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Summary

Global warming is a major challenge facing the world today. As of 2020, there has
already been a rise in the Earth’s mean surface temperature of around one degree
Celsius compared to pre-industrial times (IPCC, 2018). If temperatures increase
beyond specific tipping points, global warming might become self-reinforcing
and irreversible. There is now ample evidence that anthropogenic greenhouse
gas emissions, mainly CO2, are the primary drivers of global warming. Given
that energy is an essential input in the production of many goods and services,
there are only two ways to decrease CO2 emissions in a growing economy: ei-
ther efficiency in the use of fossil fuels increases or they are substituted with
clean renewable energy inputs. Existing economic research mainly focuses on
efficiency-enhancing technological progress. In contrast, this dissertation inves-
tigates possibilities to improve input substitutability such that, in the long-run,
clean inputs can fully replace dirty ones in production.

First, this dissertation reviews the theoretical concept of input substitutabil-
ity at different levels of aggregation and lays out how the level-specific elastic-
ities relate to each other. Second, the possibility to invest in substitutability-
enhancing research and its interaction with investment in efficiency-enhancing
research are investigated withing a model of economic growth. Third, a numer-
ical optimization model of the power sector is used to investigate substitution
patterns between clean and dirty inputs for high shares of renewables that are
not yet observable in empirical data. Finally, this dissertation analyzes how the
provision of electrolysis-based green hydrogen, a potential substitute for fossil
fuels in the transportation and mobility sector, interacts with the power sector.

Overall this dissertation shows that improving input factor substitutability is
an important channel for decarbonizing production. Neglecting this channel may
result in a substantial underestimation of future input-flexibility options and the
scope for long-run green growth.
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Zusammenfassung

Die globale Klimaerwärmung ist eine der größten Herausforderungen unserer
Zeit. Bis 2020 ist die durchschnittliche Oberflächentemperatur der Erde im Ver-
gleich zu vorindustriellen Zeiten bereits um circa ein Grad Celsius gestiegen
(IPCC, 2018). Falls die Temperaturen in der Zukunft bestimmte Kipppunkte
übersteigen, könnte der Erwärmungsprozess selbstverstärkend und unumkehrbar
werden. Es gilt heute als gesichert, dass die Klimaerwärmung vornehmlich durch
anthropogene Treibhausgasemissionen, insbesondere CO2, verursacht wird. Ge-
geben der Notwendigkeit von Energie als Produktionsfaktor in der Bereitstellung
von Gütern und Dienstleistungen lassen sich CO2-Emissionen in einer wachsen-
den Ökonomie nur auf zwei Arten reduzieren: Entweder durch effizientere Ver-
wendung fossiler Brennstoffe oder durch Substitution dieser mit sauberen, er-
neuerbaren Alternativen. Bestehende Forschung beschäftigt sich hauptsächlich
mit effizienzsteigerndem technologischen Fortschritt. Im Gegensatz dazu widmet
sich diese Dissertation der Möglichkeit, die Substituierbarkeit von Produktions-
faktoren zu erhöhen, sodass auf lange Sicht fossile Brennstoffe durch saubere
Alternativen ersetzt werden können.

Diese Dissertation untersucht das theoretische Konzept von Faktorsubstituti-
on auf verschiedenen Aggregationsebenen und legt dar, wie die Ebene-spezifischen
Elastizitäten interagieren. Weiters wird im Rahmen eines ökonomischen Wachs-
tumsmodells die Möglichkeit von Investitionen in substituierbarkeitsverbessern-
de Forschung und deren Interaktion mit Investitionen in effizienzsteigernde For-
schung untersucht. Darüber hinaus werden mithilfe eines numerischen Optimie-
rungsmodells des Stromsektors Substitutionsmuster zwischen fossilen und erneu-
erbaren Produktionsfaktoren für hohe Anteile an erneuerbarer Energie unter-
sucht, welche heute noch nicht in den empirischen Daten beobachtbar sind. Am
Ende dieser Dissertation wird untersucht, wie die elektrolysebasierte Bereitstel-
lung von grünem Wasserstoff, einem potentiellen Substitut für fossile Treibstoffe
im Transport- und Mobilitätssektor, mit dem Stromsektor interagiert.

Zusammenfassend zeigt diese Dissertation, dass eine sich verbessernde Sub-
stituierbarkeit von Produktionsfaktoren eine entscheidende Rolle für die Dekar-
bonisierung der Wirtschaft spielt. Diesen Mechanismus zu vernachlässigen kann
potentiell dazu führen, dass zukünftige Flexibilitätsoptionen in der Wahl der Pro-
duktionsfaktoren sowie die Möglichkeit grünen Wachstums unterschätzt werden.
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General Introduction

Global warming is a major challenge facing the world today. Changing climatic
conditions affect natural and human systems in many dimensions by increasing
climate-related risks like declining biodiversity, endangering food and water sup-
ply, deteriorating health conditions, and more frequent occurrences of extreme
weather events. The potential damage is huge, with those who are too poor to
invest in mitigation and adaption being the most vulnerable.

As of 2020, there has already been a rise in the Earth’s mean surface tem-
perature of around one degree Celsius compared to pre-industrial times (IPCC,
2018). If temperatures increase beyond specific tipping points, global warming
might become self-reinforcing and irreversible. There is now ample evidence that
anthropogenic greenhouse gas emissions, mainly CO2, are the primary drivers of
global warming. To limit a further rise in temperatures, the use of fossil fuels
must be reduced quickly and substantially. Given that energy is an essential
input in the production of many goods and services (Meran, 2019), there are
only two ways to decrease CO2 emissions in a growing economy: either efficiency
in the use of fossil fuels increases or they are substituted with clean renewable
energy inputs.

Existing economic research mainly focuses on efficiency-enhancing techno-
logical progress. That is, decreasing the input of fossil fuels is compensated
by increasing efficiency in their use. If efficiency increases faster than fuel de-
mand, CO2 emissions can decrease, even if there is economic growth. However,
at the moment, efficiency gains are not large enough to offset the rising demand
for fossil fuels, as undeniably shown by steadily increasing global emissions of
greenhouse gases. However, even if efficiency increases faster, in the long-run, it
would be limited by thermodynamic laws (Meran, 2019). Moreover, both firms
and governments purposefully invest in research and technologies that allow for
replacing fossil fuels with clean alternatives (Lazkano et al., 2017; Mattauch
et al., 2015). Thus, the idea of perpetually increasing efficiency in the use of
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GENERAL INTRODUCTION

fossil fuels not only conflicts with thermodynamic laws but also does not reflect
observed investment behavior.

This dissertation analyzes the second possibility to decrease CO2 emissions:
substituting dirty fossil fuels with clean alternatives. Existing models providing
substitution possibilities between clean and dirty energy inputs, in general, dis-
tinguish between two mutually exclusive cases: one featuring easy substitution
in which clean energy inputs can fully substitute fossil fuels, and one character-
ized by less favorable substitutability implying that fossil fuels are essential for
production. This dissertation extends and complements the existing literature
by analyzing the possibilities to endogenously move from a world with limited
substitutability between clean and dirty energy inputs to one in which clean
alternatives can fully replace fossil fuels, and green growth becomes possible.
Although the idea of improving substitutability is already mentioned by Hicks
(1932) in the context of capital and labor and has been put at the top of the
agenda of environmental economics by Bretschger (2005), there is still a large
gap in existing economic research. This dissertation aims at filling this gap.

Chapter 1 reviews different concepts of the elasticity of substitution, a stan-
dard measure of the degree of substitutability between input factors. It scruti-
nizes potential determinants and also lays out several channels through which
input substitutability may increase over time, e.g., sectoral reallocation of pro-
duction or investment in substitutability-increasing research. Based on this re-
view, Chapter 2 develops a growth model allowing for investment in both better
substitutability between clean and dirty energy inputs and higher efficiency in
their use. In this model, optimal investment of a representative producer results
in a gradual improvement of substitutability over time such that clean inputs
can eventually fully replace fossil fuels. Turning to the electricity sector, one of
the largest CO2 emitters (IPCC, 2014; IEA, 2019a), Chapter 3 fits constant and
variable elasticity of substitution production functions to data generated with
a numerical optimization model of the power sector. This approach allows for
studying substitution patterns between clean and dirty energy inputs prevalent
at high shares of renewables that are not yet observable in empirical data. Fi-
nally, Chapter 4 investigates how the provision of electrolysis-based hydrogen, a
potential substitute for fossil fuels in some end-use applications, interacts with
the power sector. Examining four different supply chains for hydrogen at German
filling stations reveals that there is a flexibility-efficiency trade-off. Conceptually,
higher flexibility can be interpreted as better substitutability between clean and
dirty energy inputs in the power sector.
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Chapter 1, which is joint work with Michael Knoblach, provides the first
comprehensive review of the empirical and theoretical literature on the determi-
nants of the elasticity of substitution between inputs in production. Although
we focus on capital-labor substitution, for which most research exists, theoretical
considerations also apply to any other pair of inputs, like clean and dirty energy
inputs.

We start with a purely technological concept of the elasticity of substitution
(EOS), as represented by the two-input constant elasticity of substitution (CES)
production function, and review several microfoundation approaches. Subse-
quently, we outline the construction of an aggregate elasticity of substitution
(AES) in a multi-sectoral framework and investigate how it depends on underly-
ing intra- and inter-sectoral substitution. Finally, we analyze the influence of a
broad range of institutional factors on observed substitution patterns. Account-
ing for institutional factors results in the concept of the effective elasticity of
substitution (EES), as typically estimated in empirical studies. We then scru-
tinize several potential determinants of the elasticity of substitution, analyze
whether they affect it at the level of the EOS, the AES, or the EES, and eval-
uate which channels are supported by empirical evidence. Moreover, we present
four ‘stylized facts’ on the elasticity of substitution and discuss to what extent
they can be explained by the determinants presented in this chapter.

Overall, this chapter shows that the observed effective elasticity of substi-
tution (EES) is generally not an immutable deep parameter but depends on
a multitude of technological, non-technological, and institutional determinants.
Based on this insight, we discuss further potential determinants of the elasticity
of substitution, including ‘sigma-augmenting’ technical progress (Klump et al.,
2012, p. 793), i.e., investment in substitutability-improving research, which is
analyzed in more detail in Chapter 2 of this dissertation.

Chapter 2 adopts a technological perspective on the elasticity of substitu-
tion and analyzes the effects of endogenous investment in better substitutability
between clean and dirty energy inputs within a macroeconomic growth model.
The possibility to invest in an increase in efficiency in the use of fossil fuels is
preserved. Adding investment in substitutability extends and improves existing
models, where decarbonization is entirely based on efficiency-enhancing techno-
logical progress (e.g., Di Maria and Valente, 2008; Acemoglu et al., 2012; Greaker
et al., 2018; Hart, 2019), in several aspects.

First, the idea of perpetually increasing efficiency in the use of fossil fuels
conflicts with thermodynamic laws, which require a minimum input of energy in
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the production of most goods and services (Meran, 2019). Second, building on
purely efficiency-enhancing technological progress neglects part of the observed
investment behavior of firms and governments, both of which invest in technolo-
gies that enable substituting dirty fossil fuels with clean alternatives (Lazkano
et al., 2017; Mattauch et al., 2015). Third, with investment in an improvement
of substitution possibilities, the income share of clean inputs increases as their
relative employment in production rises, an important result (IEA, 2020) that
cannot be reproduced by efficiency-based models.

I show that, for a profit-maximizing representative producer, there is always
an incentive to invest in better substitutability. This incentive is larger, the
cheaper clean inputs are compared to dirty ones and increases in overall produc-
tion. Simultaneously, for both clean and dirty inputs, investment in efficiency-
enhancing technological progress and in production capacities for energy services
continues. Yet, with improving substitutability, dirty inputs lose importance in
production and eventually become inessential as soon as the elasticity of sub-
stitution crosses the threshold value of unity. Once fossil fuels are inessential,
all investment is directed toward clean inputs, thereby inducing green growth.
Moreover, unlike what is often claimed, numerical simulations show that research
investments that facilitates substituting clean for dirty energy inputs accelerate
economic growth rather than slowing it down. This is because better input
substitutability allows for exploiting cost advantages of clean inputs to a larger
extent.

Importantly, the transformation from fossil fuel based growth to green growth
occurs endogenously and does not hinge on a carbon cap or infinitely high prices
of fossil fuels. Moreover, temporary policy interventions, e.g., a tax on fossil
fuels or a subsidy on substitutability-increasing research, are sufficient to render
dirty inputs inessential in the long-run and to enable green growth. Overall, this
chapter provides the so far missing bridge between a high- and a low-elasticity
world, the two cases that are usually discussed separately in the existing literature
on green growth and decarbonization.

Chapter 3, which is joint work with Alexander Zerrahn, turns to the elec-
tricity sector and focuses on assessing the current and expected future elasticity
of substitution between clean and dirty inputs. As one of the largest emitters
of CO2 (IPCC, 2014; IEA, 2019a), the power sector is crucial for every decar-
bonization and green growth strategy. Moreover, with the ongoing electrification
of transportation, heating, and industrial processes, it will gain further weight.
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Thus, the elasticity of substitution in the power sector is becoming an increas-
ingly important indicator of substitutability in aggregate production.

Existing empirical evidence (Papageorgiou et al., 2017; Malikov et al., 2018),
which suggests an elasticity of substitution well above unity, mostly relies on
country data characterized by the relatively low share of clean inputs observable
today. However, substitution patterns for low and high shares of clean inputs
may deviate substantially, with the elasticity of substitution expected to decrease
in the relative amount of clean inputs (Wiskich, 2019).

Instead of using empirical data, we generate data with a numerical bottom-
up optimization model of electricity supply with clean and dirty inputs. Based
on these data, we fit constant and variable elasticity of substitution production
functions (CES/VES). This approach allows for studying high shares of clean
energy that are not observable today and for investigating how the availability
of specific generation and storage technologies, lower costs for clean technologies,
or additional but flexible electricity demand shape the elasticity of substitution.
We find that dirty inputs are not essential for electricity production, neither
today nor for future high shares of clean energy. This is reflected by a fitted
elasticity above unity for a broad range of scenarios that vary different aspects
and assumptions concerning the power system. Yet, the elasticity is highest for a
balanced mix of clean technologies. Moreover, we find that substituting clean for
dirty energy becomes harder for high shares of clean generation. Nevertheless,
the CES production function is a viable option for modeling electricity generation
in more aggregate macroeconomic models and, in most cases, even outperforms
the VES-approach, which, although capable of replicating a decreasing elasticity
of substitution, suffers from being rather restrictive in modeling such a decrease.
Finally, we show how a changing availability of generation and storage technolo-
gies can be easily implemented in macroeconomic models.

Chapter 4, which is joint work with Wolf-Peter Schill and Alexander Zerrahn,
focuses on the provision of electrolysis-based hydrogen, a potential substitute
for dirty fossil fuels in, e.g., transportation, industrial processes, and long-term
electricity storage (Jacobson et al., 2017; Luderer et al., 2018; Hanley et al.,
2018).

This chapter provides the first investigation of the interaction of different
supply chains of hydrogen for German private passenger mobility with the power
sector. To this end, we use an open-source cost-minimization model with a
technology-rich well-to-tank perspective that co-optimizes the power sector and
four hydrogen supply chains. We compare twelve scenarios that differ in hy-
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drogen demand and the share of renewable electricity generation. Importantly,
a trade-off between temporal flexibility and energy efficiency emerges. On the
one hand, temporally flexible supply chains help integrate intermittent clean elec-
tricity generation technologies, thereby facilitating the substitution of dirty fossil
fuels. On the other hand, they are more energy-intensive, increasing electricity
demand and, thus, putting an additional burden on the power sector.

For lower shares of renewables and smaller hydrogen demand, more energy-
efficient but less flexible small-scale on-site electrolysis is optimal. For higher
shares of renewables and/or larger hydrogen demand, more flexible but less
energy-efficient centralized large-scale hydrogen supply chains are favorable as
they allow for disentangling hydrogen production from demand via storage. In
general, a combination of efficient small-scale on-site and temporally flexible
centralized large-scale electrolysis is optimal. Among the centralized large-scale
supply chains, liquid hydrogen (LH2) sticks out. This is due to cheap storage
and low energy demand for preparing stored liquid hydrogen for dispensing at
filling stations.

Co-benefits of temporally more flexible centralized large-scale hydrogen sup-
ply chains for the power sector are highest if large amounts of otherwise curtailed
electricity are available, which lowers the costs incurred by energy-intensive elec-
trolysis. Thus, hydrogen production rivals other uses of (renewable) surplus
electricity generation. The emission intensity of hydrogen varies substantially
with scenarios and depends on hydrogen demand, the share of renewables in
electricity production, and the metric used to attribute CO2 emissions in the
power sector to hydrogen production and supply. Importantly, depending on the
scenario, the use of temporally more flexible supply chains does not necessarily
lower emissions as it may increase generation with CO2-intensive coal. Finally,
costs of hydrogen supply vary only moderately within scenarios, highlighting
the importance of ‘soft’ factors in evaluating different hydrogen production and
supply chains, like operational security or public acceptance.

