a) the share of EV in the LDV 

fleet and (b) the specific energy 

consumption of EV, both jointly 

determining the total energy 

demand from EV, (as well as (c) 

the change in upstream emissions 

from producing gasoline and 

diesel); the higher the (assigned) 

o 

 Induced changes in electrification 

pace do not affect total emissions 

 Electrification raises allowances 

prices—compared to the situation 

with the ceteris paribus effect 

only—if the primary energy 

sources used to supply energy to 

EV are more GHG-intensive than 

those used to fuel ICE vehicles 

o 

 Induced changes in electrification 

pace do not affect total emissions 

 If increasing the stringency of 

primary energy standards 

accelerates electrification, this 

would shift the overall abatement 

burden sharing to the detriment 

of emitters under the cap for 

stationary sources: producers of 

electricity and hydrogen for EV 

increase their allowance demand, 

thereby possibly augmenting 

carbon leakage risks; possibly 

diminishing allowance demand 

from refineries—for energy 

consumption during fuel 

production processes—will 

normally not offset this effect 
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electrification-caused emissions 

increase is improbable 
specific primary energy 

consumption of EV (prior to 

tightening the standard), the 

larger is the probability that 

tightening will not increase 

leakage risks 

 Recall that the relative 

performance of EV and ICE 

vehicles in terms of primary 

energy efficiency—and thereby 

the impacts of tightened 

standards—are crucially 

determined by the calculation 

method to assign primary energy 

factors to EV fuels whose 

production facilities are subjected 

to the cap 

- 

 The certainly emissions-

decreasing ceteris paribus effect 

of mandated improvements in 

primary energy efficiency will 

prevail 

 Induced electrification can 

merely have a moderate 

offsetting (that is, emissions-

increasing) effect: if EV’s energy 

supply is emissions-intensive 

(due to a fossil primary energy 

basis), induced electrification 

will be weak 

 The total reduction in domestic 

emissions likely and almost 

- 

 Total domestic emissions 

decrease almost certainly 

 Whether the decrease is larger 

than without the cap on 

stationary sources is ambiguous: 

if the reduction in EV’s primary 

energy consumption due to 

mandated efficiency 

improvements exceeds the—

potential—increase in primary 

energy demand from possibly 

induced additional electrification, 

primary energy standards in 

combination with a cap on 

stationary emissions will yield 

o 

 Total domestic emissions remain 

unchanged 

 Carbon leakage risks diminish 

o 

 Total domestic emissions remain 

unchanged 

 Unclear whether and in which 

direction carbon leakage risks are 

affected: the net effect of stricter 

primary energy standards on 

energy demand—and thereby 

allowance scarcity—in stationary 

sectors mainly depends on (a) the 

induced efficiency improvements 

of EV and (b) the possibly 

accelerated growth of the EV 

fleet. Both impacts are functions 

of the specific primary energy 

consumption of EV: relatively 
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certainly exceeds that occurring 

under final energy and tailpipe 

standards, respectively 

smaller overall GHG savings 

 The comparison with both 

tailpipe and final energy 

standards, each with capped 

emissions from stationary 

sources, is ambiguous, too. 

Particularly, if EV make a 

disproportionally large 

contribution to the fleetwide 

primary energy saving target, 

primary energy standards will 

likely yield a smaller overall 

reduction in domestic GHG 

 Total domestic emissions would 

not decrease only in the highly 

improbable case that 

manufacturers reacted to more 

stringent targets mainly by 

shifting their fleet mix from (pre-

existing) EV with relatively high 

primary energy factors to ICE 

vehicles 

high primary energy factors 

assigned to electricity-based fuels 

(relative to oil-based fuels) 

incentivize more efficiency 

improvement efforts in the EV 

fleet and usually do not strongly 

stimulate electrification 

W-t-w 

GHG 

standards 

- 

 Total GHG emissions 

attributable to the LDV fleet are 

reduced commensurate to the 

increase in standard stringency—

if w-t-w factors are assigned 

based on marginal emissions 

impacts. These GHG savings 

from LDV fully materialize in 

domestic emissions reductions 

 Allocation of mandated savings 

- 

 Effects are highly dependent on 

the applied methodology to 

assign w-t-w factors to fuels 

whose related emissions are 

subject to a binding cap (that is, 

mainly electricity and hydrogen; 

for gasoline/diesel, only a small 

fraction of attributable emissions 

occurs upstream).  

