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Abstract
 

This thesis addresses the role of developing countries in the context of climate change 
mitigation and energy system transformation. It starts from the hypothesis that mitigation 
of climate change might form a major dilemma for developing countries, as it potentially 
negatively affects their development. 

In order to provide robust costs estimates of mitigating climate change, three state-of the-
art integrated assessment models are compared taking into account different dimensions 
that are relevant for the structure of mitigation costs: technologies, the stabilization target, 
and the timing of mitigation policy. 

First, it is found that renewable energy and CCS are most critical for achieving low mitiga
tion costs. Second, a more ambitious climate stabilization target can significantly increase 
global mitigation costs. Third, delaying collective international climate policy until 2030 
renders the stabilization of CO2 at 450 ppm impossible, while a delay to 2020 increases 
global costs by at least 50%. In this case, Europe and the US can benefit from early 
participation. Exporters of emission allowances, i.e. developing countries like India, in 
contrast, can profit from delayed action, as the value of their exportable carbon permits 
increases. 

Particular emphasis is put on China due to its outstanding success with respect to poverty 
alleviation in recent decades, going hand in hand with highly increased carbon emissions. 
Applying an extended Kaya analysis we can identify economic growth to be the major 
reason for emissions growth, outnumbering the continuous carbonization of the energy 
system. Numerical model results underline the importance of future decarbonization ef
forts in China for climate change mitigation on the global scale. Its current domestic 
climate policy is in line with model results for a medium ambitious stabilization target. 

Some argue that the production-based accounting scheme applied today by the United 
Nation’s Framework Convention on Climate Change (UNFCCC) disadvantages carbon-
exporting developing countries and is thus not in line with its basic principles, such as 
’common but differentiated responsibilities’. In this line of argument, changing towards 
a consumption-based accounting scheme might facilate the participation of developing 
countries. In this thesis it can be shown that in the presence of a global carbon market 
the role of the accounting scheme can be neglected, as soon as the initial allocation of 
emissions is negotiated. This puts in perspective recent calls from developing, carbon-
exporting countries like China to change from the current production-based accounting 
scheme. Whether the accounting scheme is beneficial for carbon-exporting countries de
pends on the chosen allocation scheme. High transaction costs related to consumption-
based accounting would favor the current, production-based, accounting scheme once a 
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8 Abstract 

carbon market with binding caps is in place. 

Finally, the role of energy in development processes is assessed and found to be tremen
dously important. Countries that have achieved high or very high development levels 
all have crossed a certain threshold in energy consumption. One explanation for the ex
istence of thresholds is identified to be the demand for energy-intensive goods in de
veloping processes generated by the up-take of infrastructure. Scenarios by numerical 
models generally project that reductions of carbon emissions in developing countries will 
be achieved not only by means of decreasing the carbon intensity, but also by making a 
significant break with the historically observed relationship between energy use and eco
nomic growth. The existence of energy thresholds in development processes challenges 
the generally optimistic results of numerical models: on time scales acceptable for de
veloping countries the decreases in energy consumption implied in numerous mitigation 
scenarios are unlikely to be achieved without endangering sustainable development ob
jectives, such as universal energy access. 



Zusammenfassung
 

Diese Arbeit beleuchtet die Rolle von Entwicklungsländern bei der Vermeidung des Kli
mawandels. Sie geht von der Hypothese aus, dass die Vermeidung des Klimawandels für 
Länder, die sich in dem Prozess der ökonomischen Entwicklung befinden, ein Dilemma 
darstellt, weil sich die Vermeidung des Klimawandels potentiell negativ auf Entwick
lungsprozesse auswirken kann. 

Es werden zunächst drei anerkannte und detaillierte Energie-Ökonomie Modelle ver
glichen, um robuste Kostenabschätzungen für die Vermeidung des Klimawandels zu 
treffen. Dabei werden verschiedene Dimensionen beleuchtet, die Einfluss auf die 
Kostenstruktur haben können: unterschiedliche Vermeidungstechnologien, das Stabil
isierungsziel und der Zeitpunkt internationaler Vermeidungspolitik. 

Hinsichtlich der ersten Dimension, den unterschiedlichen Vermeidungstechnologien, 
zeigt diese Arbeit, dass erneuerbare Energien und Kohlenstoffabscheidung und Se
questrierung (CCS) eine sehr wichtige Rolle spielen, um Klimawandel zu niedrigen 
Kosten zu vermeiden. Im Rahmen der zweiten Dimension, dem Stabilisierungsziel, wird 
aufgezeigt, dass ambitioniertere Klimaschutzziele schnell zu signifikanteren Kostener
höhungen führen können. Die dritte Dimension berücksichtigt den Zeitpunkt interna
tionaler Vermeidungspolitik und stellt unter anderem fest, dass eine Stabilisierung der 
CO2 Konzentrationen in der Atmosphäre auf 450 ppm unmöglich wird, wenn sich ein 
verbindliches internationales Klimaschutzabkommen bis 2030 verzögert. Tritt ein in
ternational verbindliches Abkommen erst 2020 in Kraft, werden die globalen Vermei
dungskosten um mindestens 50% ansteigen. In diesem Fall können sowohl Europa als 
auch die Vereinigten Staaten von Amerika davon profitieren, unilateral voranzugehen. 
Exporteure von Emissionszertifikaten, in der Regel Entwicklungsländer, z.B. Indien, kön
nen dagegen von einer Verzögerung des Klimaschutzes profitieren. Das Klimaschutzziel 
kann in diesem Fall nur mit höheren Karbonpreisen erreicht werden, was wiederum Emis
sionszertifikate wertvoller macht. 

Die Arbeit legt im Folgenden einen besonderen Schwerpunkt auf die Rolle der Volksre
publik China. Dort wurden in den letzten drei Dekaden historisch einmalige Erfolge in 
der Armutsbekämpfung von einem ebenso einmaligen Anstieg der Kohlendioxidemis
sionen begleitet. Eine, für diese Arbeit entwickelte, erweiterte "Kaya-Dekomposition" 
identifiziert ökonomisches Wachstum als Hauptursache für das Emissionswachstum. 
Ökonomisches Wachstum ist damit bedeutender als die kontinuierliche Karbonisierung 
des Energiesystems. Numerische Modelle unterstreichen die Rolle Chinas für die Vermei
dung des Klimawandels auf internationaler Ebene. Sie zeigen darüber hinaus, dass Chinas 
Klimapolitik, vor allem das Ziel die Karbonintensität des BIPs bis 2020 um 40 bis 45% zu 
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senken, mit einem Stabilisierungsziel vereinbar ist, das mit mittlerer Wahrscheinlichkeit 
ausreicht, die durchschnittliche globale Temperaturerhöhung auf 2◦C zu begrenzen. 

Des Weiteren untersucht diese Arbeit die Rolle der Bilanzierung von CO2 Emissio
nen. Sie kommt zu dem Ergebnis, dass die Emissionsbilanzierung keinerlei Effizienz
oder Verteilungseffekte hat, sobald ein globaler Kohlenstoffmarkt mit verbindlichen Re
duktionsverpflichtungen existiert und die Anfangsallokation der Emissionsrechte geklärt 
ist. Dieses Ergebnis relativiert Forderungen nach einer konsum-basierten Bilanzierung 
der Emissionsrechte, die von Kohlenstoff-exportierenden Entwicklungsländern, insbeson
dere China, vorgebracht werden. Ob eine Änderung der gängigen produktions-basierten 
Bilanzierung für diese Länder überhaupt von Vorteil ist, hängt entscheidend von dem 
gewählten Allokationsmechanismus ab. In Anbetracht hoher Transaktionskosten, die mit 
einer konsum-basierten Bilanzierung einhergehen, ist das gängige Bilanzierungssystem 
für einen internationalen Kohlenstoffmarkt zu bevorzugen. 

Abschließend widmet sich die Arbeit explizit der Rolle von Energie in Entwick
lungsprozessen. Zunächst kann festgestellt werden, dass Länder, die in der Vergangenheit 
ein hohes oder sehr hohes Entwicklungsniveau erreicht haben eine bestimmte Schwelle 
hinsichtlich des Endenergieverbrauchs pro Kopf überschritten haben. Die Nachfrage nach 
energieintensiven Gütern in Entwicklungsprozessen, die unter anderem durch den Auf
bau von Infrastruktur getrieben wird, kann diese Schwellenwerte teilweise erklären. In 
Klimaschutzszenarien verschiedener numerischer Modelle wird die Emissionsminderung 
allerdings nicht nur durch Reduktionen der Karbonintensität erreicht, sondern auch durch 
einen Bruch mit historisch beobachteten Zusammenhängen zwischen Energieverbrauch 
und Entwicklungsmustern, der die Existenz der beobachteten Schwellenwerte ignoriert. 
Es stellt sich die Frage, wie realistisch dieser Bruch ist und ob er nicht vielmehr die im er
sten Teil der Arbeit getroffenen optimistischen Aussagen in Hinblick auf die Auswirkun
gen der Vermeidung von Klimawandel in Frage stellt. Auf Zeitskalen, die für Entwick
lungsländer akzeptabel sein können, würde die Verringerungen der Energienachfrage, wie 
sie in von numerischen Modellen vorhergesehen wird, vielmehr implizieren, dass die Ver
meidung von Klimawandel wahrscheinlich nicht erreicht werden kann, ohne gleichzeitig 
andere Nachhaltigkeitsziele, wie zum Beispiel den Zugang zu Energie, zu gefährden. 



Chapter 1 

Introduction 
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1 Introduction 
In 1991 Nobel Laureate Robert M. Solow gave a talk about “Sustainability – An 
economist’s perspective” in Woods Hole, Massachusetts. It happens to be just a 
coincidence – some might call it destiny – that the day Solow gave his speech was my 9th 
birthday. That day, there were surely more interesting topics for a 3rd grader than 
“sustainability” and a “just” allocation of resources over time (i.e. different generations), 
space (i.e. different countries) and within a society, which were exactly the topics Solow 
discussed. Today, 20 years later, I present a doctoral thesis that deals with the question 
how the world’s poor can catch up with the developed world without, at the same time, 
causing deep and permanent disruptions to the world’s climatic system, which has 
already seen major disruptions by the industrialized countries’ development. In the past, 
development has been highly connected to the burning of fossil fuels, causing emissions 
that are today known to cause climate change, which has major impacts on those 
countries that have not yet developed.  We therefore face a major dilemma: For the sake 
of providing adequate living conditions for the generations to come, do poor countries 
have to be forced to take a different, i.e. less carbon-intensive development path than 
developed countries, even if the success is as unprecedented as uncertain? Does that 
mean, in turn, that poor countries have to calm their ambitions to catch up with 
industrialized countries? To put it in the words of Solow (1990, p. 186):  
 

“The most dramatic way in which I can remind you of the nature of that paradox 
is to think about what it will mean for, say CO2 discharge, when the Chinese start 
to burn their coal in a very large way; and then, while you are interested in moral 
obligation, I think you should invent for yourself how you are going to explain to 
the Chinese that they shouldn’t burn the coal, even living at their standard of 
living they shouldn’t burn the coal, because the CO2 might conceivably damage 
somebody in 50 or 100 years.” 

 
In the last 20 years, since Solow gave his speech, the Chinese have indeed started to 
“burn their coal” in a “very large” scale. With respect to poverty alleviation, we have 
witnessed one of the biggest success stories, ever. In 1991, roughly 60% of Chinese lived 
under the $1.25 (in PPP) poverty line1, which was back then a higher level than observed 
in developing Sub-Saharan Africa (excluding South-Africa). In 2005, the latest available 
data point, this share fell to 15% in China, while absolute poverty levels in Sub-Saharan 
Africa still range above 50%, comparable to their 1980s levels.  But, this success has 
come with a carbonization of the Chinese economy, which has been historically as 
                                                 
1 Based on World Bank (2012) data 
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unprecedented as the hundreds of millions that were brought out of poverty. Per capita 
emissions have more than doubled from approximately two metric tons CO2 per capita in 
1990 to 5.3 t in 2008, exceeding the global average of 4.8 t per capita, and putting 
additional pressure on global efforts to slow down global greenhouse gas (GHG) 
emissions. The major question of this thesis is thus more important than ever: Can the 
decarbonization of developing countries and mitigation of global climate change be 
successful without interfering with developing countries’ legitimate ambitions to increase 
their standard of living, in other words, to grow economically?  
 
The remainder of this introductory chapter is therefore strongly orientated toward the 
interplay of two principle dangers that can be connected to climate change: on the one 
hand climate change causing dangerous interferences with the natural system and thus 
living conditions and on the other hand the impacts of mitigation, that under 
circumstances can also be dangerous with respect to development and growth. The 
physical fundamentals of climate change will be discussed in Section 1 of this 
introduction. Section 2 discusses the economic dimension of climate change from a 
general perspective. Section 3 emphasizes the role of developing countries with respect to 
climate change mitigation and will outline why and under which circumstances 
mitigation of climate change might also be dangerous, particularly with respect to 
economic development in more detail. Section 4 sketches the structure of this thesis and 
shortly introduces Chapters 2 – 6.    

2 Dangerous Climate Change 

2.1 Physical fundamentals 

The knowledge about the fundamental relationship between increasing GHG emissions 
and changing climate conditions driven by increasing temperatures is established for 
more than a century, when mainly Fourier, Tyndall and Arrhenius laid the basic grounds 
of today’s understanding of climate science: i) while short-wave solar-radiation can pass 
the atmosphere, long-wave infra-red-radiation is trapped by it: a phenomenon which is 
called the greenhouse effect (Fourier, 1824). ii) the greenhouse effect is caused mainly by 
water vapor and CO2 (Tyndall, 1859), iii) a doubling of atmospheric CO2 concentrations 
leads to a significant increase of surface temperatures (Arrhenius, 1896). Even though the 
physical basis is rather straight-forward, it is more complex to estimate the actual 
warming that is imposed by a given level of GHGs in the atmosphere. These uncertainties 
can be explained by feedbacks to the climate system imposed by increasing temperatures. 
For example rising temperatures decrease the ice cover of the Arctic sea, limiting the 
reflection of incoming solar radiation and affecting the ability of land and oceans to 
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absorb GHGs. Climate sensitivity, i.e. the temperature increase that is caused by a 
doubling of CO2 concentrations compared to pre-industrial levels (which would be at 
approximately 550ppm CO2), is thus estimated to be in a rather broad range between 1.9 
and 4.4°C2 (Solomon et al., 2007).    
 
The IPCC (Solomon et al., 2007) estimates that the effect of human activities increased 
the radiative forcing3 by 1.6 W/m² compared to pre-industrial levels, while the global 
average surface temperature has increased by 0.76 ± 0.19°C when comparing the period 
from 1850-1899 with 2001-2005. Broken down to different sources, it is obvious that 
GHGs, mainly CO2 and Methane (CH4) – connected to large scale industrialization of the 
(mainly Western) societies - have the highest influence, which is partly offset by aerosols 
and surface albedo. Natural effects, i.e. changing solar activity, had only a very small 
(positive) impact on changes in the radiative forcing since the beginning of 
industrialization (see Figure 1).  
 

 
Figure 1: Global mean Radiative Forcings (RF) and their 90% confidence intervals in 2005 for 
various agents and mechanisms as well as their typical spatial scales and levels of scientific 
understanding (LOSU). Source: Solomon et al. (2007, p. 32).  
 

                                                 
2 Arrhenius (1896) had calculated the climate sensitivity to range between 5 and 6°C.  
3 As defined by Solomon et al. (2007, p. 136) “Radiative forcing is usually quantified as the ‘rate of energy 
change per unit area of the globe as measured at the top of the atmosphere’, and is expressed in units of 
‘Watts per square meter’” If radiative forcing is positive the energy of the Earth-atmosphere system and 
thus warming will increase. The opposite is true for a negative radiative forcing.  
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Projecting the temperature increases in the future based on different scenarios and 
assumptions on the socio-economic system, Solomon et al. (2007) conclude that a 
temperature increase between 1.1 and 6.4°C in 2090-2099 compared to 1980-1999 can be 
expected. In addition to the uncertainties on the climate sensitivity mentioned above, one 
major uncertainty that is hard to quantify is the presence of tipping elements in the Earth 
system (Lenton et al., 2008). Tipping elements are defined as irreversible thresholds of a 
stable climate system that are triggered once a certain critical value, e.g. temperature 
level is reached. Lenton et al. (2008) find 15 tipping elements with different 
consequences of which some, e.g. ‘Arctic summer sea-ice’, ‘Marine methane hydrates’ 
and ‘permafrost soils’, would have direct amplifying effects on global warming4. Even 
though discussing the nature of tipping points in all details would go far beyond the scope 
of this introduction, it gets obvious that their presence impose a serious additional source 
of uncertainty with respect to temperature responses on increasing levels of GHGs.  
 
One important aspect with respect to climate change is the stock-pollutant nature of 
GHGs. CO2, being the most important GHG with respect to historical increases in 
radiative forcing, has a life time of approximately 100 years in the atmosphere. Halting 
all anthropogenic CO2 emissions today, would thus still lead to an average warming of 
1°C or more above pre-industrial levels (Wigley, 2005)5.  

2.2 Impacts of climate change 

Impacts of climate change can be clustered into various groups (Parry et al., 2007): 
precipitation changes and temperature increases will affect the agricultural productivity 
and water availability but will also be a main driver for the changes in the distribution 
and abundance of diseases, e.g. a warmer and more humid world will probably give rise 
to a larger distribution of vector-borne diseases like malaria (Patz et al., 2005). Sea level 
rises and extreme events increasing in both amplitude and frequency will impact human 
settlements and economic activity directly by damaging or even destroying capital, but 
can also have indirect impacts, e.g. with respect to  salinization of soils and fresh water 
sources. Additionally, climate change impacts ecosystems and has potentially negative 
impacts on the planet’s biodiversity (e.g. Pereira et al. 2010). However, climate change is 

                                                 
4 Lenton et al. name further tipping points as follows (with their key impacts in brackets): Greenland Ice 
sheet, West Antarctic Ice sheets (both seal level rise), Atlantic thermohaline circulation (regional cooling), 
ENSO (regional droughts), Indian summer monsoon (drought), Sahara/Sahel and West Africa Monsoon 
(increased carrying capacity), Amazon rainforest (biodiversity loss, decreased rainfall), Boreal forest 
(biome switch), Antarctic bottom water (Ocean circulation, carbon storage), Ocean anoxia (Marine mass 
extinction), Arctic ozone (Increased UV at surface).  
5 It should be noted that some more recent articles (Matthew and Weaver, 2010) paint a more optimistic 
picture with respect to inertia in the climate system, but at the same time highlight the difficulties imposed 
by socio-economic, cultural and behavioral inertia.  
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not exclusively connected to negative effects. Potentially longer crop growing periods in 
Central Europe or opening international shipping routes in the Arctic are examples for 
possible positive impacts of a changing climate (Parry et al., 2007). 
 
Climate change becomes potentially dangerous as soon as it negatively interacts with 
common practices of making use of the current climate conditions, be it in the form of 
agricultural activities or the choice of human settlements. In these cases climate change 
might impact the capacity of established communities to sustain their populations, 
leading to food shortages, allocation conflicts over increasingly scarce resources 
including land and water and potentially forcing people to leave their homes, inducing 
migration (e.g. Raleigh et al., 2008). The situation becomes even more severe if changes 
are too fast for social systems to adapt to, which additionally to the natural impacts they 
are imposed to will also increase the likelihood of conflicts (Schubert et al., 2007).  
 
From a socio-economic point of view, even more important than the actual impacts of 
climate change is thus the vulnerability of societies to climatic changes, also considering 
their capacities to effectively adapt to them6. For example, a highly developed society 
with only a limited share of the agricultural sector in GDP will be less vulnerable to 
probable yield losses induced by climate change than a comparably poor society with a 
high share of the agricultural sector. The World Bank (2010) shows that countries 
generally expected to be affected most severely by physical impacts, also are those that 
have the lowest capacity to adapt to those impacts in terms of adaptive and social 
capacity including literacy rate, income distribution, economic management, structural 
policies, capacity to absorb finance and governance. These countries are exclusively 
located in the global South, mainly in Sub-Saharan Africa, Latin America and South 
Asia. Herein, a prominent ethical dilemma can be identified: Developing countries that 
have contributed very little to global climate change in the past are also the countries that 
are generally most vulnerable, both with respect to the actual impacts and the possible 
adaptive capacity (Edenhofer et al., 2010; Füssel, 2010).  

3 Economics of climate change 
How can impacts and vulnerabilities that were described in the previous section be 
interpreted in economic terms? This section will discuss the economics of climate 
change, outlining the drivers of emissions first. It will then turn to potential mitigation 

                                                 
6 The IPCC (Parry et al., 2007, p. 27) defines vulnerability as “[the] degree to which a system is susceptible 
to, and unable to cope with, adverse effects of climate change, including climate variability and extremes. 
Vulnerability is a function of the character, magnitude, and rate of climate change and variation to which a 
system is exposed, its sensitivity, and its adaptive capacity.” 
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options and their economic assessment. At the end of the section, a short introduction to 
the theory, instruments and institutions of international climate policy will be given.  

3.1 Emission drivers 

Two major sources of GHG emissions can generally be identified: first, those that occur 
by the oxidation of carbon when burning fossil fuels, i.e. coal, oil or natural gas (mainly 
CO2) and second, emissions that are related to changes in land use and land use changes, 
also including nitrous oxide, methane and others (Solomon et al., 2007). Generally, 
emissions stemming from the use of fossil fuels make the biggest share in overall GHG 
emissions; however, land-use emissions can make up a significantly higher percentage 
share in tropical developing countries (World Bank, 2010). Drivers of CO2 emissions can 
– as every impact to the environment - generally be decomposed following the IPAT 
identity (Ehrlich and Holdren, 1972). The impact (I), emissions, is decomposed into a 
population (P), affluence (A) and technology (T) component. Kaya (1990) applied the 
identity to fossil CO2 emissions, where changes of emissions as an environmental impact 
are decomposed into population, GDP per capita (as the affluence factor), and two 
technology components, i.e. energy intensity of GDP and carbon intensity of energy.  
 
a) Kaya decomposition – World b) Influence of Countries on Emission Growth 

 

 
Figure 2: (a) Kaya decomposition of global CO2 emissions from fossil fuel burning in the period 1971 
– 2008 and (b) influence of different countries and country groups to global CO2 emissions growth. 
Source: Steckel et al. (2011) 
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The last decades (see Figure 2) show a mixed picture with respect to the different drivers 
of climate change. Economic growth was the most important driver of emissions growth, 
partly offset by decreasing energy intensity of GDP. The influence of population on 
emissions growth has decreased over the last four decades. In the 1980s there was a 
noticeable decarbonization of the World energy system, mainly triggered by the large-
scale investment into nuclear power by industrialized countries as a reaction to the energy 
crises in the 1970s. However, in recent years we have observed a carbonization (Raupach 
et al., 2007) that is mainly triggered by an increasing role of coal power on the global 
scale, particularly in developing countries7. To a large amount, the increasing influence 
of economic growth can be attributed to the economic rising of the People’s Republic of 
China and – to a smaller extent – other newly industrializing countries.  
 
It is important to understand the underlying carbonization dynamics: Is it due to 
increasing economic activity in developing countries in general? What is the role of trade 
in a globalized world and the potential outsourcing of emission-intensive industries from 
developed to developing countries? Analysis from Davis and Caldeira (2010) and Peters 
et al. (2011) suggest that international trade indeed plays a role with respect to increasing 
emissions in developing countries and stagnating or even decreasing emissions in 
developed countries (see also Figure 3), particularly highlighting the role of China. 
 

 
Figure 3: Interregional fluxes of carbon embedded in trade for selected regions. Source: Davis and 
Caldeira (2010, p. 5688) 
 
However, Jakob and Marschinski (in preparation) highlight that imported emissions as 
calculated by Davis and Caldeira (2010) cannot necessarily be seen as a cause for 
emissions in other countries. Rather, the causality depends on various factors including 
the trade balance, the specific national energy- and carbon intensity and the trade 

                                                 
7 For details with respect to the drivers of carbon-intensity see Chapter 4 or Steckel et al. (2011), 
respectively 
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specialization of a country8; in the case of China, the authors show that trade 
specialization of carbon intensive goods plays a role, but is outweighed by the other 
effects, particularly the carbon-intensive energy system. Also, other authors show that 
structural effects, particularly the expansion of energy intensive sub-sectors, are mainly 
responsible for the surge of emissions in China in the early 2000s (e.g. Liao et al., 2007; 
Ma and Stern, 2008). 
 
We can thus conclude that emissions have increased over the last decades, mainly driven 
by economic growth and – in recent years – also carbonization of the global energy 
system. Structural shifts in developing countries, particularly China, towards a general 
industrialization can be identified as key drivers.  

3.2 Mitigation options 

Reducing emissions on a large scale is theoretically conceivable by addressing all drivers 
of the Kaya identity. However, as controlling population growth raises major ethical 
concerns9, the main focus with respect to mitigation options is laid on reducing the 
energy intensity and decarbonizing the energy system. With respect to the former, this 
could be achieved by energy efficiency improvements or structural shifts towards less 
emission-intensive industries, while the latter can be achieved by replacing fossil fuels, 
i.e. coal, oil or gas, by low-emissions forms of energy supply, e.g. renewable energy, 
bioenergy, nuclear energy or CCS. More controversially, some also argue that slowing 
economic growth (at least when measured based on consumption) should be an important 
option for mitigation in developed countries (e.g. Jackson, 2009). Proponents argue that 
increased human wellbeing is disconnected from economic growth measured in 
consumption once a particular level of consumption has been reached (Hirsch, 1977; 
Wilkinson and Pickett, 2010) and therefore call for alternative measures of welfare 
(Fleurbaey, 2009; Jones and Klenow, 2010). In addition, others (e.g. Crutzen et al., 2006) 
highlight that global carbon and radiation management, respectively, could be 
anthropogenicially influenced in order to weaken the temperature increases without 
majorly deviating from state-of-the-art energy supply techniques. The proposals to 
interfere range from increasing the cloud albedo, e.g. by artificially injecting sulphur into 
the atmosphere, to taking carbon out of the atmosphere, e.g. by large scale air capture 
appliances or technologies that directly interfere with the global radiation management. 

                                                 
8 Jakob and Marschinski draw parallels between the ‘factor content of trade’ and consumption-based 
accounting of emissions. They thus convincingly argue that conceptual difficulties with its empirical 
applications are well known from trade economics and should therefore also be applied in this particular 
case.   
9 Which does not mean that it is not a part of the actual discussion, see e.g. O’Neill et al. (2010).  
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These options are highly controversial as they are connected to major risks (see e.g. 
Schellnhuber (2011) for a discussion).  

3.3 Economic assessment of mitigation options 

Weighing the mitigation options requires analytic tools capable of capturing the complex 
dynamics of the natural and socio-economic systems and of picturing the trade-off 
between the cost of mitigation, damages from climate change and options and limits to 
adapt to them. Generally, the economic assessment of a stock-pollutant problem like 
climate change is usually undertaken by cost-benefit-analyses (CBA). Taking a social-
planner perspective the normative question is imposed what the world should do to avoid 
dangerous climate change. Integrated assessment models (IAMs)10 are generally used for 
those analyses, calculating the optimal abatement level as well as the optimal global 
mitigation strategy over the next decades, or even centuries. Available results are not 
necessarily consistent. Stern (2007) finds available studies to disagree whether costs 
(measured in losses of global GDP) are negative or positive below a warming of 2.5°C 
above pre-industrial levels and also reports large differences between models with respect 
to temperature levels higher than 2.5°C. However, models that employ CBA agree on the 
fact that developing countries generally face higher relative costs than developed 
countries (Stern, 2007; Tol, 2009).  
 
Generally, CBA is not without controversy. First, as climate change imposes damages 
mainly to future generations, how to consider future damages is a major challenge. The 
normative choice of the pure rate of time preference to discount future utility (see Heal 
(2008) for an overview) and inequality aversion (Dasgupta, 2008) majorly affects results. 
Second, CBA faces serious conceptual difficulties in the presence of extreme events and 
tipping points, thus uncertainty over possible catastrophic impacts. Weitzman (2009, 
2011) highlights that how to treat low-probability, high impact events, leading to fat-
tailed distributions of damages, totally dominates the outcome of a CBA. Third, as 
outlined above, regional impacts of climate change are highly uncertain, and so is their 
economic impact. Fourth, but related, there are major conceptual challenges when it 
comes to the valuation of natural capital.  
 
The natural environment is a permanent source of services, which include providing sinks 
for the assimilation of wastes, life support services like fresh air and water, resource 
inputs for production, including fossil fuels and minerals and amenity services. How to 
value them economically is difficult out of different considerations: First, services are 

                                                 
10 One of the first models in this respect was the DICE model, developed by William Nordhaus (1993).  
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very different in nature. While some can directly be observed, others are indirect, as for 
example the pollination of crops or mitigation of floods to name just a few examples 
(Daily, 1997). Second, one must consider contributions of services to present and future 
benefits, including benefits that might not be known today (e.g. pharmaceutical relevant 
plants in rainforests not yet discovered). Third, using valuation methods for non-market 
goods - usually based on the willingness-to-pay or willingness-to-accept of individuals - 
causes severe difficulties (Dasgupta, 2004), particularly when it comes to the question 
how to aggregate individual preferences for the whole society (Arrow, 1950). Therefore, 
some argue to take natural capital explicitly into account in CBA (e.g. Sterner and 
Persson, 2008) and can show that standard CBA models produce optimal CO2 pathways 
that are significantly different (i.e. lower optimal stabilization levels and faster reduction 
rates of emissions) when doing so. 
 
Given the conceptual and practical difficulties of CBA, optimal mitigation pathways are 
sometimes also calculated by applying cost-effectiveness analyses. These adopt a given 
stabilization target that is believed to keep damages from climate change manageable, as 
for example the 2°C target, and calculate the costs and optimal transformation pathways 
of reaching it. Available studies (e.g. Weyant et al., 2006; Edenhofer et al., 2006; Clarke 
et al., 2009; Edenhofer et al., 2010; Luderer et al., 2011) usually find the global costs of 
reaching given targets to be relatively moderate, with (low) single digit percentage losses 
of global GDP until the end of the century, with generally increasing costs for more 
ambitious targets, delayed participation and constrained mitigation options. Even though 
not without their own conceptual challenges and generally less informative than CBA, 
cost effectiveness analyses can avoid some of the major shortcomings of CBA, 
particularly with respect to economic valuation of environmental services.  

3.4 International climate policy – Theory, instruments, and 
institutions 

Economically, by causing a damage that is not taken into account by its producer, GHG 
emissions imply an externality, according to Stern (2007) the largest ever seen. An 
economically efficient solution to the problem is to price the externality with the 
marginal damage it causes (Pigou, 1920). Alternatively, Coase (1960) argues that 
defining property rights would equally solve the conflict between emitter and the 
damaged party, assuming a central authority to be in place that assigns these property 
rights. Without transaction costs bargaining about the optimal level of emissions leads to 
a Pareto-efficient outcome, independent from to whom the property rights are assigned 
to.  
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It is important to understand that, as GHG emissions are a global externality, first-best 
climate policy would need to be applied on a global scale. CBA as well as cost-
effectiveness analyses discussed above both take the perspective of a notional social 
planner to be in place. It is however important to relate this assumption to observations in 
the real world, where sovereign governments are in charge for long-lasting investment 
decisions on their territories, while no global authority (for example to assign property 
rights as assumed by Coase) exists. In this case, as countries only take their individual 
damages into account without accounting for extra-territorial damages in other countries, 
their individual mitigation efforts are sub-optimal.  Also, they have strong incentives to 
free-ride on the abatement efforts of others. Climate change mitigation thus is a prime 
example for a global commons problem and the related difficulties (Ostrom, 1990).  
 
The major reason for difficulties with managing global commons is the absence of an 
institution that has sufficient power to enforce global action (e.g. Barrett, 2007). 
However, by establishing an international environmental agreement on a voluntary basis, 
countries can coordinate their efforts to curb climate change. Individual countries then 
have to decide whether the benefits of joining the coalition that forms the voluntary 
environmental agreement are larger than staying apart. Note that a general incentive for 
free-riding still exists and in order to be successful, the international environmental 
agreement needs to be self-enforcing, i.e. leaving the coalition needs to be more costly 
than staying with it (Barrett, 1994). This can lead to stable coalitions, which due to high 
damages being expected from climate change can exist next to free-riding countries 
(Carraro and Siniscalco, 1993). However, for climate mitigation these tend to be small if 
differences of net-benefits between full cooperation and no cooperation tend to be large 
(Barrett, 1994). The attractiveness of coalitions can however be increased by linking the 
benefits of being in the coalition to other benefits, e.g. access to technology (e.g. 
Lessmann et al., 2011) or increasing the costs for non-members, e.g. by trade sanctions 
(e.g. Lessmann et al., 2009).  
 