This dissertation combines theoretical economics with empirical economics
and uses both analytical and numerical methods. Chapter 1 provides a review
of theoretical and empirical work. Chapter 2 is theoretical and employs mainly
mathematical analysis but also comprises numerical simulations. Chapter 3 uses
a numerical optimization model to generate input data for the fitting of produc-
tion functions. Finally, Chapter 4 employs a sophisticated numerical optimiza-
tion model of the power sector and augments it with the possibility of hydrogen
production and supply.
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Chapter 1

What Determines the Elasticity
of Substitution Between Capital
and Labor? A Literature Review

Abstract
This paper provides the first comprehensive review of the empirical and theo-
retical literature on the determinants of the elasticity of substitution between
capital and labor. Our focus is on the two-input constant elasticity of substitu-
tion (CES) production function. We start by presenting four concise observations
that summarize the empirical literature on the estimation of σ. Motivated by
these observations, the main part of this survey then focuses on potential de-
terminants of capital-labor substitution. We first review several approaches to
the microfoundation of production functions where the elasticity of substitution
(EOS) is treated as a purely technological parameter. Second, we outline the
construction of an aggregate elasticity of substitution (AES) in a multi-sectoral
framework and investigate its dependence on underlying intra- and inter-sectoral
substitution. Third, we discuss the influence of the institutional framework on
the extent of factor substitution. Overall, this survey highlights that the effec-
tive elasticity of substitution (EES), which is typically estimated in empirical
studies, is generally not an immutable deep parameter but depends on a multi-
tude of technological, non-technological, and institutional determinants. Based
on these insights, the final section identifies a number of potential empirical and
theoretical avenues for future research.
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1.1. INTRODUCTION

1.1 Introduction

The principle of substitution is a core element of neoclassical theory, especially
production theory. As an implicit or explicit parameter of the production func-
tion, the elasticity of substitution represents the envelope of all technically fea-
sible combinations of input factors that produce a certain amount of output.
Intuitively, the elasticity of substitution can be regarded “as a measure of the
efficiency of the productive system” to transform inputs into output (de La
Grandville, 1989, p. 479). That is, the more interchangeable two inputs in
production are, i.e., the higher the elasticity of substitution is, the better an
economy can transform an increase in the relative abundance of an input factor
into further output.

In macroeconomics, the elasticity of factor substitution between capital and
labor, σ, is shown to be of critical importance for a broad range of topics. The
degree of substitutability influences, for instance, the response of business invest-
ments to variation in the interest rate (Chirinko, 2002), the returns of produc-
tive factors in an open-economy context (Jones and Ruffin, 2008), the relation
between technology shocks and hours worked (Cantore et al., 2014, 2017), as
well as the degree of sectoral transformation (Alvarez-Cuadrado et al., 2017).
Additionally, Piketty’s (2014) explanation of the observed decline in the share
of labor in total income crucially depends on the assumption that σ exceeds
unity. The elasticity of substitution is even more important in the theory of eco-
nomic growth. According to the de La Grandville hypothesis (de La Grandville,
1989; Klump and de La Grandville, 2000), both the level and growth rate of per
capita income are positively dependent on the elasticity of substitution.1 Even
more, as already shown in the growth models of Solow (1956) and Pitchford
(1960), for a sufficiently high value of σ, necessarily greater than unity, perpet-
ual growth is possible, even in the absence of technological progress. Further
aspects of economic growth, such as the speed of convergence to the steady state
(Turnovsky, 2002, 2008; Klump and Saam, 2008), the sensitivity of cross-country
income differences with respect to relative factor endowment and technical effi-
ciency (Caselli, 2005), as well as the direction of technological change (Acemoglu,
2003), are also strongly related to the magnitude of σ.

1Note that to obtain these results, the concept of normalization, developed by de La
Grandville (1989) and Klump and de La Grandville (2000), is essential. Normalization guaran-
tees a meaningful and consistent comparison of model results relying on different values of the
elasticity of substitution. For an excellent survey of the concept of normalization, see Klump
et al. (2012).
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CHAPTER 1. WHAT DETERMINES THE ELASTICITY OF
SUBSTITUTION BETWEEN CAPITAL AND LABOR?

Although the aforementioned contributions highlight the fundamental impor-
tance of the elasticity of substitution between capital and labor for a broad range
of theoretical and empirical research, much less is known about what underlies
and determines σ itself. This is surprising, as the empirical literature reveals
large variation in estimates of σ across industries, sectors, and countries as well
as changes over time. Furthermore, this gap is puzzling, as some initial con-
jectures about potential determinants of σ can already be found in Hicks (1932,
1936, 1963). Hicks suggested that, in contrast to a one-sector economy, in a multi-
sectoral framework, the aggregate degree of substitutability between capital and
labor is determined not only by the properties of the production technology itself
but also by changes in consumption patterns. According to Hicks, the aggregate
elasticity of substitution (AES) is determined by i) intra-sectoral substitution of
known methods of production, ii) technological innovations that augment this
set of methods, and iii) inter-sectoral substitution of commodities with different
factor intensities. Moreover, at any level of aggregation, factor substitution is
potentially influenced by the institutional framework. Altogether, this challenges
the traditional concept of σ as an exogenously given, immutable deep parameter
and rather suggests to treat it as an endogenous variable (cf. Palivos, 2008).

Figure 1.1: Different concepts of factor substitution.

Note: The aggregate elasticity of substitution (AES) of an economy com-
prises both factor substitution (EOS) at the disaggregated level (e.g., firms,
industries) and commodity or intermediate substitution at the aggregate
level. On both levels, substitution is potentially influenced by the institu-
tional framework. Combined, these concepts establish the effective elasticity
of substitution (EES), which is typically estimated in empirical studies.

12
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The contribution of our survey to this discussion is threefold. First, we sum-
marize the empirical literature on the estimation of σ in four concise observations.
These observations illustrate the distinctive heterogeneity in empirical estimates
across industries, sectors, countries, as well as over time, thus motivating a deeper
investigation of the potential determinants of σ. Therefore, our second and most
important contribution is to summarize and critically review the existing liter-
ature on the determinants of the elasticity of substitution between capital and
labor. For this, as illustrated by Figure 1.1, we build on the structure provided
by Hicks’ conjectures and distinguish between three different concepts of factor
substitution. The first concept treats the elasticity of substitution (EOS) as
a purely technological parameter that is most prevalent on the one-sector firm
level. The second concept, the AES, is based on the idea of both intra- and
inter-sectoral substitution within a multi-sectoral framework. This also includes
non-technological determinants, especially consumption preferences. Finally, the
third concept takes into account how the institutional framework influences fac-
tor substitution. This concept describes the effective elasticity of substitution
(EES), which is typically estimated in empirical studies. The EES includes tech-
nological substitution and non-technological commodity substitution, which are
both influenced by the institutional framework. As our third contribution, for
each determinant, we assess its potential to explain part of the heterogeneity in
estimates of σ as summarized by our empirical observations. Overall, our assess-
ment supports Palivos’ suggestion to treat the effective elasticity of substitution
as endogenous.

The rest of this paper is structured as follows. The investigation of the role
of σ in macroeconomics typically focuses on its use in the two-input constant
elasticity of substitution (CES) production function. Thus, section 1.2 provides
a short discussion of not only the history and properties of the elasticity of sub-
stitution but also the CES production function. In section 1.3, we summarize
main results from the empirical literature on capital-labor substitutability. We
then proceed with the review of the determinants of σ. In section 1.4 we present
different approaches to the microfoundation of production functions to better un-
derstand what underlies the EOS as a purely technological parameter. In section
1.5, we outline the construction of an aggregated measure of factor substitution
comprising multiple sectors. The influence of the institutional framework on σ is
discussed in section 1.6. Finally, section 1.7 concludes and presents suggestions
for future research.
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CHAPTER 1. WHAT DETERMINES THE ELASTICITY OF
SUBSTITUTION BETWEEN CAPITAL AND LABOR?

1.2 Background: σ and the CES Production
Function

The concept of an elasticity of substitution between factors of production was
developed by John R. Hicks in The Theory of Wages (1932) and Joan Robinson
in The Economics of Imperfect Competition (1933). Interested in the effect of
changes in the supply of productive factors on the distribution of factor income,
Hicks obtained his definition as a by-product of his analysis. In his setting, he
considered a production function with constant returns to scale (CRS), Y =
F (K, L), that produces output, Y , as a combination of the two input factors
capital, K, and labor, L, in a framework of perfect competition. On the basis of
these assumptions, Hicks (1932, p. 244) defines the elasticity of substitution as
follows:

σKL = ωr

p2
Y FLKY︸ ︷︷ ︸

Hicks’ def.

= FLFK

FLKY
, (1.1)

where r denotes the rental rate of capital, ω refers to the wage rate, pY is the
price of the output good, and Fi ≡ ∂Y/∂i and Fij ≡ ∂2Y/(∂i∂j) with i, j ∈
{K, L} define the first and second/cross-derivatives of the production function
with respect to inputs.2 As noted by Kahn (1933) and Lerner (1933), a major
drawback of definition (1.1) is that it lacks an intuitive economic interpretation.
Thus, attention was directed to a second formulation that was independently
developed by Robinson (1933) in her analysis of firm behavior under imperfect
competition. To obtain an explicit measure of the technologically determined
difficulty of substituting factors of production for each other, Robinson (1933,
p. 256) defines the elasticity of substitution along a production isoquant with
output fixed at Y , as:

σKL =
d(K/L)

K/L

d(FL/FK)
FL/FK

∣∣∣∣∣∣
Y =Y

=
d(K/L)

K/L

d(ω/r)
ω/r

∣∣∣∣∣∣
Y =Y

, (1.2)

where the same assumptions as mentioned above in the context of Hicks’ defini-
tion apply. According to equation (1.2), the elasticity of substitution is defined
as the percentage change in the capital-labor ratio due to a one percent change

2Given perfect competition and a CRS production function, for cost-minimizing produc-
tion, the marginal product of each input factor must be equal to its price, i.e., FK = r and
FL = ω. Moreover, since in general equilibrium theory only relative prices matter, the price of
the final good can be normalized to one, i.e., pY ≡ 1. Together, this establishes the equality
of the two representations presented in equation (1.1).
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in the ratio of the marginal products of inputs, i.e., the marginal rate of technical
substitution, along a given production isoquant (Helm, 1987). Thus, following
Robinson, the elasticity of substitution describes the shape of a production func-
tion. Soon after the introduction of these two seemingly competing definitions,
it became clear that they are equivalent under the following assumptions: only
two input factors, a CRS production function, and perfect competition.3

In subsequent years, the theory of economic growth was mostly influenced by
the work of Harrod (1939) and Domar (1946). Within the Harrod-Domar model,
both factors of production can only be used in fixed proportions. That is, there
is no possibility to substitute capital and labor. Unsatisfied with the knife-edge
property of the Harrod-Domar model, Solow (1956) proposed the application of
more flexible production functions that allow for factor substitution such that
the capital-labor ratio becomes variable over time. Besides applying the Cobb-
Douglas production function, Solow also introduced an alternative specification,
that 5 years later was developed by Arrow et al. (1961) as the following CES
production function:

Yt = At

[
δK

σ−1
σ

t + (1 − δ)L
σ−1

σ
t

] σ
σ−1

. (1.3)

In this specification, At > 0 is a Hicks-neutral efficiency parameter, δ ∈ (0, 1)
denotes the distribution parameter, and σ ∈ [0, ∞] is the elasticity of substi-
tution. As implied by its name, the CES production function is characterized
by a constant elasticity of substitution along and across any of its production
isoquants.4 It contains the Leontief (σ → 0), Cobb-Douglas (σ → 1), and linear
von Neumann (σ → ∞) production function as special cases. Moreover, the CES
production function in (1.3) is homothetic and exhibits constant returns to scale.
Finally, following Acemoglu (2002), inputs are considered gross complements if
σ < 1 and gross substitutes if σ > 1. This distinction also captures the difference
in the asymptotic behavior of the marginal product of factor inputs:

lim
K→∞

∂Y

∂K
=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0 if σ < 1

0 if σ = 1

Atδ
σ

σ−1 if σ > 1.

(1.4)

3The equivalence of the two definitions under the conditions mentioned above is shown in
Kahn (1933) and Hicks (1933). A formal and compact proof is presented in the second edition
of Hicks’ The Theory of Wages (1963, p. 373).

4Another, more general class of production functions comprises those with a variable elas-
ticity of substitution (VES) that is positively or negatively dependent on the input factor ratio
(see, e.g., Revankar, 1971).
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SUBSTITUTION BETWEEN CAPITAL AND LABOR?

While, in the limit, the marginal product of capital approaches zero for gross
complements and the case of a Cobb-Douglas production function, it does not
fall below a certain lower bound if the inputs are gross substitutes.5 Intuitively,
the higher the elasticity of substitution is, the more interchangeable are the
inputs in production and the less pronounced is the diminishment of marginal
returns (Brown, 1966). Additionally, if inputs are gross substitutes, they become
inessential; that is, production is possible with only one of the two input factors:
limK→0 Y (K, L) = γ(1 − δ)

σ
σ−1 L > 0 for L > 0 and limL→0 Y (K, L) = γδ

σ
σ−1 K >

0 for K > 0. By contrast, for σ ∈ [0, 1] production is possible only if both inputs
are used in positive amounts: limK→0 Y (K, L) = limL→0 Y (K, L) = 0.

Finally, we want to discuss briefly the problems that arise when generalizing
the elasticity concept to more than two inputs. The most commonly used ap-
proaches are the Allen-Uzawa (Hicks and Allen, 1934; Allen, 1938; Uzawa, 1962)
and Morishima (Morishima, 1967; Blackorby and Russell, 1975) elasticities of
substitution. However, in general, different generalizations result in different
elasticity values and coincide only in the special case of a production function
with two inputs and constant returns to scale.6 Building on these elasticity con-
cepts, the generalization of the CES production function to more than two inputs
is highly restrictive and requires production factors to be partitioned into groups
with either the across-group pairwise elasticities equal to unity and within group
elasticities free but constant (Allen-Uzawa - Uzawa, 1962), or all pairwise elas-
ticities free but equal (Morishima - Blackorby and Russell, 1981). A common
way to circumvent part of these restrictions is to nest two-input CES production
functions into each other as formalized by Sato (1967).7 As a main advantage
compared to a single production function with multiple inputs, this approach
allows for a simple and direct interpretation of the elasticity parameters for sub-
stitution within and across nests.8

5Analogous results can be obtained for the marginal product of labor. Furthermore, note
that a non-zero asymptotic marginal product violates one of the Inada conditions, according
to which both the average and the marginal product of each factor tend to zero in the limit.

6See Stern (2011) and Russell (forthcoming) for a classification of the various generaliza-
tions and a discussion on how they relate to each other.

7Note, however, that constancy of substitutability within and across nests does not neces-
sarily imply constancy of the pairwise elasticities of substitution when considering the full set
of inputs over all nests and only emerges as special cases (see Sato, 1967). These special cases
correspond to the generalizations of the two-input CES production function discussed above.

8An extensive comparison of different nesting structures for capital, labor, energy, and
materials is presented in van der Werf (2008). In addition, see Krusell et al. (2000) and
McAdam and Willman (2018) for a discussion of different nesting structures for low- and
high-skilled labor together with structures and equipment capital.
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1.3 A Look at the Empirical Literature

Since the first empirical application of the CES production function by Arrow
et al. (1961), the elasticity of substitution between capital and labor has been
estimated by a multitude of studies for several countries and at different aggre-
gation levels. In this section, we review the empirical literature with respect to
capital-labor substitutability and condense it to a set of four observations. As
the majority of empirical studies focuses on the U.S., observations 1 - 3 present
results for the U.S. economy. In observation 4, we present international evidence
on the extent of capital-labor substitution.

Observation 1. Estimates of σ at the aggregate or manufacturing level
of the U.S. economy are characterized by large heterogeneity. Although
the range of estimates is wide, the majority of the empirical evidence
suggests that σ is below the Cobb-Douglas value of unity.

Figure 1.2 depicts the distribution of 853 estimates of σ for the U.S. economy on
the aggregate or manufacturing level gathered from 49 studies published between
1961 and 2017. Most estimates are clustered within the broad range of zero and
slightly above unity. Although a peak exists near 0.9 and 1, the mass of results
scatter in the neighborhood of 0.3 and 0.7. The diversity in estimation results
explains the difficulty of obtaining agreement on an empirically backed consensus
value for the elasticity of substitution. Furthermore, both the large variety of the
estimation results and their clustering around values below unity stand in strong
contrast to the frequent application of the Cobb-Douglas production function in
theoretical models.
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Figure 1.2: Open-ended histogram with borders −2 and 2 of the elasticities of
substitution estimated for the U.S. economy on the aggregate or manufacturing
level. (Source: Knoblach et al., 2020)
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In a recent meta-regression analysis, Knoblach et al. (2020) show that the
heterogeneity in estimation results underlying Figure 1.2 can, to a large extent,
be explained by methodological reasons. Beside the choice of the estimation
equation (e.g. different types of the first-order condition (FOC) of profit maxi-
mization compared to equation systems), especially the modeling of technological
change substantially affects the estimation outcome.9 In particular, studies that
assume Hicks-neutral technological change, or ignore technological dynamics al-
together, tend to estimate high values of σ. Overall, although the matter is far
from settled, for the U.S. economy the assumption of a Cobb-Douglas production
function appears to be rejected empirically with considerable certainty. Rather,
the gross of the empirical evidence favors a below-unity elasticity of substitution
in the broad range of 0.40 - 0.90 (Chirinko, 2008; Knoblach et al., 2020).10

Observation 2. Estimates of σ for the U.S. sectors agriculture, man-
ufacturing, and services differ substantially from each other. Large het-
erogeneity is also found at the industrial level, where most estimates of
σ are above zero but below unity. However, the ranking of sectors and
industries varies across studies.

Herrendorf et al. (2015) estimate a normalized supply-side system based on U.S.
data for the 1947 − 2010 period. The authors obtain a value of σ considerably
above unity for agriculture (1.58) and below unity for manufacturing (0.80) and
services (0.75). Differences in estimates of the sectoral substitutability between
capital and labor are also found in Chirinko and Mallick (2017). The estimated
values of σ for agriculture, manufacturing, and service sectors are 0.29, 0.39,
and 0.51, respectively.11 Interestingly, the estimates obtained by Chirinko and
Mallick (2017) are considerably lower than those of Herrendorf et al. (2015) and

9A detailed discussion of these two crucial methodological issues is presented in the ap-
pendix. For an elaborate analysis of additional potential sources of heterogeneity in the esti-
mation results, e.g., the quality and structure of the underlying data and the performance of
various estimation techniques, see Berndt (1976), Hamermesh (1993), Antràs (2004), Klump
et al. (2007a), Chirinko (2008), León-Ledesma et al. (2010), León-Ledesma et al. (2015), Semie-
niuk (2017), and Qian and Wu (2020).