 If emissions occurring in 

o 

 W-t-w emissions as attributed to 

the LDV fleet are reduced 

commensurate to the increase in 

standard stringency 

 The allocation of efficiency 

improvements across drivetrain 

technologies is determined by the 

methodology to assign w-t-w 

factors to the different fuels. 

Even for ICE vehicles’ tailpipe 

o 

 W-t-w emissions as attributed to 

the LDV fleet are reduced 

commensurate to the increase in 

standard stringency 

 The allocation of efficiency 

improvements across drivetrain 

technologies is determined by the 

methodology to assign w-t-w 

factors to the different fuels. 

Even for ICE vehicles’ tailpipe 
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across drivetrain technologies 

and fuels does not matter for the 

total amount of GHG emissions 

abatement  

stationary sources covered by the 

ETS are excluded from w-t-w 

GHG factors, the ceteris paribus 

effect—as well as the 

electrification effect—will be 

very similar to that under tailpipe 

standards (without super credits) 

 In case upstream emissions are 

included so that EV have non-

negligible positive w-t-w factors, 

the ceteris paribus effect will be 

stronger (weaker) than with 

tailpipe standards and emissions 

trading for stationary sources if 

ICE vehicles make a greater 

(smaller) relative contribution to 

the fleetwide emissions reduction 

target than pre-existing EV 

 The comparison with final and 

primary energy standards is 

ambiguous; the relative size of 

the ceteris paribus effect is 

essentially shaped by the 

allocation of efficiency 

improvement efforts across LDV 

with different drivetrain 

technologies as well as EV’s w-t-

w, primary energy, and final 

energy factors  

emissions, this assignment of w-

t-w factors is not straightforward 

because they cause additional 

abatement by other emitters. The 

higher a vehicle type’s w-t-w 

factor, the more effort is invested 

in improving its efficiency 

 The reduced allowance demand 

from refineries and fuel 

importers as well as energy 

suppliers for (pre-existing) EV 

allows other emitters within the 

ETS to increase their emissions 

 Potential risks of carbon leakage 

diminish as the allowance price 

drops 

emissions, this assignment of w-

t-w factors is not straightforward 

because they cause additional 

abatement by other emitters 

under the same sub-cap. The 

higher a vehicle type’s w-t-w 

factor, the more effort is invested 

in improving its efficiency 

 The reduced allowance demand 

from refineries and fuel 

importers as well as energy 

suppliers for (pre-existing) EV 

allows other emitters under both 

affected sub-caps to increase 

their emissions 

 Abstracting from refineries 

upstream emissions, potential 

risks of carbon leakage (from 

stationary sources) diminish only 

if there is a relevant pre-existing 

EV fleet whose energy demand 

declines due to tightened 

standards; a declining energy; 

this requires positive w-t-w GHG 

factors assigned to EV 
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 o 

 Electrification does not affect 

total domestic GHG emissions 

 If EV feature high w-t-w 

emissions factors due to a largely 

coal-based energy supply, raising 

standard stringency will not be a 

strong electrification driver—if at 

all 

(-) 

 Total upstream emissions remain 

constant 

 Strength of induced 

electrification stimulus as well as 

consequential GHG implications 

depends on the w-t-w emissions 

factors assigned to EV 

 If upstream emissions in ETS 

sectors are entirely excluded 

from w-t-w factors, induced 

electrification deteriorates ICE 

vehicles’ fuel economy, but 

leaves total tailpipe emissions 

unchanged 

 If EV have positive but smaller 

than ICE vehicles’ w-t-w factors, 

tighter standards incentivize 

electrification, which causes 

tailpipe emissions to decrease 

 In the improbable case that EV 

feature higher w-t-w factors than 

ICE vehicles, more stringent 

standards would disincentivize 

electrification; then, the 

electrification effect would cause 

tailpipe and thereby total 

emissions to rise 

 Similar to primary energy 

standards, the impact on 

allowance demand and carbon 

leakage risks in ETS sectors 

depends on the net effect of 

raised standard stringency on (a) 