Internationally, the United Nations Framework Convention on Climate Change 
(UNFCCC), established in 1992, was a first step towards an international environmental 
agreement in the field of climate policy. It mainly defines the principles of international 
climate policy: i) ability to pay, ii) polluter pays principle and iii) right to economic 
development. Explicitly it acknowledges common but differentiated responsibilities, i.e. 
industrialized countries (listed in Annex I of the Convention) shall take the lead in 
mitigating climate change.  
 
The Kyoto Protocol to the UNFCC from 1997 has been a first international effort towards 
establishing an international carbon price. It establishes a carbon market, where 
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developed countries took binding commitments, while developing countries were given 
the opportunity to participate by the voluntary and project-based Clean Development 
Mechanism (CDM), an international offset scheme.  
 
The international community thus established a quantity instrument to control emissions, 
which is next to directly imposing a price on emissions another market-based option for 
climate policy11. Hepburn (2006) highlights the trade off between achieving a target by a 
quantity-based instrument versus controlling the price level, which might be important to 
the policy-maker; from the viewpoint of economic efficiency, however, both instruments 
are identical in perfect markets, as long as no “symmetry-braking” forces come into play, 
e.g. in the absence of uncertainty. If uncertainty prevails12, the choice of the optimal 
policy instrument is determined by the nature of climate damages and the availability and 
costs of abatement technologies (Weitzman, 1974; Hepburn, 2006). Theoretically, the 
existence of and distance to tipping points (Hepburn, 2006, justifying quantity 
instruments) and the stock-pollutant nature of GHGs (Hoel and Karp, 2002; Pizer, 2002, 
justifying price instruments) are critical determinants for the choice of the policy 
instrument.  
 
The Kyoto Protocol has suffered from various shortcomings: First, a significant surplus 
in certificates compared to business as usual emissions was allocated to some of its 
signatories, namely to Eastern Europe and countries that were part of the Former Soviet 
Union (“hot air”). Second, the fact that the United States and China, the two largest 
emitters did not take reduction obligations caused major controversies. Third, there have 
been no binding targets for developing countries and at the same the CDM has caused 
conceptual difficulties. Fourth, the Kyoto Protocol did not succeed in enforcing 
compliance by all its signatories, also because it has been uncertain how it will be 
continued (for a more detailed discussion on the shortcomings of the Kyoto Protocol see 
e.g. Aldy et al. (2003)). Some also argue that accounting emissions on the producer side 
violates the principles of the UNFCC and should therefore be changed towards a 
consumption based accounting scheme, which would account emissions according to 
where final goods are consumed13. Attempts to find a binding global agreement post-
Kyoto have failed so far14, or are postponed, respectively. In the climate negotiations of 

                                                 
11 One could also think of non-market instruments to solve the problem. However, market-based 
instruments are usually thought to be superior as policy makers do not need to acquire all relevant 
information (Hepburn, 2006).  
12 Uncertainty with respect to climate change comprises the physical and ecological impacts, the economic 
costs and benefits of mitigation and how to treat future generations (e.g. Pindyck, 2009).  
13 See also Chapter 5 for a more detailed literature review on this issue.  
14 A 2nd commitment period will start in 2013, but major emitters, i.e. Canada and Russia have already 
declared to resign from it (The Guardian, 2011).  
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Durban in December 2011 (COP 17) it has however been decided that a binding climate 
agreement shall be in place in 2020. At the same time, a Green Climate Fund has been 
initiated in Copenhagen, 2009 (COP 15), aiming to raise $30 bln per year between 2009 
and 2012 and $100 bln per year by 2020 in order to cover mitigation and adaptation 
efforts in developing countries.  

4 Climate change mitigation and developing countries 
While it is obvious that dangerous climate change can be avoided by largely reducing 
GHGs emissions, it is worthwhile to look at the relation between emissions and economic 
performance. Economic development in the past has been strongly connected to 
emissions. None of the high income countries have per capita CO2 emissions lower than 
7t per annum, while the majority emits significantly more (World Bank, 2010). More 
prominently, there is an almost linear relation between historical emissions and the 
capital stock (Edenhofer et al., 2008).  
 
However, this fact tells more about the provision of energy that has been mainly by 
emission-intensive fossil fuels than identifying causality between emissions and growth. 
As mitigation options (e.g. renewable energy, CCS or nuclear energy) are widely 
available (Metz et al., 2007; Edenhofer et al., 2011), at first sight, one could thus argue 
that there is no reason for developing countries to fear that climate mitigation might 
negatively impact their development. However, low carbon technologies are today 
usually more expensive than fossil fuels (Bruckner et al., 2011), which raises the question 
how these additional costs affect development.  
 
More generally, economic development in the past has gone hand in hand with 
transforming natural capital (including natural resources, but also the state of the 
environment, using natural sinks etc.) into man-made capital. In a dynamic framework, 
one can generally argue that the depletion of natural capital by the current generation is 
acceptable, as long as other capital stocks are accumulated sufficiently to offset the 
depletion (Hartwick, 1977, Solow, 1986). Gerlagh and van der Zwaan (2002) on the 
consumption side and Mäler (1986) on the production side argue that this assumption 
hinges crucially on the possibility to substitute (natural) capital. In the presence of 
climate change and climate change mitigation policy, the question arises whether the 
historic use of natural capital can be continued in the future. There is an ongoing debate 
among economists whether and to which extent natural capital can be substituted at all 
(see e.g. Neumayer, 1999; Heal, 2001; Arrow et al., 2004). This debate is particularly 
relevant for those countries not yet having built up a lot of man-made capital, hence 
developing countries.   
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We start with discussing the basic possibilities how developing countries can 
theoretically develop in the presence of mitigation policy. Note that the likelihood of 
different pathways described below is determined by various factors, including the 
discount rate, the level of carbon price, the pace of technological development and 
available mitigation options in the future. 
 
The first option would be to follow developed countries both with respect to energy 
patterns and fueling their economic growth by fossil fuels, broadly ignoring potential 
damages from climate change. Recent contributions to the literature (Jakob et al., 2012) 
suggest that developing countries currently catching up with developed countries indeed 
take that path. Second, even though decoupling can only be observed with developed 
countries (Jakob et al., 2012), developing countries theoretically could leapfrog fossil-
fuels, by directly investing in energy systems that are based on carbon-neutral energy 
technologies, e.g. renewable energy (Goldemberg, 1998). As achieving climate 
mitigation target is impossible without developing countries (Stern, 2007) and if climate 
mitigation shall not negatively interfere with economic development, leapfrogging seems 
to be the only possibility. Third, it might happen that developing countries became 
trapped – at least temporally – at levels of low development due to global mitigation 
policy. In this case, it is the key question whether energy is a somewhat ‘special’ 
production factor, which would make a poverty trap behavior more likely.  
 
The following two sub-sections will look in more detail at the role of energy in 
development processes and how development traps can be defined generally, as well as 
with respect to climate change mitigation.  

4.1 Energy and development 

Energy plays a pivotal role for development processes. Generally, energy consumption is 
highly correlated with economic performance, thus highly affluent economies also 
consume significantly more energy than poorer ones (Grübler, 2004). This taken by itself 
does not necessarily provide information about the causal chain between energy and 
economic development. Available econometric studies aiming to determine the causality 
between energy consumption and GDP are surprisingly inconclusive with respect to its 
direction (see e.g. Ozturk, 2010)15; however, undoubtedly the relationship between 
energy, other production factors and economic performance changes significantly during 
development processes.  
                                                 
15 The question arises how important the direction of causality really is: in either way, rising prices for 
energy would have an effect on economic development.  
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First, as economies develop they undergo structural changes. Agriculture, being the most 
important sector at low income levels eventually loses its significance, while the 
industrial sector becomes increasingly important. In very rich economies, the service 
sector accounts for the biggest share of GDP, while the importance of industrial 
production decreases. This structural change is mirrored in the energy use. At low 
development levels, the lion’s share of final energy is consumed in the residential sector, 
which is displaced by industry and services (mainly transportation) at higher levels of 
development (Schäfer, 2005).  
 
Second, energy consumption rises with increasing levels of development and a certain 
level of energy consumption seems to be necessary for development. While at low levels 
of development energy sources are dominated by harvested or collected biomass, like 
firewood, the role of more processed biofuels like charcoal and commercial fuels 
increases with increasing incomes, while finally commercial fuels and electricity 
dominate the supply of energy services in developed societies (Barnes and Floor, 1996), 
opening possibilities to “reallocate household time away from energy provision in favor 
of improved education and income generation and greater specialization of economic 
functions” (Toman and Jemelkova, 2003, p. 102)16. Also, productivity gains can be 
reached by increased educational efforts and decreased health impacts, e.g. by indoor air 
pollution. Additional benefits of increased access to modern energy services lower 
transportation and communication costs that lead to increasing access to markets, and – in 
combination with infrastructure - more access to information (Toman and Jemelkova, 
2003).  
 
Third, the increase in quality of fuels is found to be a major driver of productivity gains. 
The more flexible and abundant use of energy raises not only the productivity of energy 
services but also positively influences the combined productivity of labor and capital, 
which in turn supports the evolution of technological changes as well as the capacity to 
absorb new technologies (Schurr, 1984).  
 
Finally, patterns that are observed on the macroeconomic level can also be found in 
microeconomic analyses. Ekholm et al. (2010) for example show that energy use of 
Indian households changes with increasing incomes towards increasingly abundant use of 
commercial and flexible energy forms. 
 

                                                 
16 In later stages of industrialization additional factors play a role with respect to the threshold, as for 
example energy that is embedded in infrastructure (Steckel et al., submitted).  
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Summing it up, energy does not only play a pivotal role in developing processes, it also 
seems to be a major driver of growth, particularly at low levels of development.  

4.2 Effect of a ‘Mitigation Trap’ 

Mostly motivated by observed non-convergence between developing and developed 
countries (e.g. Pritchett, 1997) poverty traps are not an unknown phenomenon in growth 
economics. Barro and Sala-i-Martin (2004, p. 74) define a poverty trap as “a stable 
steady state with low levels of per capita output and capital stock; […] if agents attempt 
to break out of it, the economy has a tendency to return to [it].” Poverty traps can be 
caused by a number of reasons, e.g. due to the savings rate being sensitive to income at 
low levels, demographic transition dynamics, increasing returns to scale or imperfect 
functioning of capital and financial markets, to name just a few (see Azariadis (1996) for 
a detailed review). It is questionable how stable poverty traps are and whether they can 
explain non-convergence. Some argue that with proceeding time, coordination efforts 
should likely be able to overcome traps in the long run (Acemolgu, 2009, Ch. 21). 
However, trap-like behavior is generally assumed to at least delay development for a 
certain amount of time, which – if implied by climate change policy – will probably be 
unacceptable for developing countries.  
 
In order to make the basic ideas of how a poverty trap induced by climate policy could 
function, a very simple model will be presented in the following.  
 
Imagine that per capita output, y, can be described by a simple production function   
 

αkAy ⋅=            (1),  
 
with per capita capital k being the only production factor and A representing total factor 
productivity, which is normalized to be 1 without climate policy and smaller than 1 in the 
case of mitigation policy in order to account for higher costs of mitigation technologies. 
Note that 0 < α < 1, thus returns on capital are assumed to be decreasing.  
 
In addition to that, let the formation of capital k be determined by  
 

kyksk δ−⋅=
•

)(           (2). 
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Here, the savings rate s is assumed to be a simple logistic function of k, increasing with 
rising levels of capital, which is the key driver of the poverty trap17; δ symbolizes the 
discount factor. The model can be characterized as a very simple Solow-model (Solow, 

1956). In the long run it converges to a steady-state, where 0=
•

k and thus investments 
yks ⋅)(  equal the depreciated capital, kδ .   

 
a) Dynamics of a mitigation trap 

 

b) Timing of climate policy 

Figure 4: a) Principle dynamics of a poverty trap induced by climate policy and b) effects of different 
timing of climate policy 
 
Figure 4a) shows the principle model dynamics assuming a linear depreciation rate δ of 

capital. First, three steady states, i.e. 0=
•

k ,  can be found, of which one, here labeled k0 
for a case without climate policy and kC for a case with climate policy (i.e. A<1) is not 

stable, i.e. kk/
•

< 0, for k < k0 (kC) and kk/
•

> 0 for k > k0 (kC). Thus, if the economy starts 
at k < k0 (kC), it has a tendency to run into the low stable steady state kST (in this example 
it equals 0) and if it starts at k > k0 (kC), it will run into the high steady state, kSC (with 
climate policy) or kS0 (without climate policy), respectively. In the presence of climate 
policy, the critical point is shifted further to the right, which means that it is more likely 
for a poor country to run into a trap. Particularly for countries that start very close to k0 
could be harmed by climate policy. One solution, as sketched by Figure 4b would be to 
delay climate policy sufficiently, so countries that are critically close to k0 have a chance 
to sufficiently develop before they are committed to climate policy.  
 

                                                 
17 The model presented here serves solely to picture the principle dynamics of a potential mitigation trap 
and is not trying to give a full explanation of the issue. A logistic form of s(k) can be justified by poorer 
people having less possibilities to invest, particularly in the presence of market failures on the capital 
market. It can also be interpreted as a very simplified formulation of the increasing returns nature of 
energy.  



As outlined at the very beginning of this chapter, particularly Sub-Saharan Africa has 
shown very high poverty levels and low (often even negative) growth rates in the last 
decades. Economists have therefore often argued that countries are generally trapped, be 
it by their geographical features, bad institutions or other factors (for an overview see 
Collier, 2007). Recent developments in parts of Sub-Saharan Africa give reasons to 
believe that the region has slowly started to escape the trap: Growth rates have been 
constantly high over the last couple of years and even some of the fastest growing regions 
are found to be here, poverty rates are slowly falling and foreign investments increase 
(Economist, 2011; Messner, 2011; World Bank, 2012). However, the fact that corruption 
and institutional shortcomings are overcome only slowly and the institutional quality 
remains rather poor reminds us that the favorable situation can tip again and it is by no 
means save to say that Africa will be a able to repeat China’s successes with respect to 
poverty alleviation and economic growth. Climate change mitigation – if not conducted 
with caution – has the potential to put the positive trends that are still at an early stage at 
risk. How to trigger decarbonization given these side conditions is thus tremendously 
important. The design of global climate policy will need to take these issues into account.  

5 Objective and outline of the thesis 
This thesis aims to study the role of developing countries in climate change mitigation 
from different perspectives. It can be sub-divided in different research questions:  
 

1. What are robust cost estimates for mitigating climate change?  
 
2. How can decarbonization be triggered in developing countries? What can be 

learned from the development of China with respect to carbonization patterns in 
development processes? Can changing the current practice of accounting GHG 
emissions on the producer side towards consumption-based accounting be 
justified, either on the grounds of equity or efficiency?  

 
3. Which problems and obstacles can be expected when applying mitigation policy 

in developing countries? In which respect can mitigation policy interfere with 
other goals of sustainable development?  

 
A diverse set of methods is applied throughout the thesis: It will make use of integrated 
assessment modeling (Chapters 2,3,4,6), empirical analysis (Chapters 3,4,6) and 
theoretical modeling (Chapter 5). All chapters aim to contribute to the core questions.   
 
The following will shortly summarize Chapters 2 – 6 :  
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Chapter 2: The economics of decarbonizing the energy system18 
 
This chapter aims to provide a robust estimate of mitigation costs. Three regionalized 
energy economy models, IMACLIM, ReMIND-R and WITCH, are compared with 
respect to deviations from a first best (i.e. full when, where and what flexibility) solution 
based on a 450 ppm CO2-only stabilization target along different dimensions: first, the 
effect of constraining technology options, including renewable energy, CCS and biomass, 
is assessed. Second, the chapter looks at how timing of and participation in a global 
climate treaty influences mitigation costs. Third, the influence of a lower climate target is 
studied. Fourth, the chapter also looks at the role of different sectors.  
 
Chapter 3: Time to act now? Assessing the costs of delaying climate measures and 

benefits of early action19.  
 
This chapter uses the same modeling comparison framework as Chapter 2 in order to 
assess in detail costs of delaying global mitigation policy and consequences of major 
emitters committing late to a global climate target. A broad range of scenarios is assessed 
on the global, as well as on the regional level. Six stylized regions are considered, 
including Europe, the USA, China, India and two aggregated regions for developed and 
developing countries, respectively. Special attention is paid to explaining the drivers of 
regional mitigation costs in delayed scenarios, decomposing costs into domestic costs and 
effects of the carbon trade balance.  
 
Chapter 4: From carbonization to decarbonization? Past trends and future scenarios for 

China’s CO2 emissions20.  
 
Chapter 4 gives credit to the outstanding role of China. Along the lines of the Kaya 
identity a decomposition analysis of historic and projected emissions data is performed. 
In order to understand the carbonization patterns that China has undergone during the last 
decades, an innovative enhanced decomposition method is developed and applied, which 

                                                 
18 The chapter has been accepted for publication in Climatic Change: Luderer, G., V. Bosetti, M. Jakob, M. 
Leimbach, JC Steckel, H. Waisman, O. Edenhofer (2012): The economics of decarbonizing the energy 
system – results and insights from the RECIPE model intercomparison. Climatic Change, in press, doi: 
10.1007/s10584-011-0105-x 
19 The chapter has been accepted for publication in Climatic Change: Jakob, M., G. Luderer, JC Steckel, M. 
Tavoni, S. Monjon (2012): Time to act now? Assessing the costs of delaying climate measures and benefits 
of early action. Climatic change, in press, doi: 10.1007/s10584-011-0128-3 
20 This chapter has been published in Energy Policy: Steckel, JC, M. Jakob, R. Marschinski, G. Luderer 
(2011): From carbonization to decarbonization? – Past trends and future scenarios for China’s CO2 
emissions. Energy Policy, 39, pp. 3443 - 3455 
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makes it possible to connect changes in the carbon intensity to changes in the energy 
system. Results for China are compared to other world regions, particularly regarding 
other newly industrializing countries. In a second step, the insights gained from the 
statistical analysis are applied to scenarios of future energy system developments 
calculated by the model ReMIND-R. The scenarios are also used in order to evaluate 
Chinese climate policy pledges.  
 
Chapter 5: Should carbon-exporting countries strive for a consumption-based 

accounting scheme in a global cap-and trade regime21?  
 
Motivated by the debate on the appropriate accounting scheme for emissions that was 
particularly raised by China, this Chapter qualifies under which conditions consumption-
based accounting makes a difference compared to the usually used production-based 
accounting. A general equilibrium trade model including emissions is presented and used 
to answer the question whether the choice of the accounting scheme has efficiency or 
distributive effects in the presence of a global carbon market. The analysis is extended by 
also regarding possible impacts of the accounting scheme on different conceivable 
allocation schemes.  
 
Chapter 6: Development without energy? On the challenge of sustainable development 

in the context o nb climate change mitigation22.  
 
This chapter analyses the relationship between energy consumption and development in 
the context of climate change mitigation. It first provides statistical evidence that no 
country has ever achieved high development levels without passing a certain threshold of 
final energy per capita. It continues by providing an explanation for the existence of an 
energy threshold, highlighting the role of infrastructure, and using a simple econometric 
model. Insights from statistical analysis are then used to assess differently ambitious 
mitigation scenarios generated by a group of IAMs.  
 
Chapter 7 concludes by summarizing the main insights and presenting an outlook for 
further research.  

                                                 
21 This chapter has been published in Climatic Change Letters: Steckel, JC, M. Kalkuhl, R. Marschinski 
(2010): Should carbon-exporting countries strive for consumption –based accounting in a global cap-and-
trade regime? Climatic Change Letters, 100, pp. 779 - 786 
22 The chapter has been submitted to Ecological Economics: Steckel, JC, RJ Brecha, M. Jakob, J. Strefler, 
G. Luderer: Development without energy? On the challenge of sustainable development in the context of 
climate change mitigation. Submitted to Ecological Economics.  
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Abstract This paper synthesizes the results from the model intercomparison exercise
among regionalized global energy-economy models conducted in the context of
the RECIPE project. The economic adjustment effects of long-term climate policy
are investigated based on the cross-comparison of the intertemporal optimization
models ReMIND-R and WITCH as well as the recursive dynamic computable
general equilibrium model IMACLIM-R. A number of robust findings emerge. If the
international community takes immediate action to mitigate climate change, the costs
of stabilizing atmospheric CO2 concentrations at 450 ppm (roughly 530–550 ppm-e)
discounted at 3% are estimated to be 1.4% or lower of global consumption over
the twenty-first century. Second best settings with either a delay in climate policy
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or restrictions to the deployment of low-carbon technologies can result in substantial
increases of mitigation costs. A delay of global climate policy until 2030 would render
the 450 ppm target unachievable. Renewables and CCS are found to be the most
critical mitigation technologies, and all models project a rapid switch of investments
away from freely emitting energy conversion technologies towards renewables, CCS
and nuclear. Concerning end use sectors, the models consistently show an almost
full scale decarbonization of the electricity sector by the middle of the twenty-first
century, while the decarbonization of non-electric energy demand, in particular in the
transport sector remains incomplete in all mitigation scenarios. The results suggest
that assumptions about low-carbon alternatives for non-electric energy demand are
of key importance for the costs and achievability of very low stabilization scenarios.

Abbreviations
CES Constant Elasticity of Substitution production function;
EMF Stanford Energy Modeling Forum;
IAM Integrated Assessment Model;
IPCC Intergovernmental Panel on Climate Change;
RECIPE Report on Energy and Climate Policy in Europe;
BECCS Bioenergy in combination with CCS

1 Introduction

The evidence that the earth’s climate is changing is widely recognized, and its
scientific basis has also become increasingly robust (IPCC 2007a). If climate change
remains unmitigated, global warming due to the anthropogenic greenhouse effect
could become as high as 5˚C or more, relative to pre-industrial levels (IPCC 2007a).
Despite this daunting prospect, so far very little progress has been made in reducing
emissions. Emission growth has even accelerated over the largest stretch of the past
decade, mostly due to rapid economic growth in emerging economies (Raupach et al.
2007). Despite the discontinued growth in global emission in 2009 resulting from the
financial crisis (Olivier and Peters 2010), scenarios of future development in a world
without climate policy project significant increases of CO2 emissions, largely driven
by further economic growth (IPCC 2007b).

Integrated assessment modeling has been the method of choice for assessing costs
of climate change mitigation and the associated transformation of economic systems.
In its Fourth Assessment Report (AR4), Working Group III of the IPCC surveyed
a total of 177 climate mitigation scenarios from the recent literature (Fisher et al.
2007). Coordinated model comparison studies considered in the AR4 include the 21st
Stanford Energy Modeling Forum (EMF-21, Weyant et al. 2006) and the Innovation
Modeling Comparison Project (IMCP, Edenhofer et al. 2006). The focus of the EMF-
21 was on the assessment of multigas climate stabilization pathways. IMCP focused
on the role of endogenous technological change for the costs of climate change
mitigation. Further coordinated studies that were conducted after the AR4 include
EMF-22 and ADAM. In EMF-22, a total of 10 IAMs were used to study the impact
of international climate policy architectures on the achievability of climate targets of
550 and 450 ppm CO2-eq (Clarke et al. 2009). The focus of the ADAM project was
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on costs and achievability of very low stabilization targets and their dependence on
technology availability (Edenhofer et al. 2010; Knopf et al. 2009).

While model intercomparison projects such as the EMF exercises with a large
number of participating models provide a good representation of the breadth of
pertinent IAM approaches and results, they are inevitably limited in the possibility
to explore differences between results from individual models in detail. For the
present RECIPE study, three state-of-the-art quantitative energy-economy models
were used to run a variety of scenarios for which baselines were harmonized with
respect to socio-economic parameters and assumptions on fossil-fuel availability. In
addition to the default scenarios which assumed an optimal policy setting, so called
‘second-best scenarios’ with either limited availability of low carbon technologies or
a delay in the setup of a global climate regime are explored. The dedicated papers
by Tavoni et al. (2011) and Jakob et al. (2011) explore these second-best scenarios in
detail. A special focus of the study is on the attribution of differences in model results
to model-specific structural differences, the analysis of transformation processes
by energy end-use sector, and the consequences of climate policies for investment
decisions.

The paper is structured as follows. In Section 2, the three participating energy-
economy-climate models are described and the RECIPE model comparison frame-
work is introduced. Section 3 presents results, both in terms of energy system dy-
namics and macro-economic effects in response to climate policy. Moreover, sectoral
results are shown and interpreted. A concluding discussion follows in Section 4.

2 The RECIPE model comparison

2.1 Three energy-economy-climate models

We used the three state-of-the-art numerical energy-economy models IMACLIM-R
(Sassi et al. 2010; Waisman et al. 2011), ReMIND-R (Leimbach et al. 2010; Bauer
et al. 2011) and WITCH (Bosetti et al. 2006; De Cian et al. 2011) to analyze eco-
nomic and technological implications of ambitious climate mitigation policy. These
hybrid models are characterized by a comprehensive top-down representation of the
macro-economic processes complemented by a technologically explicit bottom-up
representation of energy systems.

An overview of the model characteristics is provided in Table 1. IMACLIM-R
(Sassi et al. 2010) is a recursive computable general equilibrium model capturing
explicitly the underlying mechanisms driving the dynamics of technical parameters,
structural change in demand for goods and services and micro- as well as macro-
economic behavioral parameters. The model considers open economies with inter-
national trade of all goods and CO2 permits. A major feature of IMACLIM-R is the
partial use of production factors (underused capacities, unemployment) due to sub-
optimal investment decisions resulting from the interplay between inertia, imperfect
foresight and ‘routine’ behaviors. Thus it is possible to distinguish between potential
and realized economic growth, and, more specifically, to capture the transitory costs
resulting from unexpected shocks affecting the economy. In IMACLIM-R, climate
policies can be a means of remedying market failures and implementing no-regret
options which are profitable in the long term but which would not be taken in the
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absence of policy intervention due to myopic behavior. This property can also result
in ‘bi-stability’ in the sense that (a) initially large efforts are required to move the
system from its current path (i.e. fossil based) to an alternative one (i.e. low-carbon)
but (b) little extra effort is required once it is located on this new trajectory thanks to
the long-term economic benefits of climate policy in terms of lower dependence on
fossil fuels.

The global multi-region model ReMIND-R as introduced by Leimbach et al.
(2010) represents an inter-temporal energy-economy-environment model which
maximizes global welfare based on nested regional macro-economic production
functions. ReMIND-R incorporates a detailed description of energy carriers and
conversion technologies (including a wide range of carbon free energy sources),
and allows for unrestricted inter-temporal trade relations and capital movements
between regions. Energy system costs are based on technological opportunities
and constraints in the development of new energy technologies. By embedding
technological change in the energy sector into a representation of the macro-
economic environment, ReMIND-R combines the major strengths of bottom-up
and top-down models. Economic dynamics are calculated through inter-temporal
optimization, assuming perfect foresight by economic agents. This implies that tech-
nological options with large up-front investments and long pay-back times (e.g. via
technological learning) are taken into account in determining the optimal solution.

The WITCH model (Bosetti et al. 2006, 2007; De Cian et al. 2011) is a regional
model in which the non-cooperative nature of international relationships is explicitly
accounted for. The regional and intertemporal dimensions of the model make it
possible to differentiate climate policies across regions and over time. In this way,
several policy scenarios can be considered. WITCH is an intertemporal optimization
model, in which perfect foresight prevails over a long term horizon covering the
whole century. The model includes a wide range of energy technology options, with
different assumptions on their future development, which is also related to the level
of innovation effort undertaken by countries. Special emphasis is placed on the
emergence of carbon-free backstop energy technologies in the electricity as well as
the non-electricity sectors1 and on endogenous improvements in energy efficiency
triggered by dedicated R&D investments contributing to a stock of energy efficiency
knowledge.

2.2 The model comparison framework

There is substantial variance between model results as to the costs and achievability
of ambitious climate policy targets (IPCC 2007b; Clarke et al. 2009). For integrated
assessment models (IAMs), the uncertainty about the properties of the energy-
economic system becomes manifest both with respect to the choice of parameters
that are exogenous to the models (e.g. incomplete knowledge with regards to
economic and technology parameters used to calibrate the models), and with respect
to model structure (i.e. representations of interactions between model-endogenous
variables, and conceptual theory applied). Carrying out model comparison exercises

1The backstop technologies are characterized by unlimited resource potential. Their costs are very
high initially.
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in order to explore and reduce model uncertainty is an often-used concept in climate
economics (see e.g. Edenhofer et al. 2006, 2010; Weyant et al. 2006; Clarke et al.
2009). In this context, one should be clearly aware that models are representations
of key relationships between quantitative phenomena that are endogenous to the
model and other phenomena taken to be outside the domain of the model. Models
are intended to generate plausible, self-consistent scenarios, which are always condi-
tional to the assumptions. These scenarios, in turn, are a useful way for scientists and
policymakers to explore the scope of possible developments, discuss the plausibility
of underlying assumptions, and derive appropriate courses of action.

In order to improve the comparability of the model results, the three models
employed here were harmonized to represent similar assumptions with regard to
socio-economic developments. Over the course of this century, global population
is assumed to peak at around 9.5 billion in 2070 and stabilize at roughly 9 billion in
2100. Models were calibrated such that they project world GDP to grow at an average
rate of 2.1% to 2.4%, resulting in year 2100 income levels which are between 8 and
10 times their 2005 value.2 Although to a lesser extent, regional growth rates of GDP
were also aligned. Also, short and medium term cost development of fossil fuels was
harmonized under the assumption of large and cheap abundance of coal and relative
scarcity of oil and gas. The long-term development of fossil fuel prices, however,
depends strongly on technology pathways and therefore deviations between models
were allowed.

While macroeconomic drivers were largely harmonized, different visions of devel-
opment and diffusion of new technologies as well as different structural assumptions
about the economic system remain across the three models. A substantial number of
common scenarios were generated (Table 2). The baseline scenario represents the
business-as-usual development (i.e. projections of future emissions if no climate pol-
icy measures are implemented). For the climate policy scenarios, the models were run
in a cost-effectiveness mode, i.e. models were forced to meet the prescribed climate
target. Damages from climate change, by contrast, were not included in the analysis.

A target of stabilizing atmospheric CO2 concentrations at 450 ppm was considered
for the default policy scenarios. As a sensitivity study, each model performed a
scenario run with a climate mitigation target of 410 ppm CO2-only. In terms of total
greenhouse gas concentration, the 450 ppm CO2 target corresponds to about 530–
550 ppm CO2-eq, and the 410 ppm CO2 target to about 490–510 ppm (Fisher et al.
2007). While the CO2-Emissions from fossil fuel combustion are calculated endoge-
nously, exogenous assumptions on emissions from land-use change and forestry were
made. For all models, emissions from deforestation were assumed to follow those of
the IPCC SRES A2 marker scenario (Nakicenovic et al. 2000).

The climate policy target was prescribed for the year 2100, but can be exceeded
during the century (i.e., overshoot). For ReMIND-R the overshoot for the 450
scenarios was limited to 470 ppm in until 2065 and prescribed to decline linearly

2These underlying assumptions are very similar to those employed in CCSP (2007) which (depending
on the model) assumes a world population between 8.6 and 9.9 bn in 2100 and average annual
GDP growth between 2.3% and 2.5% over the twenty-first century. IEA (2008) assumes population
growth of 1% per year and annual GDP growth of 3.3% for the period 2006–2030, whereas in
RECIPE the world population grows at 1% and global GDP at between 3.1% and 3.4% in the
respective time period. See Jakob et al. (2009) for more detailed information.
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it is assumed that nuclear energy cannot be expanded beyond baseline level. The
noCCS scenario explores climate policy in absence of carbon capture and storage.
Finally, the noCCS/fixNUC scenario combines the restrictions of the latter two
scenarios: CCS is assumed to be unavailable, and nuclear energy is restricted to
baseline levels. The setup of the fixRET, fixNUC and noCCS scenarios is similar
to that of scenarios conducted in the context of the ADAM project (Edenhofer
et al. 2010). All five technology-constrained scenarios follow the same logic: By
restricting their deployment to the baseline level, the marginal contribution of
technology options or groups of technology options to climate change mitigation
can be explored. The increase in mitigation costs induced by these restrictions can
be interpreted as “option values” of these technologies, and provide an indication of
their importance for achieving the prescribed mitigation target.