10In contrast to most previous empirical work, Piketty (2014) mentions a range of 1.3 to 1.6
for the elasticity of substitution in the U.S. and other high-income countries. Semieniuk (2017)
attributes these results to a non-standard definition of capital that also includes housing, land,
as well as other natural, non-produced assets and provides evidence against an elasticity of
substitution above unity.

11In contrast, Young (2013) obtains only small differences in σ across sectors. The author
reports 0.68, 0.63, and 0.69 for agriculture, manufacturing, and services, respectively.
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differ in the ranking of sectors.12 With respect to individual U.S. industries, esti-
mates of σ can be found in Young (2013) and Chirinko and Mallick (2017). Both
papers utilize Jorgenson’s (2008) KLEM database that covers 35 U.S. industries
at roughly the two-digit SIC level from 1960 to 2005. The results indicate that
a large majority of industries are characterized by an elasticity of substitution
above zero (rejecting the Leontief case) and well below unity (rejecting the Cobb-
Douglas case), while there is still considerable variation in σ across individual
industries. However, as the ranking differs across studies, it is not possible to
identify industries with either high or low elasticities of substitution.13

Observation 3. There is increasing evidence that the elasticity of sub-
stitution for the U.S. economy is rising.

Although the elasticity of substitution is traditionally considered to be time-
invariant, some recent evidence suggests a positive time trend for the U.S. econ-
omy. With respect to the manufacturing sector, Oberfield and Raval (2014)
estimate σ separately for the years 1972 and 2007 by applying a novel approach
that combines substitution and reallocation effects.14 Their results indicate that
the elasticity of substitution has risen from 0.67 to 0.75. Further evidence of a
positive time trend in the degree of capital-labor substitutability is also found at
the aggregate level. Cantore et al. (2017) apply a normalized supply-side system
to estimate σ in rolling sub-samples based on annual U.S. data from 1952 to
2009. The authors find an increase in the elasticity of substitution from about
0.50 to 0.70. Chirinko and Mallick (2017) employ the first-order condition for
capital to estimate σ by using U.S. industry panel data that is adjusted by a
low-pass filter. Their results indicate that the elasticity of substitution increased
from 0.34 in the first half of the sample, 1960 - 1982, to 0.46 in the second half,
1983 - 2005. Finally, de La Grandville and Solow (2017) identify a slight positive
drift in the elasticity of substitution based on time-series data for the periods
1966 to 1981 and 1982 to 1997, where σ increased from 0.97 to 1.04. Although

12Chirinko and Mallick (2017) speculate that the higher estimates in Herrendorf et al. (2015)
as well as the inverted sectoral ranking of σ may be explained by the use of untransformed
data and omitted factors like land, human capital, and intangible capital.

13With respect to the early empirical literature, this issue is also reported by Morawetz
(1976).

14The approach is outlined in greater detail in section 1.5.
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the magnitude differs across studies, it appears that, for the U.S. economy, σ has
increased during the last decades.

Observation 4. Most cross-country regressions identify an elasticity of
substitution greater than unity. With respect to individual countries, σ

varies considerably with most estimates lying below unity.

Based on a panel of 82 advanced and emerging countries from 1960 to 1987,
Duffy and Papageorgiou (2000) estimate σ to be significantly greater than unity
for different specifications of the underlying regression model. Similar results
are found in Masanjala and Papageorgiou (2004) for a cross-country regression
including 98 countries. The authors estimate an elasticity of substitution in the
range of 1.37 to 1.54, thus rejecting the hypothesis of a Cobb-Douglas function
for aggregate production. In line with these results, Karabarbounis and Neiman
(2014) and Piketty (2014) apply cross-country data and estimate σ to be 1.25 and
between 1.30 and 1.60, respectively. Finally, de La Grandville and Solow (2017)
estimate σ based on an annual cross-country regression for 15 OECD countries
from 1966 to 1997. In contrast to the aforementioned results, every cross-section
estimate is below unity. Furthermore, σ increases from 0.82 in 1966 to 0.95 in
1997, a result that is roughly in line to that obtained for the U.S. economy.
However, a main drawback of these studies is that they implicitly assume that
σ is equal across countries. With respect to cross-country differences in the
elasticity of substitution, the most exhaustive comparison of estimates is found
in Mallick (2012).15 The author estimates σ separately for 90 countries based
on aggregate data and a normalized variant of the CES production function
comprising Hicks-neutral technological progress. Results show a large variation
of σ across individual countries, ranging from 0.03 (Burundi and Sierra Leone) to
2.18 (Hong Kong). However, the vast majority of estimates are below 0.5. With
respect to geographical regions, the highest values are obtained for East Asia
with a mean value of 0.73. Within this sub-sample, a value of σ greater than
unity is obtained for Hong Kong (2.18), Indonesia (1.14), South Korea (1.44),
Malaysia (1.52), and Taiwan (1.28). The mean values for Sub-Saharan African
and OECD countries are 0.28 and 0.34, respectively.

15A summary of further estimates of σ across countries can also be found in Chirinko (2008)
and Klump et al. (2012).
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In summary, while methodological considerations play a major role in ex-
plaining observation 1, observations 2 - 4 motivate the following investigation of
potential factors that underlie and determine σ.

1.4 Microfoundation of Production Functions

We now turn to what underlies σ from a theoretical perspective. Based on
the decomposition of factor substitution, as illustrated in Figure 1.1, we start
by taking a close look at the literature on the microfoundation of production
functions. This strand of literature derives production functions, specifically
the Cobb-Douglas and CES, from deeper microeconomic principles.16 In such
a framework, the EOS is determined as a purely technological parameter as
prevalent at the disaggregated level. Thus, this section is especially relevant
with respect to the observed heterogeneity of σ across sectors and industries. In
the following, we discuss two of the most important approaches, the idea-based
endogenous technology choice and the mechanization framework.17

1.4.1 Idea-Based Endogenous Technology Choice

The idea-based endogenous technology choice framework is proposed in Jones
(2005) and further developed in Growiec (2008a,b, 2013, 2018), Matveenko (2010,
2011), and Matveenko and Matveenko (2015), among others. In this approach,
production techniques are regarded as ideas that are discovered over time. A rep-
resentative profit-maximizing firm is equipped with a specific production tech-
nique i, henceforth called local production function (LPF). The LPF i combines
capital, K, and labor, L, to produce output, Y , and is parameterized by its
capital- and labor-augmenting parameters, bi ≥ 0 and ai ≥ 0, respectively. The
LPF is defined as:

Y = F̃ (biK, aiL), (1.5)

16Note that most of these approaches are related to the aggregation problem, which casts
doubt on the feasibility of obtaining a single production function from a set of micro-production
functions. See García-Molina (2005) and Felipe and McCombie (2013) for a profound discus-
sion. In this context, an explicit discussion of the CES production function is found in Schefold
(2008).

17Alternative approaches not discussed here include models of search frictions (Lagos, 2006),
the assignment of workers to tasks (Rosen, 1978; Dupuy, 2012), differential games of bargaining
(Matveenko, 2013), and the concept of stochastic macro-equilibrium (Hiraguchi, 2015).
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where F̃ (·, ·) is characterized by constant returns to scale and complementarity
between productive factors.18 Due to this complementarity, the (specific) LPF
i offers limited or no possibility to react to a substantial change in the relative
endowment of factors. Therefore, the firm is dependent on a new production
technique (idea), defined as a pair of factor-augmenting parameters (a, b), to
combine both factors in a more appropriate manner in response to a change
in the capital-labor ratio.19 The set of ideas to which the firm has access is
characterized by a technology frontier function,

H(a, b) = N, (1.6)

where the first derivatives are given by Ha > 0 and Hb > 0, respectively. This
technology frontier captures the trade-off between the two factor-augmenting
parameters. Techniques that are more efficient in using capital are less efficient
in using labor, and vice versa. The parameter N > 0 determines the location of
the frontier in the (a, b) space. A higher value of N , e.g., induced by Hicks-neutral
technological progress, supports higher levels of a and b. Moreover, the shape
of the technology frontier can either be deterministically given, as in Caselli and
Coleman (2006) and León-Ledesma and Satchi (2019), or it can emerge as the
result of stochastic draws of ideas from certain distributions, as in Jones (2005)
and Growiec (2008a,b, 2013). Finally, the endogenous technology choice can be
modeled as an optimization problem subject to equations (1.5) and (1.6). The
resulting global production function (GPF),

Y = F (K, L; N) = max
b,a

F̃ (bK, aL), (1.7)

is then described as the maximum amount of output, Y , a firm is able to produce
from any given set of factor endowments, K and L, if it is free to choose between
any production technique out of the stock of available ideas. Graphically, as a
result of a smooth approximation to the sequence of linear combinations of the

18More precisely, the elasticity of substitution of the LPF, σLP F , is assumed to lie below
unity. An extreme but reasonable assumption, particularly on the firm level, is that of a
Leontief LPF with σLP F = 0, where the factors of production are used in fixed, predetermined
proportions. This view is consistent with the recipe understanding of the LPF in Jones (2005),
where a specific production technique is interpreted as a strictly defined set of instructions of
how to transform inputs into output. However, if the LPF is understood as a sector-wide or
country-wide production function, as in Caselli and Coleman (2006), higher values of σLP F

might be more appropriate.
19The concept of appropriate technologies, according to which different factor endowments

induce the use of specific production techniques, is introduced by Atkinson and Stiglitz (1969)
and further studied in Basu and Weil (1998) and Acemoglu and Zilibotti (2001).
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efficient subset of ideas, the GPF represents the convex hull of non-dominated
local production techniques. In macroeconomics, this efficient subset is typically
considered simply as the technology. However, based on the framework presented
above, a production function should not be treated as a single technology but as
an assembly of a multiplicity of local production techniques.20 The possibility of
firms to switch between different known and available production techniques and,
therefore, the resulting elasticity of substitution of the GPF, can thus be studied
with respect to i) the shape of the LPFs; ii) the distribution of ideas in the (a, b)
space; and iii) the temporal and monetary adjustment costs of transition.

In his seminal contribution, Jones (2005) shows that, independent of the
shape of the LPF, the GPF converges to a Cobb-Douglas production function in
the long-run if both factor-augmenting parameters, a and b, are randomly drawn
from independent Pareto distributions.21 Empirical evidence on the existence of
Pareto distributions for scientific productivity are already found in Lotka (1926)
and subsequently confirmed within a multitude of different economic contexts, in-
cluding the upper tail of the income distribution, firm size (sales and employees),
total factor-productivity, and innovation size (citations of patents and financial
returns).22 However, empirical evidence of the pattern of dependence between
the two efficiency levels a and b is lacking. In a generalized model, Growiec
(2008a) allows both parameters to be correlated according to the Clayton family
of copulas.23 From this assumption on the correlation, a particularly interesting
case emerges when both Pareto distributions share the same shape parameter
α > 0. This case implies a CES result for the GPF with a global elasticity of
substitution equal to:

σGP F = αδ − θ

αδ − θ − αδθ
, (1.8)

20This perspective is consistent with Yuhn (1991, p. 344), where the elasticity of substitution
is considered to be “a menu of choice available to entrepreneurs.” The transition between
different ideas or techniques is also referred to as “microscale technological change” (Grübler
et al., 1999, p. 547) and “technological substitution” (Sue Wing, 2006, p. 542).

21Similar results are found in Houthakker (1955-1956) and Levhari (1968), where Leontief
coefficients are allocated across production cells, e.g., firms or machines, based on a Pareto
distribution. In the presence of capacity constraints of individual firms, the Cobb-Douglas
production function appears as a result of aggregation. For a useful generalization and more
elaborate discussion of the results obtained by Jones (2005), see Matveenko (2010, 2011) and
Growiec (2018). Specifically, Matveenko (2011) shows that a non-asymptotic derivation of a
Cobb-Douglas production function can be obtained under the assumption of an exponential
distribution of ideas.

22See, for example, Reed (2001), Piketty and Saez (2003), Newman (2005), Luttmer (2007),
Silverberg and Verspagen (2007), Gabaix (2009), Toda and Walsh (2015), and Gabaix et al.
(2016).

23For an introduction to the theory of copulas, see Nelsen (2006).
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where δ ≥ −1 captures the degree and sign of the dependence between the
two Pareto distributions, αδ refers to the curvature of the technology frontier,
and θ = σLP F −1

σLP F
is the substitution parameter of the LPF.24 Equation (1.8)

reveals that the global elasticity of substitution, σGP F , is driven by the difference
between the curvature of the technology frontier, αδ, and the curvature of the
local production function, θ: the greater the difference is, the lower is the value of
σGP F . This approach nests the Leontief, Cobb-Douglas, and linear von Neumann
production function as special cases. As an alternative to the Pareto distribution
assumption, Growiec (2008b, 2013) shows that a CES production function can
emerge based on independent Weibull distributions for a and b. On the basis of
these results, further empirical investigation of the distribution and dependence
of factor productivities would be extremely valuable as it has the potential to
explain some of the heterogeneity in sectoral and industrial estimates of σ as
outlined in observation 2.

In contrast to the local-global distinction outlined above, another strand of
literature focuses on the distinction of the short-run and long-run substitutabil-
ity between capital and labor. Early contributions rely on the putty-clay model
of production, as introduced by Johansen (1959) and subsequently developed by
Solow (1962a) and Phelps (1963). The putty-clay model describes technologies
for which factor proportions are variable ex ante, that is, before capital has been
committed to concrete form, but for which variability disappears ex post (Solow,
1967). For example, in Caballero and Hammour (1998), the ex ante technology
frontier is characterized by a CES production function with an elasticity of sub-
stitution considerably greater than unity. However, once a particular technique
is chosen, substitutability disappears due to investment irreversibility and the
ex post technology reduces to a Leontief production function. Likewise, Gan-
dolfo (2008) argues that production is more accurately described by a putty-clay
structure. On the contrary, by imposing monetary frictions on the choice of
technology, León-Ledesma and Satchi (2019) offer a novel method to obtain an
increase in the elasticity of substitution over time as outlined in observation 3. In
the short-run, adjustment costs, e.g., due to the costly acquisition of advanced
machinery and equipment, force the firm to maintain the current technique,
which is characterized by gross complementarity. However, based on a continu-

24For δ < (>) 0, the two parameters a and b are negatively (positively) correlated, whereas
δ = 0 refers to the case of independence, as analyzed in Jones (2005). To guarantee that σ is
positive, αδ − θ − αδθ > 0 is assumed. Furthermore, the assumption that the curvature of the
technology frontier is greater than the curvature of the LPF, i.e., αδ > θ, ensures an interior
solution of the optimization problem described in (1.7).
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ous log-linear technology frontier, the long-run production function that emerges
from technology choice is Cobb-Douglas. The speed of transition between the
short- and long-run production function depends on the costs to switch between
different techniques.

1.4.2 Capital Accumulation and Mechanization

A second approach to endogenously derive a production function is the mecha-
nization framework developed in Nakamura and Nakamura (2008) and Nakamura
(2009, 2010). This framework is based on the pioneering work of Zeira (1998,
2008), who explains economic growth via industrialization, during which ma-
chines replace workers in a growing number of tasks. Similar to the idea-based
technology choice framework outlined above, the long-run production function is
dynamically derived as the envelope of short-run production functions. The tech-
nology determining trade-off in the mechanization framework is modeled through
the degree of mechanization, where the difficulty of its implementation is related
to the elasticity of substitution of the corresponding production function.

More precisely, in this type of model, a representative profit-maximizing firm
produces a final good by combining a continuum of intermediate goods, the total
number of which is normalized to unity. Following Zeira (1998), each intermedi-
ate good z(i), i ∈ [0, 1], can be produced through two different techniques, where
only one technique can be chosen at each point in time. The first is a manual
technique that utilizes only labor with a factor-productivity of η(i) > 0. The
second is an industrial technique that produces intermediate goods using capital
with a factor-productivity of θ(i) > 0. Mechanization occurs when more and
more intermediates are produced with capital rather than labor. On the basis
of the two factor productivities η(i) and θ(i), all intermediate goods z(i) can be
ranked starting from those in which capital is relatively more productive than
labor to those in which capital is relatively less productive. The function

Ψ(i) ≡ θ(i)
η(i) (1.9)

indicates the relative productivity of capital to labor for all intermediates z(i),
where Ψ(i) ≥ 0, ∂Ψ(i)/∂i < 0, and Ψ(0) > 0. Thus, the shape of (1.9) captures
the difficulty of mechanization. A relatively flat function Ψ(i) indicates that
industrial techniques are easy to implement; therefore, capital will be widely
used in the production of intermediates, resulting in a high degree of mecha-
nization. In comparison, mechanization is difficult in sectors or industries where
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Ψ(i) is relatively steep; thus, the production of intermediates uses mainly man-
ual techniques. In each period, based on the specific functional form of Ψ(i)
and the ratio of the rental rate of capital to the wage rate (rt/wt), the firm
chooses the profit maximizing share of intermediates that are produced with the
industrial technique, i.e., the optimal degree of mechanization. As the economy
grows, with more and more capital available relative to labor, the ratio of factor
prices decreases, leading to a growing number of intermediates becoming mecha-
nized. As an illustration, in the basic model of Nakamura and Nakamura (2008)
and Nakamura (2010), a final good is produced by a Cobb-Douglas aggregator,
ln Yt =

∫ 1
0 ln[z(i)]di, over all intermediates z(i). That is, for each degree of mecha-

nization, there exists a distinctive Cobb-Douglas production function. Moreover,
the productivity of capital relative to labor is assumed to fall log-linearly over
the continuum of intermediates according to:

Ψi =
(

b

1 − b

)1+γ (1 − i

i

)γ

, (1.10)

where 0 > b > 1. The shape parameter γ > 0 indicates the difficulty of mech-
anization. A smaller γ represents easier mechanization. On the basis of these
assumptions, a long-run production function of the CES type can be derived
as an envelope over all Cobb-Douglas functions representing different degrees of
mechanization,

Yt = C
(

bK
1

1+γ

t + (1 − b)L
1

1+γ

t

)1+γ

, (1.11)

with C = e−γ and an elasticity of substitution equal to σ = 1 + 1/γ.25 Equation
(1.11) reveals the formal link between the difficulty of mechanization and the
elasticity of substitution. Industries or sectors with a small γ; i.e., those that
allow for a relatively easy implementation of mechanization, are characterized
by a relatively high σ, and vice versa.