o 

 Induced changes in electrification 

pace do not affect total emissions 

 Electrification changes 

allowances prices—compared to 

the situation with the ceteris 

paribus effect only—if the w-t-w 

GHG factors assigned to the 

different transport fuels are 

incorrect representations of their 

actual (marginal) impact on the 

allowance demand curve 

o 

 Induced changes in electrification 

pace do not affect total emissions 

 If increasing the stringency of w-

t-w standards accelerates 

electrification, this would shift 

the overall abatement burden 

sharing to the detriment of 

emitters under the cap for 

stationary sources: producers of 

electricity and hydrogen for EV 

increase their allowance demand, 

thereby possibly augmenting 

carbon leakage risks; diminishing 

allowance demand from 

refineries—for energy 

consumption during fuel 

production processes—will 

normally not offset this effect 
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the share of EV in the LDV fleet 

and (b) the specific, actual 

energy consumption of EV, both 

jointly determining the total 

energy demand from EV, (as 

well as (c) the change in 

upstream emissions from 

producing gasoline and diesel); 

the higher the w-t-w emissions 

factor assigned to EV, the larger 

is the probability that standard 

tightening will not increase 

leakage risks 

- 

 Total reduction in domestic GHG 

emissions is given by the ceteris 

paribus effect 

 Total reduction in domestic 

emissions likely and certainly 

exceeds that occurring under 

final energy and tailpipe 

standards, respectively; the 

comparison with primary energy 

standards is more ambiguous: it 

is determined by (a) the relative 

contribution of EV and ICE 

vehicles to the fleetwide primary 

energy saving target and (b) the 

GHG intensity of the primary 

energy sources used to fuel EV 

and ICE vehicles 

- 

 Total domestic emissions 

decrease almost certainly (unless 

the extremely improbable case 

occurs that stricter w-t-w 

emissions targets substantially 

disincentivize electrification) 

 Whether the decrease is larger 

than without the cap on 

stationary sources is ambiguous: 

if the total w-t-w emissions 

assigned to LDV-related energy 

consumption in ETS sectors 

increase (e.g., because the 

additional energy demand from 

induced electrification exceeds 

the effect of improved efficiency 

of the EV fleet), the total 

domestic GHG reduction will be 

larger, and vice versa 

o 

 Total domestic emissions remain 

unchanged 

 Carbon leakage risks diminish 

o 

 Total domestic emissions remain 

unchanged 

 Unclear whether and in which 

direction carbon leakage risks are 

affected: the net effect of stricter 

w-t-w standards on energy 

demand—and thereby allowance 

scarcity—in stationary sectors 

mainly depends on (a) the 

induced efficiency improvements 

of EV and (b) the possibly 

accelerated growth of the EV 

fleet. Both impacts are functions 

of the w-t-w GHG factors: 

relatively high w-t-w factors 

assigned to electricity-based fuels 

(relative to oil-based fuels) 

incentivize more efficiency 

improvement efforts in the EV 

fleet and usually do not strongly 
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 The comparison with both 

tailpipe and final energy 

standards, each with capped 

emissions from stationary 

sources, is ambiguous, too. 

Particularly, if EV make a 

disproportionally large 

contribution to the fleetwide w-t-

w GHG saving target, w-t-w 

standards will likely yield a 

smaller overall reduction in 

domestic GHG because tailpipe 

emissions decrease less then 

 Effect on leakage risks is 

ambiguous and depends on the 

actual change in upstream energy 

demand, which is essentially 

determined by induced (a) 

electrification and (b) 

improvement in EV’s specific 

energy efficiency (as well as (c) 

reduced energy demand from 

fossil fuel refineries) 

 The above results hold for the 

case of non-negligible w-t-w 

factors assigned to EV; if 

upstream emissions from 

stationary sources are excluded 

because of the cap, the impacts of 

tightening w-t-w standards would 

widely resemble those under 

tailpipe standards 

stimulate electrification  
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