The second set of constrained scenarios considers the 450 ppm climate mitigation
target under a delay in the setup of an international climate policy regime (Jakob
et al. 2011). The first scenario explores a delay of climate policy in all world regions
until 2020.4 All regions are assumed to follow the baseline development until 2020
myopically, i.e. without anticipating the future climate target. In a second scenario,
Europe is assumed to act unilaterally until 2020, with myopic business-as-usual
trajectories for all other regions. In the third scenario, Europe is assumed to be joined
by the other industrialized countries. In the final scenario all industrialized countries
along with China and India start climate policy immediately, while other developing
non-Annex-I countries join in 2020. The scenarios chosen allow us to explore how
global and regional costs of climate change mitigation evolve in stylized fragmented
regimes, and to analyze the consequences of inaction.

The objective of the current analysis is to provide the broad picture of the
variability of climate policy costs under a wide range of assumptions. Comparing the
results obtained for the baseline as well as stabilization scenarios with these three
models hence helps to shed some light on how different assumptions on technologies
and economic dynamics translate into differences in mitigation costs, carbon prices,
and investment patterns.

3 Results

3.1 Socio-economic drivers of emission growth

Figure 1 shows pathways of CO2 emissions from fossil fuel use for the baseline as
well as the 450 and 410 ppm policy scenarios.

The IMACLIM-R baseline has the highest long term CO2 emissions, which reach
125 Gt CO2 per year in 2100. This emission-intensive baseline is largely due to
large-scale deployment of coal liquefaction in response to increasing scarcity of oil.
The ReMIND-R baseline is characterized by strong, fossil-based expansion of the
energy system until 2050 followed by a period of energy intensity reductions and
phase-in of carbon-free energy carriers in response to increasing scarcity of fossils.
As a consequence, emissions increase steeply over the course of the first half of

4Delay until 2030 was also considered but no model was able to find a solution given the steep path
of reduction required to comply with the stabilization goal.
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(a) baseline (b) policy IMACLIM-R

(c) policy ReMIND-R (d) policy WITCH 

Fig. 1 Global pathways for CO2 emissions from fossil fuel combustion for a the baseline scenario,
and b–d climate policy scenarios. In (b–d), the solid line indicates the default scenario 450 ppm
scenario. Shaded areas indicate technology-constrained scenarios (orange), and delay of climate
policy (grey). Emission reduction pathways for stabilization at 410 ppm CO2 are shown in dashed

the century and stabilize afterwards at around 80 Gt CO2 per year. The primary
energy demand in the WITCH baseline is slightly lower than in the other two models
and continues to be based on fossils throughout the century, with only marginal
contributions of carbon-free energy carriers to the primary energy supply. Emissions
increase monotonically over the twenty-first century and reach 87 Gt CO2 by 2100.

For the default scenarios, the mitigation pathways of the RECIPE models toward
the 450 ppm target have a peak in emissions between 2015 and 2020 and a 39–42%
reduction of CO2 emissions compared to 2005 levels by 2050. Due to the inertia of the
energy-economic system caused by imperfect foresight, IMACLIM-R projects the
highest peaking level of all three models. Emissions in 2100 are projected at 13.0–
15.6 Gt CO2 per year. The more ambitious 410 ppm target requires much higher
reductions, particularly on the long term. In this scenario, emissions decrease to
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7.2–8.2 Gt CO2 by 2100, about 25% of 2005 levels. While some differences in the
stabilization pathways exist across models, the cumulative amount of emissions over
the time span from 2005 to 2100 is equal at about 2,180 Gt CO2 for the 450 ppm
default stabilization scenario, and about 1,700 Gt CO2 in the case of the 410 ppm
scenario. This corresponds to an overall emissions reduction over the century of 3,900
to 4,850 Gt CO2 for the 450 ppm scenario, and 4,400 to 5,350 Gt CO2 for the 410 ppm
scenario compared to the baseline case.

A delay of climate policy results in higher peaking, and makes steeper emission
reductions necessary after 2020 to meet the climate policy target. By contrast, in
IMACLIM-R and ReMIND-R restrictions in technology availability tend to result
in earlier decline of emissions initially in order to compensate for higher emissions at
later stages.

The comparison of historic CO2 growth patterns with the emission trajectories re-
quired for climate stabilization illustrates the scale of the challenge. The development
of energy-related emissions can be interpreted in terms of the driving forces popu-
lation, per capita GDP, energy intensity of economic output, and carbon intensity
of primary energy consumption (Kaya 1990). Such decompositions of the rates of
change of CO2 emissions are depicted in Fig. 2.5 The upper row shows decomposi-
tions for the baseline scenario, while the results for the policy scenario are depicted
in the lower row. Policymakers do not consider reducing population growth nor
the reduction of economic output as a way to reduce greenhouse gas emissions,
hence the focus of climate change mitigation is on achieving emissions cuts by
reducing the energy intensity and carbon intensity of the economic system. Emissions
can be reduced by switching from carbon-intensive energy carriers such as coal to
low-carbon or carbon-free energy carriers such as renewables. Alternatively, or in
addition to carbon intensity reductions, production processes can be optimized or
changed as to generate more output for a given amount of energy input. Historical
energy efficiency improvements since 1980 averaged about 1% per year, while
carbon intensity decreased by a few tenths of a percent on average. This was by far
insufficient to compensate for increases in population and per capita GDP, resulting
in substantial increases in CO2 emissions.

As described in Section 2.1, the models were harmonized with respect to pop-
ulation and economic growth. Consequently, all scenarios show the same pattern
of population growth until 2070 with subsequent decline, and global GDP growth
rates (corresponding to the sum of the orange and the purple bar) that decline from
more than 3% in 2010 to below 2% in 2100. In line with the historic trends, energy
efficiency improvements in the baseline remain too small to offset GDP growth.
All models envisage a medium-term increase in carbon intensity in the baseline,
a pattern that relates to the assumption of cheap coal (cf. Section 3.3) and which
is in accordance with the developments of the recent past (Raupach et al. 2007).
Stabilization of atmospheric CO2 concentrations requires a transformation effort
in terms of combined reductions of energy and carbon intensity that is without
precedence in history. Figure 2 suggests that models can be characterized in terms

5Several methods are commonly used to decompose CO2 emissions, see Ang (2004) for a review of
options. We have used a complete Laspeyres Index method (i.e. including residuals), decomposing
emission changes every 5 years into the components population, GDP per capita, energy intensity of
GDP and carbon intensity of energy.
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(a) IMACLIM-R baseline (b) ReMIND-R baseline (c) WITCH baseline 

(d) IMACLIM-R 450ppm (e) ReMIND-R 450ppm (f) WITCH 450ppm 
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Fig. 2 Decomposition of historic CO2 emission trends and model projections for IMACLIM-R,
ReMIND-R and WITCH for the baseline and the default 450 ppm scenario. The figures show the
annual contribution of changes in the driving factors population growth, per capita GDP, energy
intensity of economic output, and carbon intensity of primary energy use on global CO2 emissions.
The vertical dashed lines indicate the transition from historic data (IEA) to modeled data (RECIPE
models). Horizontal lines indicate the percentage annual change in CO2 emissions

of the division between energy efficiency improvements and reductions in carbon
intensity of energy: in IMACLIM-R and WITCH, the mitigation target is met by
a balanced strategy of energy efficiency improvements, and reductions of carbon
intensity. In ReMIND-R, by contrast, the bulk of the mitigation effort is met by
reduction of carbon intensity, while cumulated energy efficiency improvements are
comparable to those in the baseline.

3.2 Macro-economic effects of mitigation policy

This section focuses on the global macro-economic effects of climate policy. A
thorough analysis of the regional distribution of mitigation costs in the RECIPE
scenarios is provided in Luderer et al. (2011); a detailed discussion of second best
policy scenarios both in term of technology availability (Tavoni et al. 2011) or
international climate architectures (Jakob et al. 2011) are discussed in separate
papers. The objective of the current analysis is to provide the broad picture of the
variability of climate policy costs under a wide range of assumptions.

There is considerable variation in model results on the economic effects of climate
policy. An overview of mitigation costs for different climate policy scenarios is
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(a) CO2 price ranges IMACLIM–R (b) CO2 price ranges ReMIND–R 

(c) CO2 price ranges WITCH 

Fig. 3 Global carbon price ranges for the models IMACLIM-R, ReMIND-R and WITCH. Note that
scales differ for the three models

be attributed to (a) the learning processes in carbon saving energy technologies that
increase the reduction potentials available at a given carbon price and by (b) climate-
friendly infrastructure policies that avoid a costly lock-in into carbon-intensive trans-
portation systems, thus removing a critical obstacle to stabilization in the long run.

Increasing the level of ambition of climate policy results in a substantial increase
of mitigation costs in IMACLIM-R and WITCH (Fig. 4 and Table 3). Global
aggregated consumption losses for the 410 ppm climate target amount to 1.3% for
IMACLIM-R compared to 0.1% in the default policy scenario. For WITCH, costs
almost triple from 1.4% to 4.0%. Also, carbon prices under the 410 ppm target
increase drastically to levels of several thousand US$ in the second half of the
century, indicating the steepness of the abatement cost curve at this level of ambition.
For both models, the 410 ppm mitigation target is close to the feasibility frontier,
i.e. mitigation targets of 400 ppm or below are unattainable under the assumptions
of these models. ReMIND-R, by contrast, embodies more optimistic assumptions
about technology availability and flexibility within the energy system. Therefore, the
410 ppm target is met at a moderate cost markup (0.8% aggregated losses compared
to 0.6% in the default policy scenario) and a moderate increase of carbon prices.
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(a) Global cons. losses IMACLIM-R (b) Global cons. losses ReMIND-R 

(c) Global cons. losses WITCH (d) Aggregated global cons. losses 

Fig. 4 Global welfare losses as consumption differences relative to baseline for the first-best default
450 ppm (solid), the 410 ppm (dashed) as well as ranges for second best scenarios with limited
availability of technologies (orange shading) or delayed climate policy (grey shading). Aggregated
consumption losses (d) are discounted at 3%

A delay in climate policy has a strong effect on the economics of mitigation. All
models find that the 450 ppm target becomes unattainable if the world follows the
baseline trajectory until 2030.6 The explanation is twofold: first, substantial emissions
would occur in the baseline until 2030, and second, following the baseline until 2030

6In ReMIND-R, the only model that accounts for the possibility to generate negative emissions via
BECCS, the target can only be achieved if the overshooting constraint is removed. In this case,
atmospheric CO2 concentration peaks at 535 ppm before declining.
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would lead to a lock-in into further emissions implied from the stock of long-lived
carbon-intensive infrastructure and energy-conversion technologies.

In case of a delay until 2020, the target remains achievable, albeit at a substantial
cost penalty. Global consumption losses over the course of the twenty-first century
increase from 0.1% to 0.8% in IMACLIM-R, from 0.6% to 1.0% in ReMIND-R, and
from 1.4% to 2.1% in WITCH (Table 3). Mitigation costs decrease with increasing
participation in the group of early movers. All models find that the cost penalty for
the delay decreases to less than one third compared to the delay2020 scenario if
all industrialized countries take immediate action. If, in addition, China and India
join the coalition of early movers, the cost penalty compared to full participation
is less than 0.1%. The short term savings due to inaction are more than offset
by the substantial increase in long-term mitigation costs (Fig. 4). Our results are
complementary to those of the EMF-22 study (Clarke et al. 2009), which found,
based on an coordinated study of ten integrated assessment models, that a delay in
mitigation action by the large emerging economies until 2030, and other non-Annex
I countries until 2050 makes an ambitious 450 ppm CO2e target virtually impossible
to achieve, and raises costs significantly for the intermediate 550 ppm CO2e target.

Fragmented regimes, in which some country groups adopt mitigation policies
while others delay action, have non-trivial impacts on the regional mitigation costs:
while the early movers have to stem a higher overall reduction effort, they benefit
from early adjustment and the anticipation of the long-term mitigation target. Jakob
et al. (2011) explore these effects in detail and conclude that for industrialized
countries the latter effect (early adjustment and anticipation) tends to prevail over
the former (higher overall reduction effort), resulting in an incentive for these
countries to take early action.

Not only the institutional setting, but also the availability of technologies affects
mitigation costs and carbon prices (Tavoni et al. 2011). In general, higher carbon
prices are required to meet the climate target if the portfolio of mitigation options
is restricted, such that technology constraints result in higher mitigation costs. As
the three models represent different visions of future technology development and
decarbonization strategies, the relative importance of mitigation options differs
across models. For ReMIND-R and WITCH, the highest cost increases are found
for the fixRET scenario, for which the deployment of renewables is restricted to
the baseline level. For WITCH, this is due to the fact that the scenario assumes
constraints on the deployment of the generic electric and non-electric backstop
technologies, which are the most crucial abatement options. In ReMIND-R, the
high option value of renewables can be explained by the significance of wind and
solar energy for electricity production in the presence of climate policy, as well as
the prominent role of biomass. Restrictions in biomass availability alone result in a
25% increase of mitigation costs in ReMIND-R, but have little effect for the other
models. In all three models, unavailability of CCS results in a substantial cost penalty.
Fixing nuclear deployment to baseline level, by contrast, has a rather small effect on
aggregated costs. This is due to a combination of (a) substantial deployment that
occurs already in the baseline, and (b) the ample availability of other low-carbon
options for the power sector.

The spread of results for the complete set of first-best and second-best policy
scenarios explored in RECIPE as shown in Figs. 3 and 4 exhibits the degree of
uncertainty about the economics of climate change mitigation. For the scenarios

58 Chapter 2 The economics of decarbonization 





Climatic Change

cheap coal, the baseline energy systems are highly carbon intensive. A distinguishing
feature of the IMACLIM-R model is the large use of coal-to-liquid in response to the
growing mobility demand and increasing oil prices. The coal-to-liquid technology
is characterized by (a) high primary energy input per unit of final energy, and (b)
high CO2 emissions per unit of primary energy due to the replacement of crude oil
by carbon-intensive coal. This is reflected in the steady increase in CO2 emissions
throughout the twenty-first century (Fig. 2a), giving rise to the highest emission
profile of all three models. In turn, this also implies that more abatement is required
for reaching the mitigation target than in the other two models (as shown in Fig. 1).
In contrast to the “black” baseline given by IMACLIM, the ReMIND-R baseline
can be characterized as a “green” baseline. After a phase of highly energy and
carbon-intensive growth until 2040, the decreasing growth rate of energy demand
and the higher penetration of carbon-free energy technologies (biomass and other
renewable energies) lead to a decline in emissions. Overall, renewables play a larger
role in ReMIND-R than in the other two models, even in the baseline. Compared to
the other models, the aggregated WITCH baseline (Fig. 5c), can be classified as an
energy-saver baseline: the energy intensity in 2050 is 17% lower than in IMACLIM
and 19% lower than in ReMIND-R, whereas the carbon intensity of its energy mix is
30% higher than in ReMIND-R and 7% higher than in IMACLIM-R. The resulting
overall emissions are comparable to those of ReMIND-R, reaching 86 Gt CO2 in
2100.

The gap between baseline CO2 emissions and emission trajectories required to
achieve the stabilization targets, as illustrated in Fig. 1, demonstrates the scale of
the climate stabilization challenge. As shown in Fig. 5d–f, a climate policy aimed at
stabilizing CO2 concentration results in a substantial reduction of energy demand
in the WITCH and IMACLIM-R models. In ReMIND-R, by contrast, energy
demand keeps increasing steeply even in the presence of a climate target because
energy demand can be satisfied readily with low-carbon technologies. ReMIND-
R features high flexibility in energy system investments (e.g. rapid expansion of
renewables). Moreover, ReMIND-R includes the option of combining bioenergy
with CCS (BECCS). This technology has the potential to generate negative net
emissions to the atmosphere and thus may become an important mitigation op-
tion (e.g. Van Vuuren et al. 2010). Due to the ample availability of low-carbon
energy carriers, decarbonization of energy supply is preferred over energy efficiency
improvements.

The omission of coal-to-liquid in the IMACLIM-R policy scenario results in
a strong reduction of primary energy supply from coal. In addition to efficiency
improvements, the emission reductions are achieved by introducing renewables and
CCS as well as expanding nuclear energy. The energy mix in the WITCH scenario
reflects inertia and rigidities of the energy sector as represented in this model.
Moreover, the possibilities of replacing traditional carbon-based technologies with
carbon-free options are limited, because assumptions on CCS capture rate and
on biomass penetration are more conservative than in both other models. These
features, together with the presence of endogenous energy-saving technical change
explain why climate policy induces a significant reduction in energy supply in the
WITCH model. Energy saving technical change allows saving energy per unit of
output produced, leading to significant energy efficiency improvements. Endogenous
technical change is driven by energy R&D investments which become particularly
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profitable at higher carbon prices. These results point to an important role of savings
on the demand side of the energy balance equation.

All models emphasize the role of innovation and technological learning in carbon
free or low-carbon technologies, be it in the form of performance improvements of
CCS technologies, or of progress in already available renewable energy technologies,
such as wind and solar. Additional innovation occurs as a result of a ramp-up in
energy R&D investments to the levels that were reached in the 1980s. In particular,
total energy R&D should rise from the current level, roughly 0.02% as a share of
gross world product, to around 0.09%; an amount in the order of USD 60–80 billion.
This is emphasized by the results of the WITCH model where not only experience
learning but also R&D is modeled as an endogenous process. One of the effects of
energy R&D in the WITCH model is to increase the competitiveness of backstop
technologies, which are, for the analyses presented here, aggregated with other
sources of renewable energy.

The different structure of energy supply in the three models, which is evident in
the baseline scenario and even more pronounced in the stabilization scenario, hinges
on five main factors: (a) the availability and future development of technological
options; (b) assumptions about resources for exhaustible energy carriers as well as
renewable potentials; (c) the presence and the nature (exogenous or endogenous)
of innovation and technical change; (d) the degree of flexibility in the models; as
well as (e) the durability of capital stocks and the inertia of the energy sector.
Other important determinants include macroeconomic substitution processes and
the representation of the decision process, assumptions about foresight and intertem-
poral strategic planning embodied in different models, macro-economic parameters
characterizing the substitutability of energy with other production factors and the
substitutability between different energy carriers and trade opportunities.

3.4 Energy system investments

The transformation of the energy system induced by climate policy becomes particu-
larly evident in the energy system investments. Figure 6 shows the mix of investments
in energy technologies in the baseline scenario as well as in the 450 ppm stabiliza-
tion scenario. All models consistently project a fundamental change in investment
patterns compared to business-as-usual in order to achieve the stabilization target.
According to the models, ambitious and cost-effective mitigation requires a rapid
switch of investments away from conventional fossil towards low-carbon energy
systems. Investments in fossil energy capacity without CCS are phased out almost
immediately (ReMIND-R), within 15 years (IMACLIM-R) or reduced by more than
a factor of ten (WITCH). All models project massive investments in CCS and an
up-scaling of investments in renewables. The WITCH model simulates explicitly
R&D investments in energy efficiency improvements as well as carbon-free backstop
technologies. R&D investments for energy decarbonization are projected to be
in the order of USD 40 billion per year whereas R&D investments for energy
efficiency roughly double in the presence of a stabilization policy. ReMIND-R shows
a substantial increase of energy system investments compared to the baseline. This is
largely due to a switch away from fuel-intensive fossil technologies towards capital-
intensive technologies, in particular wind, solar and nuclear. In the policy scenario,
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(a) IMACLIM-R baseline (b) ReMIND-R baseline (c) WITCH baseline 

(d) IMACLIM-R 450 ppm (e) ReMIND-R 450 ppm (f) WITCH 450 ppm 
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Fig. 6 Investments in the energy system for the baseline (a–c) and the default 450 ppm scenario
(d–f). For WITCH: R&D EE—investments in energy efficiency R&D; R&D Decarb—investments
in carbon free backstop technologies

overall investments in ReMIND-R are about one trillion dollars higher than in
WITCH and IMACLIM-R by the end of the twenty-first century. For WITCH
and IMACLIM-R overall investments are only slightly higher than in the baseline
because the increased capital expenditure for low-carbon technologies is offset by
the contraction in overall energy demand.

A striking result of the IMACLIM-R model is the transitory contraction of energy
investments between 2015 and 2040, which has two causes. First, this period corre-
sponds to substantial transitory losses in terms of economic activity which strongly
reduces the total availability of investment capital. Secondly, energy producers take
initial investment decisions under imperfect foresight, which prevents them from
anticipating the decrease of energy demand after the onset of climate policy. As a
consequence, at a time when climate policy results in substantial increases in energy
efficiency, idle capacities are high in the energy sector and investments are redirect
towards tighter markets. The combination of these two effects explains the sudden
drop in energy investments.

The investment structure of ReMIND-R reflects the model’s flexibility in switch-
ing between technologies. Figure 6b shows how renewable energy gains importance
in ReMIND-R already in the baseline scenario. In particular, wind energy already
competes with investments in the fossil energy sector in the first half of the century.
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In the policy scenarios, investments in nuclear energy and investments in solar
energy are scaled up substantially compared to the baseline scenario. Investments
in CCS technologies account for a major share of total investments from 2030
onwards. Overall and in contrast to both other models, investments in the energy
system are significantly increased compared to the baseline scenario, indicating that
technological changes within the energy system dominate over macro-economic
adjustments.

3.5 Sectoral results

An important focus of the RECIPE model intercomparison project is to provide in-
sights on differences and robust findings with respect to sectoral mitigation strategies.
This section describes sectoral representation of the models and analyses the results
by energy end use sectors.

The representation of energy-consuming sectors varies across the three models.
IMACLIM-R, as a recursive CGE model, features the highest sectoral detail among
the three models considered. Overall, 12 productive sectors are represented. For
the analysis presented here, consumption of primary and final energy as well as
greenhouse gas emissions are aggregated to four source sectors: electricity, industry,
residential, and transport.

In ReMIND-R, the macro-economic demand for final energy is split into station-
ary (electricity and non-electricity) and transport applications. These two sectors
are supplied by various types of secondary energy carriers such as electricity and
liquid fuels, which in turn are products of conversions from primary energy carriers.
ReMIND-R is characterized by a large number of conversion technologies within the
energy system, resulting in comparatively high flexibility for the shift between pri-
mary energy carriers. Since the supply of the stationary sector with electricity as well
as several other non-electric secondary energy carriers is represented explicitly, en-
ergy demand is shown for the three source categories electricity production (includ-
ing combined heat and power), non-electric stationary applications, and transport.

On the level of macro-economic energy demand, WITCH distinguishes between
electricity and the non-electric sector. The supply of electric and non-electric energy
is represented by a hierarchical nest of CES production functions, substitutability
between different energy carriers is limited. The primary energy carriers available for
electricity production are coal (both conventional and in combination with CCS), gas,
oil, nuclear, wind and solar, hydro, and a generic backstop technology for electricity
production. For the non-electric sector, biomass (both traditional and advanced),
coal and oil are used as primary energy carriers as well as a generic backstop
technology for non-electric energy. The limited substitutability induced by the CES-
structure as well as the less optimistic supply of energy conversion technologies
results in significantly lower energy system flexibility compared to the ReMIND-R
model.

The electricity mixes as projected by the three models for the baseline as well as
the 450 ppm scenario are depicted in Fig. 7. In 2005, power production accounted
for roughly 40% of the overall global primary energy consumption. According to
IMACLIM-R and ReMIND-R, electricity demand will increase six-fold until 2100.
WITCH has slightly lower growth rates. In the baseline projections, the electricity
generation mix is dominated by fossil fuels. All models project, however, substantial
penetration of non-fossil energy carriers in the second half of the century, with
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energy efficiency improvements in the vehicle fleet, in particular the penetration of
plug-in hybrid technology, and infrastructure policy introduced as complementary
measures of carbon pricing to decrease the transport intensity of the economy.

Electrification is often considered one of the most promising technology options
for decarbonization of the transport sector (e.g. IEA 2009). In ReMIND-R and
WITCH, electrification is only represented implicitly via substitution within the
macro-economic system. IMACLIM-R makes plug-in hybrid vehicles explicitly avail-
able in the technology portfolio, thus including electrification of the transport sector.
However, under the parameter assumptions used, competitive margins remain for
the internal combustion engine. Thus the penetration of electric vehicles remains
small and accounts only for a marginal fraction of the transport sector’s energy
consumption.

In ReMIND-R, coal-to-liquid and biomass-to-liquid technologies play an impor-
tant role in the policy scenarios. The CO2 produced in the liquefaction process can be
captured and stored. While power generation with CCS becomes only relevant after
2040, ReMIND projects coal liquefaction in combination with CCS to be deployed at
significant scale in the near-term. In ReMIND, biomass liquefaction in combination
with CCS is the key long-term mitigation option for transport. For this pathway,
50% of the carbon stored in the biomass can be captured and stored, thus resulting
in negative net emissions. In contrast to the other models, energy-demand in the
transport sector under climate policy is almost equal to that in the baseline: The bulk
of the demand-side reductions of final energy are offset by efficiency losses due the
large-scale deployment of CCS. It is important to note that the share of bioenergy
used for transport versus that for electricity generation and other stationary uses
will depend critically on techno-economic assumptions, as well as the availability of
fossils and other sources of primary energy. This is subject to current research (e.g.
Klein et al. 2011; Luckow et al. 2010).

WITCH does not represent the transportation sector separately, but a composite
of all non-electric forms of final energy demand. In the baseline scenario, energy
demand in the non-electric sector is almost entirely supplied by fossil fuels, comple-
mented by an about 10% share of traditional biomass. Although a significant con-
traction of fossil fuel consumption is achieved, fossils still account for a large share of
primary energy supply in the policy scenarios. The carbon-free backstop technology
is introduced between 2020 and 2025, and it contributes increasingly to non-electric
energy. The amount of biomass consumed in the 450 ppm scenario is similar to
that in the baseline. Overall, WITCH projects low-carbon alternatives in the non-
electric sector to penetrate slowly, thus limiting the decarbonization of the sector.
Consequently, a significant decline of primary energy demand is required to meet the
mitigation target. The primary energy demand in the non-electric sector is 40% lower
in the 450 ppm policy scenario compared to the baseline. This contraction of non-
electric energy supply gives rise to a substantial decrease in macro-economic output.

Figure 9 displays the non-electric energy demand in the stationary sectors. For
WITCH, this component is included in the non-electric sector. IMACLIM-R explic-
itly represents the industry and domestic sectors. The increase of primary energy
demand for the industry sector in the baseline scenario is moderate compared to that
in the power and transport sectors. The energy mix is dominated by fossil fuels with
an increasing share of coal. Biomass plays a marginal role. The non-electric energy
demand for industry for the 450 ppm stabilization scenario deviates sharply from the
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We used three structurally different models to explore decarbonization scenarios
of the energy system. The three models were harmonized to represent similar
assumptions with regard to socio-economic developments (i.e. population growth
and world GDP) and availability of fossil resources, but represent different visions of
the development and diffusion of new technologies. Comparing the results obtained
for the baseline as well as stabilization scenarios with these three models hence
helps to shed light on how different assumptions on technologies and economic
dynamics translate into differences in mitigation costs, investment patterns, and
optimal emission reduction trajectories.

The findings of the study can be summarized as follows:

1. In a first-best setting, that is if the international community agrees to start climate
mitigation policy immediately, and if the full portfolio of low-carbon technolo-
gies represented in the models is available, stabilizing global CO2 emissions at
450 ppm by 2100 can be achieved at costs of 0.1% to1.4% of aggregated global
macro-economic consumption.

2. A delay in global climate policy efforts until 2020 results in a considerable cost
increase compared the default policy scenario. The larger the group of nations
that delay climate policy, the higher are the costs.

3. If key low-carbon technologies are unavailable or restricted to the deployment
level in the baseline scenario, costs increase substantially. A comparison of
mitigation scenarios with all technologies available with scenarios in which
deployment of low-technologies is restricted allows ranking technologies accord-
ing to their relative importance for the mitigation effort. The IMACLIM-R,
ReMIND-R and WITCH results suggest that renewables including biomass, as
well as CCS are the most crucial technology options, while the option to expand
nuclear beyond baseline levels is somewhat less important.

4. A robust finding across all three models, as well as across the different assump-
tions on climate policy regime and technology availability is that emissions peak
by 2020 at the latest.

5. A rapid adjustment of investment portfolios required to achieve the climate
target in a cost-efficient way. For the climate policy scenarios, all models find
a decrease of investments into conventional, non-CCS fossil energy conversion
technologies by at least a factor of ten relative to baseline level by 2020. By
contrast, investments into low-carbon technologies, particularly renewables, is
up-scaled markedly.

6. The models agree in projecting an almost full-scale decarbonization of the
electricity sector. In the default 450 ppm policy scenario less than 10% of global
electricity supply is provided from freely emitting installations after 2050.

7. Emission reductions outside the power sector are found to be more challenging.
Long-term mitigation costs strongly depend on energy efficiency improvements
and the availability of abatement options in the transport sector. The absence of
mature alternative technologies for transport underlines the paramount impor-
tance of technological innovations to overcome the dependence of this sector on
fossil fuels.

Given the complexity of the problem, our analysis necessarily remains stylized.
Many important issues need further exploration. Future research needs to analyze
the effect of second-best settings for a much wider range of scenario settings.
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For example, it will be of key importance to improve our understanding of how
cost and achievability of stabilization targets with different levels of ambition are
affected by imperfect technology portfolios or institutional frameworks. Moreover,
a systematic exploration of second-best scenarios across different assumptions about
uncertain parameters and global socio-economic developments should be conducted.
Crucial uncertainty arises from the dynamics of innovation and technological devel-
opment, and the commercialization of innovative technologies. To a large extent,
the dynamics of innovation are endogenous, i.e. they depend on policies and in-
vestment decisions, but are difficult to fully capture. Last but not least, taking an
integrated perspective on mitigation strategies across different regions, sectors, and
time steps, while maintaining a high degree of technological explicitness, remains
a major challenge. Further research to address these issues will be crucial to inform
decision-makers about robust strategies towards a more climate-friendly, low-carbon
future.
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Abstract This paper compares the results of the three state of the art climate-
energy-economy models IMACLIM-R, ReMIND-R, and WITCH to assess the costs
of climate change mitigation in scenarios in which the implementation of a global
climate agreement is delayed or major emitters decide to participate in the agreement
at a later stage only. We find that for stabilizing atmospheric GHG concentrations at
450 ppm CO2-only, postponing a global agreement to 2020 raises global mitigation
costs by at least about half and a delay to 2030 renders ambitious climate targets
infeasible to achieve. In the standard policy scenario—in which allocation of emission
permits is aimed at equal per-capita levels in the year 2050—regions with above
average emissions (such as the EU and the US alongside the rest of Annex-I
countries) incur lower mitigation costs by taking early action, even if mitigation ef-
forts in the rest of the world experience a delay. However, regions with low per-capita
emissions which are net exporters of emission permits (such as India) can possibly
benefit from higher future carbon prices resulting from a delay. We illustrate the
economic mechanism behind these observations and analyze how (1) lock-in of car-
bon intensive infrastructure, (2) differences in global carbon prices, and (3) changes
in reduction commitments resulting from delayed action influence mitigation costs.

1 Introduction

The accords that emerged as a result of recent UNFCCC negotiations in Copenhagen
and Cancún recognize the scientific case for limiting global warming to below 2◦C
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(cf. UNFCCC 2009). This is in line with the assertion that some of the most serious
impacts of climate change could be averted by strong mitigation policy (Stern 2006).
A large number of integrated assessment modeling studies suggest that ambitious
climate measures can be implemented at global consumption losses not exceeding
2% (Stern 2006; Knopf et al. 2010). For instance, the model comparison by Luderer
et al. (2011a) concludes that stabilizing atmospheric concentrations at 450 ppm CO2-
only1 can be achieved at costs ranging from 0.1 to 1.4% of world GDP relative to
the baseline, provided that full ‘where’ and ‘when’ flexibility (i.e. a global climate
agreement that enters into force immediately) can be realized. However, ongoing
negotiations for a global climate agreement show few signs of progress and it seems
unlikely that a full agreement with globally binding targets to limit greenhouse gas
emissions can be reached in the near future.

The question how to balance the environmental risks from too little or too late
emission reductions against the economic risks from too much or too early abatement
has received much attention in the run-up to the signature of the Kyoto protocol.
Whereas some authors have argued that concentration pathways with higher near-
term emissions entail lower abatement costs (Wigley et al. 1996) and that a slow
‘ramping-up’ of mitigation efforts constitutes the most cost-efficient approach to
slow down global warming (Nordhaus 1992; Nordhaus and Yang 1996), others
have emphasized that inertias in the energy system increase the costs of deferring
abatement to the future (Ha-Duong et al. 1997).