As shown in observation 2, it is difficult to empirically identify industries or
sectors with either a consistently high or low elasticity of substitution. Both
the idea-based endogenous technology choice and the mechanization framework
provide a sound theoretical explanation of why differences might exist among
firms and industries, thus, stimulating a deeper investigation of the underlying
production structure.

25In Nakamura (2009), a long-run CES production function in which σ takes any posi-
tive value is dynamically derived from short-run Leontief production functions. Furthermore,
Nakamura (2010) implements a learning effect that offset the decline in the productivity of
capital to derive a long-run VES production function.
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1.5 Aggregate Elasticity of Substitution

Thus far, we have focused on the elasticity of substitution as a purely techno-
logical parameter. However, when extending the analysis to a multi-sectoral,
two-input framework, a purely technological definition of the elasticity of substi-
tution is no longer sufficient and, therefore, should be replaced with a broader
concept of factor substitution, i.e., the AES. As illustrated in Figure 1.1, in
addition to intra-sectoral factor substitution, in such a framework, demand-side-
induced inter-sectoral substitution of consumption goods arises as a second chan-
nel through which the input factor ratio and the ratio of input factor prices are
related. Specifically, inter-sectoral commodity substitution comprises two ef-
fects. First, ceteris paribus, a change in relative input factor prices alters the
relative prices of produced goods. This change, in turn, requires optimizing
consumers to inter-sectorally adjust their consumption plans in favor of goods
that have become relatively cheaper. These adjustments in goods consumption
then have a feedback effect on factor demand. Second, for non-homothetic pref-
erences, a change in relative input factor prices can result in an income effect
that changes the distribution of consumption expenditures and stimulates fur-
ther inter-sectoral adjustment. Analogous to the first effect, the feedback effect of
changing consumption patterns on input factor demand influences the aggregate
elasticity of substitution.

The first comprehensive and formal analysis of the AES in a multi-sectoral
framework is provided by Jones (1965). Two separate sectors are included in his
general equilibrium framework, each producing a specific commodity good by
means of both capital and labor. The two sectors are characterized by perfect
competition, constant returns to scale, and their own, sector-specific technologi-
cal elasticity of factor substitution. The model is closed by a generic, homothetic
utility function. Assuming full mobility of factors, Jones (1965) shows that, for
this framework, the aggregate elasticity of factor substitution, σAES, can be writ-
ten as the weighted arithmetic mean of each of the two technological elasticities
of factor substitution and the elasticity of commodity substitution:26

σAES = Q1σ1 + Q2σ2 + QCσC (1.12)
= Q1σ1 + Q2σ2 + (1 − Q1 − Q2)σC ,

26Note that, in a general equilibrium framework, it is not changes in the ratio of the input
factor prices that change factor employment but rather changes in input factor endowment
that cause a change in input factor prices. This reversed interpretation of the elasticity of
substitution can be expressed by 1/σAES.
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where σi with i ∈ {1, 2, C} are the two sector-specific technological elasticities
of substitution between capital and labor as well as the elasticity of substitution
between both commodities, respectively. Moreover, Qi are the endogenously
determined factor endowment-dependent weights, with ∑

i Qi = 1.27 McManus
(1988) confirms the result of Jones (1965), showing that ∑

i Qi = 1 is a direct
implication of the assumption of constant returns to scale in production and
does not hold for increasing or decreasing returns. In particular, if both sec-
tors of production exhibit increasing (decreasing) returns to scale, the weights
sum to less (more) than one. However, the AES remains a linear combination
of the two technological elasticities and of commodity substitution. Moreover,
the weights, Qi, in general, vary as an economy’s factor endowment changes.
Thus, the aggregate elasticity of substitution, σAES, is generally not constant.
This result also remains true if the three primary elasticities, σi, are constant
but not identical. In addition, as noted by Jones (1965), even if both produc-
tion functions are Leontief with σ1 = σ2 = 0, the AES can still be positive due
to commodity substitution. Finally, a version of the AES incorporating a non-
homothetic Stone-Geary-type utility function is presented in Osumi (2015). In
that case, the AES is again a linear combination of the three primary elasticities
but is no longer a weighted average of them, i.e., ∑

i Qi �= 1. Given these theo-
retical insights, the AES framework may be an important element in explaining
observation 3.

A first empirical application of the Jones (1965) framework is provided by
Oberfield and Raval (2014). The authors use a two-stage aggregation approach
to derive the AES between capital and labor for the U.S. manufacturing sector
from its individual components. In the first stage, they employ estimates of
plant-level elasticities (σi) and the respective elasticity of demand (σC) together
with the (implicitly) observable weights (Qi) to obtain the AES separately for
each industry in the manufacturing sector. In the same way, results are then
aggregated a second time to obtain the AES at the manufacturing level.28 In line
with the gross of empirical evidence, as summarized in observation 1, the authors
obtain an AES of 0.71 for the benchmark year 1987. Importantly, the authors
show that about two-thirds of the estimated AES on the manufacturing level can
be attributed to technological substitution on the plant-level while reallocation
across plants and industries, i.e., inter-sectoral substitution, accounts for the

27See Jones (1965) for a detailed derivation of the AES and the composition of the endoge-
nous, factor endowment-dependent weights Qi.

28In their partial equilibrium analysis, the weights Qi are dependent on plant-level (industry)
cost shares of capital and the relative plant (industry) size.
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remaining third. Moreover, the authors identify an increase in the AES from
0.67 to 0.75 over the 1972 - 2007 period.

One possible explanation for an increase of the AES is offered by Miyagiwa
and Papageorgiou (2007), who analyze the relation between economic develop-
ment, measured in terms of an increasing capital-labor ratio, and the aggregate
elasticity of substitution. The authors build upon the framework of Jones (1965)
and assume a CES function for the commodity aggregator (utility) and Cobb-
Douglas production functions for the two manufacturing sectors (CES-CD-CD).29

Embedded in a standard Solow (1956) growth framework, the authors generally
find a positive relation between capital intensity, K/L, and the AES. This result
not only confirms the conjecture put forward by Arrow et al. (1961, p. 241)
according to which “economic development itself might shift the over-all elastic-
ity of substitution,” but is also supported by empirical evidence as presented in
observation 3.

Subsequently, Xue and Yip (2013) develop a unifying framework that includes
the full factor mobility, CES-CD-CD specification of Miyagiwa and Papageorgiou
(2007) as a special case. In general, the monotone positive relation between cap-
ital intensity and the aggregate elasticity of substitution is confirmed. However,
Xue and Yip (2013) also show that this positive relation becomes ambiguous
for the case of sector-specific factor inputs; that is, where either capital or la-
bor alone is used in one, but not the other, of the two manufacturing sectors,
while the other factor is used in and is fully mobile across both sectors. In that
case, the relation between capital intensity and the AES can be hump-shaped,
U-shaped, or positive/negative, all depending on both the relative size of the two
primary elasticities and their directions, i.e., whether the sectoral production or
consumption inputs are (gross) complements or substitutes. Technically, in the
specific-factor case, the AES is determined as the weighted harmonic mean of the
elasticity of substitution in the sector employing both inputs and of commodity
substitution,

σharmonic
AES =

[
Q1

1
σ1

+ QC
1

σC

]−1
, (1.13)

29Actually, in Miyagiwa and Papageorgiou (2007), two intermediate goods are aggregated
to a final good via an additional production function. Mathematically, this is equivalent to
the use of an aggregating utility function with two final goods, as in Jones (1965). Note,
however, that σC now has a technological interpretation rather than representing consumption
preferences.
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where ∑
i Qi = 1. Finally, with respect to the size of the aggregate elasticity of

substitution and its underlying primary elasticities, the following relation applies:

min(σi) ≤ σharmonic
AES︸ ︷︷ ︸
“specific

capital/labor"

≤ σarithmetic
AES︸ ︷︷ ︸

Jones (1965)

≤ max(σi). (1.14)

The main insight from the framework of Jones (1965) is that in a general
equilibrium setting, the AES is always a (weighted) combination of technological
intra-sectoral substitution and of inter-sectoral commodity substitution. More-
over, the overview above highlights the crucial difference between the purely
technological EOS and the AES. While the first concept is strongly linked to the
problem of the single firm, as analyzed by Robinson (1933), the AES is essential
for understanding the relation between economic growth and the distribution of
factor income shares in a general equilibrium framework. However, as highlighted
above, the relation between the AES and economic development is generally am-
biguous. Thus, the identification of the conditions necessary for either a positive
or negative relation remains a challenging task for both theoretical and empiri-
cal research. Moreover, given important theoretical work on the positive impact
of σ on growth (de La Grandville, 1989; Klump and de La Grandville, 2000),
i.e., the de La Grandville hypothesis, there could arise a self-accelerating or self-
decelerating feedback effect. However, so far the analysis of the impact of a larger
σ on growth, is based on a framework with a single representative CES produc-
tion function, whereas the effect of economic development on substitutability,
as presented in this section, relies on a multi-sector framework and the corre-
sponding AES concept. Thus, an extension of a multi-sector growth model, as
studied in Acemoglu and Guerrieri (2008) and Alvarez-Cuadrado et al. (2017),
to the analysis of the relation between the AES and economic growth might be
an important task for future research.

1.6 Institutional Framework

In the previous sections, we treated the elasticity of substitution as independent
of the institutional framework, either as a purely technological parameter (section
1.4) or as an aggregate variable that also accounts for inter-sectoral commodity
substitution (section 1.5). However, as illustrated in Figure 1.1, institutions may
influence the EES, i.e., the empirically observed elasticity of substitution between
capital and labor, through various channels and at all levels of aggregation. Thus,
they play a crucial role in explaining heterogeneity in the elasticity of substitu-
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tion across industries and sectors (observation 2). Even more importantly, they
provide different approaches to an explanation for the large variety of empirical
estimates of σ across countries (observation 4). However, a large part of the
existing literature on the relation between institutions and the elasticity of sub-
stitution remains rather vague on both the precise underlying mechanism and its
empirical backing. Therefore, in this section, we scrutinize several institutional
characteristics often suggested in the literature as determinants of the elasticity
of substitution and evaluate them along the following questions: i) At which level
of aggregation is σ affected and what is the precise underlying mechanism from a
theoretical perspective? ii) Is there empirical support for the respective channel?
iii) What are the implications for the interpretation of estimation results? More-
over, as the existing literature on institutional determinants “is mostly based on
intuitive reasoning" (Saam, 2008, p. 692), we provide a more formal analysis
whenever possible.

1.6.1 Openness to Trade

Already Hicks (1936) mentions international trade as an institutional factor that
may influence the extent of factor substitution in an economy. Early contribu-
tions that formalize the link between openness to trade and the substitutability
between capital and labor include Azariadis (1996) and Ventura (1997). Ex-
emplarily, in Ventura (1997), a final good is produced with a CES production
function:

Y =
(

Y
ε−1

ε
1 + Y

ε−1
ε

2

) ε
ε−1

, (1.15)

that combines two intermediates, Y1 and Y2, where ε denotes the elasticity of
substitution between intermediate inputs. Each intermediate is produced by a
linear technology, where one unit of capital generates one unit of intermediate
1, while one worker produces A units of intermediate 2. Both intermediates can
be traded internationally at constant prices p1 and p2, respectively. The author
then adapts this framework to a small open economy without any discrimina-
tion between domestic and foreign intermediates. As a result, free international
trade mimics a de facto linear aggregate technology, Y = p1AL+p2K, where the
EES between domestic capital and labor is infinite. Although highly stylized,
the framework provided by Ventura (1997) demonstrates the positive influence
of trade liberalization on the EES, as it allows indirect substitution of both
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input factors for each other.30 Generally, in a growing economy, international
trade enables the conversion of the production of capital-intensive intermediates
into labor-intensive imports. Thus, international trade can help to alleviate the
decrease in marginal returns to capital usually associated with capital accumu-
lation.

However, the positive effect of trade liberalization on a small country’s EES
does not necessarily hold true for large countries. Saam (2008) develops a
Heckscher-Ohlin-Samuelson model with two large countries that trade interme-
diate goods under incomplete specialization.31 Moreover, both countries are
equipped with identical CES technologies and differ solely in their rate of capi-
tal accumulation. In such a setting, it can be shown that while both countries
gain from trade, openness to trade increases the EES of the country with higher
growth in capital but decreases the EES of the country with slower growth in
capital. If, on the other hand, the same growth rates of capital are assumed for
both countries, a switch from autarky to trade would not have any influence on
the country-specific EES. Besides trade, Kohler (2004) theoretically shows that,
with the possibility to offshore certain production tasks, firms relocate the most
labor intensive tasks abroad in response to an increase in the domestic wage-
rental ratio. This raises the EES between domestic capital and labor beyond
what would have been observed under autarky.32

First empirical evidence on the relationship between trade and the elastic-
ity of substitution is provided by Sala and Trivín (2018). The authors utilize
an interaction model to study potential cross-dependencies between the capital-
output ratio, globalization, and technology on the labor income share.33 Their
measure of globalization is based on the KOF index (Dreher, 2006), which ac-
counts for trade and other social, economic, and political aspects of globalization.
Based on a panel of 24 OECD countries between 1970 and 2004, the authors find
that σ increases with the degree of globalization. However, as the authors use

30See Klump (2001) for a discussion and generalization of the results provided by Ventura
(1997).

31In some respects, this setup places the AES of the closed economy studied in Miyagiwa
and Papageorgiou (2007) into an open-economy setting. Furthermore, Miyagiwa (2008) applies
a Ricardo-Viner model with land as an additional input factor to show that openness to trade
increases the AES.

32To some extent, this framework can be interpreted as an AES comprising a domestic
and a foreign production sector. Offshoring of production tasks is then equal to (sectoral)
reallocation.

33Note that when σ differs from unity, the labor income share becomes a function of the
capital-output ratio (Benolila and Saint-Paul, 2003).
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a highly aggregated measure of globalization, it remains an open question for
future research to specify the underlying transmission channels.

The literature presented above provides several channels through which trade
and globalization can affect the EES. Thus, trade may also play an important
role in explaining heterogeneity across countries as highlighted in observation 4.
However, for all of models presented above, a country’s technological elasticity of
substitution is completely unaffected by trade. However, trade and foreign direct
investment (FDI) can be an important source of technology diffusion (Eaton and
Kortum, 1999). Further research should, for instance, investigate the modeling
of technology transfers from industrialized to developing countries and its effect
on the EOS.

1.6.2 Central Planning and State Intervention

1.6.2.1 The Soviet Growth Experience

Another institutional factor often presented as a potential determinant of the
elasticity of substitution is “inclination to socialist ideas” (Mallick, 2012, p. 683).
This consideration is rooted in an old debate on the reasons for the decline in
Soviet GDP growth in the period after 1950.34 According to the extensive growth
hypothesis (Ofer, 1987), a low elasticity of substitution caused returns to cap-
ital to diminish quickly and, therefore, growth to slow down. With respect to
possible reasons for the low Soviet elasticity of substitution, Easterly and Fis-
cher (1995) speculate that centrally planned economies might not be able to
develop the broad variety of capital goods necessary to effectively substitute for
labor. Moreover, countries with a high degree of state intervention and central
planning might miss “market-oriented types of physical and human capital as en-
trepreneurial skills, marketing and distributional skills, and information-intensive
physical and human capital” (Easterly and Fischer, 1995, p. 363), such that both
the purely technological and the effective elasticity of substitution are low. In
view of the theoretical models presented in the previous sections, either there is
a lack of techniques itself such that the EOS is low (cf. section 1.4.1) or pro-
ducers simply cannot carry out technologically feasible substitution, e.g., due to
a lack of appropriate inputs (EES < EOS). Similarly, Nakamura (2015) argues
that due to the administrative command organization of the Soviet economy,
prices were distorted and, thus, did not provide the information and incentives

34As Weitzman (1970) notes, the puzzling characteristic of the retardation in Soviet output
growth is that it was not accompanied by a sufficiently large slowdown in the growth of input
factors.
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necessary for an efficient substitution between capital and labor. Technically,
in that case, the price of inputs does not coincide with the respective marginal
product, i.e., pi �= Fi. Moreover, the author argues that Soviet producers might
simply not have had the authority to independently substitute capital for labor;
thus, the low Soviet effective elasticity of substitution might simply have been
the result of rigid economic policies. Notably, all of the above considerations also
apply to the influence of state intervention and central planning on inter-sectoral
commodity substitution and the AES. Therefore, with both prices and alloca-
tion being distorted, the EES no longer solely represents intra- and inter-sectoral
substitution, but mainly captures governmental preferences.35

All these arguments seem to be reasonable. However, to the best of our
knowledge, no systematic analysis exists of whether central planning or a high
degree of government intervention generally leads to a significantly lower value
of σ compared to market-oriented economies. As most estimates for the Soviet
Union lie in the range of 0.04 - 0.40, Nakamura (2015) notes that it is not even
clear whether the elasticity of substitution was actually low compared to that
of other countries.36 For instance, for the 1950 - 2000 period, Mallick (2012)
estimates a mean elasticity of 0.34 for the sample of OECD countries, with
values as high as 1.19 (Sweden) and 0.64 (U.S.) and as low as 0.09 (Denmark)
and 0.22 (France). Thus, the idea of an unambiguous negative link between state
intervention or central planning and the EES should be treated with caution. To
provide a counterexample, in the next subsection, we discuss the case of China,
where a high degree of government intervention goes hand in hand with a high
estimate of σ.

1.6.2.2 The Chinese Growth Experience

Although not directly comparable to the Soviet central planning system, the Chi-
nese mixed economy also exhibits state intervention and central planning (Robins,
2010). Given the high and rising Chinese savings rate and the important role of
capital accumulation for growth of around 50 % (Manu et al., 2018), the ques-
tion naturally arises whether China will follow the Soviet growth experience as
described above. However, providing evidence against the extensive growth hy-
pothesis, Manu et al. (2018) estimate σ for the Chinese economy well above unity

35We thank an anonymous referee for pointing this out.
36We refer to Nakamura (2015) for an extensive comparison of these estimations.
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(1.20) for the Reform Period (1978 - 2012).37 This high elasticity of substitution
observed for China not only rules out the extensive growth hypothesis but also
stands out compared to estimates of σ for many high-income countries. Thus,
we conject that in the case of China, central planning and state intervention did
not have a negative effect on the elasticity of substitution as claimed for the So-
viet case. On the contrary, we would rather expect a substitutability-increasing
effect of policies implemented during the Reform Period such as “the devolu-
tion of fiscal and administrative powers to local governments, greater autonomy
for state-owned industrial enterprises, and the steady introduction of market
incentives” (Bosworth and Collins, 2008, p. 53). However, to the best of our
knowledge, no systematic analysis of the effect of these political reforms on the
degree of capital-labor substitutability exists.

Besides the impact of the political and economic system, there are two alter-
native explanations for China’s high σ. Important elements for the first explana-
tion are provided by Whalley and Xing (2012). In line with Manu et al. (2018),
the authors estimate an elasticity of substitution above unity (1.20) on the aggre-
gate level. However, disaggregating data by sector, they find elasticities of 1.44
(agriculture), 0.77 (manufacturing), and 0.83 (service), which are close to the
estimates for the U.S. (Herrendorf et al., 2015).38 This discrepancy between the
aggregate and the sectoral level motivates further analysis on the high Chinese
elasticity of substitution within the AES framework. Within this framework,
the high elasticity of substitution at the aggregate level might be explained by a
relatively high share of agriculture in total output.39 However, if this explana-
tion is relevant, the diminishing contribution of agriculture to final output may
decrease the high Chinese elasticity of substitution in the future.40 In view of
these structural transformations, a decomposition of the elasticity of substitution
into substitution and reallocation, analogous to that presented in Oberfield and
Raval (2014), would help to assess the relative importance of technological fac-

37Note that based on time-series data from 1950 - 2000, i.e., also accounting for the time
before the Reform Period, Mallick (2012) finds an elasticity of substitution for China of only
0.55.

38Under the premise that the sectoral elasticity largely reflects technological substitution
possibilities (Oberfield and Raval, 2014), the similar estimates for China and the U.S. suggest
that on the sectoral level both countries exhibit rather similar production technologies.

39According to The World Bank & OECD (2019), the share of agriculture (including forestry
and fishing) in total GDP was 7.6 % and 0.9 % in 2017 for China and the U.S., respectively.
For China, this represents a massive decline compared to its value of 41.6 % in 1968.

40Technically, even if reallocation out of the relatively elastic agricultural sector should
lower the AES immediately, this might be temporarily (over)compensated by changes in the
input factor ratio due to reallocation, i.e., inter-sectoral commodity substitution (see equation
(1.12)).
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tor substitution and inter-sectoral commodity substitution in explaining China’s
high elasticity of substitution.The second explanation builds on the effect of in-
creasing trade integration on the elasticity of substitution, as discussed in section
1.6.1. Although Chinese trade volume was traditionally relatively low compared
to industrialized countries, it has multiplied over the last decades (The World
Bank, 2020). Within the context of central planning and state intervention, this
channel may be especially relevant as Chinas trade integration was politically
promoted as a major part of the growth strategy (Chen and Whalley, 2014).
Moreover, given China’s relatively high rate of capital accumulation, the frame-
work of Saam (2008) generally predicts a positive effect of trade on the EES.41

However, so far, no analysis of the effect of state intervention on the elasticity of
substitution explicitly accounting for the trade-channel exists. Further research
could not only help to explain the high elasticity of China but also the high
values for other highly export-oriented economies like Hong Kong, South Korea,
Malaysia, and Taiwan, as highlighted in the discussion of observation 4.42

Finally, in view of China’s high EES and motivated by the positive relation-
ship between the elasticity of substitution and growth as claimed by the de La
Grandville hypothesis, Manu et al. (2018) calculate counterfactual growth trajec-
tories based on a lower value for σ. They show that China’s high EES accounts
for 1 - 2 percentage points faster growth in the 1995 - 2012 period compared to a
scenario with a lower elasticity of substitution around 0.5 - 0.7, a range that is in
line with estimates for the U.S. (see section 1.3). This exercise also demonstrates
that it highly depends on the future development of the elasticity of substitution
whether China’s exceptional growth performance will continue over the medium-
and long-run.43

1.6.3 Labor Market Regulations and Unions

Effective factor substitution might also be limited by labor market regulations
and institutional factors such as the degree of unionization. Specifically, such in-
stitutions and regulations are supposed to affect the degree to which technologi-
cally feasible substitution can actually be carried out. Thus, as de La Grandville

41With one exception, since 1953, China’s growth rate of the capital stock has always been
higher than that for the U.S., exhibiting even an increasing spread until 2009 (see data from
the University of Groningen and University of California, Davis, 2019a,b).

42For the case of South Korea, see also the discussion in section 1.6.4 reviewing the influence
of monetary policy on σ.

43However, as Manu et al. (2018) point out, technological progress already contributes
about 30 % to Chinese growth. Thus, a lower elasticity of substitution in the long-run does
not necessarily imply stagnation for the Chinese economy.
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(2016) points out, economies with strong institutional barriers that hamper large
changes in capital-labor ratios are ceteris paribus likely to be characterized by
an effective elasticity of substitution that is lower than the underlying techno-
logically feasible elasticity, i.e., EES < EOS. The definition of the elasticity of
substitution helps to illustrate the underlying mechanism. The wedge result-
ing from a distorted factor allocation caused by a relative wage increase can be
illustrated as follows:

σEES =
d(K/L)obs.

K/L

d(ω/r)
ω/r

∣∣∣∣∣∣∣
Y =Y

=
d(K/L)tec.·η

K/L

d(ω/r)
ω/r

∣∣∣∣∣∣∣
Y =Y

= σEOS · η, (1.16)

where superscripts obs. and tec. denote observed and technologically possible
changes in the input factor ratio in response to a change in factor prices.44 Y

denotes a fixed benchmark output. Furthermore, η ∈ [0, 1] defines the fraction of
technologically feasible substitution that is actually carried out in the presence
of labor market regulations and unions. Under this specification, 1/η can be
interpreted as the market power of unions. As an example, imagine a situation
where labor unions are successful in wage negotiations (ω/r ↑) but, as an extreme
case (η=0), the ratio of input factors does not change. In that case, an estimate
of σ that solely relies on observed data on factor prices, factor inputs and final
output would imply an EES considerably lower than the underlying EOS. More
technically, suppose a firm or industry can be described by the following CES
production function: Yt = [δKρ

t + (1 − δ)Lρ
t ]

1
ρ , where σEOS = 1

1−ρ
> 0 refers to

the technological EOS. Then, the effective elasticity of substitution, σEES, can
be estimated using the first-order condition of profit maximization with respect
to labor which, in log form, can be written as:

log
(

Yt

Lt

)
= σEES log

( 1
1 − δ

)
+ σEES log

(
wt

pt

)
. (1.17)

Without technological change and a constant level of labor, the marginal
product of capital remains constant and, thus, so do K and Y . As a result, while
(ωt/pt) changes due to wage negotiations, the term on the left-hand side of the
FOC for labor remains constant. Subsequently, by applying the FOC for labor
as specified above, an estimate of σEES would tend toward zero, irrespective of
the technological EOS. Thus, the wedge, as formalized in equation (1.16), once

44Without distortions, optimality under perfect competition requires that for any change
in the wage-rental ratio, according changes in the input factor always reestablish ω = FL and
r = FK .
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more highlights why the EES, typically obtained in empirical studies, should in
general not be interpreted as the technological EOS. Finally, as the EOS is an
important determinant of the AES, as outlined in equation (1.12), labor market
regulations and trade unions also affect factor substitution at the aggregate level.

First empirical evidence on the relationship between labor unions and the
elasticity of substitution is provided by Freeman and Medoff (1982) and Maki
and Meredith (1987). Both papers show that strong labor unions correlate with
a lower elasticity of substitution for the manufacturing sector in the U.S. and
Canada, respectively.45 However, the authors themselves also note that their
results potentially suffer from reverse causality, as labor unions might self-select
into industries with a low EOS, where wage gains need not be traded-off with
large losses of employment. Furthermore, Hijzen and Swaim (2010) analyze
how labor market regulations influence the impact of offshoring on the labor
demand elasticity based on industry-level data of manufacturing and service for
17 OECD countries. As a by-product, their study shows that countries with
strict employment protection legislation are characterized by a relatively lower
EES. Finally, in a study relying on an instrumental variable approach to control
for the potential endogeneity of unionization, Shahiri and Osman (2016) reject
the hypothesis of a negative effect of unionization on the elasticity of substitution
for the U.S. postal service industry.

As the trade union density varies considerably between workforce groups and
across countries (OECD, 2017), labor market regulations and labor unions may
provide a further explanation for observations 2 and 4. However, the mixed ev-
idence presented above casts doubt on the idea of a general negative effect of
unionization on the EES. A potential reason for the difficulty in identifying an
unambiguous effect of labor market regulations and unions on effective substi-
tution may be traced back to its asymmetric nature. That is, labor unions only
restrict the substitution of capital for labor but not the substitution of labor for
capital. A proper consideration of this potentially asymmetric substitution pat-
tern would help to obtain more accurate estimation results and might uncover a
clear relation between labor market-related institutions and σ.

1.6.4 Monetary Policy and the Financial System

In an investigation of the economic development of South Korea between 1962
and 1981, Yuhn (1991) identifies a relatively high elasticity of substitution of 0.91

45In a related approach, Magnani and Prentice (2006) find that for the U.S. manufacturing
sector substitutability between labor and other inputs decreases with the degree of unionization.
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as one of the main drivers of its impressive growth performance. Moreover, the
author argues that South Korea’s relatively high elasticity is a direct consequence
of political intervention with the intention to keep the price of capital input
artificially low. However, since σ, as defined by equation (1.2), measures the
change in the optimal input factor ratio along a production isoquant in reaction
to a change in input factor prices, we do not regard South Korea’s monetary
policy as a direct determinant of the elasticity of substitution. More precisely, in
a one-sector framework interventions with respect to the interest rate can have an
effect on the effective elasticity of substitution only if, at the same time, capital
supply is restricted such that it does not meet demand. The analysis of the
resulting wedge between the technological and the observed effective elasticity of
substitution is analogous to that for labor unions (equation (1.16)).46 However,
although we reject the interest rate as a direct determinant of the elasticity
of substitution, we agree with Yuhn (1991) that policies, such as low tariffs
on imported raw materials, longer tax holidays, shorter write-off periods, and
accelerated depreciation on capital goods, can affect the elasticity of substitution
indirectly, either through their impact on the actual use of available substitution
possibilities (EES) or through their influence on the incentives shaping the range
of technologies available to firms (EOS). For instance, cheap capital might induce
the development of new techniques that allow for easier substitution of capital for
labor or simply reduce the effective transition costs between techniques (León-
Ledesma and Satchi, 2019). However, for none of the above-mentioned policies
does there exist a sound theoretical foundation or an empirical evaluation of their
potential impact on the elasticity of substitution.

Another, closely related channel through which political intervention may
change the elasticity of substitution is proposed in Klump and Preissler (2000),
where the authors speculate that efficient factor substitution requires a well-
functioning monetary and financial system. We agree that, for any given tech-
nology, the stage of development and efficiency of the financial system may well
affect the effective elasticity of substitution, e.g., by providing liquidity to finance
costly adjustments associated with substitution processes. Actually, at least at
the level of microenterprises, which play an important role, especially in low
income countries, there is clear evidence for a lack of access to liquidity. Promi-
nent examples include Sri Lanka (de Mel et al., 2008) and Mexico (McKenzie and

46This wedge would also be mirrored by a marginal product of capital higher than the
interest rate (FK > r) such that there is excess demand for capital.
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Woodruff, 2008).47 In addition, evidence for relatively large firms is provided by
Banerjee and Duflo (2014) for the case of India. With respect to the elasticity of
substitution this would imply that firms cannot substitute capital for labor to the
technologically possible and economically optimal level. Formally, the analysis of
the impact of credit constraints on capital-labor substitution of microenterprises
would be identical to that of potential credit constraints at the aggregate level
as presented above, i.e., FK > r and EES < EOS. Even more fundamentally,
the efficiency of the financial system may also hamper the adoption of appro-
priate production techniques, thereby determining the technological elasticity of
substitution itself. For instance, as Cole et al. (2016) demonstrate, if financial
markets work inefficiently, it may not pay for firms to borrow the funds needed
to implement new techniques, i.e., the ones appropriate for given factor prices.
Overall, the efficiency of the financial system might be another important ele-
ment to explain the heterogeneity of σ across countries. However, to the best of
our knowledge, there are no studies that explicitly analyze or empirically assess
the relationship between the performance of the fiscal and monetary system and
the effective elasticity of substitution.

1.7 Concluding Remarks

The purpose of this paper is to provide the first comprehensive review of the
existing literature on the determinants of the elasticity of substitution between
capital and labor. We start with a review of the empirical literature on factor
substitution between capital and labor, summarized in four concise observations.
These observations illustrate the distinctive heterogeneity in empirical estimates
across industries, sectors, countries, as well as over time. Motivated by this het-
erogeneity, the main part of this survey then provides a deeper investigation of
potential determinants of σ, for which we distinguished three different concepts of
factor substitution: the EOS, the AES, and the EES. Specifically, in section 1.4,
we present different approaches on the microfoundation of production functions
and show how the EOS can be derived as a purely technological variable within
a single-sector economy. In particular, we illustrate that for these approaches,
the emergence of a CES function and, in particular, the specific value of the cor-
responding elasticity of substitution, crucially depends on the interplay between
the distribution and the shape of the underlying local or short-run production

47An extensive review of the literature on credit constraints is provided in Karlan and
Morduch (2010).
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techniques. In section 1.5, we abandon the concept of a single representative
production function and show how the aggregate degree of substitutability be-
tween capital and labor is composed in a multi-sectoral framework. We clarify
that the aggregate elasticity of substitution of an economy comprises not only
sector-specific technological substitution but also non-technological commodity
substitution. Beyond this, we show that, in such a framework, the AES is not,
in general, constant but varies with economic development. Finally, in the sixth
section, we scrutinize some possible institutional determinants of the elasticity
of substitution: the degree of trade liberalization, central planning and state in-
terventions, labor market regulations and the power of trade unions, as well as
the efficiency and development of monetary policy and the financial system.

Moreover, we assess the potential of the various determinants presented in
this survey to explain part of the heterogeneity in estimates of σ as summarized
by our empirical observations. For instance, heterogeneity across industries, as
captured by observation 2, may be rooted in differences in the distribution of
factor productivities as described in section 1.4. However, in general, each obser-
vation can potentially be explained by different determinants and combinations
thereof. Exemplarily, we show that the increase in σ over time, as observed for
the U.S. economy, can potentially be explained by the microfoundation approach,
the AES framework, or by trade liberalization alike. Thus, for a clear attribution
of the heterogeneity captured by observations 2 - 4 to a specific determinant or
combinations thereof, a thorough empirical evaluation of each of the potential
determinants presented in this paper is a promising area of future research.

Overall, this survey clearly highlights that the effective elasticity of substi-
tution, which is typically estimated in empirical studies, is generally not an
immutable deep parameter but depends on a multitude of technological, non-
technological, and institutional determinants. Importantly, the EES of an econ-
omy is generally not constant but varies over time. This result should find greater
support in the empirical literature, e.g., by the (re)consideration of more flexi-
ble approaches, such as the variable elasticity of substitution (VES) production
function.

That said, we propose the following list of possible extensions and improve-
ments for future research:

I. Empirical considerations: Although considerable effort has been made in
estimating the CES production function for the U.S., other countries, espe-
cially developing countries, are still less well investigated. Further empir-
ical work is recommended, as existing evidence suggests significant cross-
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country differences in σ. The same is true for cross-industrial and cross-
sectoral differences in σ. With respect to the estimation approach, de-
spite their advantages, the flexible Box-Cox transformation and the three-
equation system have mostly been applied to selected industrialized coun-
tries. Additionally, although almost universally applied, the assumptions
of perfect competition and constant returns to scale appear to be invalid
for the product and factor markets in most industries and countries.