More recently, the debate on the implications of delayed action has reemerged
as bottom-up approaches that suggest building a global carbon-market in a stepwise
fashion if a global agreement fails to materialize have attracted considerable atten-
tion (see e.g. Flachsland et al. 2009). It has for instance been pointed out that if global
annual emissions decline at a rate of 1% per year with the inception of a global
agreement, delaying action by more than a decade would preclude stabilization of
atmospheric CO2-concentrations below a doubling of pre-industrial levels (Mignone
et al. 2008), and delayed action in a global climate regime has been addressed by
several integrated assessment modeling studies (Keppo and Rao 2007; Edmonds
et al. 2008; Bosetti et al. 2009; van Vliet et al. 2009; Richels et al. 2008). Two key
insights from this literature can be summarized as follows: (1) the larger the non-
participating regions’ abatement potential and the longer the delay before they join
a global climate agreement, the larger the increase in overall mitigation costs, and (2)
the more ambitious the stabilization target, the larger the increase in mitigation costs
caused by delayed participation. This is in line with the findings of the 22nd Stanford
Energy Modeling Forum, which employed ten leading integrated assessment models
to generate scenarios in which BRIC countries start participating in the global effort
to mitigate GHG emissions by 2030, and other non-Annex-I countries by 2050.
Practically all models agree that delaying participation makes the most ambitious
450 ppm CO2-eq. stabilization target impossible to achieve and significantly raises
mitigation costs for the intermediate 550 ppm CO2-eq. scenario (which more than
double for some models), while impacts for 650 ppm CO2-eq. are much less severe
(Clarke et al. 2009).

1This stabilization target corresponds to medium probabilities of keeping global temperature rise
below 2◦C (cf. Section 2.2.2).
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This study contributes to the existing literature on limited spatial and temporal
flexibility of mitigation efforts by extending previous research on at least three ac-
counts: first, it minimizes the role of uncertainty from model design by comparing the
results from three state of the art energy-economy models IMACLIM-R, ReMIND-
R, and WITCH, which were calibrated on harmonized socio-economic baseline
assumptions. Second, it sheds some light on the regional distribution of mitigation
costs in a rich set of delayed participation scenarios. Third, it thoroughly discusses
how differences in model structures and assumptions impact on the numerical
results, elaborates on the underlying economic intuition behind the observed model
behavior, and performs a number of decompositions to gain a better understanding
of the factors contributing to changes in mitigation costs.

This paper proceeds as follows: Section 2 describes the research design, including
a brief description of the models, the model comparison framework, the baseline
as well as the standard policy scenarios (in which full flexibility prevails). Section 3
presents the delayed action scenarios with restricted ‘when’ and ‘where’ flexibility
on a global as well as regional level of aggregation, proposes a decomposition of
changes in mitigation costs into changes of domestic abatement costs and changes of
the carbon trade balance, and shows how these are related to the cumulative miti-
gation burden, marginal abatement costs, and the global carbon price. Section 4 con-
cludes and discusses the policy implications of our results.

2 Research design

2.1 The model comparison framework

The economic analysis of climate change is concerned with parameter uncertainty
(i.e. incomplete knowledge with regard to economic and technology parameters) as
well as model uncertainty (i.e. having several plausible model structures). Carrying
out model comparisons to deal with model uncertainty is an often used concept in cli-
mate economics (see e.g. Edenhofer et al. 2006).2 The three models employed in this
model comparison represent very similar assumptions regarding underlying socio-
economic drivers of energy use and carbon emissions (i.e. population growth and
world GDP, which were partly harmonized across models) but different visions of
development and diffusion of new technologies as well as of economic mechanisms.3

IMACLIM-R (Sassi et al. 2010) is a recursive computable general equilibrium model
in which agents behave semi-myopically with adaptative expectations, leading to
sub-optimal investment decisions and unused production factors. Therefore, climate
policies may be a means of remedying market failures. ReMIND-R (Leimbach
et al. 2009) assumes inter-temporal optimization of global welfare with perfect fore-
sight. The model includes a detailed description of energy carriers and conversion

2In this context, one should be aware that models are not designed to predict the future, but to
generate plausible, self-consistent scenarios which can serve as tools for scientists and policymakers
to explore the scope of possible developments, discuss the plausibility of underlying assumptions,
and derive appropriate courses of action.
3Model designs and the associated assumptions are discussed in the synthesis paper (Luderer et al.
2011a).
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technologies as well as unrestricted inter-temporal trade relations and capital move-
ments between regions. WITCH (Bosetti et al. 2006, 2007) is an optimization model
accounting for the non-cooperative nature of international relations. It models the
emergence of carbon-free backstop energy technologies as well as endogenous
improvements in energy efficiency.

Comparing the results obtained for our benchmark stabilization with those of
the delayed stabilization scenarios for these three models sheds some light on
how different assumptions on technologies and economic dynamics translate into
differences in mitigation costs.4 To derive meaningful conclusions on a regional scale,
we aggregate the results from each model to six ‘macro-regions’, which are similar
(albeit not identical) across models: The European Union (EU), the US (USA),
Rest of Annex-I (R-AI), China (CHN), India (IND), and Rest of non-Annex-I (R-
NAI). The economic impacts of delays in climate policy are computed by comparing
the macro-economic consumption paths that are obtained in the respective delayed
action scenario with the one in the benchmark stabilization scenario (which features
full ‘where’ and ‘when’ flexibility). The difference between these two trajectories
determines the increase in mitigation costs due to delayed action. Based on standard
economic theory, consumption losses can be considered an appropriate measure of
the economic costs of climate policy.5 To make costs that arise in different points
in time comparable, all costs are converted to net present values with a constant
discount rate of 3%.6 Damages caused by climate change are not part of this analysis7

and the model results do not constitute a cost-benefit-analysis but an assessment
of how limited spatial and temporal flexibility influences the costs of stabilizing the
atmospheric CO2 concentration at a certain pre-determined level.

2.2 Benchmark mitigation costs

2.2.1 The reference scenario

Our reference scenario depicts future developments in a world without climate
mitigation measures. The three models employed use identical assumptions with
regard to the development of global population and partially harmonized assump-
tions regarding economic activity:8 world population is assumed to keep growing,
with a peak at 9.5 billion in the year 2070 and thereafter slightly decline to roughly
9 billion in 2100. GDP is projected to grow at rates close to historical values in
industrial regions but more rapidly in newly industrializing and most (but not all)
developing and least developed countries. The underlying storyline is that the US,
Europe, and Japan are expected to remain the regions with the highest per capita

4A more detailed description of the model comparison framework can be found in Jakob et al.
(2009b).
5To take into account inter-temporal consumption smoothing (i.e. shifting current consumption into
the future by saving), we adjusted current consumption for REMIND-R by adding investments and
the current account balance.
6Section 3.5. includes a sensitivity study which assesses the robustness of the main results with respect
to the discount rate.
7i.e. for WITCH - the only model that includes a damage function - damages were set to zero.
8The reference scenarios and their underlying storylines are described in Jakob et al. (2009a).
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(a) annual CO2 emissions (b) atmospheric concentrations

Fig. 1 Annual CO2 emissions (panel a) and atmospheric concentrations (panel b, CO2-only) in the
reference scenario for IMACLIM-R, ReMIND-R, and WITCH

incomes at the end of the twenty-first century with other countries, especially China
and India, closing the gap. Over the entire century, world GDP is assumed to increase
on average between 2.1% (WITCH) and 2.4% (ReMIND-R) per year.

In all three models, energy demand is projected to rise throughout the whole of the
twenty-first century, with increases of total primary energy consumption by factors
between two-and-a-half (WITCH) and four (IMACLIM-R). Due to an energy mix
that remains largely dominated by fossil fuel use, carbon emissions at the end of
the century are several times their 2005 level. The IMACLIM-R baseline projects
the highest CO2 emissions (124 GtCO2 in 2100) with a continuous increase beyond
2050 due to the availability of cheap coal as a substitute for oil, which prevents the
penetration of non-fossil energies (Fig. 1a). In contrast, due to an energy demand
19% lower than the IMACLIM-R reference and a higher penetration of carbon-
free energy (biomass and renewable), emissions in the ReMIND-R baseline decline
after 2050 (after a high growth up to 2040) to reach 72 GtCO2 in 2100. The WITCH
baseline reaches 86 GtCO2 emissions in 2100, with low emission growth in the
second half of the century. It is in aggregate close to the ReMIND-R scenario,
with a lower energy intensity but a higher carbon intensity of its energy mix,
compared to ReMIND-R and IMACLIM-R. The resulting carbon emissions give
rise to atmospheric concentrations in the year 2100 between 730 ppm CO2 (WITCH),
750 ppm CO2 (ReMIND), and 840 ppm CO2 (IMACLIM) (see Fig. 1b).

2.2.2 The benchmark stabilization scenario with full spatial and temporal f lexibility

Our stabilization scenario considers a benchmark stabilization target of 450 ppm CO2

in the year 2100.9 Depending on assumptions about emissions of other greenhouse
gases such as CH4, N2O and fluorinated gases, this corresponds to overall GHG

9IMACLIM-R allows for unlimited overshooting (i.e. exceeding the 450 ppm CO2 limit in any year
prior to 2100) as long the constraint is met in the year 2100, while for WITCH overshoot was limited
to 460 ppm CO2 and ReMIND imposed a maximum overshoot concentration of 470 ppm CO2 in
2070.
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(a) carbon prices (year 2005 USD) (b) global consumption losses
(percent of total)

Fig. 2 Carbon prices (a) and consumption losses (b) in the benchmark 450 ppm stabilization
scenario (with full spatial and temporal flexibility) for IMACLIM-R, ReMIND-R, and WITCH

concentrations of 500–550 ppm CO2-eq. (Fisher et al. 2007). According to the metric
of cumulative emission budgets as proposed by Meinhausen et al. (2009)—which
in our case lie between 1455 and 1533 Gt CO2 for the first half of the twenty-first
century depending on the respective model—the mitigation effort envisaged by the
stabilization scenarios results in medium probabilities (ranging from 42% to 49%) of
keeping global temperature rise below 2◦C.

Due to their structural differences and different representations of the energy sys-
tem, the models project different economic effects of climate policy. The aggregated
discounted mitigation costs in terms of consumption losses relative to the baseline10

accrue to 0.1% (IMACLIM-R), 0.7% (ReMIND-R), and 1.4% (WITCH). The size
and temporal evolution of mitigation costs and the carbon price are shown in Fig. 2.
The differences in model approaches are reflected in the structural differences of
carbon price trajectories. In IMACLIM-R, under imperfect foresight very high car-
bon prices are required initially to create a sufficiently strong signal to overcome the
technical inertias constraining the transition to a low-carbon energy system (Fig. 2a).
These high prices result in very high transitional mitigation costs and welfare losses
in the first 30 years of the modeled period (Fig. 2b). Once this transition is accom-
plished, IMACLIM-R projects negative mitigation costs due to additional technical
change and the implementation of climate friendly transport infrastructure policy
(two parameters that increase overall efficiency and help correcting the main source
of sub-optimality in the baseline scenario i.e. the volatility of oil markets and the
imperfect foresight of ‘peak oil’). ReMIND-R and WITCH, by contrast, are perfect
foresight intertemporal optimization models and therefore envisage a smoother
development of the carbon price and almost steady (approximately exponential)
increases until the middle of the twenty-first century. Endogenous technological
progress (i.e. learning-by-doing) and non-linearities in the carbon cycle result in
slower increases of the carbon price after 2050. WITCH exhibits significantly higher
consumption losses compared to ReMIND-R, and long-term mitigation costs also

10We employ a discount rate of 3% over the period from 2005 to 2100.
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exceed those estimated by IMACLIM-R on the global scale. Due to the relatively
more conservative assumptions concerning technology substitution within the energy
sector, a larger share of the emissions reduction has to be delivered by curbing the
economy’s energy demand, resulting in a reduction of economic output. In ReMIND-
R, the carbon price is projected to remain on a moderate level, as the model allows
for more flexibility to bring about transformations of the energy system. Learning
processes reduce the cost of low-carbon technologies, most notably renewables. The
availability of cheap alternative energy sources reduces CO2 abatement costs and
allows focusing the mitigation effort on decarbonization, while the reduction of
energy demand plays a less important role.

The regional distribution of mitigation costs will be discussed in the next section
in combination with the cost implication of delayed mitigation. With a global climate
agreement the regional (but not the global) costs of mitigation measures critically
depend on the burden sharing principle which determines the allocation of emis-
sion rights across regions. For the remainder of this paper, we presume that the
Contraction and Convergence scheme (Meyer 2004), which envisages a smooth
transition of emission shares from status quo (i.e. emissions in 2005) to equal per
capita emissions in 2050, is adopted. This allocation scheme combines elements
of grandfathering—allocation based on historic emissions—and equal per capita
emissions and can be considered a compromise between a pure egalitarian regime
and a grandfathering approach.11 Different degrees of participation to this scheme
imply that non-committed countries are entitled to larger emissions, i.e. to emit as
they would in the absence of any climate regulation.

3 Effects of delayed participation

Three distinct effects determine the impact of delayed mitigation efforts on abate-
ment costs: first, regions that do not commit to reduce their emission in early
years carry a lower share of the total mitigation effort undertaken globally over the
century, which lowers their mitigation costs compared to the benchmark stabilization
scenario. Second, acting myopically leads to a build-up of capital stock dedicated
to carbon-intensive patterns of generating and using energy and increases future
domestic mitigation costs. Third, myopic behavior and lock-in of carbon intensive
energy infrastructure12 also affect global carbon prices that will be higher than in
the benchmark stabilization scenario with full participation. As will be discussed in
more detail below, this can have positive as well as negative effects on any region,
depending on whether it is a net-seller or a net-buyer of emission permits (which,
in turn, depends on its reduction commitment as well as the structure of its energy
system). Depending on the relative magnitude of these effects, the welfare effects of
delayed action for late movers are ambiguous.

11The role of different allocation rules on regional mitigation costs is discussed in Luderer et al.
(2011b).
12Please note that in all three models energy infrastructure (such as generation capacity) is employed
until the end of its life-time without the possibility of early retirement. Hence, the infrastructure in
place constitutes a constraint for the stabilization target that can be achieved. See Davis et al. (2010)
for a recent analysis of future CO2 emissions from existing energy infrastructure.
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Table 1 Description of delayed action scenarios

Scenario name Scenario assumptions

all2010 Global carbon market by 2010, regional allowance allocation by Contraction
and Convergence (2005 as base-year)

IC + CHN + IND All Annex-I countries plus China and India adopt cap-and-trade by 2010,
the rest of the world by 2020

IC only Participation of all Annex-I countries by 2010, with the rest of the world
joining the emissions trading regime by 2020

EU only The European Union acts as an early mover, the rest of the world by 2020
delay2020 Complete absence of climate policy until the year 2020

In the following we examine the aforementioned effects in detail. We start with
a description of the delayed action scenarios, discuss their impact on global and
regional mitigation costs, and then decompose changes in consumption losses into
changes in domestic mitigation costs and changes in the carbon trade balance. The
final sub-section presents the economic intuition behind the numerical results and
illustrates the possible benefits of early action by analyzing the determinants of
mitigation costs for the EU and the US.

3.1 Stabilization scenarios with limited spatial and temporal flexibility

The default policy scenarios presented earlier were based on the assumption of
global collaborative action on climate change from 2010 on, ensuring full spatial and
temporal flexibility of mitigation efforts. However, current negotiations on a post-
2012 climate regime indicate that substantial climate policy efforts may be lacking in
some world regions in the near future. Against this background, we assess the costs
of delaying the implementation of ambitious climate policy in some regions. The five
scenarios which examine the most relevant configurations of commitments given the
current negotiations (listed in Table 1) differ in their timing of introducing regional
climate policy and represent plausible participation structures marked by different
levels of political ambition. As a sensitivity check, we also examine a scenario with a
longer delay, which assumes complete absence of climate policy until the year 2030.

In the early action scenarios the allocation of emission permits to regions that
undertake climate policy during the years 2010 to 2020 equals their endowment
in the ‘all2010’ scenario. International allowance trade can then occur between all
regions with binding emission targets. Between 2010 and 2020, the regions that
delay participation are assumed to behave myopically, i.e. they do not expect the
introduction of carbon constraints and follow their business-as-usual development
pathway.13 It is assumed that from 2020 on allowances are allocated according to
the Contraction and Convergence rule with 2005 as the base year and 2050 as the
convergence year. Therefore, regions’ relative shares in global emissions remain

13This is a somehow extreme modeling assumption, as governments will build agreements on growing
credibility of international negotiations and firms will start to respond to this expectation some time
beforehand. However, it is hardly the case that anticipation of policy will go beyond 5 years, which is
the time step used for ReMIND-R and WITCH in the comparison exercise, while for IMACLIM-R,
expectations exclusively depend on past developments.
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Fig. 3 Global consumption
losses (%) relative to the BAU
scenario for the delayed
participation scenarios and the
‘all2010’ scenario with full
flexibility

unchanged compared to the default C&C scenario.14 However, to compensate for the
excess emissions produced during the period of delay, regional caps are contracted
proportionally starting in 2020. Thus, in the delay scenarios, the cumulative emissions
across regions are shifted in favor of late movers who emit more than in the ‘all2010’
scenario with the world jointly making up for these excess emissions post-2020.

3.2 Impact of delayed action on global mitigation costs

Even with a global delay of mitigation action until 2020, our numerical results indi-
cate that stabilization at 450 ppm CO2 by 2100 remains feasible, albeit at significantly
higher costs than in the ‘all2010’ scenario. Discounted global consumption losses
over the course of the twenty-first century increase from 1.4% to 2% in WITCH,
from 0.6% to 1% in ReMIND-R and from 0.1% to 0.8% in IMACLIM-R (Fig. 3). In
these simulations no constraints were put on the availability of technologies. Clearly,
with a restricted set of technology options it would become increasingly difficult to
achieve the 450 ppm target if countries delay action on climate change.15

Including a larger number of key regions in the climate coalition of those taking
early action by 2010 markedly decreases the global costs of stabilization. The
participation of the Annex-I countries, as well as that of China and India is found
to be critical for the magnitude of mitigation costs, with different accentuations
depending on the respective model: all models project that early participation of
Annex-I countries is particularly important, with global consumption losses in the ‘IC
only’ scenario between 22% (WITCH), 38% (ReMIND-R), and 59% (IMACLIM-
R) lower than in the ‘delay2020’ scenario. In IMACLIM-R, the EU is found to play a
lesser role for global mitigation costs, as consumption losses in the ‘EU only’ scenario

14Of course, alternative political outcomes in which late movers are rewarded with laxer reduction
commitments are conceivable. However, game theoretic considerations related to the formation of
coalition and incentives to contribute to the provision of a global public good are clearly beyond the
scope of this paper.
15It should be noted that among the three models used in this study only ReMIND-R allows for the
use of biomass in conjunction with CCS (which allows achieving negative emissions).
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are only slightly lower than in the ‘delay2020’ scenario, while pursuing climate policy
in all Annex-I regions from 2010 on (‘IC only’) brings down global mitigation costs
by more than half. For ReMIND-R and WITCH, on the other hand, the differences
between the ‘delay2020’ and the ‘EU only’ scenarios are of comparable magnitude to
those between the ‘EU only’ and the ‘IC only’ scenarios, respectively. This suggests
that participation of both the EU as well as the US and the rest of Annex-I are
important determinants of global mitigation costs. According to IMACLIM-R and
WITCH early participation of China and India will also result in significant cost
decreases; because of a higher degree of technological optimism that leads to lower
carbon prices, this effect is less pronounced in ReMIND-R. None of the three models
suggests that it is of particular importance for global mitigation costs to implement
climate policies before 2020 in the rest of non-Annex-I (i.e. non-Annex-I excluding
China and India).16

Finally, a delay of global climate policy until the year 2030 renders stabilization at
450 ppm CO2 infeasible17 in all models.18 This holds even in the case of ReMIND-
R, which embodies the most optimistic assumptions on flexibility and availability of
low-cost carbon-free technologies. This finding can be explained by the fact that (if
no future reductions are anticipated) large amounts of carbon will already have been
emitted to the atmosphere up to this date and substantial additional fossil energy
conversion capacities will have been put into place. Due to the long-lived nature
of the capital stock in the energy sector, the world would be committed to a large
amount of further CO2 emissions after the onset of climate policy, which would make
it impossible to keep atmospheric concentration below 450 ppm CO2.

3.3 Impact of delayed action on the regional distribution of mitigation costs

The changes of mitigation costs accruing to each region due to restricted spatial and
temporal flexibility (compared to the ‘all2010’ scenario) are depicted in Fig. 4. We
observe the (perhaps counter-intuitive) result that in all models, unilateral adoption
of an emissions cap in 2010 by the EU (i.e. scenario ‘EU only’) results in lower
mitigation costs for the EU, compared to the ‘delay2020’ scenario. Remarkably, this
effect holds both for the forward looking models WITCH and ReMIND-R in which

16Global mitigation costs in IMACLIM-R are in fact projected to be lower if action in the rest of
non-Annex-I is delayed. This result comes from the larger consumption losses of EU, US, RAI and
CHN in the scenario ‘all2010’ than in the scenario ‘IC+CHN+IND’ which over-compensate the larger
gains of IND and RNAI (see Fig. 4). These differences are explained by a higher carbon price during
the period 2010-2020 due to the absence of the RNAI in the global carbon market.
17For the purpose of this paper, feasibility is defined as a model’s ability to find a numerical solution
(i.e. achieve convergence of the solution algorithm).
18For ReMIND-R, the only model for which the option of generating negative emissions by
combining biomass with CCS (BECCS) is available, stabilization at 450 ppm CO2 in 2100 is only
feasible if the constraint on overshooting is removed. In this case, the CO2 concentration reaches
535 ppm in 2055 before declining. Constraining overshooting at 520 ppm CO2 or lower makes
stabilization at 450 ppm CO2 in 2100 infeasible.
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(a) EU (b) US

(c) RAI (d) CHN

(e) IND (f) RNAI

Fig. 4 a–f Consumption losses (%) for the delayed action scenarios as well as the ‘all2010’ scenario
relative to the BAU scenario, disaggregated by world regions. Please note different scales

the EU strongly benefits from the anticipation of future climate policy constraints as
well as the recursive model IMACLIM-R, where the EU’s energy system benefits
from being pushed into a more efficient mode of operation early. This indicates
that even if the other regions do not participate immediately there is an incentive
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for the EU to act, with early action decreasing mitigation costs from 2.1% to 1.2%
in IMACLIM-R, from 1.5% to 0.5% in ReMIND-R, and from 1.1% to 0.8% in
WITCH.19 Similarly, mitigation costs for the US decrease if they join a climate policy
regime alongside other Annex-I countries by 2010 compared to the case where only
the European Union adopts limits on carbon emissions. For the US, IMACLIM-R
estimates that early action decreases mitigation costs from 1.2% to a slightly negative
value (i.e. net gains compared to business-as-usual); ReMIND-R indicates a drop
from 1.5% to 0.8%, and WITCH from 2.2% to 1.8%.

According to IMACLIM-R and WITCH, if all Annex-I countries are commit-
ted to climate policy China will increase its welfare if it—together with India—
participates in the reduction effort early on, while ReMIND-R suggests that the
early and the delayed action scenarios result in very similar levels of consumption
for China. As IMACLIM-R presumes suboptimal technology choices in the Chinese
energy sector, a higher carbon price proves in fact beneficial in internalizing part of
these non-environmental market failures and results in smaller consumption losses
for China in all delay scenarios compared to the scenario with full flexibility. For
India, by contrast, the effect of early participation of China and India in a global
carbon market is expected to be roughly neutral. Countries with low per-capita
emissions which are net-sellers of emission permits can potentially reap benefits
if action in other regions is delayed because of a higher carbon price and the
associated extra revenues from emissions trading. IMACLIM-R and ReMIND-R
suggest that this might indeed be the case for India, as in most delay scenarios India’s
consumption losses are smaller than in the ‘all2010’ scenario. Finally, the results for
the rest of non-Annex-I countries appear to contain little conclusive evidence at this
level of disaggregation, an issue that will be addressed in more detail in the next
section.

Hence, we conclude that for the majority of regions, even though appealing from
the short term perspective, delaying action on climate policy does not turn out to
decrease long run consumption losses. Even though late movers have the advantage
of laxer reduction commitments regarding their cumulative emissions over the
century,20 this effect is countered by increased future mitigation costs arising from
the build-up of long-lived carbon-intensive infrastructure. By contrast, early action
provides more leeway for adjustments of the energy system and opportunities to
utilize the least expensive mitigation options (i.e. ‘picking the low-hanging fruit’).
As avoiding lock-in effects and faster learning in wind and solar technology (plus
investments in energy R&D in WITCH) bring down costs, emission reductions
beyond 2020 become less expensive. For this reason, early adoption of climate policy
by a subset of regions is projected to prove beneficial by the time a global climate
policy is incepted, not only for regions which can take a ‘free-ride’ (as they will
be bound to less stringent reduction commitments later on), but even for the early
adopters themselves.

19Short term losses and competitiveness issues associated to energy intensive sectors are com-
pensated by medium term gains, hence these results hold as we keep a medium term horizon in
evaluating losses.
20i.e. the additional abatement to be performed is divided between all regions and the increase of the
burden for late movers is less than the abatement foregone in early years.
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3.4 Decomposing regional mitigation costs

Total consumption losses for each region are determined by the costs of mitigating
domestic carbon emissions minus net exports of emission permits (i.e. the carbon
trade balance, defined as the net monetary value of emissions permits sales on the
global carbon market). Regions that meet part of their reduction commitments by
importing emission permits face a negative carbon trade balance, which raises their
total consumption losses beyond the costs incurred for domestic abatement. To gain
a deeper understanding with regard to the effects of delayed action, we decompose
changes in regional consumption losses into changes of domestic mitigation costs
and changes of the carbon trade balance relative to the ‘all2010’ scenario (see also
Luderer et al. 2011b):

N PV
(

CLdelay
i − CLall2010

i

)
= N PV

(
DMCdelay

i − DMCall2010
i

)

−N PV
(

CT Bdelay
i − CT Ball2010

i

)
(1)

NPV net present value
CLdelay

i , CLall2010
i consumption losses for region i for the delay and the

‘all2010’ scenarios, respectively
DMCdelay

i , DMCall2010
i domestic mitigation costs for region i for the delay and the

‘all2010’ scenarios, respectively
CT Bdelay

i , CT Ball2010
i carbon trade balance for region i and period t for the delay

and the ‘all2010’ scenarios, respectively

This decomposition (Fig. 5) reveals that the break-down of additional consump-
tion losses caused by delayed climate policy varies between models and world
regions. In all models the EU and the US are net importers and India and the
rest of the non-Annex-I countries net exporters of allowances in all scenarios, with
ambiguous outcomes for China and the rest of Annex-I. For WITCH differences in
total consumption losses can to a large part be attributed to changes in domestic
mitigation costs, while carbon trading plays a less important role. For IMACLIM-
R and ReMIND-R, however, the domestic mitigation cost effect and the carbon
trade balance effect are of comparable magnitudes. For the EU and the US, both
these models project that delaying action will result in significant extra spending on
imports of allowances (caused by more imports and/or higher global carbon prices)
and a widening deficit of the carbon trade balance accounts for most of the increase
in total consumption losses.

The decomposition also confirms our earlier conjecture that delayed action can
have ambiguous effects for net exporters of emission permits (especially India and
the rest of non-Annex-I): on the one hand, domestic mitigation costs can increase
due to lock-in of carbon-intensive energy infrastructure, on the other hand, due to a
higher global carbon price, revenues from selling emission permits are likely to rise
as well. This interaction of two effects helps to understand (a) why for IMACLIM-R
and ReMIND-R delayed action lowers consumption losses for India (and the rest
of non-Annex-I in some scenarios) which is a large exporter of emission permits,
whereas for WITCH (where the carbon trade balance is less affected by a delay),

3.3 Effects of delayed participation 87 



Climatic Change

(a) EU (b) US

(c) RAI (d) CHN

(e) IND (f) RNAI

Fig. 5 a–f Differences in consumption losses (%) between the delayed action scenarios and the
‘all2010’ scenario by world regions, disaggregated into changes in domestic mitigation costs and
changes in the carbon trade balance. Please note different scales

additional revenues from exporting allowances are insufficient to offset increases in
domestic mitigation costs, and (b) the ambiguous results for rest of non-Annex-I
countries mentioned above.
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(a) pre-2020 (b) post-2020

Fig. 6 Compared to delayed action, early action increases consumption losses in the pre-2020 period
by the area A0B0C0D0 (a), but decreases consumption losses in the post-2020 period from area
ABCD to A′B′C′D′ (b). Cost savings post-2020 are realized by reductions in (1) marginal abatement
costs, (2) the total quantity of emissions to be abated over the period, and (3) the global carbon price

3.5 Understanding the benefits of early action

For some regions (including the EU and the US, if it acts within a coalition of
all Annex-I countries) early action can result in lower consumption losses in the
long run. Compared to the delay scenario, early action implies additional costs to
abate carbon emissions prior to 2020. However, these find their correspondence in
lower consumption losses in later periods due to three reasons (see Fig. 6): first, as
lock-in in carbon intensive infrastructures can be avoided by early action, marginal
abatement costs are lower after 2020 (shifting MAC to MAC’). Second, abatement
in early periods reduces the mitigation burden in later periods (such that D shifts
left to D’). However, this reduction in the individual mitigation burden is only a
fraction of the abatement undertaken as an early mover prior to 2020, as the reduced
commitment at later periods is divided between all countries according to the burden
sharing rule (i.e. early effort has the character of a public good). Third, early action
implies less global abatement in later periods, which in combination with less costly
mitigation options in the early moving regions results in a lower global carbon price
(Pw shifts down to Pw’) compared to the delayed action scenario. For net importers
of emission permits all three effects contribute to lower consumption losses, which
decrease from area ABCD to area A’B’C’D’.21 The level of domestic abatement
(E and E’, respectively) and imports of allowances (D-E and D’-E’, respectively)
can, however, go either way (the numerical results indicate that for our model setup
early action consistently leads to more domestic abatement and reduces the import
of emission permits).

To discern the impacts of the individual effects discussed above on changes
of consumption losses between the early action ‘all2010’ and the respective delay

21For net exporters, the overall effect is ambiguous, as the first two effects have a positive welfare
effect while the impacts of a lower global carbon price is negative.
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for the US) and the ‘delay2020’ scenario. For all three models, the numerical results
confirm that consumption losses are higher during the pre-2020 period in the early
action scenario compared to the ‘delay2020’ scenario, but these expenses are more
than compensated by cost savings in the years after 2020, such that early action turns
out to be unambiguously beneficial over the period 2005–2100.

Due to high initial carbon prices necessary to shift the energy system away from its
carbon-intensive trajectory, IMACLIM-R calculates a net present value of additional
consumption losses of about 0.5% for the EU as well as the US in the period up to
2020, but cost savings in the post-2020 period of about 2% of domestic consumption
for the EU and 2.8% for the US. The later periods witness significantly lower domes-
tic mitigation costs as well as decreased spending on imported emissions permits. For
the EU, the lower volume of permit imports is the main effect responsible for a more
favorable carbon trade balance, whilst for the US the effects of reduced quantities of
imported permits and of lower carbon prices are of similar magnitude. For ReMIND,
the additional costs (in terms of consumption) of early action are 0.3% for the EU
and 0.2% for the US; for the EU (which as a single first mover has no possibility to
engage in carbon trading) these costs of early action are exclusively and for the US
to the largest part determined by the costs of domestic abatement. For both regions,
post-2020 domestic mitigation costs in the early action scenario hardly differ from the
‘delay2020’ scenario, but the costs associated to imports of emissions permits decline
by 1.4% for the EU and 2% for the US, indicating a shift in abatement strategies
in which imports of emission permits are substituted by domestic abatement. As for
IMACLIM-R, the quantity effect dominates for the EU, while for the US, the price
effect is of comparable magnitude to the quantity effect (which seems quite intuitive,
considering that early action by all Annex-I countries in the ‘IC only’ scenario can
very likely be expected to decrease the price of carbon). In WITCH, where carbon
trading plays a less important role, the costs and benefits of early action are mainly
determined by differences in the costs of performing domestic abatement, and to a
lesser extent by the amount of permits traded. For Europe, early action thus results in
additional consumption losses of roughly 0.1% in the pre-2020 period but decreases
mitigation costs over the century by about 0.4%; for the US the corresponding figures
are 0.1% and 0.7%, respectively.