II. Microfoundation: We view the literature on the microfoundation of produc-
tion functions as the basis for investigation of “sigma-augmenting techno-
logical change” (Klump et al., 2012, p. 793). A good starting point could
be the development of models that explicitly microfound the functional
form of the technology frontier as, for instance, applied in Growiec (2008a,
2013). A refinement of the technology concept that accounts for different
sector-specific characteristics might be another important task for future
research. Furthermore, we recommend a generalization of microfoundation
approaches to more than two factors of production. Finally, the elasticity
of substitution could also be modeled as being directly dependent on past
investments in sigma-augmenting research. Such a reduced-form invest-
ment approach is used in the context of resource economics (Growiec and
Schumacher, 2008; Fenichel and Zhao, 2015) but lacks a microfoundation
of research investment similar to endogenous efficiency-enhancing techno-
logical change (Romer, 1990; Grossman and Helpman, 1991; Aghion and
Howitt, 1992)

III. Aggregate elasticity of substitution: The concept of an aggregate elasticity
of substitution is only analyzed under very specific conditions. For instance,
the assumption of homothetic consumer preferences is relaxed for the first
and only time by Osumi (2015), who derives the AES for a Stone-Geary-
type utility function. Additional research on the impact of non-homothetic
preferences is highly desirable to better understand how economic devel-
opment might influence the AES through changing consumption patterns.
Similarly, in the existing theoretical literature, the effect of non-CRS is only
mentioned once (McManus, 1988) and should receive further attention to
capture the specific characteristics of different markets and aggregation
levels. Moreover, thus far, the AES is mainly analyzed for the two-input
case. Given the increasing interest in incorporating additional inputs, e.g.,
materials and energy, an extension of the analysis to an economy with more
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than two inputs might be very useful in future research. Similarly, a gen-
eralization of the analysis to a framework with more than two sectors of
production would be an important improvement, especially with respect
to the growing literature on sectoral transformation. The AES presented
in Oberfield and Raval (2014) can be seen as a first starting point for the
analysis of some of the above generalizations within the AES framework.
Finally, it would be interesting to investigate how the elasticity of substi-
tution calculated from an AES framework differs from that estimated with
a single CES production function.48

IV. Institutional aspects: With respect to institutional determinants of σ, a
thorough empirical assessment of their impact is probably the most im-
portant task for future research. In this context, the major difficulty is
to properly separate the elasticity of substitution into its technological,
non-technological, and institutional components. For instance, in the case
of labor unions, a possible solution might be to explicitly model the in-
fluence of institutions on factor employment. Additionally, an analysis of
the effect of partial trade liberalization on the AES in the framework pro-
vided by Saam (2008) would be an interesting extension. Finally, for both
the empirical and theoretical analysis of the influence of the institutional
framework on the elasticity of substitution, we stress the importance of
clearly distinguishing between those cases where the technological elastic-
ity of substitution, i.e., the set of available techniques itself, is influenced
and those cases where only the possibility of applying existing technolog-
ical substitution is affected. In this context, the explicit modeling of the
effect of institutional characteristics on the development of new techniques
and the employment of already available techniques is a promising task for
future research.

48To some extent, this exercise is performed in Chirinko and Mallick (2017) based on U.S.
data.
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1.A Appendix

1.A.1 Sources of Heterogeneity in Estimates of σ

In this appendix, we present two of the most important methodological sources
of heterogeneity in previously reported estimates of the elasticity of substitution
between capital and labor. Specially, we discuss different choices of the functional
form of the estimation equation and the modeling of technological dynamics. If
not stated otherwise, our focus is on the two-input CES production function:

Yt = At

[
δK

σ−1
σ

t + (1 − δ)L
σ−1

σ
t

] σ
σ−1

, (1.A.1.1)

where At > 0 is a Hicks-neutral efficiency parameter, δ ∈ (0, 1) denotes the
distribution parameter, and σ ∈ [0, ∞] is the elasticity of substitution.

a) Functional Form of the Estimation Equation

Due to the non-linearity of its functional form, the CES production function
does not permit a suitable analytical linearization, as is possible in the Cobb-
Douglas case. Thus, standard linear regression techniques are not applicable to
estimate the parameters of the CES production function. However, two alter-
native types of linear single-equation approaches exist to estimate the elasticity
of substitution.49 The first type is introduced by Arrow et al. (1961). Assum-
ing constant returns to scale and fully competitive goods and factor markets, σ

can be estimated by employing one of the two first-order conditions (FOC) of
profit maximization. Based on equation (1.A.1.1), in log form, the FOCs can be
written as follows:

log
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= σ log
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)
+ (1 − σ) log At + σ log
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, (1.A.1.2)

log
(

Yt
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)
= σ log δ + (1 − σ) log At + σ log

(
rt

pt

)
, (1.A.1.3)

49Additionally, non-linear least squares techniques can be applied to estimate CES func-
tions. However, these approaches can suffer from convergence problems and local extrema
(Henningsen and Henningsen, 2012).
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where wt is the wage rate, rt is the rental rate of capital, pt is the price of the
output good, and t is an index representing time.50 Alternatively, the two first-
order conditions can also be combined to construct a third estimation equation:

log
(

Kt

Lt

)
= σ log

(
δ

1 − δ

)
+ σ log

(
wt

rt

)
, (1.A.1.4)

= σ log
(

δ

1 − δ

)
+ σ log

(
wtKt

Yt − wLt

)
,

that builds upon cost minimization as it relates the capital-labor ratio to the
corresponding relative factor prices.51 In previous research, (1.A.1.2) to (1.A.1.4),
and combinations thereof, are extensively applied to estimate σ.52 Although
estimations of σ should, theoretically, be independent of the estimation equation
used, the results of empirical estimates typically differ. For instance, across
several studies based on data for the U.S. economy (e.g., Eisner and Nadiri, 1968;
Kalt, 1978; León-Ledesma et al., 2010; Young, 2013), the elasticity of substitution
estimated from the FOC with respect to labor consistently exceeds that estimated
from the FOC with respect to capital.53

A second approach to estimate the elasticity of substitution is proposed
by Kmenta (1967), who suggests expanding the CES production function in
a second-order Taylor series around the initial point σ = 1. Based on (1.A.1.1),
this approximation results in the following equation (León-Ledesma et al., 2010):

ln Yt = ln At + νπ ln Kt + ν(1 − π) ln Lt + (σ − 1)π(1 − π)
2σ

(ln Kt − ln Lt)2 ,

(1.A.1.5)

50Both equations can easily be transformed to account for non-constant returns to scale. For
instance, an adjusted variant of the first-order condition with respect to labor may be written
as log
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log
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+
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ρ(1−ν)

ν−ρ

)
log Lt, where ρ = σ−1

σ refers
to the substitution parameter and ν captures returns to scale. In the case of constant returns
to scale, i.e., ν = 1, the last term on the right-hand side drops out, and the equation reduces
to (1.A.1.2).

51The rental rate of capital is typically not reported. Thus, the transformation in the second
line of equation (1.A.1.4) exploits Euler’s theorem on linear homogeneous functions, according
to which r = (Y − wL)/K.

52Early attempts to estimate σ typically apply (1.A.1.2), see, e.g., Solow (1964), Ferguson
(1965), Sveikauskas (1974) and Takayama (1974). Newer estimates based on (1.A.1.3) and
(1.A.1.4) are found in Chirinko and Mallick (2017). For a direct comparison of approaches
(1.A.1.2) to (1.A.1.4), see Berndt (1976), Antràs (2004), and Young (2013).

53Fuss (1977) as well as Berndt (1991) attribute these differences mainly to the putty-clay
structure of the capital stock.
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which can be estimated by applying an ordinary least squares regression.54 The-
oretically, the major advantage of the Kmenta approximation is that it does not
require any assumptions about the reward of factors and can simply be fitted to
observable data on output and inputs. However, as demonstrated by Kmenta
(1967), the error caused by using a Taylor approximation of the CES function
can be large, especially if the input factor ratio or the elasticity of substitution
is either very high or very low. Additional Monte Carlo results by Maddala and
Kadane (1967), Thursby and Knox Lovell (1978), and León-Ledesma et al. (2010)
confirm that the Kmenta procedure usually does not provide reliable estimates
of σ.

To avoid problems commonly related to single-equation approaches (e.g., re-
strictions with respect to the specification of technological progress), more recent
studies like Klump et al. (2007b), Young (2013), and Herrendorf et al. (2015),
often utilize the three-equation system approach to estimate σ. This approach,
which is based on a system of a linearized or non-linear production function and
two FOC variants, can exploit variation in both optimization behavior (expressed
by the FOCs) and technology (expressed by the production function). Compared
to single-equation approaches, the main advantage of the system approach is that
it facilitates the identification of the particular effects of σ and factor-augmenting
technological change (Klump et al., 2007b). In a replication study Stewart (2018)
confirms the superiority of the supply-side system in estimating σ based on ag-
gregate U.S. data. Contradictory evidence is obtained in Stewart and Li (2018).
The authors note that the system approach does not surmount the Diamond
impossibility theorem (Diamond et al., 1978), which highlights the impossibility
to identify the particular effects of σ and factor-augmenting technological change
simultaneously for Canadian data.

b) Technological Dynamics

In terms of technological dynamics, a modification of the standard CES produc-
tion function that allows for factor-augmenting technological change is proposed
by David and van de Klundert (1965):

Yt = [δ(AK
t Kt)

σ−1
σ + (1 − δ)(AL

t Lt)
σ−1

σ ]
σ

σ−1 . (1.A.1.6)

54The last term disappears if σ = 1 and (1.A.1.5) reduces to Cobb-Douglas. Thus, a t-test
of the coefficient (σ−1)π(1−π)

2σ can be applied to verify the hypothesis of a unitary elasticity
of substitution. A full derivation of the Kmenta approximation is found in Henningsen and
Henningsen (2011, p. 57 - 59).
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In this specification, the positive coefficients AK
t and AL

t capture the level
of efficiency of capital and labor inputs, respectively. Variations over time are
regarded as capital- and labor-augmenting technological change.55 Considering
biased-technological change, difficulties exist in identifying the particular effects
of σ and technological dynamics at the same time. A commonly proposed solu-
tion to this impossibility theorem is the assumption of a constant growth rate of
technological efficiency for capital and labor. Nonetheless, the majority of early
studies neglect technological progress entirely or only incorporate a Hicks-neutral
representation. This simplification may systematically bias the estimation re-
sults. For instance, as Antràs (2004) reveals, the restriction to Hicks-neutral
technological change appears to have biased the influential estimation results of
Berndt (1976) toward unity.56 To account for this issue, Antràs (2004) incorpo-
rates factor-augmenting technological change and finds robust evidence that, for
the aggregate U.S. economy, σ is significantly below unity.

Inspired by theoretical discussions about possible biases in technological progress,
a more flexible functional form for the growth rates of efficiency levels Ai

t =
Ai

t0
egi(t,t0), gi(t0, t0) = 0, i = K, L is introduced by Klump et al. (2007a), where

t0 refers to the point of normalization. Applying a normalized Box and Cox
(1964) transformation:

gi(t, t0) = λit0

γi

[(
t

t0

)γi

− 1
]

, t > 0, (1.A.1.7)

the freely estimated curvature parameter γi determines the presence of expo-
nential (0 < γi < 1), log-linear (γi = 0) and hyperbolic (γi < 0) technological
progress as special cases. For γi = 1 the Box-Cox transformation captures a
constant growth rate of technology, as ∂gi(t, t0)/∂t = λi. Using the Box-Cox
transformation, σ is estimated as approximately 0.7 for the Euro Area (Klump
et al., 2008) and between 0.6 and 0.7 for the U.S. aggregate economy (Klump
et al., 2007a,b).

55Assuming that both efficiency parameter are equal at each point in time (i.e., AK
t = AL

t =
At), equation (1.A.1.6) reduces to (1.A.1.1).

56Unaware of this issue, for more than one-quarter of a century, the latter has been the
major reference to justify the assumption of a Cobb-Douglas production function. Moreover,
confidence in the validity of the results provided by Berndt (1976) led to a sudden end of
estimates based on CES production functions for many years.
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Chapter 2

Is Substitutability the New
Efficiency? - Endogenous
Investment in the Elasticity of
Substitution between Clean and
Dirty Energy

Abstract
When analyzing potential ways to counter climate change, standard models of
green growth abstract from investment in substitutability between “clean” and
“dirty” energy inputs. Instead, they rely on the assumption that efficiency with
respect to fossil fuels can be increased perpetually. However, this is not in line
with observed firm investment behavior and the limits to efficiency imposed by
thermodynamic laws. In this paper, I develop a growth model that explicitly
accounts for endogenous investment to increase input substitutability, in addition
to investment in efficiency. The model predicts that, for a growing economy, there
is always investment in both substitutability and efficiency, even without a carbon
cap and with non-infinite fossil fuel prices. Most importantly, in the long-run,
with sufficient investment in substitutability, fossil fuels become inessential for
production. Moreover, the model predicts a declining income share of fossil fuels,
an outcome not featured by standard models based on purely efficiency-enhancing
technological progress. Overall, the model generates an endogenous path of
transition from an economy characterized by a low elasticity of substitution to
one characterized by a high elasticity. In doing so, it still nests the results derived
from a purely efficiency-based directed technical change framework as a special
case. In addition, this paper analyzes the scope for policy intervention, showing
that even a temporary subsidy/tax can trigger a full transformation toward green
growth.
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2.1 Introduction

Global warming is a major challenge facing the world today. To limit further
increases in the global mean temperature, anthropogenic CO2 emissions need
to be reduced drastically and economic growth must be decoupled from the
use of fossil fuels (IPCC, 2014). Given that energy is an essential input in the
production of many goods and services, there are only two ways to decrease CO2

emissions in a growing economy. Either there is investment in efficiency in the
use of dirty fossil fuels or there is investment in better substitutability such that
clean renewable energy inputs can eventually fully replace dirty, non-renewable
fossil fuels.

Existing economic research mainly focuses on efficiency-enhancing techno-
logical progress and neglects the possibility to invest in better substitutability
between clean and dirty energy inputs.1 This is at odds with the observed in-
vestment behavior of firms and governments alike, both of which invest in tech-
nologies that enable and facilitate the replacement of fossil fuels with clean al-
ternatives (Lazkano et al., 2017; Mattauch et al., 2015). Moreover, the idea of
perpetually increasing efficiency in the use of fossil fuels conflicts with the sec-
ond thermodynamic law (Meran, 2019). Thus, the missing possibility to invest in
better substitutability constitutes a substantial research gap. This is especially
surprising as the general idea of substitutability-increasing investment, at least
in the context of capital and labor, is already mentioned by Hicks (1932). In an
environmental context, it is proposed to be put at the top of the research agenda
by Bretschger (2005).

My study aims to close this gap by analyzing the implications of introducing
the possibility to invest in better substitutability between clean and dirty energy
inputs on growth dynamics. Specifically, I analyze (i) what the incentives to
invest in better substitutability are and which factors they depend on; (ii) how
these incentives interact with efficiency-enhancing technological progress; and
(iii) whether and under what conditions these incentives trigger investment in
better substitutability, thereby inducing a green growth path.

To answer these questions, I develop a model that allows for endogenous in-
vestment in better substitution possibilities such that clean and dirty inputs can

1For standard neoclassical growth models also employing, in addition to capital and labor,
an energy composite (see Groth (2007) and Smulders et al. (2014) for overviews), the assump-
tion of a low elasticity of input substitution is required by the second thermodynamic law as
a necessary constraint (Dasgupta and Heal, 1979; Meran, 2019). This, however, is unrelated
to substitution between clean and dirty inputs within the energy composite. For empirical
evidence on capital-energy substitution see, e.g., Kemfert (1998) and van der Werf (2008).
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turn from complements to substitutes, rendering fossil fuels eventually inessen-
tial for production. The option to invest in efficiency-enhancing technological
progress with respect to dirty inputs is still maintained and, additionally, ex-
tended by the possibility to invest in the efficiency of clean inputs. In other
words, I conceptually distinguish between technological progress that increases
efficiency within the existing production structure and technological progress
that changes the production structure itself by increasing the elasticity of substi-
tution. For example, I distinguish, between reducing the gasoline consumption
of cars with a standard combustion engine (efficiency) and the emergence of
an alternative clean technology providing almost the same service, like battery
electric vehicles (substitutability).2

My model demonstrates that the decision to invest in a higher elasticity
between clean and dirty inputs is driven by its dampening effect on the dimin-
ishment of their marginal returns. That is, with a higher elasticity, more of the
relatively cheaper input factor can be employed while suffering less from a de-
crease in its marginal productivity. The magnitude of this investment incentive
depends positively on overall production (output effect) and the relative costs of
the two inputs (ratio effect). Furthermore, I can show that, for a growing econ-
omy, investing in better substitutability always becomes profitable at some point
in time. Once profitable, it alternates with investment in efficiency-enhancing
technological progress. As a consequence of improved substitutability, fossil fuels
gradually lose importance in production and eventually become inessential. This
is also reflected by a decreasing income share of dirty production processes, an
important result (see IEA, 2020) that cannot be reproduced in efficiency based
models, which usually generate a balanced growth path. Thus, with the possibil-
ity to invest in better substitution, a full transition toward clean production may
be the outcome of optimal investment behavior of producers. Moreover, during
growth phases with no investment in substitutability, the model reproduces the
standard result of a balanced growth path. Importantly, all these results do not
hinge on the existence of a cap on CO2 emissions or infinitely high prices of,
and taxes on, fossil fuels. Rather, a relative cost advantage of clean production
processes suffices. Results are also robust to different specifications of the re-
search process. Furthermore, the determinants of investment in substitutability
identified in my model are in line with empirical findings for, e.g., the electric-
ity sector (Lazkano et al., 2017). Analyzing the scope for policy intervention, I

2The development of a (perfect) substitute for a specific task results in a small increase in
the degree of substitutability on the aggregate level, which comprises a multitude of different
tasks.
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can show that even an only temporary subsidy/tax can trigger a transformation
toward green growth in the long-run. Finally, derived investment and growth
dynamics are illustrated in a numerical simulation exercise. This simulation
also reveals that, against widespread fear, investment in better substitutability
between clean and dirty energy inputs does not slow down growth. Quite the
contrary, such environmental policy can accelerate economic growth, even in the
transition phase.

This study contributes to the very small but important literature that ana-
lyzes investment in better substitution possibilities (Growiec and Schumacher,
2008; Fenichel and Zhao, 2015; Kemnitz and Knoblach, 2020).3 Most impor-
tantly, this paper not only analyzes the effects of investment for a growing econ-
omy but, to the best of my knowledge, is also the first providing an analytical
framework to study both the incentives to invest in a higher elasticity of sub-
stitution as well as how these interact with the incentives to invest in higher
efficiency.4

In general, my research contributes to three strands of the existing literature.
First, concerning the distinction between clean and dirty production inputs and
the focus on technological innovation, this paper is related to models employing
Acemoglu’s (1998; 2002) directed technical change framework to green growth
(e.g., Di Maria and Valente, 2008; Acemoglu et al., 2012; Greaker et al., 2018;
Hart, 2019). However, while the degree of substitutability remains an exoge-
nous variable in these models, I endogenize the evolution of the elasticity of
substitution as the result of optimal investment decisions of a profit-maximizing
representative producer. Still, my framework nests the general results of models
like Acemoglu et al. (2012) as a special case of a (temporarily) constant elastic-
ity of substitution. Importantly, model predictions differ in one central respect:
With the possibility to invest in better substitutability, a temporary policy in-
tervention can be enough to trigger a full and permanent decarbonization of the
economy even in the case of an initially low elasticity of substitution. Thus, this
paper suggests a much more optimistic outlook.

3Growiec and Schumacher (2008) numerically investigate the effect of an exogenously in-
creasing elasticity on the optimal depletion rate of fossil fuels. Similarly, Fenichel and Zhao
(2015) numerically identify trajectories for natural capital extraction in a model with invest-
ment in substitutability and a depletable but recovering resource. Kemnitz and Knoblach
(2020) investigate endogenous investment in capital-labor substitutability, but neglect invest-
ment in factor-efficiency.

4For a discussion on the currently observable degree of substitutability between clean and
dirty inputs on the aggregate level, see Papageorgiou et al. (2017), Malikov et al. (2018), and
Pottier et al. (2014). See also Pelli (2012) and Stöckl and Zerrahn (2020b) for the electricity
sector.
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Second, my model relates to several approaches in which the elasticity of sub-
stitution cannot be increased explicitly through investment but rather changes as
a by-product of, e.g., growth and structural change.5 Foremost, this includes the
literature on variable elasticity of substitution (VES) production functions (Lu
and Fletcher, 1968; Sato and Hoffman, 1968; Revankar, 1971; Kadiyala, 1972) in
which substitutability is directly linked to the ratio of, e.g., capital and energy
inputs (Lazkano and Pham, 2016). Alternatively, in a multi-sectoral framework
comprising any two inputs, the aggregate elasticity of substitution may rise as
the result of sectoral change (Jones, 1965; Miyagiwa and Papageorgiou, 2007;
Xue and Yip, 2012). In the context of green growth, this channel is studied
in Bretschger and Smulders (2012), where production endogenously reallocates
toward sectors with a higher elasticity of substitution. However, in their model,
all sector-specific elasticities are themselves constant and predetermined.

Third, highlighting the interplay between output and the endogenous emer-
gence of a green growth path, this paper also links to the literature on a possi-
ble (CO2-specific) environmental Kuznets curve (Grossman and Krueger, 1991;
Copeland and Taylor, 2004; Stern, 2017). Like in Tahvonen and Salo (2001), in
my model, the transition toward clean inputs may occur even in the absence of
policy intervention; i.e., for a business-as-usual or laissez-faire scenario. Hence,
the most important question is not whether or not the transformation occurs but
rather whether it happens early and fast enough to avoid a climate disaster.

Moreover, the framework presented in this paper can easily be applied to
the analysis of substitution between any other two input factors. For instance,
endogenous changes in capital-labor substitutability have so far been neglected
in the literature. It might, however, play an important role in explaining the
decline of the global labor income share observed since the 1980s (Elsby et al.,
2013; Karabarbounis and Neiman, 2014).

The rest of this paper is structured as follows: Section 2.2 introduces the
model and studies the general incentives to invest in better substitutability. In
Section 2.3, the interplay between investment in substitutability and efficiency
is analyzed, and investment dynamics for a growing economy are derived. More-
over, alternative specifications of the research process are discussed. Following,
Section 2.4 discusses the scope for policy intervention and sketches possible impli-
cations for the design of optimal environmental policy. An illustrative numerical
simulation is presented in Section 2.5. Section 2.6 concludes.

5See Growiec and Mućk (2019) for an overview of different approaches. See also Knoblach
and Stöckl (2020) for a discussion of various concepts of the elasticity of substitution and
potential determinants of the latter.
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2.2 The Model

The basic model consists of a representative producer providing both clean (CO2-
free) and dirty (CO2-emitting) energy service intermediates. These are then
combined to an energy service composite for final good production.6 Moreover,
at least in 2020, clean and dirty inputs are only imperfect substitutes for each
other such that both are necessary for the provision of the composite energy
service. Thus, it is assumed that the initial elasticity of substitution is below
unity.7

Following Acemoglu et al. (2012), the use of fossil fuels in dirty production is
not modeled explicitly. Rather, capital is the only physical input in the produc-
tion of both clean and dirty intermediates. This assumption is intuitive for the
production of clean intermediates, but needs further explanation in the case of
dirty intermediates, which is heavily based on fossil fuel input. In that case, the
costs of usually capital-intensive production of fossil fuels, like drilling or mining,
are implicitly added to the costs of investment in production capacities for dirty
intermediates. Moreover, CO2 emissions are assumed to be proportionate to the
use of dirty energy service intermediates. Finally, following Papageorgiou et al.
(2017), labor is assumed to play only a minor role in the production of energy
service intermediates and, thus, is not considered explicitly.

Figure 2.1 illustrates the use of clean and dirty energy service intermediates
in providing the energy service composite, E, and the use of the latter in fi-
nal good production, Y , where C and D denote clean and dirty energy service
intermediates themselves, while AC and AD capture efficiency in their use.8

Yet the theoretical analysis presented in the following focuses on the pro-
duction of the energy service composite from clean and dirty intermediates, ab-
stracting from its further use in final good production. This clear focus keeps
the model tractable and allows for an intuitive analysis of the economic forces at
work. Results and insights remain valid in more complex structures as long as
only demand for the energy service composite is affected.

6Energy services capture the provision of energy-based functionalities like heat, electricity,
and kinetic energy, rather than physical energy inputs themselves. Theoretically, the concept
of energy services is flexible enough to also account for production processes where emissions
are rather a by-product, e.g., agriculture or cement and steel production.

7As Pelli (2012) argues, if the elasticity of substitution between clean and dirty inputs is
below unity for just one production process, and if this process is itself essential for the energy
service composite, then also on the aggregate level the elasticity of substitution between clean
and dirty inputs is necessarily below unity.

8AC and AD can alternatively be interpreted as efficiency in the production of energy
service intermediates.
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Note: Arcs indicate input substitution possibilities.
Top-Level-Inputs: capital (K), labor (L), energy (E), materials (M)

Figure 2.1: Production of the energy composite (within final good production).

At the beginning of every time period, the representative producer faces two
investment possibilities. First, investment in research increasing the efficiency
in the use of or the substitutability between clean and dirty energy service in-
termediates. Second, investment in clean and dirty intermediate production
capacities. The price-taking producer always distributes investment such that
production costs are minimized for an exogenously given demand of the energy
service composite. When making investment decisions, the producer is myopic,
reacting only to price signals of the current period.9 That is, intertemporal exter-
nalities of investment decisions, e.g., depletion of resources or of a carbon budget,
are only accounted for if reflected by prices. Thus, they are, in general, not in-
ternalized in the cost minimization problem of the myopic producer.10 Rather,
all incentives to invest are based on their immediate effect on production costs
for the current period. Repeated for consecutive periods, the resulting path of
production and investment decisions is Pareto-efficient.

2.2.1 The General Model Framework

In every period, a representative producer employs clean and dirty energy ser-
vice intermediates to provide an energy service composite, Et, according to the
following modified constant elasticity of substitution (CES) production function:

Et =
(
α

(
AC

t Ct

)ρt + (1 − α)
(
AD

t Dt

)ρt
) 1

ρt , (2.1)
9This is in contrast to a social planner foreseeing potential future limitations to the use of

fossil fuels and, thus, investing in substitutability to render dirty processes inessential for the
production of the energy service composite before, e.g., a carbon cap, becomes binding.

10Given the currently known stock of resources, depletion indeed appears to remain a sec-
ondary issue compared to CO2 emissions (Heede and Oreskes, 2016). Similarly, to date, there
is no effective global carbon cap. Thus, assuming that externalities are not yet captured by
prices appears to be a pessimistic, yet, realistic assumption.
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where α ∈ (0, 1) is a share parameter, clean and dirty energy service interme-
diates are denoted by Ct, Dt > 0, respectively, and efficiency in their use is
captured by Aj

t ≥ 1 with j ∈ {C, D}. Henceforth, they are referred to as clean
and dirty intermediates (Ct, Dt), efficiency (AC

t , AD
t ), and inputs (AC

t Ct, AD
t Dt).

Finally, the elasticity of substitution, σt ∈ (−1, ∞), i.e., the measure of the de-
gree of substitutability between clean and dirty inputs, is expressed in terms of
the substitution parameter, ρt = σt−1

σt
∈ (−∞, 1). Most importantly, the elas-

ticity of substitution can now increase over time through purposeful investment.
This distinguishes the above modified production function from standard CES
representations.11

In every period, the representative producer can invest in clean and dirty
intermediate production capacities, M j

t . Without loss of generality, I assume
that one unit of production capacity provides exactly one unit of the respective
intermediate:

jt = G
(
M j

t

)
= M j

t . (2.2)

This allows for using capacities and intermediates interchangeably. The sup-
ply of clean and dirty intermediates then increases linearly with investment in
the respective production capacities. The productivity of a marginal investment
in capacities is constant and given by:

∂jt

∂Ij
t

= 1
φj

, (2.3)

such that the corresponding law of motion is:

djt

dt
= Ij

t

φj
− δjjt, (2.4)

where Ij
t is intermediate-specific investment, and φj is a time-invariant parameter

capturing the costs to build one unit of production capacity.12 The depreciation
rate of production capacities is given by δj. Alternatively, there is the possibility
to invest in research increasing either efficiency in the use of intermediates or in-
put substitutability. However, in contrast to the case of production capacities for

11For the sake of a parsimonious notation and without loss of generality, I abstract from
an explicit normalization of the CES production function as proposed by de La Grandville
(1989) and Klump and de La Grandville (2000); rather I use the implicitly normalized form
as presented in Equation (2.1). A more detailed discussion of the normalization point and its
importance in quantitative analyses is presented in Appendix 2.A.2.

12To simplify the following analysis, costs are assumed to be constant over time. The effect
of changes in costs, e.g., due to a tax/subsidy, is discussed in Section 2.4.
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intermediates, the productivity of a marginal investment in research potentially
depends on the current technological state and, thus, also on past innovation:

∂Aj
t

∂IAj

t

= 1
φAj

(
Aj

t

)γAj , (2.5)

∂ρt

∂Iρ
t

= 1
φρ

(
ρ0 − ρmax

ρt − ρmax

)γρ

, (2.6)

with the corresponding laws of motion given by:

dAj
t

dt
= IAj

t

φAj

(
Aj

t

)γAj , (2.7)

dρt

dt
= Iρ

t

φρ

(
ρ0 − ρmax

ρt − ρmax

)γρ

, (2.8)

where φAj and φρ capture the costs of research increasing efficiency and substi-
tutability, respectively. IAj

t and Iρ
t denote research-specific investment, while

γAj
and γρ control whether past innovation makes further improvements easier

(γ > 0) or more difficult (γ < 0).13 The initial elasticity of substitution is de-
noted by ρ0 while maximum achievable substitutability is captured by ρmax ≤ 1.14

Moreover, unlike for production capacities for intermediates, there is no depreci-
ation of efficiency and substitutability. Total investment, It, is given exogenously
and allocated such that the following budget constraint holds:

It = IC
t + ID

t + IAC

t + IAD

t + Iρ
t . (2.9)

Equation (2.9) implicitly embodies a lab equipment specification (Rivera-
Batiz and Romer, 1991) assuming that investment in research employs the same
input as investment in production capacities.15 This allows for a direct com-
parison of the effect of different types of investment on the production of the
energy composite, i.e., of the respective investment incentives. These incentives
are given by the marginal products of investment weighted by the respective

13As common in the growth literature, all technological progress is assumed to be disem-
bodied, i.e., efficiency and substitutability improvements apply to intermediates from both
existing and new production capacities (Solow, 1962b). For substitutability increases to only
affect new capacities, the normalization point would have to increase along with the ratio of
clean to dirty inputs (cf. Antony, 2010).

14Note that, for γ < 0, limρt→ρmax

∂ρt

∂Iρ
t

= 0 such that ρt is bound from above.
15For instance, assuming investment to be in terms of the final good implies that investment

comprises of the same inputs as used in final good production. Yet there would be no direct
rivalry between final good production and research for, e.g., labor input (cf. Romer, 1990;
Acemoglu, 1998, 2002).
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costs of capacity building and research, henceforth denoted profitabilities. The
specific profitabilities of a marginal investment at a point in time are equal to:

∂Et

∂Ij
t

= ∂Et

∂jt

∂jt

∂Ij
t

= 1
φj

∂Et

∂jt

, (2.10a)

∂Et

∂IAj

t

= ∂Et

∂Aj
t

∂Aj
t

∂IAj

t

= 1
φAj

(
Aj

t

)γAj ∂Et

∂Aj
t

, (2.10b)

∂Et

∂Iρ
t

= ∂Et

∂ρt

∂ρt

∂Iρ
t

= 1
φρ

(
ρ0 − ρmax

ρt − ρmax

)γρ ∂Et

∂ρt

. (2.10c)

Independent of the size of the investment budget, optimality, i.e., cost min-
imization, requires that, for any initial conditions, the first marginal unit of
investment is, at least partially, directed toward the most profitable option (see
Appendix 2.A.1). Thus, to answer the central question of whether investment
in substitutability will ever become the (temporarily) most profitable option, it
is sufficient to show whether it ever becomes optimal to (partially) direct the
first marginal unit of investment toward substitutability. Therefore, the analysis
of the incentive to invest in substitutability as well as its interaction with other
types of investment can be fully based on a comparison of relative profitabilities
at time t, as given by Equations (2.10a)-(2.10c). The budget constraint, Equa-
tion (2.9), can be neglected for the analysis of general dynamics.16 Without
loss of generality, this simplifies the analysis substantially and allows for general
insights otherwise obstructed by mathematical complexity.

2.2.2 The Incentive to Invest in Substitutability

As shown, investment incentives are driven by the immediate effect on production
costs. Therefore, the greater the marginal effect on output, the greater the
investment incentive. Consequently, this subsection studies the properties of the
partial derivative of the CES production function with respect to the elasticity
of substitution and its interaction with changes in the quantity and ratio of
inputs. Thereby, I focus on values of the elasticity of substitution below unity,

16Qualitatively, this does not affect investment patterns. Quantitative differences between
cases with a marginal and with a non-marginal investment budget, including the point in
time when investment in substitutability becomes profitable for the first time, are discussed in
Appendix 2.A.1.

59



CHAPTER 2. IS SUBSTITUTABILITY THE NEW EFFICIENCY? -
ENDOGENOUS INVESTMENT IN THE ELASTICITY OF SUBSTITUTION

i.e., ρt < 0. For ρt > 0, dirty inputs are inessential for production and, whether
it is used or not, in general only depends on its relative price (see Section 2.3.2
for a discussion of ρt > 0). The proofs of the findings presented in this and the
following (sub)sections are provided in Appendix 2.A.3, if not stated otherwise.

The and immediate effect of a marginal increase in the elasticity of substitu-
tion on production is always non-negative and, for ρt ∈ (−∞, 1), given by:

∂Et

∂ρt

= Et︸︷︷︸
OEt>0

(
α(atct)ρt log[atct]

(α(atct)ρt + (1 − α)) ρt

− log [α(atct)ρt + (1 − α)]
ρ2

t

)
︸ ︷︷ ︸

REt≥0

≥ 0, (2.11)

where at = AC
t

AD
t

and ct = Ct

Dt
. A direct, analytical proof of ∂Et

∂ρt
≥ 0 is presented in

de La Grandville (2016, pp. 111-113). Moreover, ∂Et

∂ρt
= 0 holds if, and only if, the

input ratio is equal to that defined by the normalization point, atct = aNcN
N .17

As revealed by Equation (2.11), for any given level of substitutability, the size
of the effect of a marginal increase in the elasticity of substitution is dependent on
the ratio of clean to dirty inputs, atct = AC

t Ct

AD
t Dt

, and increases linearly (with slope
one) in output, Et. Accordingly, the overall impact can be disentangled into an
output dependent part, OEt (output effect), and an input ratio-dependent part,
REt (ratio effect). The effect of an increase in the elasticity of substitution and
its disentanglement are illustrated in Figure 2.2a:

0

(a) The effect of an increase in the elastic-
ity of substitution on production isoquants
for different levels of output.

-- --44 --33 --22 --11 00 11

(b) The effect of increasing substitutability
on output for fixed input levels.

Figure 2.2: The effect of an increase in the elasticity of substitution.