The result that early action reduces consumption losses implies that the benefits
of undergoing a smoother transition of the energy system and preventing lock-in
effects exceed the costs related to the increased cumulative mitigation burden borne
by early movers. As early action involves additional costs in the short run which are
counterbalanced by cost savings in the long run, the discount rate (which is used
to make costs that occur in different points in time comparable by converting them
to net present values) is a crucial factor in determining whether early action turns
out to be beneficial. Figure 8 shows differences between the respective early action
scenario and the ‘delay2020’ scenario as a function of the discount rate for the periods
2005–2020 (light bars) and 2005–2100 (dark bars). It confirms the conclusion that
early action entails considerably lower consumption losses for the EU and the US
across a wide range of discount rates, ranging from 0 to 6%. The total net benefits of
early action (as a percentage of total consumption) can be regarded as a weighted
average of avoided consumption losses in all periods, with higher discount rates
putting less weight on cost savings that materialize in the farther future. Therefore,
net benefits strictly decrease with a higher discount rate for WITCH, as for this
model a large part of cost savings materialize in later periods. For IMACLIM-R and
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(a) EU, IMACLIM

(b) EU, ReMIND

(c) EU, WITCH

(d) US, IMACLIM

(e) US, ReMIND

(f) US, WITCH

Fig. 8 Differences in consumption losses (%) between the respective early action scenario and the
‘delay2020’ scenario for the EU (a–c) and the US (d–f) in the short-term (2005–2020) and the long-
term (2005–2100), applying discount rates ranging from 0 to 6%

ReMIND-R, in turn, the largest cost savings take place in the first half of the century
and cumulated net benefits only start decreasing with higher discount rates after
the latter exceeds a certain level, resulting in a slightly hump-shaped relationship
between the discount rate and the benefit of early action.
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4 Concluding remarks

This paper compares the results of three state-of-the-art climate-energy-economy
models in order to analyze the economic implications of delaying climate policies in
certain world regions. Our results indicate that globally, reducing ‘where’ and ‘when’
flexibility significantly raises the costs of achieving stabilization of atmospheric con-
centration at 450 ppm CO2-only: postponing a global agreement to 2020 raises global
mitigation costs by at least about half and a delay to 2030 renders ambitious climate
targets infeasible to achieve. With a larger number of key players participating in
global mitigation efforts by 2010, global costs of stabilization decrease markedly and
we find that the participation of the Annex-I countries as well as China and India is
particularly relevant if large increases in mitigation costs are to be avoided.

For each region the effect of delayed action on mitigation costs is determined
by the change in required emission reductions under the respective burden sharing
scheme as well as differences in energy system developments and global carbon
prices between scenarios. Assuming convergence of per-capita emissions in 2050,
regions in which climate measures are implemented with a delay have to commit to
smaller reductions of cumulative emission and hence bear a lower share of global mit-
igation costs. However, lock-in into carbon-intensive energy infrastructures can work
in the opposite direction and increase mitigation costs by restricting the availability of
low-cost options to abate carbon emissions. Reduced spatial and temporal flexibility
raises the global carbon price and thus results in further consumption losses for
regions which are net-importers of emission permits, but softens the adverse effects
(and can even lead to net gains) for regions which are net-exporters of permits.

An important result is that regions with above average per-capita emissions, such
as the EU and the US alongside the rest of Annex-I countries, can lower their
mitigation costs by taking early action, even if mitigation efforts in the rest of the
world experience a delay. For regions with low per-capita emissions which are net
sellers of emission permits (such as India) we find that delayed mitigation efforts
in other regions can be desirable, as they derive higher incomes from the sale of
emission permits, stemming from the higher carbon prices implied by restricted
spatial and temporal flexibility. Finally, decomposing the consumption losses for the
EU and the US confirms the intuition that early action involves additional costs in
early periods, but significant cost savings in later years. A sensitivity analysis shows
that the finding that early action reduces consumption losses is robust over a wide
range of discount rates.

It should be noted that the results crucially hinge on the assumption that (1) a
universal climate agreement will eventually enter into force in 2020 and that (2) re-
gions’ relative shares in global emissions remain unchanged compared to the default
C&C scenario. Yet, several authors have shown that if a global climate agreement is
expected in the future, delaying action can influence strategic decisions and provide
incentives to invest less in abatement technologies to increase their future bargaining
position (Harstad 2009; Beccherle and Tirole 2010). We thus expect that developing
a richer set of scenarios motivated by game-theoretic considerations will be one of
the major challenges for future studies on delayed action.

We conclude that taking early action is crucial for stabilizing atmospheric GHG
concentrations at 450 ppm CO2-only in a cost-efficient manner. The results of this
paper suggest that if this stabilization target will be universally agreed upon in the
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future, early action on climate change constitutes a no-regret option for Annex-I
countries, independent of the current state of climate policy in other parts of the
world. If global action, however, is delayed for another decade, the above target can
only be attained at significant additional costs, decreasing its political acceptability
while increasing the likelihood that policy makers will favor a less ambitious climate
agreement instead, including the related adverse environmental impacts.
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Along the lines of the Kaya identity, we perform a decomposition analysis of historical and projected

emissions data for China. We compare the results with reduction requirements implied by globally

cost-effective mitigation scenarios and official Chinese policy targets. For the years 1971–2000 we find

that the impact of high economic growth on emissions was partially compensated by a steady fall in

energy intensity. However, the end – and even reversal – of this downward trend, along with a rising

carbon intensity of energy, resulted in rapid emission growth during 2000–2007. By applying an

innovative enhanced Kaya-decomposition method, we also show how the persistent increase in the use

of coal has caused carbon intensity to rise throughout the entire time-horizon of the analysis. These

insights are then compared to model scenarios for future energy system developments generated by

the ReMIND-R model. The analysis reaffirms China’s indispensable role in global efforts to implement

any of three exemplary stabilization targets (400, 450, or 500 ppm CO2-only), and underscore the

increasing importance of carbon intensity for the more ambitious targets. Finally, we compare China’s

official targets for energy intensity and carbon intensity of GDP to projections for global cost-effective

stabilization scenarios, finding them to be roughly compatible in the short-to-mid-term.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

China’s breath taking economic growth during the last
decades has helped to lift hundreds of millions of people out of
poverty. But, this success has also turned China into the world’s
largest emitter of carbon dioxide.1 Fig. 1 depicts the influence of
different countries on global emissions growth for the period
1971 2007. It highlights the rapid increase of China’s ‘weight’ in
recent years. In fact, the data indicate that around 50% of the total
global increase in CO2 emissions since 2002 can be attributed to
China alone.2

In the face of anthropogenic climate change, China’s emission
intensive growth poses a serious challenge for the success of
global mitigation efforts. However, from an equity point of view,
China and other developing countries cannot be denied the right

of economic catch up with industrialized countries, which have
supported their economic development with cheaply available
fossil fuels for centuries. Solving this dilemma will be crucial for
successfully averting dangerous climate change.

Given its dramatic emission increase, its persistent economic
growth on a high level, and its high reliance on carbon intensive
coal, China is often considered to be a case of its own. This is also
reflected by the high attention given to China in the academic
literature, which we will review in the first part of this paper.
However, what are specific characteristics to turn China into a
special case? And what are feasible strategies for putting the
Chinese economy on a path towards low carbon growth, without
compromising the need for development? More precisely, are the
country’s own targets sufficient?

To answer these questions we first systematically investigate
historical emissions and their driving forces along the lines of the
Kaya decomposition (Kaya, 1990), considering in particular energy
intensity, i.e. energy used per unit GDP, and carbon intensity, i.e.
carbon emissions per unit energy. We find that decreasing energy
intensity has primarily contributed to decelerating emission
growth in the last decades of the 20th century, while a reversed
trend of energy intensity and a continuously carbonizing and fast
growing economy were responsible for China’s accelerated emis
sions growth in the first decade of the 21st century. We then
introduce an enhanced decomposition technique for analyzing the
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carbon intensity time series to determine how the influence of
coal has evolved over the last three decades. It turns out that
exploiting coal indeed had a significant impact on China’s emis
sion growth as compared to other transitional countries, indus
trialized countries, and the global average; however, the scale of
China’s economic growth very clearly constitutes the main driver
behind its increasing emissions.

The article then confronts the characteristics of China’s energy
system with a set of globally cost effective mitigation scenarios
obtained from the integrated assessment model ReMIND R
(Leimbach et al., 2010a, 2010b; Bauer et al., submitted). Our
results suggest that under business as usual assumptions, China’s
emissions could increase about threefold by 2050, underlining its
status as a crucial actor in global mitigation efforts. In fact,
in a globally cost optimal scenario aiming at stabilization of
atmospheric CO2 concentrations at 450 ppm CO2 only, China’s
emissions would be 43% lower than that in the baseline. Applying
the decomposition methodology previously used with historical
data on model results further indicates that in addition to energy
efficiency improvements, reversing the trend in carbon intensity
is essential for transforming the Chinese energy system. Renew
able energies are identified as the most important option for
decreasing carbon intensity, with significant but smaller roles for
the expansion of biomass, nuclear energy, and CCS.

Finally, we present an evaluation of China’s current energy and
mitigation policies and international pledges. In fact, even though
China as a developing country has so far refused to accept binding
emission targets, it has put a number of policies into place, which
directly or indirectly aim to reduce energy as well as carbon
intensity. We find China’s short to mid term targets for energy
and carbon intensity of GDP to be in line with the values
suggested by our cost optimal 450 ppm stabilization scenario,
while the target for renewable energy falls short. The Chinese
government’s objective formulated for nuclear energy in 2020 lies
significantly above our benchmark values.

2. Literature review

Numerous previous studies have applied decomposition meth
ods to analyze the driving forces behind past changes in China’s
energy use and carbon emissions. Raupach et al. (2007) point out
the importance of China’s high rates of economic growth
that together with other developing countries account for
the lion’s share of global emission increases. This conclusion is

confirmed by Zhang et al. (2009), who show that for China
economic activity had the largest effect on CO2 emission changes
during 1991 2006, while energy intensity declined. CO2 intensity
of energy and structural changes are found to have relatively
small overall impacts. In the same vein, Liao et al. (2007)
decompose industrial energy intensity in China into sectoral
composition of energy use and efficiency improvements and find
that the decline in energy intensity between 1997 and 2002 can
mainly be attributed to efficiency improvements. Zhao et al.
(2010) show that energy savings from efficiency improvements
have occurred in China’s industrial sector, but that the expansion
of production scale and a heavier industrial structure contribute
to increases in total energy use. Finally, Guan et al.’s (2009)
decomposition of carbon emissions by economic sectors empha
sizes the role of global trade for China’s development model, as it
indicates that Chinese export production is responsible for half of
the emission increase in the period 2002 2005.

The bottom up model presented by Cai et al. (2008) suggests
that China’s emissions will continue to grow quickly until at least
2020 in any case, but that a sustainable development strategy and
additional future unilateral policies might help to slow down the
increase. All bottom up studies reviewed (Dai and Zhu, 2005; IEA,
2007; Cai et al., 2008; Ma et al., 2009) agree in their evaluation of
energy efficiency and renewable energies as the dominant miti
gation options. Dai and Zhu (2005) as well as the IEA World
Energy Outlook (IEA, 2007) further emphasize the potential role
of structural change and restructuring of energy intensive sectors.
Ma et al. (2009) stress the pivotal role of decarbonizing the power
sector (while they identify a significantly lower mitigation poten
tial in transportation) and mandate R&D in solar and CCS for
future deployment.

The importance of energy efficiency improvements and renew
able energies as the most prominent mitigation options is
confirmed by several top down studies that construct long term
scenarios for the Chinese energy system (Larson et al., 2003; van
Vuuren et al., 2003; Wang and Watson, 2009). Larson et al. (2003),
also suggest that coal gasification technologies (that co produce
electricity and liquid and gaseous energy carriers) combined with
some CCS might be a viable low cost mitigation option, while
Wang and Watson (2009) underline the importance of economic
and industrial structural change in order to achieve the reduc
tions required in their climate policy scenarios.

The decomposition studies cited above heavily focus on
changes in industrial structure and efficiency improvements to
explain changes in energy intensity, but devote little attention to
the factors affecting the carbon intensity of energy production, i.e.
the energy mix. Modeling results, on the other hand, often feature
a technology rich description of the energy system, but suffer
from a lack of empirical backing and do not discuss the implica
tions of their findings with regard to energy and climate policies
that are either already implemented or currently under discus
sion. To fill these gaps and contribute to the existing literature,
this paper (1) introduces an enhanced decomposition methodol
ogy for emissions time series that encompasses changes in the
energy mix, (2) applies this decomposition to plausible future
scenarios that are consistent with historical developments, and
(3) uses the insights gained to evaluate China’s current energy
and mitigation policies and international climate policy pledges.

3. China’s carbon emissions in retrospective

This section investigates the evolution of China’s energy
related emissions between 1971 and 2007 and identifies major
emission drivers at the macro level. To this end, we consider the
time series of the standard Kaya factors (Kaya, 1990), which are
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commonly used to study emission dynamics (see e.g. Rogner et al.
(2007)), and include: population, GDP per capita, energy intensity
of GDP, and carbon intensity of energy. In order to determine the
characteristics of historical emission dynamics, data for China are
confronted with world averages, and an aggregate of six newly
industrialized countries composed of Brazil, India, Indonesia,
Mexico, South Africa, and South Korea. At the starting point of
our analysis in 1971, the NIC aggregate had a total population
nearly on par with China’s (884 million vs. 845 million) and GDP
and emissions per capita were of similar magnitude, too.

3.1. Analysis along Kaya factors

Analyzing historical emissions data in terms of the underlying
Kaya components and carrying out a comparison between world
average, OECD,3 China, and NIC provides a number of insights.
First, we observe that China and NIC have followed a similar
general trend of per capita CO2 emissions until the early 2000s,
when emission growth in China accelerated substantially
(Fig. 2b). Initially, NIC had a higher GDP per capita but were
surpassed in the year 2000 by the faster growing China (Fig. 2a).

Second, for both China and NIC the evolution of carbon
intensity of energy has been characterized by an upward trend,
albeit with a much faster overall rise and higher base level in
China. Although China’s and NIC’s carbon intensity were initially
below the world average, a persistent rise in China and the
negative trend in the world average has driven Chinese carbon
intensity above the global and OECD average by the early 1980s,
while NIC’s carbon intensity converged towards global and OECD
levels (Fig. 2d). Today, China’s carbon intensity is about 30 35%

higher than global and OECD averages, since after half a decade
of stabilization and short decline after 1995 it has again strongly
risen after 2001.4

Third, the starkest difference with respect to all other regions
is seen in China’s extremely high energy intensity in the 1970s,
and its subsequent sharp drop (Fig. 2c). It fell below world
averages in the late 1990s, and touched the even lower OECD
level shortly thereafter.5 Although it eventually returned to
world average levels, it has recently started to fall again, which
could be explained by the latest 2006 2010 five year plan
to reduce energy intensity by 20 percent and related measures
(see also Section 5 in this paper). For NIC, energy intensity was
initially below world and even OECD levels, but gradually con
verged to the (steadily declining) OECD level.

Fourth, by today China’s per capita emissions and energy
intensity are very close to world averages, while GDP per capita
is still below the world average and carbon intensity is consider
ably higher. Overall, we can conclude that China as compared to
NIC was actually quite an average country also in the past,
except for two aspects: its persistently high growth of GDP until
today and its dramatically high initial energy intensity that fell
just as dramatically until the year 2000. With regard to CO2

emissions, the two ‘particularities’ worked in opposite directions,
at least until the year 2000. Thereafter, energy intensity reached
‘normal’ levels, which in combination with rising carbon intensity
resulted in the well known boost in Chinese per capita and
absolute emissions.
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3 For the analyses presented here, OECD covers all OECD countries but for

Korea and Mexico.

4 However, it has been suggested that manipulations in the official statistics of

energy supply from coal – rather than real changes in the energy system – were

responsible for this drop-and-rebound effect in carbon intensity (Streets et al.,

2001, Peters et al., 2007).
5 This observation holds when GDP is considered in PPP. See below for a

detailed discussion on the sensibility of this assumption.
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Fig. 4 for China and NIC, where the color coded stacked bars
indicate the contributions from the different effects. For example,
in 2007 we find that for China population growth (red) barely
contributed to overall emissions growth (0.5%), whereas the
increase in per capita GDP (orange) and carbon intensity (green)
would jointly induce a 16% increase, were it not for the counter
vailing effect of decreased energy intensity ( 9%). The convenient
property of the Kaya decomposition consists in its completeness:
adding the values of the four components gives again the total
change of emissions, namely þ7.5% in 2007, as indicated by the
small black triangle.7

The main difference between China and NIC is the significantly
stronger emission impact of GDP growth in the former, which was

at least until the year 2001 partly off set by strong negative
impacts from improved energy intensity. In both regions popula
tion has had a similar steadily positive but declining effect on
emissions, whereas the effect of carbon intensity was more
erratic, but with an overall tendency to raise emissions.

3.4. Extended Kaya decomposition for carbon intensity: method

In view of the Kaya decomposition of emission drivers it is
evident that policy measures to reduce emissions must address
energy intensity and in the long run especially carbon
intensity, while the effects due to growth of GDP and population
are either hard to control, judged to be unavailable for political
reasons, or face moral controversies. Hence, in order to get a
better understanding of the specific dynamics of China’s carbon
intensity, we subject its time series to an extended decomposi
tion that allows expressing the change in carbon intensity as a
sum of changes in the supply from specific energy carriers.
Namely, carbon intensity kt0 at time t0 can be expressed relative
to a preceding time step t as

kt0 kt
Et

Et0
þ
X

j

kjt0Ejt0 kjtEjt

Et0

� �
ð4Þ

where j indexes the different energy carriers, e.g. natural gas, coal,
etc., and kjt represents the specific carbon intensity of energy
carrier j at time t,8 which supplies carrier specific energy Ejt.
Given that by definition we have

Et Et0
X

j

ðDEjÞ ð5Þ

where DEj denotes the change between t and t0 in energy supply
Ej, one can write

kt0 kt

Et0
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The first part of the expression can be interpreted as the
energy carrier’s changing contribution to the overall energy mix,
while the second term of the expression indicates the change of
the energy carriers’ specific carbon intensity. This can be refor
mulated to express the change Dk in carbon intensity between t
and t0 as a sum over contributions from all energy carriers

Dk
1

Et0

X
j

ðkjt0UEjt0 kjtUEjt DEjktÞ ð7Þ

Dk so far only captures the partial effect. In a complete Laspeyres
decomposition, all residuals are taken into account, implying that
the effect of carbon intensity kf can be written as kf DkUR, where
R represents the residual (compare also Eq (3)). R can then be
written as

R ðPtUatUetÞþ
1

2
UðDPUatUetþDaUPtUetþDeUPtUatÞ

þ
1

3
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1

4
UDPUDaUDeÞ ð8Þ

In order to adapt the decomposition of carbon intensity, i.e. the
effect kf of carbon intensity on the change of emissions, we need
to multiply Dk (Eq. (7)) by R on both sides. This leads to the
graphs shown in Fig. 5, which allow to directly observe the
influence of specific changes in the energy mix on emissions.

3.5. Applying the extended decomposition: the role of coal

The expansion of coal based power generation in China has
recently received a lot of attention (e.g. Rosen and Houser (2007),
Ma and He (2008)). In fact, Fig. 5 confirms that the factor coal
explains almost all of the historical changes in China’s carbon
intensity. However, the general trend of steadily increasing
carbon intensity due to an expanding coal sector has been present
throughout the last 35 years. Thus, one cannot actually single out
the last years for being exceptional in terms of the role of coal.
What can be affirmed is that due to the greater absolute economic
size of China, the same percentage increase in carbon intensity
now leads to much higher absolute emission increases than 30
years ago. This ‘scaling effect’ is also manifest in the graph for
global carbon intensity, where the influence of Chinese coal
becomes visibly more pronounced at the end of the time horizon.

At the global level, the results indicate that in the past a major
driver of decarbonization has been the massive expansion of
nuclear power in the 1970s and 1980s. As seen in the graph, this
specific option has had a particularly strong role for the group of
OECD countries. A priori, such a development could also consti
tute a plausible scenario for China, at least under business as
usual assumptions. With respect to natural gas and oil, a persis
tent effect towards either rising or declining emissions cannot be
affirmed, as strong fluctuations prevail throughout the observa
tion period. Qualitatively, oil tends to have a decreasing effect,
implying that its share in the overall energy mix has fallen, while
natural gas shows a slightly positive effect. In fact, global shares of
primary oil in the total primary energy supply decreased from
roughly 45% to 35%. At the same time, the share of natural gas has
increased from 16% to 20%.9

Table 1 summarizes the findings from the extended decom
position of carbon intensity and puts them into perspective with
regard to the ‘size’ of the other Kaya factors, indicating each
factor’s net contribution to emissions growth, averaged over the
entire time horizon. It confirms that coal dominated the trend
towards carbonization of energy in China, which could not be
reversed by renewables or nuclear power at any time. Compared
to the world average, the effect caused by the increased usage of
coal is much larger in China (1.6% vs. 0.4%), with a less
pronounced difference when compared to NIC (0.9%).

Overall, the table suggests four main conclusions regarding the
evolution of emissions over the last 35 years: first, the overall very

7 Likewise, the first year in the graph for China, where all Kaya factors

contributed positively to emission growth, has the triangle simply located on

top of the bar.
8 Changing specific carbon intensity over time might be confusing at first

sight. However, the composition of energy carriers, e.g. coal, changes over time, as

for example lignite is replaced by hard coal or vice-versa.

9 Biomass and waste also contributed to decarbonization, but as traditional

biomass is included in the data, the effect of a rising population in least developing

countries using more traditional biomass cannot be separated from other effects,

as for example the wider use of biofuels in the transportation sector, or co-fired

waste in power generation.
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China, this section analyzes plausible future scenarios using the
integrated assessment model ReMIND R10 (Leimbach et al., 2010a,
2010b, Bauer et al., submitted). A more detailed model description
of ReMIND R is provided in the Appendix. Two of the scenarios
outlined here (baseline and 450 ppm stabilization) are identical to
those described in detail in the RECIPE project (see Luderer et al.
(in press), Bauer et al. (submitted)). After outlining the baseline
scenario, this section assesses China’s role in cost efficient global
mitigation efforts. We then contrast the energy system develop
ments required to achieve emission reductions with historical
trends by subjecting our numerical model results to the decom
position introduced in the previous section. Finally, this section
concludes by comparing China’s energy mix in the baseline and one
selected stabilization scenario (450 ppm CO2) and presents esti
mates of energy system investments for both scenarios.

4.1. Baseline assumptions in ReMIND R

To assess the role of China in globally efficient mitigation efforts,
we use a set of plausible, self consistent scenarios as generated by
the multi region integrated assessment model ReMIND R (Leimbach
et al., 2010a, 2010b; Bauer et al., submitted). ReMIND R is a hybrid
model that combines a Ramsey type optimal growth model of the
macro economy with a technology rich energy system model. It is
characterized by joint inter temporal optimization of both model
components, thus assuming perfect foresight by all economic
agents. It incorporates a detailed description of energy carriers and
conversion technologies (including a wide range of carbon free
energy sources) and allows for unrestricted inter temporal trade
relations and capital movements between the eleven macro regions
that are represented. Due to the model’s optimizing behavior and
the assumption of perfect foresight the resulting stabilization
scenarios should not be interpreted as forecasts but rather as first
best scenarios regarding a cost optimal transition towards a
low carbon energy system. Therefore they could be seen as a
benchmark outcome, against which real world developments can
be compared.

The baseline scenario describes plausible future developments
in a world without climate mitigation policy (Jakob et al., 2009).11

China’s population is assumed to keep growing at a relatively low
rate until 2030 and to stabilize at about 1.4 billion people
afterwards (UN, 2004). Its GDP per capita is projected to grow
at an average of slightly above 4%,12 corresponding to increases in
average income per capita from currently roughly US$ 1,800 in
2005 to US$ 14,000 in 2050. As improvements in energy efficiency
are outpaced by growing economic activity, total primary energy
consumption grows steadily at around 2% per year, increasing
almost threefold throughout the first half of the century. Without
additional measures to limit carbon emissions, China’s energy
system will likely remain dominated by fossil fuels (especially
coal) and continue the past trend of carbon intensive growth and
rising carbon emission. According to our scenarios, CO2 emissions
would increase more than threefold between 2005 and 2050.13

In the short to mid term i.e. until 2030 our assumptions on
population growth and GDP are practically identical to the ones
used by the IEA in its World Energy Outlook 2010 (IEA 2010),
resulting in very similar projections for energy demand.14 One
considerable difference, however, concerns carbon emissions: while
WEO2010 expects carbon emissions to rise by 2.4% per year in the
period 2008 2035, our baseline assumes coal to account for a larger
share of total energy consumption, which leads to an increase of
CO2 emissions of 3.9% per year in the period 2005 2030.

4.2. China’s role in global mitigation

Table 2 lists global as well as Chinese carbon emissions for
several scenarios: the baseline (BAU) scenario as well as several
climate policy scenarios aiming at stabilization of atmospheric
concentrations at 400, 450, and 500 ppm CO2 only with mini
mized global costs. Note that in the baseline scenario the model
maximizes welfare without taking into account any additional
constraints, i.e. already existing energy or climate policies are not
included in the baseline.

The results illustrate the efforts that need to be undertaken to
stabilize emissions at various climate policy targets. It gets
obvious that China needs to take more responsibility in global
mitigation the more ambitious climate policy targets are set, both
in absolute numbers as well as relatively to other world regions.
The share of global emission reductions that is undertaken in
China increases with more ambitious climate targets, ranging
from 11% in the 500 ppm to 14% in the 400 ppm scenario. This
corresponds to cumulative emission reductions ranging from 27%
(in the 500 ppm scenario) and 43% (in the 450 ppm scenario) to
71% (in the 400 ppm scenario) below business as usual. The fact
that such sizable reductions in China are needed is intuitively
clear: stabilizing atmospheric CO2 concentrations requires limit
ing cumulative carbon emission in the period 2005 50 to 1350 Gt
CO2 globally (in the 450 ppm scenario). This corresponds to about
4.5t CO2 per person per year, i.e. very close to China’s current level
and well below the baseline, which projects an almost threefold
increase of Chinese annual per capita emissions by 2050.

Table 3 shows results of the enhanced Kaya decomposition for
absolute emission changes between 2005 and 2050 for different
scenarios. For population and GDP per capita we find a decreasing
contribution to emission changes with more ambitious climate
policy targets, which can be explained by the lower total emission
levels in the policy scenarios. For example, in a relatively carbon
neutral economy, a unit of GDP per capita or population growth
will contribute less to emissions growth than in a carbon intense
economy. Most importantly, Table 3 illustrates the interplay
between energy and carbon intensity for different stabilization
targets. With increasingly ambitious climate policy targets the
importance of energy intensity decreases, while carbon intensity
reductions get more and more important. In the BAU scenario
energy intensity contributes most, which can as explained
above for population and GDP per capita be explained with
higher absolute emission levels. Thus, significant emission reduc
tions that can be derived from energy intensity improvements are

10 In its structure the ReMIND-R model is comparable to other integrated

assessment models, e.g. RICE (Nordhaus and Yang, 1996) or MERGE (Manne et al.,

1995), but features a detailed resolution of the energy sector. The model as well as

its baseline assumptions is discussed in more detail in the Appendix.
11 Economic damages caused by climate change are not taken into account by

this version of REMIND-R.
12 Economic growth is assumed to slow down from currently about 8% per

year to 4.5% in 2030 and 3% in 2050.
13 Trade is frequently mentioned as a driving factor for China’s emission

growth (Guan et al., 2009). First, trade is likely to have an impact on China’s

emissions by driving economic growth. Our scenario takes into account that China

cannot indefinitely increase current account surpluses, projecting average per

capita GDP growth of roughly 4% per year in the period 2005–2050, substantially

(footnote continued)

below the growth rates that China displayed in the last decades. Secondly, trade

plays a role for China’s emissions if the carbon per value embedded in exported

goods is significantly different compared to production for domestic consumption.

Several studies point out that the amount of carbon embedded in Chinese exports

is very similar to the emissions avoided by imports (i.e. the emissions that would

have been generated if imported goods had been produced in China instead) such

that the composition of China’s exports does not significantly influence the

country’s emissions (Peters and Hertwich, 2008).
14 WEO2010 projects energy demand to increase by 2.6% per year in the

period 2008–2035, while for ReMIND the respective figure is 3% in 2005–2030.
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already undertaken in the BAU scenario,15 but only limited
additional reduction potential from decreasing energy intensity
can be realized when climate targets become more ambitious.
Therefore a focus on carbon intensity becomes increasingly
important. Determining the drivers of carbon intensity in more
detail, we find that its reduction is mainly triggered by renewable
energy in the 450 ppm scenario, while CCS and a decrease in the
use of coal are majorly important for the 400 ppm low stabiliza
tion scenario.16

Crucial assumptions for the policy scenarios in this analysis are
(a) immediate action on climate change mitigation and (b) the
presence of an international carbon market. Therefore, mitigation
of carbon emissions features full ‘where flexibility’, i.e. it can be
undertaken at the location where it generates the lowest costs. In
the inter temporal optimization framework applied here, this
implies that the allocation of emission rights among nations only
affects the incidence of mitigation costs, while, for a given
mitigation target, the distribution of physical emission reductions
remains independent of allocation (Manne and Stephans, 2005).
The sizable physical emission reductions in China projected here
thus point to the presence of ample low cost mitigation options,
but not as an indicator of the reduction target in terms of
emission rights. It does not imply that China will necessarily bear
a large share of the costs of climate stabilization.

4.3. Macroeconomic effects of climate policy

To keep the analysis tractable, we discuss macroeconomic effects
of climate policy, mitigation options, and investment needs taking
the 450 ppm target as an example. Depending on assumptions
about emissions of other greenhouse gases, this target corresponds
to overall GHG concentrations of 500 550 ppm CO2 eq. (Fisher et al.,
2007). In terms of temperature changes, the cumulative emission
budget until mid century corresponds to a probability of slightly
less than 50% of keeping global warming below 2 1C compared to
preindustrial levels (Meinshausen et al., 2009).

Fig. 6 illustrates the driving forces of carbon emissions as
observed in the past and projected for the future under business
as usual as well as for the 450 ppm stabilization scenario. As can
be seen from the Kaya decomposition in panel (a), robust
economic growth in China has put and is supposed to continue
to do so in the future considerable upward pressure on
emissions, while population growth (which is expected to turn
negative from 2030 on) has only minor impacts. Even in the
baseline scenario declining energy intensity acts as a counter
weight to economic expansion, limiting the increase of energy
consumption to rates well below the rate of economic growth.
Without policy intervention, the move towards higher shares of
(abundantly available) coal in the energy mix increases the
carbon intensity of energy production, especially in the near term
(panel b). However, this effect is by an order of magnitude smaller
than the effects of changes in GDP and energy intensity.

In the 450 ppm CO2 climate policy scenario Chinese emissions
peak in 2020 and decline constantly after that date. Climate
measures can be targeted at decreasing the energy intensity of
GDP (e.g. through energy efficiency improvements or industrial
policies to shift the production structure towards less energy
intensive sectors) or lowering the carbon intensity of energy
production (e.g. by encouraging the use of low carbon energy
technologies). The most remarkable feature of the stabilization
scenario, depicted in panel (c), is the continued decrease in carbon
intensity from 2020 onwards, triggered by structural changes in
China’s energy system. With improvements in energy efficiency
that only partially compensate economic growth, lowering carbon
intensity is essential to reduce carbon emissions without compro
mising development. The differences in per capita CO2 emissions
between the baseline (where they grow by about 2.2% per year on
average) and the policy scenario (where they slightly decline) can,
to a large part, be explained by the different trends in carbon
intensities: While in the baseline carbon intensity grows by a little
less than 1% per year on average, this trend is reversed in the
policy scenario, in which it declines by roughly 2% per year. The
decomposition of carbon intensity shown in panel (d) reveals that
decreasing the consumption of coal and increasing use of renew
ables and biomass can make the largest contribution to reverse the
current trend and achieve lower carbon intensity, with additional
but smaller roles for nuclear power and CCS.

4.4. Assessment of mitigation options

According to the baseline scenario (i.e. in the absence of
climate policies) China’s energy system will remain carbon
intensive, with the largest share of primary energy demand met
by fossil fuels (Fig. 7a). Even in the absence of climate policy it can
be expected that oil and gas become scarce. As they are replaced
by coal, this results in increasing shares of coal (but also of
biomass and renewable energies) in China’s energy mix, while
nuclear energy is projected to remain at a negligible level.17

Table 2
Role of China in global reduction efforts.

BAU 500 ppm 450 ppm 400 ppm

Global cumulative emissions
2005-50[Gt CO2]

2604 1655 1350 642

Global reduction below BAU [%] 36 48 75

China’s cumulative emissions
2005-50 [Gt CO2]

381 278 218 110

China’s share in global emissions [%] 15 17 16 17

China reduction below BAU [%] 27 43 71

Share of global reduction [%] 11 13 14

Table 3
Decomposition of China’s absolute emissions change from 2005 to 2050 in

different scenarios in percent.

BAU 500 ppm 450 ppm 400 ppm

Population 20.0 14.3 12.2 10.1

GDP per Capita 481.5 373.2 331.2 291.3

Energy Intensity 333.0 288.0 252.9 182.1

Carbon Intensity 39.8 55.0 95.5 167.6

CI attributed to
Coal w/o CCS 58.7 13.4 3.3 20.7

Gas 0.3 0.2 0.1 0.6

Oil 1.3 1.0 0.7 0.9

Nuclear 0.3 6.9 6.9 2.9

Biomass w/o CCS 13.6 21.9 23.9 13.7

Renewables (incl. Hydro) 4.0 31.8 50.1 52.1

CCS 0.0 7.0 10.8 78.1

Absolute emission change in 2050
compared to 2005 [%]

208.4 44.5 5.0 48.3

15 This could be interpreted to be in line with static marginal abatement cost

analyses, which see negative abatement costs for a significant share of energy

efficiency improvements, i.e. measures to decreases energy intensity. As REMIND-

R is an inter-temporal optimization model these options will naturally be realized

in the BAU case. For a more detailed discussion see van Vuuren et al. (2009).
16 REMIND-R allows for negative emissions that are generated by biomass in

combination with CCS. This mitigation option gets particularly important for very

low stabilization scenarios, such as the 400 ppm scenario considered here. For a

more detailed discussion see Edenhofer et al. (2010).

17 Without climate policy, no incentives to apply CCS exist. Hence, this option

is not employed in the baseline scenario.
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2007). Nuclear energy, which currently plays only a minor role in
China’s current energy portfolio, is planned to be expanded to 86
GW until 2020,21 and several pilot projects for CCS have been
recently built or are currently under construction (Fenn 2009),
showing a principle interest of Chinese energy planners to
develop this technology.

5.3. Evaluation of Chinese climate change policy

Table 4 compares China’s announced policies with the simula
tion results for our baseline as well as 450 ppm stabilization
scenario. The energy intensity target is only slightly more ambi
tious than the improvements projected under business as usual
( 40% vs. 37.6% by 2020), strengthening the presumption that
economic efficiency rather than environmental concerns might be
the primary motivation behind its adoption. However, it is
basically still sufficiently close to the energy intensity reduction
suggested by the 450 ppm stabilization scenario (45% reduction),
which highlights the fact that energy efficiency improvements
have a limited scope if they are to be cost efficient.22

Our business as usual scenario foresees significantly lower
carbon intensities of GDP than other projections (e.g. IEA 2009b;
IEA 2010; EIA 2009)23. This is due to the fact that the latter are
mainly based on the extrapolation of long run trends and also
incorporate recent policy developments, while our baseline
assumes a continuation of the more recent shift towards coal, at
least in the short and mid term.24 Unlike the energy intensity
target, the target set for the carbon intensity in 2020 of GDP
( 40% to 45%) is considerably below the baseline (about

25%), and well in line with the development path suggested
by our 450 ppm stabilization scenario (about 45%). However, it
should be noted that transforming China’s energy system requires
sustained effort over several decades, and that no long term
targets extending beyond 2020 have been formulated.

With regard to renewable energies, our cost effective policy
scenario calls for a larger share than what the current renewable
energy target envisages for 2020 (21% vs. 15%), while the
proposed 86 GW of nuclear capacity in 2020 are multiple times
above what our simulations suggest. However, in the longer term
up to 2050, nuclear energy plays a role that is more congruent
with ReMIND scenarios. As ReMIND R projects only a limited
amount of abatement via CCS in the short and mid term, China’s
engagement in pilot projects can be seen as appropriate to

explore the potential of this technology within the overall
portfolio of mitigation options.

6. Conclusions

In the analysis of historical emission patterns, we show that
China can in two respects be seen as a special case, indeed: first of
all, China has grown at an exceptional rate over the last decades,
which can be identified as the main driver for the growth of
emissions. At the same time, emission increase has been decel
erated by improving energy intensity levels. However, this effect
of partial off set only lasted until the early 2000s, when energy
intensity levels started to increase again. As a consequence
emissions growth accelerated significantly. Second, over the
entire time horizon of 1971 2007 coal has contributed more
significantly and more consistently to emissions growth in China
than in other regions considered in this paper. However, the effect
is small compared to the effect of economic growth.

For the future, a strong contribution to international mitigation
efforts taking place in China (independent of who bears the costs)
is seen as necessary to achieve stabilization of the atmospheric
CO2 concentration. Model results underline the importance of
physical reductions in China if global costs are to be kept at
acceptable levels. It is important to point out that these reduction
needs are independent from equity considerations, which should
be addressed independently, e.g. by initial allocations in emission
trading schemes (Schmidt and Marschinski, 2010).

The trend reversal of decreasing energy intensity in the mid
2000s suggests that future options to reduce CO2 emissions will
be much more limited than in the past, as the general level of
energy efficiency has nearly reached OECD levels. This is backed
by model results showing that China’s energy intensity target is
only slightly more ambitious than our business as usual projec
tion. Even though energy efficiency improvements are surely one
important aspect, the decarbonization of the energy system
requires the promotion of carbon neutral energy carriers to reach
the announced goal of bringing down the carbon intensity of GDP
by 40 45% below 2005 levels by 2020. China has implemented a
number of policies to increase energy efficiency and make energy
supply cleaner and more secure,25 which are an important first
step. However, as long as coal retains its position as dominant
energy carrier, the effects of promoting renewables, CCS and
nuclear power will only have a minor impact.
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Table 4
China’s technology targets for carbon-free technologies compared to actual values in ReMIND-R projections.

Policy China targets Baseline scenario 450 ppm stabilization scenario

Energy intensity 40% reduction in 2020 compared to 2005a 37.6% in 2020 45 % in 2020

Carbon intensity of GDP 40–45% reduction until 2020 compared to 2005 24.8% in 2020 44.8% in 2020

Renewable energy (all) 15% of total energy by 2020 9.2% in 2020 21% in 2020

Nuclear 86 GW until 2020 5 GW in 2020 5 GW in 2020 (111 GW in 2050)

CCS No official target N/A 0.6% in 2020

a Note that this is not an official target, see also footnote 22.

21 The initial goal of 40 GW was revised in 2009, see http://www.chinadaily.

com.cn/china/2009-07/02/content 8346480.htm [February 2010].
22 However, small differences in energy efficiency improvements can have

significant effect if they are maintained over long intervals. This explains the

importance of energy efficiency as a mitigation option in our stabilization scenario.
23 For instance, IEA (2010) projects energy intensity in China to decrease by

3.3% per year over the period 2008–2035. Applying this rate for the period

2010–2020 yields a decrease of 38.4%, very similar to our figure of 37.6%. For

carbon intensity of GDP, however, the IEA projects an annual decrease of 3.1%,

which corresponds to 36% over the period 2010–2020. This decrease is hence

much more pronounced than the 24.8% found with our model.
24 See Bosetti et al. (2009) for a discussion.

25 Whether the motivation is always triggered by climate change or whether

climate friendly policies are rather a co-benefit of other policy priorities is not

always easy to say.

J. Steckel et al. / Energy Policy 39 (2011) 3443–3455 3453



110 Chapter 4 From carbonization to decarbonization?
 

Appendix

Model description

ReMIND R is a multi regional hybrid model that couples an
economic growth model with a detailed energy system model and a
simple climate model. Macroeconomic output, i.e. gross domestic
product (GDP), is determined by a constant elasticity of substitution
(CES) production function with labor, capital and final energy as
input factors. GDP can be used for consumption, investments into
the macroeconomic capital stock (for which a depreciation rate of
5% is assumed), all expenditures in the energy system (fuel costs,
investment costs and operation and maintenance costs) and for the
export of a final good. Final energy is modeled as a CES production
function comprising transport energy and stationary energy.
REMIND R takes into account exogenous technical change in the
macroeconomic system (expressed as changes in factor productiv
ities) as well as endogenous technological evolution in the energy
system (i.e. learning curves for energy technologies).

The energy system module (ESM) comprises a detailed
description of energy carriers and conversion technologies. It is
embedded into the macroeconomic growth model through the
techno economic characteristics and the system of balance equa
tions that set up the energy system. Multiple primary energy
sources are available in the ESM. These include renewable
primary energy sources defined by region specific and energy
source specific potentials, which are classified into different
grades. In addition, there are exhaustible primary energy sources
(coal, oil, gas, and uranium). These are tradable and characterized
by region specific and energy source specific extraction cost
functions, which increase with cumulative extraction.

Each region is modeled as a representative household max
imizing an inter temporal utility function that depends on instan
taneous utility in each time step (discounted at a pure rate of time
preference of 3%), which is derived from per capita consumption.
The individual regions are linked by trade relations. The present
version of ReMIND distinguishes 11 world regions, linked through
trade in coal, gas, oil, uranium, goods, and emission permits. Trade
and capital mobility (implied by trade in the composite final good)
are driven by differences in factor endowments and technologies
and modeled as exports into in and imports from a common pool.
The balance between exports and imports for each kind of good in
each period is guaranteed by adequate trade balances. For indivi
dual regions, current account deficits and surpluses in any period
are permitted as long as inter temporal trade is balanced.

Baseline description

The baseline scenario depicts future developments in a world
without climate mitigation measures. Based on UN projections,
global population is expected to keep growing and reach roughly
9 billion in 2050. GDP is assumed to grow at rates close to
historical values in industrial regions but more rapidly in newly
industrializing and most (but not all) developing and least
developed countries. The underlying storyline is that the US,
Europe, and Japan are expected to remain the regions with the
highest incomes in 2050, with other countries, especially China
and India, closing the gap. Thus, global GDP is projected to grow
at an average of 3.1% per year, resulting in income levels in 2050,
which are almost 4 times their 2005 value. This corresponds to a
rise in GDP per capita from roughly US$ 6,800 in 2005 to US$
18,400 in 2050.

ReMIND R projects a strong initial growth of energy use, which
slows down considerably after 2040. Total energy use increases
from 400 EJ in 2005 to 830 EJ in 2050, an annual increase of 1.6%.
Energy use in the US, Europe, and the rest of Annex I countries,

which currently account for approximately 50% of global con
sumption, rises steadily but at low rates. Considerable increases
are predicted for the group of developing countries. Fossil fuels are
expected to account for almost 90% of total primary consumption
in 2050. However, due to scarcity of fossil fuels and technological
progress in the renewable energy sector, fossil fuels become more
expensive compared to renewables from 2030 onwards, and non
fossil sources of energy (i.e. renewables and nuclear) are projected
to gain in importance, even in the absence of climate policy.

The model assumes continuous improvements in energy
efficiency due to technological progress, resulting in an average
annual decline in energy intensity of about 1.5%. Due to the
pronounced rise in energy demand and the continued dominance
of fossil fuels, amplified by the growing share of coal in the energy
mix, ReMIND R projects a more than doubling of global annual
CO2 emissions, from 32 Gt CO2 in 2005 to almost 65 Gt CO2 in
2050 (i.e. an annual growth rate of about 1.6%).
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Abstract In the context of the post-Kyoto policy debate, the question was raised
whether the current practice of production-based emissions accounting should be
replaced by a consumption-based approach. In this paper, we qualify the conditions
under which the way of carbon accounting makes a difference, and show how
this affects the incentive of countries to opt for one or the other alternative. Two
main insights are presented: First, it is emphasized—and formally shown with a
general equilibrium trade model—that the way of accounting has neither ef f iciency
nor distributive effects in the presence of a global cap-and-trade regime with full
coverage and given national emission caps. Second, the accounting scheme does
matter whenever the initial allocation rule for emission rights is related to past
emissions. However, for a net exporter of carbon such as China, the preference
for one or the other turns out to be ambiguous, since the current production-based
accounting would be favored under grandfathering, whereas consumed carbon would
be the preferred measure whenever higher current or historic emissions imply a lower
initial allowance, as e.g. under the principle of historical responsibility.

1 Introduction

The current practice for reporting a country’s greenhouse gas (GHG) emissions is
to count all emissions that were generated on its territory over a given time period.
That is, emissions are attributed to countries according to where they were physically
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produced. However, in the course of the intense discussions about a post-Kyoto
climate agreement and the appropriate role of developing and developed countries
therein, the question was raised whether the practice of production-based accounting
should not be amended. Arguably, this debate was largely triggered by China’s
massive export of embodied carbon to Annex I countries, which made up roughly
one third of its total carbon footprint in 2005 (Weber et al. 2008; Guan et al. 2009).

As a consequence, several authors have argued in favor of consumption-based
accounting, mostly on the grounds of increased effectiveness (Peters and Hertwich
2008a, b; Pan et al. 2008) and equity (Munksgaard and Pedersen 2001; Bastianoni
et al. 2004; Lin and Sun 2010). For instance, Yang and Yang (2010) emphasize
that those “who consume goods [. . . ] should also share the responsibility”, and
recommend China to “claim [a] consumption based accounting system” in the global
climate negotiations, which would be a “fairer method of allocating responsibility for
GHGs”.

Statements like this point at the potential relevance of the accounting approach for
the prospects of post-Kyoto climate policy. In fact, most of the literature explicitly or
implicitly suggests that the adoption of consumption-based accounting would lower
the threshold for developing countries to join a new global agreement. E.g., according
to Pan et al. (2008), “consumption accounting is also likely to enhance the scope
to bring developing countries into an effective post-Kyoto framework”.1 Likewise,
Peters and Hertwich (2008a) argue that countries with a significant share of carbon-
intensive exports are deterred from “participation in binding emission reductions
since deep emissions cuts would ultimately affect export industries”.

These arguments for a consumption-based approach imply the existence of sig-
nificant distributional effects in relation to the accounting method, in particular for
exporters of carbon-intensive goods, such as China. However, in view of the large
number of competing proposals for a post-Kyoto framework (e.g. Bodansky 2004), it
is not clear whether these assertions hold in general, or just for specific types of policy
architectures. Namely, a new agreement might be fragmented, i.e. with incomplete
participation, leading to different carbon prices (or none) across countries, or with
full coverage and participation, resulting in a uniform price of carbon, such as under
a global cap-and-trade accord, as proposed, e.g. by Stern (2009).

In this contribution, we qualify the assertions from above by (a) showing that
in the latter case of global cap-and-trade, production- and consumption-based ac-
counting are equivalent for given national caps and (b) showing that even where
distributional effects can be expected for setting national caps, the preference of a
carbon-exporter for one or the other approach is not obvious. Result (a) is derived
by means of a general equilibrium trade model, which essentially confirms economic
intuition and therefore might not appear imperative, especially not to economists
familiar with trade theory. However, our main point is not the formal result as such,
but its relevance in the context of climate policy, where in our view it has been
underappreciated.

1See also Wang and Watson (2008): “A consumption-based emissions account might also help to
make it easier for developing countries such as China to participate in an international post-2012
climate agreement”.
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2 Formal analysis: description and findings

The Kyoto Protocol assigns emission caps only to developed countries, and allows
developing countries to participate voluntarily through the Clean Development
Mechanism (CDM). In contrast to this, we assume a global agreement assigning
legally binding emission caps to all countries with significant carbon emissions for
the following analysis. This does not necessarily mean that all countries incur costs,
or that all have to reduce their current emissions, as initial allocations might be abun-
dant for some countries and emission permits are tradable. Total global emissions
will however be capped, e.g. based on a global budget approach as proposed by
WBGU (2009).2

Within a general equilibrium trade model (formal details below), it can be shown
explicitly that in a global cap-and-trade system with given emission caps, switching
from a production- to a consumption-based accounting system has neither efficiency
nor distributive effects. The distribution of welfare depends solely on the initial
allocation of emission allowances among countries, i.e. a binding target of 500 MtCO2

always implies the same level of welfare for a given country, be it under a production-
or consumption-based system. Intuitively, this can be explained by the fact that in
the presence of a global carbon market, costs of emissions will always be internalized
and consumers thus always face the same net consumer price.3 The initial allocation
of permits matters because it generates income for countries in form of a scarcity
rent. However, once the allocation issue is settled, the choice between production-
or consumption-based accounting has no influence on the welfare of countries,
irrespective of being net exporters or net importers of emissions.

Under conventional production-based accounting, all firms producing an identi-
cal4 good include their individual emissions as additional input factor in production
costs, but—in equilibrium—sell their good at the common international market
price, independent of its specific carbon content. If a country is a net exporter of
emissions, it uses the permits of its initial allocation and, possibly, buys additional
permits from other countries. The emission costs, however, are still internalized in
the price of goods when they are exported. Thus, in the end the importing country’s
consumers implicitly pay for the embedded emissions.

With consumption-based emissions-accounting, international prices of identical
goods would in theory be different whenever they contain different amounts of
embodied carbon. In equilibrium, however, producer prices of identical but more
carbon intensive goods adjust, becoming lower than those of low-carbon substitutes,
so as to lead to a uniform net consumer price. Since consumers have to buy more
permits for goods with higher carbon content, producers’ profits are reduced in ac-
cordance to their specific carbon intensity by receiving a smaller share of the revenue.

2Arguably, this constitutes a strong assumption. However, almost all studies that analyze pathways
to atmospheric GHG stabilization foresee the adoption of binding targets for developing countries
at some point in time, e.g. Richels et al. (2009).
3A similar effect is known from tax theory, where the point of taxation—on the consumer or on the
producer side—has no impact on efficiency (Salanie 2002).
4We call goods identical if they are perfect substitutes in the utility function of the consumer.
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Hence, in both cases production conditions are altered due to the emissions con-
straint, either explicitly (production-based accounting) or indirectly through market
forces (consumption-based accounting). This explains why the two different systems
have no influence on the efficiency of production. In addition, they also have no
influence on the welfare distribution, since in both cases the complete internalization
of emissions means that the associated costs are ultimately borne by consumers.

3 Relevance of results and discussion

In light of our results, the question of which accounting scheme is preferable
for a global cap-and-trade system can be separated from distributional aspects.
However, there are other differences between the two accounting schemes that may
be relevant: For instance, consumption-based accounting could require considerable
resources for determining and labeling the embodied emissions in every stage of the
production process and all final consumption goods. Moreover, the quantification
of the carbon content of trade is still prone to methodological uncertainties (Liu
and Wang 2009), suggesting that in terms of transaction costs and environmental
effectiveness the current accounting based on production would be favored (Wang
and Watson 2008).

Developing countries, in particular, insist that a global climate policy framework
must be based on the principles of equity and reflect the UNFCCC principle of
common but differentiated responsibilities. Following our argumentation, in a global
cap-and-trade framework equity can be addressed by means of appropriate burden
sharing rules, which allow to incorporate different responsibilities of countries
through different initial allocations of emission allowances.

In the past, different principles that may guide this initial allocation were proposed
(e.g. Baer et al. 2000). Among others, emissions could be allocated (1) on an equal
per-capita basis, (2) by grandfathering, or (3) by the principle of historical respon-
sibility, which allocates a higher cap to countries with lower cumulative historical
emissions. In this context the two accounting schemes can diverge: whenever past
emissions are used to determine a specific allocation (2 and 3), production- and
consumption-based accounting will lead to different distributional outcomes. In the
case of grandfathering, countries that are net exporters of emissions benefit from
production-based accounting, because it implies a higher initial cap. Conversely, if
countries’ historical emissions lead to a diminution of the allocation—as in (3)—net
exporters benefit from consumption-based accounting. The choice of the accounting
scheme can thus have a significant impact on the allocation of emission allowances,
and thereby on the distribution of mitigation costs. By contrast, allocating emissions
on an equal-per-capita basis is independent from past emissions and, thus, from
the accounting method. In other words, a large share of exports in emission-
intensive production does not automatically lead to a preference for a specific
accounting method; rather, the preferred method will depend on the initial allocation
scheme.

Taking China as example, it would be better off in a global carbon market
with production-based accounting, if emission certificates were grandfathered like
under the Kyoto Protocol. Namely, assume China was to join a global cap-and-
trade system from 2020 on, and be given an annual emission allowance equal to
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its 2005 emissions. Following Lin and Sun (2010), China had production-related
emissions of 5.5 GtCO2 in 2005, which lowers to 4.4 GtCO2 for a consumption-based
measurement.5 Accordingly, under a grandfathering rule, the cap for China would
be 1.1 GtCO2 higher for production- than for consumption-based accounting, thus
implying relatively lower mitigation costs. Similar considerations arise for an alloca-
tion based on historical responsibility: As those who have emitted relatively less in
the past would be allocated larger allowances for the future, China—assumed to be
a net exporter of carbon in the past—would receive relatively more emission permits
under consumption-based accounting. For an equal-per-capita allocation, however,
the national cap would only depend on China’s share of the world population and
on the negotiated global emission cap, resulting in the same outcome under both
accounting schemes.

Our assumption of global cap-and-trade might seem a strong and for the near
future unrealistic restriction. In fact, without global coverage, international carbon
leakage becomes a problem, as becoming evident for the Kyoto Protocol (Dröge
et al. 2009). Whether consumption-based accounting could be better suited to control
carbon leakage than production-based accounting is a relevant question, which is
addressed in several contributions (e.g. Peters and Hertwich 2008a, b; Pan et al.
2008), and still needs further research.

4 Formal analysis

In this section we use a general equilibrium model to formally demonstrate the
equivalence of the two accounting schemes under global cap-and-trade. Although in
hindsight the model mostly confirms economic intuition, it helps to make the relevant
mechanism explicit.6 We start by considering two countries, A and B (superscript
index i), and two sectors, 1 and 2 (subscript index j).

Each country is characterized by transformation functions qi
2 = Ti

(
qi

1

)
, which

describe the efficient combinations of output in goods qi
1 and qi

2. Emissions arise
as a byproduct of production and are proportional to output, with fixed specific
emission intensities γ i

j ≥ 0. Accordingly, total production-based emissions of country
i are given by Ei = � j γ

i
j qi

j.
Preferences of the representative consumers are expressed by a generic utility

function Ui
(
ci

1, ci
2

)
, where ci

j is country i’s consumption of good j. Goods can be
differentiated according to their origin by using the notation imi

j, which indicates
country i’s imported consumption of goods of type j with foreign origin.

We now compare the two different emission accounting schemes by considering
the associated competitive equilibria in goods and emission permits. Note that in
both cases we assume the presence of a global cap-and-trade regime, with a total cap
Z , of which each country i receives Z i permits (for free) as initial allocation.

5Consumption based emissions follow from Table 5 in Lin and Sun (2010) as the difference between
total emissions and ‘net embodied emissions of trade balance’ EEB.
6In its way of including emissions, it also differs from the standard approach in trade modeling.
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Under production-based accounting, each country faces the following optimiza-
tion problem: given prices pj and τ of goods and permits, choose the point of
production and consumption such that utility is maximized:

max{qi
1,c

i
1,c

i
2}

Ui (ci
1, ci

2

)
. (1)

Any solution must satisfy the budget constraint, which ensures that total expenditure
equals total income,

p1 ci
1 + p2 ci

2 = p1 qi
1 + p2 qi

2 + τ
(
Ei − Z i) , (2)

and be physically feasible, i.e. qi
2 = Ti

(
qi

1

)
. The two constraints can be combined by

writing the budget constraint as

p1 ci
1 + p2 ci

2 = (
p1 − τ γ i

1

)
qi

1 + (
p2 − τ γ i

2

)
Ti(qi

1) + τ Z i. (3)

Equations 1 and 3 define a well-posed general equilibrium problem, since the
optimization determines the choice variables of both countries as functions of pi and
τ , while the latter are found by using the market clearing conditions for goods and
permits.

In the case of consumption-based accounting, goods must be differentiated ac-
cording to their origin, since they generally require different amounts of emission
permits per unit of consumption. Therefore, four different prices for goods have to be
introduced, where pi

j is used to denote the price of good type j produced in country
i. It is helpful to also define price differentials �pi

j, which stand for the difference in
the price of good j from the point of view of country i, e.g. �pB

1 = pB
1 − pA

1 .
Countries now maximize their utility according to

max{
qi

1,c
i
1,c

i
2,im

i
1,im

i
2

} Ui (ci
1, ci

2

)
, (4)

with a budget constraint formed by the equalization of expenditure and income

pi
1 ci

1 − �pi
1 imi

1 + pi
2 ci

2 − �pi
2 imi

2 + τ Ei
C = pi

1 qi
1 + pi

2 Ti(qi
1

) + τ Z i. (5)

Here, Ei
C represents the consumption-based emissions of country i, which—using

�γ i
j to denote the intensity differentials in an analogous way as �pi

j for prices—can
be written as

Ei
C = γ i

1 ci
1 − �γ i

1 imi
1 + γ i

2 ci
2 − �γ i

2 imi
2 (6)

Combining the last two Eqs. 5 and 6 allows writing the maximization constraint as
one equation

(
pi

1 + τ γ i
1

)
ci

1 − (
�pi

1 + τ �γ i
1

)
imi

1 + (
pi

2 + τ γ i
2

)
ci

2

− (
�pi

2 + τ �γ i
2

)
imi

2 = pi
1 qi

1 + pi
2 Ti (qi

1

) + τ Z i (7)

which precisely shows how the sum of the (producer-) price for goods and for
emissions forms the net price faced by consumers. To determine all prices, the market
clearing conditions for emission permits and for all (four) goods are used.

For a formal solution of the optimization problem defined by Eqs. 4 and 7,
the appropriate Lagrangian Li is formed. Let us consider the optimal choice for
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imi
j, which only appear in the budget constraint Eq. 7. Therefore, the first-order

conditions for an interior solution are simply given by

∂Li

∂imi
j

= 0 = �pi
j + τ �γ i

j, (8)

which directly implies

pA
j + τ γ A

j = pB
j + τ γ B

j . (9)

The intuition behind this equation is straightforward: in a competitive trade-
equilibrium the net consumer prices (compare with Eq. 7) for all identical goods
must be the same, since otherwise consumers would buy only the cheapest ‘version’.
This implies that of the four prices pi

j two, say pB
j , are already determined. Let us

now substitute the two unknown prices pA
j by new unknowns called cp j (‘consumer

price’), according to

pA
j ≡ cp j − τ γ A

j . (10)

By inserting cp j into the budget constraint Eq. 7 and using Eq. 8 one obtains

cp1 ci
1 + cp2 ci

2 = (
cp1 − τγ i

1

)
qi

1 + (
cp2 − τγ i

2

)
Ti(qi

1) + τ Z i. (11)

The ‘size’ of the optimization problem has been reduced to only two consumption
goods and two prices. In fact, a comparison with Eq. 3 shows that it is equivalent to
the one where emissions were accounted on the basis of production. Thus, we have
shown that both accounting schemes would lead to the exact same production and
consumption levels.

5 Concluding remarks

Under a global cap-and-trade system with full coverage and given initial allocations,
production- and consumption-based accounting are equivalent in terms of efficiency
and distributional effects. Therefore, they should in this case be assessed on the basis
of other aspects, such as transaction costs. With regard to initial emission allocations
and the underlying principles of burden-sharing, the choice of the accounting scheme
will make a difference whenever past emissions influence the allocation decision.
Ethical reasons may justify consumption-based counting of past or current emissions,
but for a future global carbon market the expected lower transaction costs speak in
favor of production-based accounting.

In view of our results, one possible way for building up an effective, efficient, and
fair cap-and-trade regime would be to choose—in accordance with some underlying
ethical principle—a specific production- or consumption-based allocation method
for the computation of national caps, and to implement the associated system of
emissions trading on the basis of production-based accounting.
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ABSTRACT 

 
We analyze the relationship between economic development and energy consumption in the context of 
climate change mitigation. Bottom-up assessments of household and infrastructure energy needs are 
surveyed to derive estimates of minimal thresholds of energy consumption necessary to support economic 
development. Applying a simple econometric model on steel and cement production and economic 
development, it can be shown that energy required to build up infrastructure at low per-capita incomes is 
one explanation for the notion of an energy threshold in the development process. The main contribution of 
this work is to compare estimates of energy thresholds with output projections of per capita energy supply 
from a group of integrated assessment models. Scenarios project that reductions of carbon emissions in 
developing countries will be achieved not only by means of decreasing the carbon intensity, but also by 
making a significant break with the historically observed relationship between energy use and economic 
growth. We discuss the feasibility of achieving, on time scales acceptable for developing countries, both 
decarbonization and the needed structural changes, concluding that the decreases in energy consumption 
implied in numerous mitigation scenarios are unlikely to be achieved without endangering sustainable 
development objectives, such as universal energy access. 
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1 Introduction 
With the publication of the United Nations Development Program report, “Our Common 
Future” in 1987 (WCED 1987), impetus was given to the world community to address in 
an integrated manner the interlinked challenges of environmental degradation and 
sustainable development.  In many ways it is the current world energy system that is at 
the nexus of these two issues. As we will argue in this paper, access to the services 
provided by modern energy systems will very likely be a prerequisite for improving the 
standard of living of a large fraction of the world’s population living in poverty.  
However, it is precisely the use of fossil-fuels that has been most useful in supplying 
needed energy services, while at the same time triggering one of the gravest threats to the 
ecosystem, global climate change (IPCC 2007). 
 
In September 2000 leaders from 189 countries agreed to a set of goals for helping the 
world’s poorest citizens. The eight Millennium Development Goals (MDGs) include 21 
targets and a set of measurable indicators for assessing progress in relieving extreme 
poverty in the 21st century.  In parallel, and as part of an ongoing set of meetings and 
documents sponsored by United Nations programs, the World Summit on Sustainable 
Development (WSSD) in Johannesburg emphasized the need to consider sustainability 
criteria while working toward improved human well-being (UN 2002). One outcome of 
the WSSD was the call for a mechanism to coordinate the work of UN and other 
agencies, which resulted in the formation of UN-Energy in 2004. In 2005, UN-Energy 
published their first report stressing the centrality of energy access to the achievement of 
the MDGs (UN 2005), followed by a report from the Global Network on Energy for 
Sustainable Development (GNESD 2007) and a special section in the International 
Energy Agency’s World Energy Outlook 2010 (IEA 2010a). Thus, there is a clear linkage 
in international discourse between sustainable development and energy access; the 
publication in 2011 of the Intergovernmental Panel on Climate Change (IPCC) Special 
Report on Renewable Energy Sources and Climate Change Mitigation (SRREN) made 
explicit the importance of careful consideration of the additional constraints due to the 
need for climate change mitigation in parallel with sustainable development (IPCC 2011).   
 
Incorporating climate change mitigation into the discussion of sustainable development 
and requirements for energy system transformation implies a need for analyzing various 
scenarios for future greenhouse-gas emissions pathways. To this end, integrated 
assessment models (IAMs) project future emissions, given a set of assumptions about 
population, economic growth and technological progress, starting with data about the 
current state and past trends in the energy system, and allow comparisons between 
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baseline scenarios designated as Business-As-Usual (BAU) and those in which climate 
mitigation policies are assumed (POL). 
 
In the literature, “strong sustainability” is interpreted as the requirement to go beyond the 
mere substitution of natural capital with human capital. At some level, often difficult to 
define precisely, natural resources and ecosystem services must be preserved intact and 
are taken as irreplaceable. (Neumayer 2003). Most IAMs are primarily concerned with 
projecting the macroeconomic impacts of changes to the world energy system, given a 
constraint on GHG emissions (such as a maximum atmospheric concentration of GHGs). 
From a sustainability science point of view, this constraint may then be regarded as an 
indicator for strong sustainability, which must not to be violated on a sustainable 
development path1.  
 
A broad range of studies is available in which mitigation costs in terms of foregone GDP 
or consumption are evaluated under different circumstances (e.g. Edenhofer et al., 2006, 
Weyant et al., 2006, Clarke et al., 2009, Edenhofer et al., 2010, Luderer et al., 2011a). 
Generally, macro-economic costs are found to be moderate in a first-best world with full 
techno-economic flexibility. This finding crucially depends on the ambitiousness of the 
climate target, assumed technological change, availability of technologies and the starting 
point of global mitigation efforts. Sustainability literature, however, suggests that this 
macro-economic perspective should be complemented with a broader analysis of human 
development (Sathaye et al., 2007). 
  
In this paper we aim to answer two research questions. First, to what extent is energy 
essential for economic development? Drawing on empirical observations and existing 
literature, we conjecture that economic development requires a minimum level of energy. 
This hypothesis is supported by an econometric analysis highlighting the role of energy in 
the development process over time notably with regard to the role of infrastructure. 
 
Second, is energy consumption, as calculated in IAMs, consistent with how energy has 
been related to development in the past?  We synthesize our insights from the analysis of 
historic patterns with the output projections of integrated assessment models (IAMs), 
particularly the ReMIND-R model, under both BAU and climate mitigation scenarios. 
We evaluate how the relationship between energy use and economic growth is 
represented in these models, particularly for developing regions. Our analysis raises 
doubts that this role is adequately considered in IAMs. Since IAMs have not been 

                                                 
1 In this paper we focus on cost-effectiveness-mode models in which only this single indicator is explicitly 
taken into account . “Weak sustainability”, in contrast, assumes substitutability between natural and 
physical capital, which is the underlying concept in models running in a cost-efficiency mode.  
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developed explicitly with the aim of taking into account issues that are of interest for a 
broader discussion of sustainability and sustainable development (SD), it will be 
necessary to proceed cautiously in drawing strong conclusions in this exercise. However, 
models are beginning to consider broader issues of SD (see e.g. Urban et al., 2007, van 
Vuuren et al., 2007, Bollen et al., 2009, van Ruijven et al., 2008), and some indicators 
useful for evaluating sustainability are commonly part of the IAM output.  
 
We will show examples in which multiple technological pathways are able to achieve a 
given global mitigation target according to the output of an IAM, but where the 
application of additional sustainability criteria tends to call into question the feasibility of 
these mitigation pathways. These results may serve as a starting point for a discussion 
about the appeal of some of these pathways, in particular to developing countries. 
Therefore, we conclude with a discussion of our results with respect to their implications 
for future modeling exercises as well as climate policy, arguing that additional goals for 
sustainable development, such as access to energy, are closely related to economic 
development and hence must be included in the analysis of energy system transformation 
pathways.  
 

2 Energy and Human Development 
 
Is there a minimal amount of energy necessary to allow for economic development? We 
consider here some bottom-up investigations of energy consumption patterns. A first, 
qualitative consideration would be that households must have access to some forms of 
energy for cooking food, and depending on the climatic zone, to energy for heating their 
homes.  Beyond this ‘direct’ energy use, there are also ‘indirect’ needs for energy, e.g. to 
produce consumer goods or build up infrastructure (such as buildings and roads).  

2.1 Final energy consumption and economic development 
One of the earlier works to look at this issue is that of Krugman and Goldemberg (1983) 
in which they determine a threshold of ~45 GJ/year for development to “acceptable” 
levels for Latin America, Africa and Asia.  Their results come from bottom-up data, and 
include both commercial and non-commercial energy sources. A later paper by 
Goldemberg et al. (1985) attempts to determine energy needs for the future, given the 
ability to access an array of technologies to enhance energy efficiency. Under those 
conditions, the authors arrive at a figure of approximately 1 kW as the rate of minimum 
average energy consumption (equivalent to ~31 GJ/year), considering both direct and 
indirect energy consumption, using Western Europe and Japan in the early 1970s as the 
target level for acceptable development.  Considering only rural households, Pereira et al. 
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(2011) set a level of ~10 GJ/year of direct energy consumption as a poverty threshold, 
using surveys of rural Brazilian households. This is not necessarily in conflict with the 
other references above, since indirect energy consumption can represent 50% or more of 
total energy, as shown by input-output analysis for Indian households, where similar 
primary energy consumption levels were found (Pachauri and Spreng 2002). In addition, 
our goal is not to set a threshold such that people are barely out of a state of absolute 
poverty, but rather to find a reasonable definition of how much energy is needed to 
achieve an “acceptable” development level.  
 
With respect to sustained economic development, it is clear that monitoring GDP growth 
rates alone is an insufficient condition for ensuring development. Broader measures of 
social and economic development such as the Human Development Index (HDI) 2, 
although not without conceptual difficulties (see for example Fleurbaey, 2009), provide a 
first step toward a more comprehensive evaluation. In Fig. 1 we show the correlation 
between the Human Development Index (HDI) and energy use (here given in final energy 
consumption per capita in GJ/year). The United Nations Development Program (UNDP) 
defines four levels of development for the HDI: low (<0.475); medium (0.475 – 0.670); 
high (0.670 – 0.785); very high (0.785 – 1.0) (UNDP 2011). These levels are indicated by 
horizontal lines in Fig. 1. 
 

                                                 
2 The HDI is defined as a geometric mean of three different components of human well-being: life 
expectancy, education, and income.The indices are relative and normalized, such that for each component 
the individual country component value is calculated with respect to the minimum value in the sample, then 
normalized to the maximum difference found in the sample. The education dimension is in turn made up of 
two parts, one being the mean years of schooling, the other being the expected years of schooling. A 
country potentially having the highest score across all three dimensions would have an HDI value of 1.0. 
The income dimension of HDI is included logarithmically in the index, acknowledging the decreasing 
return to well-being with increasing income. 
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Figure 1: Correlation of (final) energy use (IEA 2010b) and HDI (UNDP 2010) in 2005 for 144 
countries, together with development over the period 1980-2005 for selected countries in time steps of 
five years. Horizontal lines indicate the separation between “low”, “medium”, “high” and “very 
high” development categories.  Vertical lines indicate per capita final energy levels of 42 GJ (1 toe) 
per year and 100 GJ per year. 
 
For our purposes, the interesting feature is the correlation between HDI and per capita 
final energy consumption for countries in different stages of development, as shown in 
Figure 1. The trend of increasing HDI being correlated with increasing energy use 
saturates at a fairly low level. For those societies in which per capita energy use is less 
than about 42 GJ/year (one tonne of oil equivalent, or “toe”), HDI is very likely to be 
below the “high” level and certain to be below the “very high” level. On the other hand, 
countries with per capita final energy use of  >100 GJ/year are likely to have a “very 
high” HDI (as denoted by the second vertical line in Fig. 1) and certain to be at least in 
the “high” HDI category. Only few exceptions exist (next to Costa Rica, shown here 
explicitly, also Hong Kong and Malta), but they all operate in very particular 
environments. A first conclusion is that we should be able to make judgements as to the 
aggregate energy access component of sustainable development for developing countries, 
all else being equal. Another interesting point that comes from Figure 1 is that countries 
having roughly the same level of  economic development in the “high” and “very high” 
ranges as measured by HDI can have per capita energy consumption that varies by a 
factor of nearly ten.  
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Much of the literature relevant for our study is concerned primarily with energy use and 
income or GDP, rather than HDI; therefore the connection between HDI (or other 
measures of human well-being) and GDP must be established. This is especially true 
since the components of HDI beyond per capita GDP are not assessed by IAMs.  An 
analysis of GDP and HDI data comes to the unsurprising conclusion that there is a high 
degree of correlation shown in a regression of ln(GDP/cap) and HDI.  Therefore, in what 
follows we will use per capita GDP, as our proxy for development, remaining aware of 
the necessity to link this to other indicators.   

2.2 Energy for infrastructure 
Energy access is often understood as energy consumed at the level of households, which 
is also mirrored in how the topic is discussed in the literature. If we think of development 
beyond fulfilling basic needs, energy is also needed for the construction of infrastructure, 
including the use of cement and steel for buildings, railways and roads, electricity grids, 
etc., all of which come with a specific energy demand. We thus look at the energy used to 
build up infrastructure for which it would be difficult to find substitutes in near- to 
medium-term future development processes. In this sub-section we determine the role of 
infrastructure in development processes of the past, focusing on the production of cement 
and steel as major determinants of energy-use for infrastructure purposes. We then 
compare these historical observations with model scenarios in the following section. Our 
starting hypothesis is that infrastructure production increases with increasing levels of 
income, while it might eventually saturate once a certain capital stock has been built up. 
Thus, we presume that in developing countries inputs required for infrastructure increase 
with economic growth, while cement and steel production could be decoupled from 
economic growth in developed OECD countries. Empirical confirmation of this 
hypothesis would yield strong support for the existence of an energy threshold.  
 
Data 
We aggregate all data3 into 11 regions as defined in the ReMIND-R model, in order to be 
able to use results from the historical analysis to estimate future energy demand resulting 
from infrastructure. Table 1 gives a more detailed description of aggregated regions. We 
further cluster these regions into developed (OECD) and developing countries. However, 
we exclude the regions ROW and RUS from these two clusters: For ROW the ReMIND 
region is composed of developed and developing countries, while for RUS historical data 
are not sufficiently available4.  

                                                 
3 Summary statistics for all data used can be found in the Appendix.  
4 Note that with respect to steel production not every country produces steel, thus an aggregation of 
countries is useful. A similar analysis with disaggregated regions holds qualitatively similar results for 
cement.  
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Model region Countries5 
AFR Sub-Saharan Africa w/o South Africa 
CHN China 
EUR EU27 countries 
IND India 
JPN Japan 
LAM All American countries but Canada and the US 
MEA North Africa, Middle Eastern and Arab Gulf 

Countries, Resource exporting countries of 
FSU, Pakistan 

OAS South East Asia, both Koreas, Mongolia, Nepal, 
Afghanistan 

ROW Non-EU27 European states, Australia, Canada, 
New Zealand and South Africa 

RUS Russia 
USA USA 

Table 1: Regions as defined in ReMIND-R and corresponding world regions 
 
For macro-economic indicators we use data from Penn World tables 6.3 (Heston et al. 
2009). Capital investments can be calculated from Heston et al. (2009) based on GDP (in 
MER). As the database on the amount of cement produced in each country is rather weak, 
we use production-based emissions data caused by cement (Boden et al. 2011) and use 
factors determined by the chemical processes involved to calculate cement production 
and consequently estimate the energy consumed in the process. This is possible because 
one step in the cement production process is the conversion of limestone to lime in the 
production of clinker, where CO2 is emitted in a chemical reaction, i.e. 

23 COCaOCaCO +⎯→⎯ . Thus, cement production can directly be calculated from 

emissions, using a constant of 0.5 t CO2/t cement (IPCC 2000, USBM, 2009). For steel 
we use country disaggregated production data from IISI (2011) for the years 1980 – 2005 
available for all steel producing countries. 
 
Empirical method 
A simple econometric model is used to estimate the role of infrastructure (INF), i.e. 
cement and steel in development processes.  Demand for cement or steel are expected to 
depend on the population (POP) of a country or region, as well as on economic 
development (ECON). As a proxy for economic development both per-capita GDP and 

                                                 
5 In the remainder of the paper we aggregate these regions into “OECD” countries and “developing 
countries” as follows: OECD countries are EUR, JPN and USA, while all other regions, but RUS and ROW 
are aggregated as “developing” countries. Note that singular countries in this group (i.e. South Korea and 
Mexico) are actually OECD countries.  
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per-capita capital investments (INV) are used, presuming that the latter are the decisive 
part of GDP driving the demand for infrastructure. A panel regression is performed 
between population, an economic development parameter (GDP or capital investments) 
and the infrastructure parameter (cement or steel production).  A fixed-effects estimator is 
used to estimate the following equation: 
 

( ) ( ) ( ) jtjtjjtjjjt POPECONINF εγβα +++= lnlnln   ,    (1) 

 
where αj are region-specific parameters constant in time and the error term εjt is assumed 
to be identically and independently distributed (iid). j specifies the respective region, for 
which country specific historic data series INF, ECON and POP are aggregated.   Eqn. 
(1) is estimated separately for OECD countries and developing countries to allow for 
different functional relationships for these two country groups The logarithmic 
transformation of the variables are used, with the respective coefficients therefore 
denoting elasticities, (i.e. the percentage change of the dependent variable upon a one 
percent change of the explanatory variables, ceteris paribus). By means of a student t-test 
we assess whether the coefficients are individually significantly different from zero. 
 
Results 
Qualitatively the results for steel and cement production inputs are broadly similar, as 
summarized in Tables 2 and 3. However, we note important differences between 
developing and developed countries. 
 
For developing countries the estimated coefficients are all statistically significant on the 
1%-level. For steel, about 40% of the observed variation is explained by the independent 
variables, as indicated by the R2-within (which excludes the explanatory power of the 
country-specific fixed effects), while for cement it exceeds 80%6. The estimated elasticity 
of steel production with respect to capital and investments and per-capita GDP are about 
0.4 and 0.7, respectively, while the elasticity with respect to population ranges between 
1.4 and 1.6, depending on model specification. For cement, the former elasticities are 
about 0.5 and 0.7, respectively, and the latter are 1.9 and 2. 
 
For developed countries, the estimated elasticities for steel are considerably lower than 
for developing countries, on the order of 0.1 for both per-capita investments and per-
capita GDP, respectively. Both are statistically significant at the 5% confidence level. For 
cement, however, the coefficients of GDP and INV are not statistically different from 

                                                 
6 This observation could for instance be due to the fact that steel is more heavily traded than cement, such 
that the latter’s production is more closely aligned to socio-economic development. 
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zero. Finally, we find insignificant coefficients on population size for steel production, 
but coefficients which are significant on the 1% level for cement, with values between 
1.2 and 1.5. These observations suggest that for developed countries, steel production is 
more strongly affected by per-capita GDP and capital investments, while for cement the 
population size is of higher importance.  
 

Steel Developing countries OECD countries 

βinv  0.4435*** 
(4.7)  0.109** 

(2.54) 

βGDP 0.7051*** 
(5.77)  0.0969** 

(2.09)  

γ 1.4318*** 
(5.68) 

1.6423*** 
(6.58) 

0.3927 
(1.41) 

0.2926 
(0.84) 

α -9.1858*** 
(-2.76) 

-11.2636*** 
(-3.34) 

6.6067* 
(1.95) 

8.5324** 
(2.36) 

R² 0.4185 0.3852 0.2319 0.2523 
t-values in parenthesis 

*** p<0.01, ** p<0.05, *p<0.1  
Table 2: Relationship between capital investment or GDP, respectively, population and steel 
production in OECD countries and developing countries in the years 1980 – 2005. Note that data are 
aggregated to match the regional fit of the ReMIND-R model.  α denotes the average of country fixed 
effects for OECD and developing countries, respectively. The reported R2 is the R2-within. 
 

Cement Developing Countries OECD Countries 

βinv  0.5178*** 
(12.46)  0.0059 

(0.14) 

βGDP 0.6809*** 
(12.16)  -0.0644 

(-1.41)  

γ  1.8685*** 
(16.19) 

1.9753*** 
(17.96) 

1.5216*** 
(5.55) 

1.2125*** 
(4.1) 

α  -16.1634*** 
(-10.58) 

-16.7480*** 
(-11.29) 

-9.8383*** 
(-2.94) 

-6.1233** 
(-1.68) 

R² 0.8163 0.8205 0.3803 0.3636 
t-values in parenthesis 

*** p<0.01, ** p<0.05, *p<0.1  
Table 3: Relationship between capital investment or GDP, respectively, population and cement 
production in OECD countries and developing countries in the years 1980 – 2005 Note that data are 
aggregated to match the regional fit of the ReMIND-R model. α denotes the average of country fixed 
effects for OECD and developing countries, respectively. The reported R2 is the R2-within. 
 
These results broadly support our hypothesis. In developing economies, higher per-capita 
GDP and capital investments are closely correlated with increased production of steel and 
cement. The low or statistically insignificant coefficients found for OECD countries 
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suggest that once a certain level of development is reached, GDP or capital investments 
have a considerably less pronounced influence on these infrastructure-related variables. 
This finding supports the hypothesis of an energy threshold, as infrastructure inputs must 
first be provided in order to reach a decent level of development. This is also in line with 
previous literature suggesting that in developed countries the total stock of infrastructure 
inputs saturates (on a per capita level): for instance, Müller et al. (2006) point out that for 
the US per capita iron stock has stagnated since the early 1980s.  
 
In this section we have presented evidence to support our hypothesis that developing 
countries require a minimum level of per capita energy for future gains in well-being.  
Keeping in mind that the goal of SD should go beyond simply enabling a subsistence 
level of development, energy consumption will occur not only at the level of individual 
households, but also in the form of infrastructure accumulation.  The next step is to 
compare the indicated minimal levels of energy consumption with projections arising 
from IAMs. 

3 Energy, development and scenarios of the future 
In the following we assess a broader set of IAMs with respect to the question how growth 
and final energy supply are projected to develop in future scenarios with and without 
mitigation of climate change. As they are able to represent complex interrelations 
between the energy, socio-economic and climate systems, IAMs are a powerful tool for 
describing how growth and energy supply develop in the future. We will compare our 
hypothesis as formulated and backed by bottom-up analysis in Section 2  with top-down 
model results, before we discuss the implications of the results for (a) climate policy and 
(b) the consistency of IAM results in general.   

3.1 Energy and development from a model perspective 
Using the empirical correlations above as a basis, and recognizing that countries or 
regions in different stages of development will have differing goals for energy use, we 
compare final energy consumption under baseline and climate-policy scenarios for 
several different groups of countries, based on scenarios used by two recent model 
comparison exercises, ADAM (Edenhofer et al. 2010) and RECIPE (Luderer et al. 
2011a). A variety of models has been used in these exercises, i.e. ReMIND-R (Leimbach 
et al., 2010; Bauer et al., 2011), MERGE-ETL (Kypreos and Bahn, 2003; Kypreos, 
2005), IMAGE/TIMER (Bouwman et al., 2006; van Vuuren et al., 2006), POLES 
(European Commission, 1996), IMACLIM-R (Sassi et al., 2009; Waisman et al., 2011) 
and WITCH (Bosetti et al., 2006; DeCian et al., 2011). We organize available scenarios 
into clusters based on climate targets as defined by the IPCC (2007): baseline scenarios 
with atmospheric GHG concentrations higher than 710 ppm CO2-eq; so-called Category 
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3 & 4 scenarios with equilibrium atmospheric GHG concentrations between 535 and 710 
ppm CO2-eq; and Category 1+2 scenarios, which result in concentrations lower than 535 
ppm CO2-eq7. Edenhofer et al. (2010), Luderer et al. (2011a), Knopf et al. (2009), Tavoni 
et al. (2011) and Jakob et al. (2011a) give an overview and a more detailed description of 
the assessment framework.  
 
The results shown in Figure 2 represent the output of six IAMs for business-as-usual 
(BAU) and for two categories of climate policy scenarios. The boxes and bars represent 
the range of values from the different model runs, with the median of all model runs 
given by a horizontal bar, and the ends of the bars indicating the extreme values of model 
output. The boxes correspond to the interquartile range (25th – 75th percentile). We look 
at two points in time, 2030 (black boxes) and 2050 (red boxes) and different regions. The 
left-hand column shows the aggregate of all Non-Annex I8 countries (a), China (b) and 
India (c), while the column on the right shows results for all Annex I countries (d), and 
for the US (e) and Europe (f). Note that across the different models the aggregation into 
regions is not necessarily harmonized and slight variations might occur.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
7 In the IPCC AR4 stabilization categories are defined as follows: I: 445-490 ppm CO2 eq; II: 450 – 535 
ppm CO2 eq.; III: 535 – 590 ppm CO2 eq; IV: 590 – 710 ppm CO2 eq; V: 710 – 855 ppm CO2 eq; VI: 855 – 
1130 ppm CO2 eq.  
8 We refer to Annex I of the United Nation’s Framework Convention on Climate Change (UNFCCC), 
which include the industrialized countries that were members of the OECD (Organization for Economic 
Co-operation and Development) in 1992, plus countries with economies in transition, including the Russian 
Federation, the Baltic States, and several Central and Eastern European States. 
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a) Non-Annex I countries 

 

d) Annex I countries 

 
b) China 

 

e) USA 

 
c) India 

 

f) Europe 

 
Figure 2: Final energy use per capita per year (in GJ) in all Non Annex I countries (a), all Annex I 
countries (b), China (c), the US (d), India (e) and Europe (f) for different scenario categories, i.e. 
baseline scenarios, category 3 and 4 scenarios and low stabilization (category 1+2) scenarios. The 
black boxes access data for 2030, the red boxes assess data for 2050. The thick black line corresponds 
to the median, the boxes correspond to the interquartile range (25th – 75th percentile) and the 
whiskers correspond to the total range across all reviewed scenarios. 
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From Figure 2 we can derive three major implications: First, we note a general trend that 
per capita final energy consumption decreases significantly in the policy cases with 
respect to the BAU case for all regions. Second, relative reductions between baseline and 
policy cases are slightly higher in Non-Annex I countries (20 – 30% lower FE per capita 
levels in policy cases) compared to Annex I countries (12 – 25% lower FE per capita 
levels in policy cases), i.e., despite much lower per capita FE consumption levels, models 
tend to project energy demand in developing countries to be more elastic than in 
developed countries. Third, while in the baseline scenarios, for Non-Annex I countries 
the 40 GJ/year threshold seems to be within reach and for China it is already crossed in 
2030 for most models9, the aggregate of Non-Annex I countries remains far below that 
threshold in mitigation scenarios. There is a slight trend toward increasing energy 
consumption between 2030 and 2050 in the policy scenarios in all regions; however, it 
does not catch up to levels that are reached without climate mitigation. While in Annex I 
countries including Europe and the USA, final energy consumption per capita is 
significantly lower in low stabilization scenarios, the differences between category 3+4 
and category 1+2 scenarios can be neglected in Non-Annex I countries. Hence, the level 
of ambition in climate stabilization does not seem to make a major difference for 
developing countries in this respect. 
 
The results from the model comparisons can be interpreted in different ways: On the one 
hand, decreasing FE levels could simply highlight the need for improved energy intensity 
across all countries and income groups. However, in the light of our results in Section 2 
they also could hint at a possible overestimation of realistic energy intensity 
improvements in developing countries. To better understand these initial results, we 
further examine results of the ReMIND-R10 model in higher temporal and regional 
detail11. 
 
Figure 3 shows per capita GDP in 2005 US$ as a function of final energy consumption 
per capita in GJ12 for four different scenarios, which represent climate targets of varying 
ambitiousness. These targets are implemented by using carbon taxes, i.e. one scenario 
where no carbon tax is implied, defined as the business as usual scenario (BAU), and 
three scenarios with initial tax levels of $10, $30 and $50 per tonne of carbon, which all 

                                                 
9 Analysis of recent data suggests that China has crossed the threshold already.  
10 ReMIND-R couples a Ramsey-type economic growth model with a detailed bottom-up energy system 
model and a climate model. Please see http://www.pik-potsdam.de/research/sustainable-
solutions/models/remind/REMIND Description June2010 final.pdf for a detailed model description.  
11 These data are part of the set of scenarios prepared for the Asia Modeling Exercise (Luderer et al. 
2011b). 
12 GDP per capita is reported on a logarithmic scale in order to make results roughly comparable to Figure 
1, where GDP per capita goes logarithmical into the calculation of the HDI.   



 

increase by 5% per annum from 2010 on in order to match the targeted levels of 
ambition. In our analysis we look at four developing regions, i.e. Latin America (LAM), 
Sub-Sahara Africa (without South-Africa), China (CHN) and India and two developed 
regions (Europe (EUR) and USA) with the aim of determining whether and how historic 
trends of energy use and welfare are reflected in our scenarios.   
 
First, in the BAU scenario we find that historic trends are more or less reproduced for 
developed countries and China, which already crossed the threshold of 40 GJ per capita 
in 2005. For developing countries that have not crossed the threshold in 2005, historic 
trends are basically reproduced, i.e. increasing welfare is associated with increasing 
energy consumption if a certain threshold is crossed. Energy levels per capita are 
however lower for corresponding per capita GDP values, which could well be explained 
by technological improvements and leapfrogging very energy-intensive processes.  
 
a) BAU (Category VI) b) Medium stabilization (Category III*) 

c) Low stabilization (Category II*) d) Very low stabilization (Category I*) 
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Figure 3: GDP per capita over final energy per capita for selected regions. Circles indicate historic 
data (based on Penn World Tables 2009), while crosses indicate ReMIND-R model results for 
different IPCC stabilization categories. *Stabilization scenarios shown here are calculated by using 
scenarios with progressive carbon taxes increasing by 5% per annum from 2010 with initial levels of 
US $10, US $30 and US $50, respectively.  
 
Second, if the stabilization level remains relatively moderate, developing countries do not 
seem to show fundamentally different behavior than in the BAU case. On the other hand, 
in developed countries efficiency improvements are realized and energy consumption per 
GDP decreases significantly.  
 
Third, for increasingly ambitious stabilization targets developing countries show 
significantly different behavior. For all developing regions but China, we can observe a 
decisive break with the historic trends. Final energy levels remain practically constant 
despite economic development. In some regions (Sub Saharan Africa (AFR), India) they 
even decrease initially. In India, which – in terms of GDP per capita - will reach 
development levels comparable to those of Europe today in the year 2100, FE per capita 
levels will be around 25 GJ per capita, which is only slightly above today’s levels. Quite 
importantly, the per capita final energy consumption will never increase above this level 
during the entire century. Comparable patterns can be found in AFR and Latin America 
(LAM). At the same time, the EU27 and the US – despite reducing final energy per capita 
consumption significantly - are still seen to be at levels above 100 (EU27) and 150 (USA) 
GJ per capita in the year 210013.  
 
To sum up, the above analysis of the IAM data indicates that climate policy is likely to 
reduce average per capita energy demand in developing countries to a level that lies 
below the critical threshold identified in Section 2.1. Particularly in ambitious mitigation 
scenarios, IAMs project energy consumption to decouple from economic growth in 
developing countries. This raises the question if climate change mitigation might be at 
odds with other sustainable development objectives, such as providing energy access for 
the entire population of these countries.  

                                                 
13 It is important to understand that population is exogenous in ReMIND-R as in most other IAMs.  



 

3.2 Infrastructure  
As indicated in section 2.2 we use infrastructure inputs to bolster the threshold 
hypothesis. Based on our results from the historical analysis we estimate the future 
energy demand for steel and cement production using state-of the art technology 
estimates as well as projections for the future from the literature as well as scenario 
results from the ReMIND-R model (Leimbach et al., 2010; Bauer et al., 2011).  
 
To estimate the combined energy demand for cement and steel we use model output for 
capital investment from the ReMIND-R model and use the estimates from 2.2. together 
with country-specific fixed effects (reported in the Appendix) to translate these results 
into steel and cement production. For developing countries we assume a switch to OECD 
values once a developing country reaches levels of affluence comparable to developed 
countries in 1980. We assume that best practice technologies today use on average 5 GJ/t 
(de Vries et al. 2006, Taylor et al. 2006, Worrell et al. 2000, Worrell and Galitsky 2008). 
Theoretically this can be lowered to the thermodynamic limit, which is estimated to be 
around 1.76 GJ/t (Taylor et al. 2006)14. We use an estimate of current best practice 
energy use for the production of steel of 18 GJ/t (IISI 2011), while we assume the 
minimum achievable energy intensity to be 2.5 GJ/t following long run estimations from 
de Beer et al. (1998).  
 
Figure 4 shows results for the relation between cement and steel production and capital 
investments both historically (shown in black) and the projections derived using the 
coefficients of our econometric estimates (shown in blue) until the year 2050 for different 
regions. Historical correlations between investments and cement and steel, respectively, 
are continued in the future scenario with some minor differentiations between regions 
that can also be observed in historic data. As an interesting side result, we find an implicit 
level of per capita steel and cement production in developed societies that ranges between 
0.4 and 2 t for cement15 and 0.3 and 1 t for steel.  
 
 
 
 

                                                 
14 The value for a tonne of cement is likely to be higher, as Taylor et al. 2006 give numbers for clinker 
production.  
15 Obviously there are large differences between country groups particular with respect to cement 
production. Asian countries have used significantly more cement per capita in their development process 
than European or North-American countries (see also Appendix for more detailed information on cement 
production in selected OECD countries). We presume that differences in urban development patterns and 
types of buildings can explain these differences; a detailed discussion of the phenomenon is however 
beyond the scope of this paper.  
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a) Cement 

 

b) Steel 

Figure 4: Correlation between capital investments for a) cement and b) steel production on a double 
log scale, separated by different regions for historic data from 1980-2005 (black), together with 
scenario results from 2005 to 2050 (blue). Note that the regional aggregation follows the regions that 
are represented in the ReMIND model.  
 
We can use these results for the production of steel and cement to project the energy 
consumption required in the future. Implicitly we assume that cement and steel will not 
be substituted by other inputs of production in the future. The lower bounds of the ranges 
shown in Figure 5 are calculated using the minimum achievable energy input for steel 
and cement (i.e. the thermodynamic limits) while the upper bounds are calculated with 
today’s state of the art technologies’ energy need16. Realistic results in the near future 
will be close to the upper limit of the range, while due to technological progress future 
specific energy consumption from cement and steel can be expected to eventually 
decrease and thus results closer to the lower range become more likely.  
  
 
 
 
 
 
 
 
 
 
 

                                                 
16 For cement we calculate with an energy input of 5 GJ/t for today (de Vries et al. 2006, Taylor et al. 2006, 
Worrell et al. 2000), which theoretically can be lowered 1.76 GJ/t in the future (Taylor et al. 2006). For 
steel production we estimate a current best practice energy use of 18 GJ/t (IISI 2011), which we assume to 
be lowered to 2.5 GJ/t in the future. 
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a) India 

 

b) AFR  

 

c) Other Asia 

 
d) Latin America 

 

e) China 

 
 

f) Japan 

 

Figure 5: Ranges of energy demand for cement and steel production in comparison to FE demand in 
different mitigation scenarios as calculated by the ReMIND model. The upper bound assumes the 
current energy use and the lower bound the thermodynamic limit for future production of cement 
and steel. The projections are results from the econometric model based on capital investment and 
population. The black line indicates energy demand in a ReMIND policy scenario (cat I), while the 
dashed lined indicates energy demand in a ReMIND BAU scenario. Note that the regional 
aggregation follows the regions represented in the ReMIND model.  
 
For countries that are currently developing, using historical fits leads to increasing energy 
demand for steel and cement until they reach comparable levels to developed countries 
towards 20 GJ per capita without improvements in the production techniques. While for 
developed countries and China, the energy needed for the supply of infrastructure 
accounts for only a small part of the overall energy supply, it makes up a significant share 
for India (a),  OAS (c), and LAM (d). For Sub-Saharan Africa (b), we calculate lower 
levels of per capita energy for steel and cement in 2050, however increasing and 
converging towards developed country levels with increasing levels of development. In 
any case, economic development is expected to go hand in hand with additional energy 
use for infrastructure. For developed countries (here exemplarily shown for Japan, Figure 
5f) we find that future energy demand for cement and steel ranges between 2 and 20 GJ 
per capita in the year 2050, depending on the energy intensity levels of the future and 
thus remaining roughly at today’s levels.  
 
In summary, we can conclude that additional energy will be needed for the construction 
of infrastructure in developing countries. Its magnitude will depend on the rate of 
technological progress, but – at least in the short to medium term – will likely exceed the 
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level of final energy per capita that is thought to be needed for fulfilling basic needs, i.e. 
10 GJ per capita. Taken literally, our results for developing countries, particularly India, 
Sub-Saharan Africa, Other Asia and Latin America imply that not much – if any – 
additional final energy would be left for these economies besides energy that is needed 
for steel, cement and fulfilling basic needs on the household level. It should be mentioned 
that for this calculation, we only considered energy needed for steel and cement 
production, which is not the only infrastructure that can theoretically be taken into 
account. Energy needed for transportation infrastructure (e.g. bitumen) as well as other 
metals like copper or aluminum would add to the numbers that are presented above. This 
puts into question the consistency of scenario results that foresee substantial economic 
growth in developing regions, while final energy per capita levels stagnate at today’s 
levels or even decrease. 

4 Implications for climate policy 
Globally, human-kind is faced by the twin challenges of mitigating climate change and 
overcoming poverty. Despite the urgency of solving the climate problem, mitigation 
policy should not trap developing countries in a state of poverty. At the same time future 
development processes should avoid technological lock-ins, e.g. in a carbon-intensive 
infrastructure or energy systems.  
 
When looking at low-stabilization scenarios produced by IAMs, here shown mainly using 
the ReMIND-R model but recognizing that other models give qualitatively similar results 
(see Annex B for a sensitivity analysis of ReMIND-R results compared to other IAMs), 
we find that historical correlations between economic growth and energy use are 
discontinued in mitigation scenarios, both with respect to a postulated (and observed) 
energy threshold as well as with respect to increasing energy use in the course of 
development. In model results for mitigation scenarios, final energy demand in 
developing regions (AFR, LAM) stays approximately at current (low) levels, whereas per 
capita GDP rises significantly. Importantly, BAU and less-ambitious climate mitigation 
scenarios do not project a decoupling between per capita final energy levels and 
economic development. At first sight, the model results seem to be either not realistic or 
driven by very strong implicit assumptions. 
 
The most important question is whether developing countries will be able to decouple 
their growth from energy use and - looking at the differences between BAU and policy 
scenarios – how fast this can be achieved. We are rather pessimistic that it is possible for 
low income countries to develop without increasing their level of energy use, given the 
indicated need for energy to drive GDP growth. In addition to energy required to satisfy 
basic needs at the household level, energy is also embedded in the construction of 
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infrastructure when development goes beyond the satisfaction of basic needs. All 
countries that have reached higher development levels in the past have increasingly used 
energy-intensive inputs like steel and cement and it is hardly plausible that this 
correlation will break, at least in the near future17. This impression is confirmed by an 
analysis of the current developing process in India or China (Steckel et al. 2011). Recent 
results from the literature (Jakob et al., 2011b) also imply that historical patterns of 
energy use are repeated for developing countries and leapfrogging in this respect will be 
hard to achieve if capital accumulation will remain an important driver of economic 
growth in the future. However, assuming that scenario results are robust, we can provide 
a twofold interpretation:  
 
First, only with massive improvements of energy intensity will it be possible to 
dramatically reduce the energy used for capital accumulation as compared to patterns 
observed in the past. This result highlights the urgent need for drastic efficiency 
improvements and the simultaneous provision of latest technologies to developing 
countries. Our results imply that bringing production processes of infrastructure inputs to 
their thermodynamic limits might allow scenario results for developing countries to be 
achievable in reality. However, considering historic trends, no dramatic improvements in 
the efficiency of these processes can be expected in the near-term. Thus, the  efficiency 
gains implicitly assumed by the model results seem to be out of reach. Alternatively a 
total or partial replacement of energy-intensive inputs by low energy alternatives is 
theoretically conceivable, e.g. by newly developed materials or methods; however, this 
option requires a significant leap of faith.  
 
The second interpretation is that developing countries might reach high economic 
development without accumulating energy-intensive capital. Of course, for our analysis 
focusing on infrastructure it is also conceivable that necessary inputs are imported; 
however, as both steel and cement are not easy to transport, importing these inputs over 
large, trans-regional distances seems to be rather unlikely and would be unprecedented in 
the past. Also, it is not indicative from scenario results that energy for steel and cement is 
provided in other regions. In principle it is possible to imagine societies whose economic 
growth is not based on capital accumulation, thinking of a service-oriented society.  
 
Both interpretations imply strong underlying assumptions. Some of the results are based 
on the ReMIND-R model, which does not explicitly include energy needs for 
development. However, we have shown that the general tendency of very low levels of 
final energy per capita consumption is robust over a whole set of different models. Our 
                                                 
17 One could even argue that climate change impacts will increase the demand for cement, due to increased 
corrosive damages at existing infrastructure (Stewart et al. 2011).  
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results point to the need to spell out the details of energy demand structures more 
explicitly, in particular for the developing world. Analyzing energy needs at different 
stages of development is a promising future area of research. A possible outcome of 
calibrating IAMs to such bottom-up derivations of energy demand with   could be that 
current mitigation scenarios are too optimistic with respect to energy consumption in 
developing countries. Such a finding could challenge one of the most important 
conclusions derived by IAMs, namely that mitigation costs can be expected to be 
comparatively modest. In general, this analysis raises the question whether a stronger 
differentiation between developed and developing countries is necessary in IAMs.  For 
example, IA modelers could represent energy access policy targets in terms of a minimal 
energy input level that should be achieved to guarantee reasonable development levels. 
As of today, these questions – along with other important issues of sustainability - are not 
taken into account in most IAM analyses.  
 
Our results further show that developing countries can hardly be expected to be the first 
to reduce their per capita final energy consumption (from already low levels), as implied 
in some IAM results under climate policy.  Options for development should be left open 
to these countries, and this will likely include the use of energy for infrastructure, until a 
clear path for decoupling energy use from development can be shown. Global uniform 
carbon taxes as assumed in many models lead to results that could potentially harm their 
development, if highly efficient technologies are not available very soon. Therefore any 
international mitigation agreement should carefully take the needs of developing 
countries into account.  
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Appendix A: Summary statistics  
DC Observations Mean Std. Dev. Min Max 
ln steel 156 9.592039 1.785397 5.370638 12.83397 
ln cement 156 8.568707 1.09147 6.363028 11.21321 
ln GDP 156 -.1455549 .6935545 -1.414846 1.046656 
ln INV 156 -1.79617 1.002467 -3.773844 -.1269643 
ln POP 156 13.36882 .392945 12.68064 14.10544 
Table A1: Summary statistics for developing countries.  
 
OECD  Observations Mean Std. Dev. Min Max 
ln steel 78 11.66662 .2948216 11.12219 12.2184 
ln cement 78 8.940087 .5110286 8.286269 9.778831 
ln GDP 78 1.87636 .492687 .6317062 2.617282 
ln INV 78 .6208335 .4117358 -.3879909 1.325895 
ln POP 78 12.42075 .5565926 11.66828 13.10009 
Table A2: Summary statistics for OECD countries.  
 
Cement_GDP 
DC 

Coef. Std. Err. t P>|t| [95% Conf. Interval] 

β .7431696 .0586947 | 12.66 0.000 .6271817    .8591575 
γ 1.899377 .1173259 16.19 0.000 1.667527    2.131228 
αMENA -16.19797 1.517162 -10.68 0.000 -19.19607   -13.19988 
αCHN -16.67259 1.637676 -10.18 0.000 -19.90884   -13.43635 
αIND -17.16932 1.626985 - 10.55 0.000 -20.38444    -13.9542 
αAFR -17.36198 1.57274 -11.04 0.000 -20.46991   -14.25406 
αLAM -16.42157 1.513404 -10.85 0.000 -19.41224 -13.43089 
αOAS -16.4699 1.571013 -10.48 0.000 -19.57441   -13.36538 
Cement_INV 
DC 

Coef. Std. Err. t P>|t| [95% Conf. Interval] 

β .5523936 .0438784 12.59 0.000 .4656845    .6391026 
γ 2.019974 .1137714 17.75 0.000 1.795147      2.2448 
αMENA -16.8022 1.502156 -11.19 0.000 -19.77064   -13.83375 
αCHN -17.61418 1.61167 -10.93 0.000 -20.79903   -14.42932 
αIND -17.95363 1.604435 -11.19 0.000 -21.12419   -14.78307 
αAFR -17.88295 1.558922 -11.47 0.000 -20.96358   -14.80233 
αLAM -16.95098 1.501101 -11.29 0.000 -19.91734   -13.98462 
αOAS -17.45866 1.542884 -11.32 0.000 -20.50759   -14.40973 
Steel_GDP 
DC 

Coef. Std. Err. t P>|t| [95% Conf. Interval] 

β|                     .7518711 .1359855 5.53 0.000 .483147    1.020595 
γ 1.448846 .271824 5.33 0.000 .9116889    1.986004 
αMENA -10.18157 3.515003 -2.90 0.004 -17.12765   -3.235493 
αCHN -8.918611 3.794213 -2.35 0.020 -16.41644   -1.420782 
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αIND -9.415145 3.769444 -2.50 0.014 -16.86403   -1.966262 
αAFR -11.91986 3.643768 -3.27 0.001 -19.12039   -4.719323 
αLAM -8.655937 3.506297 -2.47 0.015 -15.58481   -1.727064 
αOAS -8.91623 3.639768 -2.45 0.015 -16.10886   -1.723602 
Steel_INV 
DC 

Coef. Std. Err. t P>|t| [95% Conf. Interval] 

β|                     .4643985 .1045849 4.44 0.000 .257726     .671071 
γ 1.6638 .2711759 6.14 0.000 1.127923    2.199676 
αMENA -12.11991 3.580412 -3.39 0.001 -19.19524   -5.044572 
αCHN -11.27925 3.841441 -2.94 0.004 -18.87041   -3.688092 
αIND -11.72973 3.824196 -3.07 0.003 -19.28681   -4.172646 
αAFR -13.99472 3.715715 -3.77 0.000 -21.33743   -6.652015 
αLAM -10.50539 3.577898 -2.94 0.004 -17.57576   -3.435026 
αOAS -11.27217 3.677489 -3.07 0.003 -18.53934 -4.005 
Cement_GDP 
OECD 

Coef. Std. Err. t P>|t| [95% Conf. Interval] 

β  -.0644126 .0456507 -1.41 0.162 -.1553943     .026569 
γ 1.521589 .2739977 5.55 0.000 .9755122    2.067665 
αEUR -10.10795 3.510918 -2.88 0.005 -17.10519   -3.110696 
αUSA -10.25885 3.34626 -3.07 0.003 -16.92794   -3.589763 
αJPN -9.148183 3.169163 -2.89 0.005 -15.46432   -2.832051 
Cement_INV 
OECD 

Coef. Std. Err. t P>|t| [95% Conf. Interval] 

β  .005888 .0433015 0.14 0.892 -.0804119    .0921878 
γ 1.212466 .2957029 4.10 0.000 .6231307    1.801801 
αEUR -6.212061 3.838023 -1.62 0.110 -13.86123    1.437109 
αUSA -6.546408 3.66286 -1.79 0.078 -13.84648    .7536607 
αJPN -5.611443 3.456714 -1.62 0.109 -12.50066    1.277777 
Steel_GDP 
OECD 

Coef. Std. Err. t P>|t| [95% Conf. Interval] 

β .096907 .0463981 2.09 0.040 .0044358    .1893782 
γ .3927311 .2784835 1.41 0.163 -.1622857     .947748 
αEUR 6.704957 3.568399 1.88 0.064 -.4068511    13.81676 
αUSA 6.303197 3.401045 1.85 0.068 -.475076    13.08147 
αJPN 6.812166 3.221048 2.11 0.038 .3926273    13.23171 
Steel_INV 
OECD 

Coef. Std. Err. t P>|t| [95% Conf. Interval] 

β .1090002 .0428477 2.54 0.013 .0236049    .1943955 
γ .2468864 .2926035 0.84 0.402 -.3362715    .8300444 
αEUR 8.730784 3.797795 2.30 0.024 1.16179    16.29978 
αUSA 8.250037 3.624467 2.28 0.026 1.026485    15.47359 
αJPN 8.616486 3.420482 2.52 0.014 1.799476     15.4335 
Table A3: Parameters from the econometric model including country-specific fixed effects.  
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Appendix B:  Sensitivity analysis of ReMIND-R results 
 
To test whether ReMIND-R results are model-specific we also look at qualitative results 
from other integrated assessment models. In Figure  scenarios from the analysis shown in 
Figure 3 (section 3.1) are compared to results from the model comparison projects 
ADAM (Edenhofer et al. 2010) and RECIPE (Luderer et al 2011a) (see also section 3.1). 
The BAU scenario is shown in red, the category III stabilization scenario is indicated in 
black, category II stabilization scenario is shown in blue and the category I stabilization 
scenario is shown in green. All other scenarios are shown by grey dots, of which squares 
indicate baseline scenarios, circles indicate category III and IV scenarios and diamonds 
indicate category I and II scenarios.  
 
a) Non-Annex I countries 

 

d) Annex I countries 

 
b) China 

 

e) USA 

 
c) India f) Europe 
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Figure B1: Comparison of ReMIND-R results with those of other models from the RECIPE and 
ADAM model comparison projects. Baseline scenarios are shown by squares, category 3+4 scenarios 
by circles and category 1+2 scenarios by diamonds. Different colors show differently ambitious 
ReMIND-R scenarios, i.e. baseline (red), category III (black), category II (blue) and category I 
(green) stabilization scenarios.  
 
We find that ReMIND-R does not produce qualitatively different results than other 
models that participated in both model inter-comparison projects. Obviously other models 
also find that in stabilization scenarios the correlation between energy consumption and 
economic growth is broken to an extent that might have implications for future 
development.  
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1 Synthesis 
 
This thesis starts from the hypothesis that developing countries face a major dilemma: 
Not only are they affected the most by climate change for which they bear relatively little 
responsibility, but its mitigation could also potentially endanger their economic 
development. It therefore aims to determine the role of developing countries in the 
context of climate change mitigation and energy transformation in detail. Five chapters 
look at this question from different perspectives and with the help of different 
methodologies. This section will summarize and discuss these chapters and will outline 
future research questions that potentially could build on the presented results.  

1.1 The economics of decarbonization 
The first part of the thesis focuses on the question of achieving climate stabilization and 
aims to assess the robustness of global and regional mitigation costs. Therefore Chapters 
2 and 3 build on a comparison of three integrated assessment models, each following a 
different philosophy. The chapters are clustered along the following line of research 
questions:  
 

- What is the role of different mitigation technologies in order to achieve climate 
stabilization targets? 

 
- Which role do different sectors, including the transportation and electricity sector, 

play for achieving climate stabilization targets? 
 

- What are the economic consequences of delaying global climate policy?  
 

- How do regional mitigation costs differ across different mitigation scenarios?  
 
The analysis assesses mitigation costs under different constraints, including delayed 
participation scenarios and technology constraints as calculated by three regionalized 
global economy models, IMACLIM, ReMIND-R, and WITCH. If atmospheric CO2 
concentrations are stabilized at 450 ppm, global mitigation costs are found to be 1.4% of 
global GDP or lower if action is taken immediately on a global scale and all mitigation 
technologies are fully available. Stabilizing emissions at a more ambitious stabilization 
target (410 ppm CO2), delaying climate policy or constraining technology options leads 
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to significant increases in global mitigation costs1. With respect to the latter, renewable 
energy and CCS are found to be most critical for achieving climate stabilization at low 
costs. Looking at economic sectors, the electricity sector proves to be relatively easy to 
decarbonize given a number of substitution possibilities, whereas decarbonizing the 
transportation sector proves to be difficult without allowing for its electrification.  
 
One aspect of “second-best” settings discussed in Chapter 2 seems to be particularly 
important for developing countries: delaying global mitigation efforts. Chapter 3 looks at 
the effects of delaying climate policy in more detail, building on the model comparison 
framework used in Chapter 2. Four major results emerge: First, it is found that delaying 
global action until 2030 will make it impossible to stabilize atmospheric CO2 
concentrations at 450 ppm. Second, by delaying climate policy until 2020, global 
mitigation costs increase by at least 50%. Third, a decomposition of the drivers of 
mitigation costs shows that developing countries, like for example India, can benefit from 
delayed participation, due to higher carbon prices in the future. Fourth, if global climate 
policy will credibly be put in place by 2020, developed countries can profit from early 
action.  

1.2 Carbonization and Decarbonization in Developing Countries 
– Lessons from China 

The second part is meant to give credit to the outstanding role of China. Its 
unprecedented growth as well as success with respect to poverty alleviation in the last 
decades makes it an interesting country to study the relationship between economic 
development and carbonization. Therefore, it deals with the following research questions:  
 

- What have been the drivers of Chinese carbonization?  
 

- Which factors explain the surge of Chinese emissions during the last decade?  
 

- In which respect is China’s carbonization different from developments in other 
newly industrializing countries?  

 
- How can the Chinese energy system be decarbonized in the future? 

 
- Is China’s domestic climate policy compatible with climate stabilization targets in 

the short- to mid-term?  

                                                 
1 Mitigation costs of different “second best” scenarios across models range from 0.2% to 4% measured as 
consumption losses relative to baseline.  
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The chapter builds on a decomposition analysis along the lines of the Kaya identity of 
historic and projected future emissions data. An innovative enhanced decomposition is 
developed and applied in order to determine carbonization patterns in detail and connect 
them to changes in the energy system. Thus, it allows to assess structural changes in 
energy use and its potential influence on carbonization and decarbonization patterns.  
 
For 1971 – 2000 energy intensity improvements are found to balance emissions growth 
induced by economic growth. The end – or even reversal – of this downward trend led to 
a massive increase of emissions after 2000, when China reached energy intensity levels 
roughly comparable to the global average. At the same time, the Chinese energy system 
has constantly been carbonizing, particularly driven by a continuous expansion of coal. 
However, a structural shift towards a faster expansion over time cannot be observed. In a 
second step, insights from the historic data analysis are compared to scenarios of the 
future energy system calculated by ReMIND-R, reaffirming China’s pivotal role in 
achieving global climate stabilization targets. Results underscore the increasing role of 
decarbonization efforts in the future. Finally, China’s policy targets are compared to 
scenario analysis and found to be roughly compatible with a medium climate stabilization 
target in the short run, i.e. until 2020. 
 
The role of energy intensity in China is nearly as outstanding as its high carbon intensity 
and worth to discuss a little further. China has started from very high energy intensity 
levels in the 1970s, which have rapidly been decreasing over a couple of decades and 
with respect to the drivers of emission growth offset the extremely high economic growth 
rates. However, it seems that improvements have become more difficult to achieve. One 
explanation might be that the industrial efficiency in China has basically reached the 
global average and cheap options for efficiency gains – so-called low-hanging fruits - 
have been exhausted. Thus, improvements will increasingly need to be driven by 
structural change rather than efficiency improvements. Interestingly, other newly 
industrializing countries seem to start from significantly lower energy intensity levels. 
Recent developments, i.e. increasing growth rates in the last years, have immediately led 
to high growth rates in emissions in these countries, as possibilities to offset economic 
growth are obviously not – or at least not cheaply - available. This also implies an 
increasing role of carbon intensity for future mitigation efforts, a result that is also backed 
by modeling efforts shown in the Chapter: while energy intensity levels are nearly 
identical in baseline and climate policy scenarios, carbon intensity differs significantly.  
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1.3 Accounting GHG emissions 
Currently, developing countries are reluctant to join binding global efforts to mitigate 
climate change. Some argue that accounting emissions on the producer’s side as 
implemented by the UNFCCC disadvantages developing countries that are carbon-
exporers, as they are blamed for emissions that are caused by demand in other – mostly 
developed – countries (Davis and Caldeira, 2010; Peters et al., 2011). In this line of 
argument, accounting emissions on the consumption side might be a possibility to 
facilitate the participation of developing countries. Therefore, this Chapter raises the 
following research questions:  
 

- Does the accounting scheme influence the efficiency of a global carbon market?  
 

- Under which circumstances does the choice of the accounting scheme affect 
distributional effects of emissions trading? 

 
Methodologically the chapter builds on a two-country general equilibrium trade model, 
where emissions are explicitly taken into account. Two main insights are gained from the 
model: First, it can be shown formally that in the presence of a global carbon market with 
full coverage and binding national emission caps the accounting scheme has neither 
efficiency nor distributive effects. Consumption and production-based accounting are 
exactly identical as CO2 prices are passed through to consumers in either case. Second, 
the accounting scheme does matter if the allocation rule of the emission permits relates to 
past emissions. In the presence of a grandfathering scheme, a carbon-exporting country 
(such as China) would prefer production-based over consumption-based accounting; in 
contrast, it would prefer consumption-based accounting if emissions were allocated based 
on historical responsibility (i.e. countries that emitted more get less emission certificates).  
 
These results prove to be important due to various aspects: First of all, calls for a 
consumption-based accounting can be put into perspective if at the same time a global 
carbon market is put in place. In this case, the choice of the accounting scheme is only 
relevant with respect to the initial allocation rule. As consumption-based accounting in 
practice is connected to higher transaction costs than production-based accounting, a 
production-based accounting scheme would be preferable if both are substitutes. Note 
that in a fragmented market, the choice for the “right” accounting scheme would be rather 
ambiguous. Production based accounting tends to shift production of carbon-intensive 
goods towards countries without climate policy, while the opposite is true for 
consumption-based accounting: consumption of carbon-intensive goods would be shifted 
towards countries without climate policy (Jakob et al., 2011).  
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Second, the results are also relevant with respect to modeling exercises, which generally 
assume a global carbon price to be in place. Models implicitly assume a production-based 
accounting scheme. The analysis performed in this chapter shows that results are equally 
valid for a consumption-based accounting scheme.  

1.4 Energy and development processes 
The role of energy is pivotal in economic development (Toman and Jemelkova, 2003) 
and constitutes an integral part of sustainable development. This chapter assesses the role 
of energy in development processes in detail, focusing on the following research 
questions:  
 

- To which extent can development be decoupled from energy services? 
  

- Do energy thresholds for development processes exist, and what are their 
implications?  

 
- How can energy thresholds be explained beyond assumptions on subsidiary 

needs, and what is the role of building up infrastructure?  
 

- How is the relationship between energy consumption and development processes 
generally dealt with in IAMs?  

 
- Can anything be learnt from the existence of empirical energy thresholds with 

respect to the plausibility of model results for developing countries?  
 
This chapter starts with analyzing the relationship between economic development and 
energy consumption. Bottom-up assessments of households are surveyed to derive 
estimates of minimal thresholds of annual energy consumption necessary to achieve high 
or very high levels of human development. Evidence is provided that only very few 
exceptions achieved these levels without crossing a final energy consumption threshold 
of approximately 40 GJ per capita. The pattern is reproduced by countries that are 
currently developing, such as China or South Korea. The literature can partly explain 
these thresholds by subsidiary needs, which are responsible for approximately 10 GJ per 
capita (Pereira et al., 2011). In order to estimate the relationship between economic 
performance2 and infrastructure up-take3, a simple econometric model is applied: cement 
and steel production are closely related to per-capita income and capital investment in 
                                                 
2 Measured in GDP as well as in capital investments.  
3 Taking steel and cement as proxies.  
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developing countries, while the relationship is less pronounced for developed economies. 
This indicates that infrastructure up-take saturates at a certain level of development, 
hence, the energy required to build up infrastructure at low per-capita incomes is in 
conformity with the notion of an energy threshold in the development process. 
 
These results are compared with output generated by a group of integrated assessment 
models (IAMs) under business-as-usual as well as climate policy scenarios. Mitigation 
scenarios project reductions of carbon emissions in developing countries to be achieved 
not only by means of decreasing carbon intensity of energy production, but also by means 
of a significant break with the historically observed patterns between energy use and 
economic growth. Generally, IAMs find considerable reductions of energy consumption 
in climate policy scenarios, without a strong effect on long-run economic development.  
 
The question arises how plausible this outcome is. Low final energy consumption levels 
could theoretically be reached by massive energy efficiency gains or substituting energy 
intensive inputs. Alternatively, developing countries could theoretically grow without 
using energy-intensive inputs and accumulating capital on a large scale, e.g. by providing 
services or massively importing energy-intensive inputs. However, both interpretations 
imply strong underlying assumptions. Rather, the decreases in energy consumption 
implied by IAMs are unlikely to be achieved without endangering sustainable 
development objectives, such as universal energy access. As most IAMs, however, do not 
take into account aspects that are specific for developing regions4, their results regarding 
developing countries can be questioned.  

2 Discussion 
Looking at mitigation costs and their robustness, the results presented in the first part of 
this thesis give a rather positive picture, both for climate mitigation in general as well as 
with respect to developing countries. Even though mitigation costs are sensitive to the 
availability of technologies, the stabilization target and the timing of global action, they 
are overall comparably modest. Assuming a global cap-and-trade scheme to be in place, 
developing countries could profit from transfers that can potentially make up a significant 
share of their GDP and consumption, respectively. Scenarios of delaying climate 
mitigation are particularly interesting, given the outcome of recent climate negotiations at 
COP17 in Durban, South Africa. A binding reduction target is envisaged to be in place by 
2020. Delaying climate policy, which generally increases global mitigation costs, could 

                                                 
4IAMs generally do not take infrastructure and the energy needed for construction and maintenance 
explicitly into account. Rather, it is included as capital in a macroeconomic production function (usually 
not differing between developed and developing countries), which can generally be produced with small 
energy inputs.  
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however potentially be positive for developing countries, as a higher carbon price makes 
their emission allowances more valuable. At the same time, as argued in the introduction, 
they gain more time to stabilize their economic growth.  
 
This rather positive narrative can also be supported when turning to China in more detail. 
First, its carbon intensity of energy exceeds those of other newly industrializing 
countries, as it is driven by a highly coal-based energy system. This implies that the latter 
will probably – even when following China’s pace of industrialization – witness lower 
carbon emissions, simply because of different technologies that determine their energy 
mixes. Second, the evaluation of China’s climate policy also turns out to be rather 
encouraging: Current plans to decrease the carbon intensity of GDP by 45% and 
corresponding goals to invest into low carbon energy technologies are basically 
consistent with a stabilization target of 450 ppm CO2-only as calculated by the ReMIND-
R model.  
 
Stopping here would leave us with an optimistic view with respect to developing 
countries in the context of climate mitigation and energy transformations. Once a global 
carbon market is in place, the choice of the accounting scheme for determining the cap 
can majorly determine how wealth is redistributed in order to be in line with UNFCCC 
principles as well as with broader considerations of equity and justice. The optimistic plot 
– mostly based on the results of integrated assessment models – is however called into 
question when considering a broader set of sustainability indicators and not only 
mitigation of CO2 emissions. Results presented by IAMs raise doubts whether they are 
well equipped for dealing with economies that are not yet industrialized. If energy 
thresholds exist – and Chapter 6 provided strong evidence that they do – the encouraging 
results presented by IAMs are fundamentally challenged. The question whether low 
mitigation costs – or even gains – prevail when considering energy thresholds is highly 
relevant for evaluating the role of developing countries in international efforts to curb 
climate change.  
 
This touches on a larger issue with respect to economic modeling:  how to generally treat 
externalities and economic distortions and which to consider proves to be pivotal for 
model results. By applying a price on carbon the climate externality is internalized in 
energy-economy models. However, other externalities are often ignored5. Increasing 
returns to scale in energy consumption related to spillovers - particularly important for 
climate change mitigation as shown in Chapter 6 - are just one example that is usually not 
taken into account when calculating mitigation costs. It however seems to have the 

                                                 
5 ReMIND-R considers in addition technological learning spillovers.  

7.2 Discussion 165
 



potential to change the dynamics of climate change mitigation and to have an impact on 
regional mitigation costs. 
 
In addition, mitigation costs (in this thesis and beyond) are given in terms of welfare 
losses, often measured in GDP or consumption foregone. How to define and account for 
welfare is by no means an easy task, nor is consumption or GDP necessarily a good way 
to do it (see Fleurbaey (2009) for an extended discussion on this issue). Importantly, 
results presented here are based on neo-classical welfare economics and majorly build on 
Ramsey’s (1928) thoughts on intertemporal welfare, largely driven by a couple of 
specific, but important assumptions.  
 
In economic models individual preferences are usually aggregated into a social welfare 
function which is supposed to be valid for the whole society denoted by a representative 
household. But, well-being is actually deeply subjective and driven by individual 
preferences. Further, it is not only determined by material goods and their consumption, 
but apparently also depends on how much they are desired by others6 (Hirsch, 1977). 
Aggregating individual well-being to derive a social welfare function thus implies an 
implicit normative judgment. Classical utilitarianism acknowledges that consumption has 
decreasing marginal utility, i.e. consumption increases at low income levels contribute to 
higher welfare gains than the same increase at higher income levels, which is mirrored in 
concave utility functions. But, it ignores the distribution of welfare within a society and 
remains silent with respect to how well-being should be distributed other than what is 
implied by the principle of maximizing the accumulated well-being of all individuals in 
the society7 (Dasgupta, 2004). Other theories are more sensitive to the issue of 
distributional justice, be they more egalitarian (as for example proposed by Rawls (1971) 
or more libertarian (as for example proposed by Nozick (1974)), but are not applied for 
the calculation of mitigation costs in the setting presented here.  
 
One additional point arises with respect to the implications of a global carbon market that 
is often assumed in model analyses. Chapter 3 shows that developing countries can gain 
from transfers that arise from carbon markets depending on the allocation scheme. Also 
other research shows that financial flows to developing countries prompted by carbon 
markets can – depending on the allocation scheme – account for a significant share of 
their total GDP (Jakob et al., 2012). However, it is not necessarily clear that transfers can 
be effectively absorbed and are automatically beneficial to developing countries. For poor 
countries the analogy between transfers implied by a global carbon market and income 

                                                 
6 ‘Positional goods’ form an externality by themselves.  
7 Empirically, however, income distribution seems to have a broader effect on human welfare along 
different dimensions, see e.g. Wilkinson and Pickett (2009).  
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from resources or aid is obvious. The latter have caused negative effects on economic 
growth and the uptake of capital stocks– often referred to as a ‘resource curse’ - in the 
past (Sachs and Warner, 2001). Note that transfers implied by a global carbon market are 
in the same order of magnitude as those observed in other markets in the past, depending 
on the allocation scheme (Jakob et al., 2012). Without aiming to discuss the implications 
in further detail, statements of positive effects for developing countries in global carbon 
markets need to be handled with great care, particularly when based on large transfer 
volumes. Other forms of developing country participation thus might be preferable, for 
example fund-based approaches that cover the additional costs of investments into low-
carbon technologies.  

3 Outlook and future research 
The research questions addressed in this thesis help to gain a better understanding of 
developing countries’ role in climate change mitigation and the transformation of energy 
systems. However, the thesis also raises new problems that cannot be answered 
satisfactory and should be addressed in the future.  
 
Energy in development processes and its interrelation to climate change mitigation can be 
identified as a potentially rich area of future research. First and foremost, a theoretical 
formulation of the ‘mitigation trap’ hypothesis would be desirable. This thesis has only 
given an empirical sketch of the problem, but remains silent on its theoretical foundations 
and implications. Understanding the issue and its intertemporal dynamics – e.g. by 
addressing the problem in a Ramsey-type framework – is a logical continuation of this 
thesis. Energy could for example be looked at as a separate factor in the production 
function with increasing returns to scale, thus giving way to a poverty trap behavior 
induced by climate change policy. Also, the effect should be taken into account by larger 
numerical models. It would be important to see whether the existence of energy 
thresholds or increasing returns to scale in energy consumption have the potential to 
change the dynamics of mitigation costs in different regions, particularly developing 
regions. From an empirical side, the question of causality between energy and economic 
development is surprisingly open. With regard to the existence of thresholds of energy, 
one promising area of research would be to look at changes of causality over different 
income groups.  
 
If mitigation traps did exist, it would be natural to ask how they could be avoided. The 
current state of the art research is mostly assuming an international price on carbon, 
either implied by a global carbon market or a tax-based regime. With respect to the 
former, the implications of an international global carbon market at the core of 
international climate policy do not seem to be totally clear. Even though model results are 
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rather optimistic with respect to the impacts of climate policy in developing countries, it 
needs to be understood under which conditions climate policy transfers implied by a 
global carbon market can be absorbed. The analogy to resource or aid incomes – and their 
negative consequences - is obvious and should be studied in detail. This kind of research 
could be highly relevant, as low costs or even potential gains from climate policy for 
developing countries could vanish if transfers cannot be absorbed and lead to negative 
effects. From a more general perspective, it also seems to be relevant to understand more 
explicitly how carbon pricing affects different income groups in a society.   
 
Looking at development processes from a broader perspective, energy consumption 
might only be one specific example of a development threshold. More systematic 
research with respect to socio-economic ‘tipping points’ seems to be important as their 
existence would call into question the plausibility of strictly increasing growth processes 
typically assumed in main-stream economic theory. In this respect, but also more 
generally, infrastructure seems to be a promising area of future research. Thus, answering 
questions like “What is the role of infrastructure, i.e. transportation grids, roads, buildings 
etc. in development processes?”, “What is the energy demand that results from 
infrastructure uptake in the future?” and more generally “How to model infrastructure 
explicitly in IAMs?” would be a real value added to the understanding of future 
development processes and possible obstacles and barriers with respect to mitigating 
climate change.   
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R) and Henri Waisman (IMACLIM) performed scenario runs. Data have been collected, 
analyzed and put into graphs by the author of the thesis. Gunnar Luderer and the author 
of this thesis interpreted data. Gunnar Luderer wrote the paper with contributions from 
Valentina Bosetti, Michael Jakob, Henri Waisman and the author of the thesis. 

Chapter 3 Michael Jakob was mainly responsible for writing the article and describ
ing the economic theory involved. Gunnar Luderer and the author contributed to parts of 
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This dissertation relies on different methods, including inter alia data processing, statis
tical analysis and modeling. Naturally, a number of software tools were used to analyze 
and visualize data as well as to run models. This section lists these tools. 

Data Processing Data analysis in 2, 3,4 and 6 as well as the illustration of the ’mitiga
tion trap’ in the introduction are preformed with MATLAB, version 7.10 and its statistical 
toolbox by The MathWorks. Selected analyses in 6 use Microsoft Excel 2003 and 2007, 
respectively. Econometric analyses in 6 were performed in STATA/SE version 10.1, from 
Statacorp. 

Modeling The author uses results by the numerical model ReMIND-R, developed by 
Leimbach et al. (2010). Chapters 2 and 3 use data generated by the numerical models 
IMACLIM (Sassi et al.,2010) and WITCH (Bosetti et al.,2006) 
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