17For notational simplicity and without loss of generality, aN cN
N = 1. See Appendix 2.A.2

for a discussion.
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Holding inputs constant, the positive relationship between output and the
elasticity of substitution has one and only one inflection point in ρt and is con-
vex before and concave thereafter.18 Thus, as illustrated in Figure 2.2b, the
second derivative of the CES production function with respect to the elasticity
of substitution can either be positive or negative:

∂2Et

∂ρ2
t

� 0. (2.12)

The effect of an increase in clean inputs on the effect of a marginal increase
in the elasticity of substitution is given by:

∂2Et

∂ρt∂(AC
t Ct)

= ∂Et

∂(AC
t Ct)︸ ︷︷ ︸

ΔOE
t ≥0

(
1
Et

∂Et

∂ρt

)
︸ ︷︷ ︸

≥0 (REt)

+
(

∂

∂(AC
t Ct)

(
1
Et

∂Et

∂ρt

))
︸ ︷︷ ︸

ΔRE
t �0

Et︸︷︷︸
>0 (OEt)

. (2.13)

Again, this effect can be disentangled based on whether it has an impact
on the output effect or on the ratio effect. ΔOE

t measures by how much a rise
of clean inputs increases the production to which, in turn, an improvement of
substitutability applies. As the marginal return to an increase in clean inputs
is always positive, also ΔOE

t is always positive. ΔRE
t captures how the effect

of an increase in the elasticity of substitution changes if one moves along the
production isoquant to a higher ratio of clean to dirty inputs. In general, the
direction of ΔRE

t is not clear a priori. However, from a green growth perspective,
the interesting case is the one where production is increasingly based on the use
of clean energy inputs such that atct > aNcN

N . In that case, the sign of ΔRE
t is

always positive:
ΔRE

t > 0 for atct > aNcN
N . (2.14)

Thus, for atct > aNcN
N , ΔOE

t and ΔRE
t work in the same direction, and the

overall effect is unambiguously positive. However, the marginal impact of a rise
in clean inputs along a given Et on the ratio effect decreases and finally vanishes
as atct moves away from aNcN

N (see Figure 2.2a):

lim
(AC

t Ct)→∞

(
ΔRE

t

∣∣∣
Et=E

)
= 0 for ρt<0. (2.15)

18This is first conjectured in de La Grandville and Solow (2006) and formally proven by
Nam and Mach (2008).
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Moreover, along a production isoquant, the ratio effect and, thus, also the
effect of an increase in the elasticity of substitution on output, are bounded from
above by:

lim
AC

t Ct→∞

(
REt|Et=E

)
= − log[1 − α]

ρ2
t︸ ︷︷ ︸

>0

< ∞ for ρt<0, (2.16)

and, therefore:

lim
AC

t Ct→∞

(
∂Et

∂ρt

∣∣∣∣∣
Et=E

)
= E · REt = − log[1 − α]E

ρ2
t︸ ︷︷ ︸

>0

< ∞ for ρt<0, (2.17)

where Et = E pins down the production isoquant along which atct is varied.
This is an important result as it highlights that an increasing share of clean
inputs in production alone may not be enough to trigger investment in better
substitutability, i.e., to make it the most profitable option. Rather, output works
as a multiplier pointing to an important market size effect.

Finally, it is, a priori, not apparent whether an increase in the elasticity
of substitution rather favors investment in clean or in dirty inputs. Yet, for
atct > aNcN

N , the effect on marginal products is unambiguously in favor of
clean inputs:

∂

∂ρt

⎛
⎝ ∂Et

∂(AC
t Ct)

∂Et

∂(AD
t Dt)

⎞
⎠ = α

1 − α
(atct)−2ρt log [atct] > 0 for atct > aNcN

N = 1.

(2.18)
Thus, an increase in the elasticity of substitution not only increases the

marginal product of investment in clean inputs, which follows from symmetry
of the cross second derivative given by Equation (2.13), but also favors further
investment in clean inputs relatively more than investment in dirty ones.

2.3 Investment Dynamics in a Growing Econ-
omy

2.3.1 Investment Patterns Toward Green Growth (ρ < 0)

In this subsection, I analyze how the profitabilities of the different investment
possibilities change with economic growth and how they interact with each other.
That is, investment patterns are derived, and predictions with respect to possible
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growth paths are discussed. To keep the analysis concise, growth in final good
production and its impact on the demand for the energy service composite, Et,
are not modeled explicitly. Instead, demand for Et is assumed to exogenously
increase over time (see Figure 2.1). Thus, the only objective of the represen-
tative producer is to provide the energy composite at the lowest possible costs.
Moreover, for the baseline analysis, it is assumed that past innovation has no
effect on current innovation such that γρ = γAj = 0. Additionally, without loss
of generality, potential depreciation of production capacities for intermediates is
neglected, i.e., δj = 0. Finally, the analysis is separated into three consecutive
phases, each of which may, in principle, be the starting point of an analysis.

Phase 1 - Business-as-Usual Growth

Phase 1 is supposed to resemble the production of the energy service composite
during most of modern growth before there are first efforts to push the use of
clean energy service intermediates. In this phase, dirty intermediates, based on
fossil fuels, are the main input in production, while clean intermediates play only
a minor role. Moreover, investment in better substitutability is assumed to not
yet be profitable during this phase.

Cost minimization in the production of Et then requires that for every demand
for the energy composite, the following first-order conditions hold:

1
φC

∂Et

∂Ct

1
φAC

∂Et

∂AC
t

!= 1,
1

φD
∂Et

∂Dt

1
φAD

∂Et

∂AD
t

!= 1,
1

φC
∂Et

∂Ct

1
φD

∂Et

∂Dt

!= 1. (2.19)

These three conditions imply that, in optimum, all investment possibilities,
except investment in better substitutability, have the same marginal profitability.
Together, they determine the cost-minimizing ratio of inputs, atct

∗:

atct
∗ =

(
α

1 − α

) 2
1−2ρt

(
rφrφA

) −1
1−2ρt , (2.20)

where rφ = φC

φD and rφA = φAC

φAD denote cost ratios. The optimal ratio of clean
to dirty inputs during this early phase can be interpreted as the “natural” nor-
malization point ratio of inputs, aNcN

N (see also Appendix 2.A.2). This implies
that atct

∗ = atct
N such that investment in better substitutability has no effect on

output and is, therefore, not profitable. Furthermore, there is both convergence
to and stability at atct

∗ (see Appendix 2.A.3). Thus, for constant prices and a
constant elasticity of substitution, the production of the energy composite from
clean and dirty inputs follows a balanced growth path, with the growth rate of
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inputs equal to that of the exogenous demand for Et.19 Finally, along atct
∗, the

marginal profitabilities of investment in clean and dirty intermediates as well as
in their corresponding efficiencies are given by:

1
φj

∂Et

∂jt

∣∣∣∣∣
atct=atct

∗
= 1

φAj

∂Et

∂Aj
t

∣∣∣∣∣
atct=atct

∗
= α

(
et

atct

) 1−2ρt
2 (

φCφAC
)− 1

2

︸ ︷︷ ︸
const. |atct=atct

∗

√
Et,(2.21)

where et = (AD
t Dt)−1Et. As illustrated in Figure 2.3, along atct

∗, the profitabil-
ities of marginal investments all grow at the same rate, but grow sub-linearly in
Et.

0
0

Figure 2.3: Marginal profitability (prof.) of investment in intermediates, efficien-
cies, and substitutability along atct = atct

∗ = aNcN
N - comparison.

Phase 2 - More Clean Inputs and First Investment in Substitutability

At the beginning of Phase 2, clean energy inputs receive an exogenous push,
for instance, by falling prices of clean inputs (φC , φAC ↓). As a result, the
cost-minimizing input ratio increases (atct

∗ ↑), and investment is redirected to-
ward clean inputs. Moreover, while atct

∗ = aNcN
N held during Phase 1, now

atct
∗ > aNcN

N becomes true.20 This is because cost advantages make it opti-
mal to use more clean inputs despite their marginal product decreasing rapidly
outside of atct

∗ = aNcN
N . Thus, for atct

∗ > aNcN
N , increasing substitutabil-

ity between clean and dirty inputs now has a positive effect on output. Along

19Note, the growth rate of inputs is equal to that of Et, but those of intermediates and
efficiency are lower: gj

t = gAj

t = ((1 + gE
t )0.5) − 1), where gE

t is the growth rate of demand
for the energy composite and gj

t and gAj

t are the growth rates of intermediates and efficiency,
respectively.

20
(

α
1−α

)2 (
rφrφA

)−1
> aN cN

N guarantees atct
∗ > aN cN

N . That is, the more important
dirty inputs are for production (low α), the cheaper clean intermediates or respective research
must be (low 1

rφ

1
rφA

). Moreover, if atct
∗ > aN cN

N for any degree of substitutability, then this
condition is fulfilled for all values ρt.
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atct
∗, the development of the profitability of a marginal investment in better

substitutability is given by:

∂Et

∂Iρ
t

= 1
φρ

Et︸︷︷︸
OEt>0

(
α(atct)ρt log[atct]

(α(atct)ρt + (1 − α)) ρt

− log [α(atct)ρt + (1 − α)]
ρ2

t

)
︸ ︷︷ ︸

REt≥0 const. |atct=atct
∗

, (2.22)

where REt is constant along any atct
∗. Thus, exclusively driven by the output ef-

fect, OEt, the profitability of investment in better substitutability grows linearly
in Et.21 This is illustrated in Figure 2.4.

Finally, as also illustrated in Figure 2.4, along atct
∗, the profitability of in-

vestment in better substitutability, from some point on, grows faster than that
of further investment in clean and dirty intermediates and efficiency. Thus, even
if initially less profitable, investment in substitutability always becomes the most
profitable option at some point in time such that investment is targeted toward
research increasing ρt. This is the moment when the elasticity of substitution
endogenously starts to rise.

0
0

Figure 2.4: Marginal profitability (prof.) of investment in intermediates, efficien-
cies, and substitutability along atct = atct

∗ > aNcN
N - comparison.

Phase 3 - After the First Investment in Substitutability

Once that investment in the elasticity of substitution has become the most prof-
itable option and, thus, ρt has increased, there are three effects to be considered
for the further analysis of investment dynamics:

21During the transition period from atct
∗ = aN cN

N to atct
∗ > aN cN

N , the ratio effect,
REt, becomes non-zero and increases (see Equation (2.14)).
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First, given atct
∗ > aNcN

N , an increase in the elasticity of substitution always
increases the optimal ratio of inputs in favor of the clean ones:

∂atct
∗

∂ρt

> 0 for atct
∗ > aNcN

N . (2.23)

Intuitively speaking, an increase in the elasticity of substitution makes inputs
more interchangeable and, thus, allows for exploiting the relative cost advantage
of clean energy inputs to a larger extent without rapidly suffering from a declining
marginal product. Ceteris paribus, there is again convergence toward the new,
higher atct

∗. Once reached, the same (investment) dynamics as for Phase 2 apply.
Second, for every (fixed) Et = E, an increase in the elasticity of substitu-

tion also increases the absolute profitability of investment in intermediates and
efficiency in the new optimal input ratio:22

∂

∂ρt

(
1

φC

∂Et

∂Ct

∣∣∣∣∣
atct=atct

∗ & Et=E

)
≥ 0. (2.24)

Along atct = atct
∗, the absolute profitability additionally increases due to

the positive effect of rising output, as shown in Equation (2.21). Together, this
guarantees that after an increase in the elasticity of substitution, the marginal
profitability of investment in clean inputs is higher both in the new atct

∗ and
during the transition to it.

Third, as shown in Equation (2.12), the effect of an increasing elasticity on
the marginal product of a further increase of it can either be positive or negative.
This property directly translates to the profitability of investment in the elasticity
of substitution:23

1
φρ

∂2Et

∂ρ2
t

� 0. (2.25)

Overall, the effect of improving substitutability on the profitability of invest-
ment in clean inputs is always positive, whereas the effect on the profitability of
further investment in substitutability can be either positive or negative. Thus,
whether a marginal investment in substitutability rather fosters further invest-
ment in substitutability or in clean intermediates and efficiency depends on the
specific parameters and the state of the economy at time t.

For a sequence of marginal investments, three scenarios, and combinations
thereof, are possible. For the sake of a clear exposition, the starting point for

22Since, along atct
∗, the profitability of all investment possibilities must be equal, it is

sufficient to analyze only one type of investment, here investment in Ct.
23All other properties, e.g., the convex-concave shape, are preserved as well.
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these scenarios is the end of Phase 2, i.e., when all investment possibilities are
equally profitable and there is an increase in the elasticity of substitution for the
first time.

Possible Scenarios:

#1 There is first only investment in clean inputs until the new, higher optimal
input ratio, atct

∗, is reached. During this transition, both the ratio effect
(REt) and the output effect (OEt) increase the marginal profitability of
further investment in the elasticity of substitution. However, further in-
vestment in substitutability only becomes the most profitable option again
after atct

∗ is reached, and there has been a phase of balanced growth along
the new atct

∗ (OEt increases).

#2 Initially, there is only investment in clean inputs but, before the new, higher
optimal input ratio, atct

∗, is reached, the increasing ratio effect (REt) and
output effect (OEt) already trigger further investment in better substi-
tutability. In a way, atct is chasing atct

∗.

#3 An increase in the elasticity of substitution immediately makes further in-
vestment in better substitutability the most profitable option.24

Most importantly, in all three scenarios, there is recurrent, endogenous invest-
ment in better substitutability such that eventually dirty inputs inevitably be-
come inessential for the production of the energy composite. This is the moment
when green growth becomes possible.25

2.3.2 Investment Patterns During Green Growth (ρ ≥ 0)

The above analysis for ρt < 0 also applies to ρt = 0. Thus, also for the Cobb-
Douglas case, there will necessarily be investment in better substitutability at
some point in time. Consequently, the degree of substitutability eventually be-
comes ρt > 0. Moreover, starting in ρt = 0, an increase in substitutability again
favors further investment in clean inputs rather than investment in dirty ones.
Moreover, unlike for ρt < 0, for ρt > 0, investment in clean inputs makes further

24That is, the effect captured by Equation (2.25) dominates that of an increase in substi-
tutability on the profitability of investment in inputs as captured by Equation (2.13), taking
into account symmetry of cross second derivatives, together with (2.3) and (2.5).

25Note that Scenarios #1 and #2 build on the assumption that there can only be one type
of investment at the same time. However, if simultaneous investment is possible, there will
always also be investment in inputs whenever there is investment in substitutability, unless
Scenario #3 applies.
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investment in clean inputs more profitable than investment in dirty ones (see Ap-
pendix 2.A.3). Therefore, if there is investment in inputs, it will be investment
in clean inputs. In other words, there is a “lock-in” in clean inputs. Thus, like
in Acemoglu et al. (2012), for ρt > 0, there is a continuous rise in atct even if the
elasticity of substitution is constant. Most importantly, for ρt > 0, green growth
is not only possible but also chosen as the cost-minimizing way to produce the
energy composite.26 Moreover, as the relative profitability of investment in clean
inputs increases steadily for ρt > 0, possibly existent subsidies on clean inputs
can be phased out while green growth continues. The same applies to taxes on
dirty inputs.

Although there is only green growth for ρt > 0, there may well be further
investment in substitutability.27 The following implications of ρt > 0 for the two
equations governing investment in inputs and in substitutability, i.e., Equations
(2.21) and (2.22), have to be considered:

Equation (2.22) remains unchanged. However, even for a constant ρt, atct

now continuously increases in Et such that ΔRE
t > 0. Thus, the profitability of

investment in better substitutability now increases more than linearly (convex)
in Et. In contrast, Equation (2.21) needs to be changed as, for ρt > 0, atct no
longer converges to a constant atct

∗, and now reads:

1
φj

∂Et

∂jt

= 1
φAj

∂Et

∂Aj
t

= α
(
φCφAC

)− 1
2 E1−ρt

t

[
Eρt

t − (1 − α)(AD
t Dt)ρt

α

] 2ρt−1
2ρt

,

(2.26)
where AD

t Dt is constant, and investment in capacity and in efficiency within the
clean intermediate are assumed to be equally profitable. Although it is not fea-
sible to analytically identify a clear convex/concave relationship between Et and
the profitability of investment in clean inputs, numerical simulations and limit
considerations hint again at a generally concave relationship. Therefore, with
the profitability of investment in substitutability increasing more than linearly,
and that of investment in clean capacities and efficiency most likely increasing
sub-linearly, substitutability will necessarily also rise over time for ρt > 0. This
is also confirmed by the numerical simulation Section 2.5.

26With depreciation of clean and dirty intermediate production capacities (at the same
rate), there is not only green growth but also a full decarbonization of the stock of existing
production capacities (see Section 2.5).

27As long as there is a positive stock of dirty intermediate production capacities, there is a
positive effect of higher substitutability on production (see Section 2.2.2).
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2.3.3 Alternative Specifications of the Research Process

So far, the productivity of investment in research has been assumed to be inde-
pendent of past innovation, i.e., γρ = γAj = 0. In this subsection, this assump-
tion is relaxed. For γ < 0, past innovation makes further improvements easier,
whereas, for γ > 0, past innovation makes further technological progress more
difficult.28

2.3.3.1 Efficiency-Enhancing Technological Progress

Only γAj < 0 is considered for efficiency-enhancing technological progress.29

First, because, for dirty inputs, it is unlikely that efficiency improvements be-
come easier over time given thermodynamic limitations. Second, because effi-
ciency improvements are also limited for clean inputs. For instance, the max-
imum theoretical conversion rate of sunlight to electricity is at about 86.8 %
(Chambadal-Novikov efficiency - Chambadal, 1957; Novikov, 1958), and much
lower under real-life conditions. Finally, for simplicity, dependence of research
productivity on past innovation is assumed to be identical for clean and dirty
inputs, i.e., γAC = γAD = γ < 0.30

As shown in Appendix 2.A.3, for ρt ≤ 0, there is again convergence to a
cost-minimizing input ratio atct

∗, which is now dependent on γ:31

atct
∗ = (rφj )

γ
1+ρt(−2+γ)−γ

(
rφj rφAj

) −1
1+ρt(−2+γ)−γ

(
α

1 − α

) 2−γ
1+ρt(−2+γ)−γ

, (2.27)

where atct
∗ > aNcN

N holds whenever (rφj )γ
(
rφj rφAj

)−1 (
α

1−α

)2−γ
> aNcN

N .
Equation (2.27) also shows that atct

∗ is independent of output, Et. However,
unlike for γ = 0, the ratio of intermediates to the respective level of efficiency
(jt/Aj

t) now increases in Aj
t and, thus, in output:

∂

∂Aj
t

(
jt

Aj
t

∣∣∣∣∣
atct=atct

∗

)
= −γ

φAj

φj

(
Aj

t

)−γ−1
> 0 for γ < 0. (2.28)

28These two cases are sometimes also referred to as “fishing out” (Groth, 2007, p. 131)
and “standing on the shoulders of giants” (see Caballero and Jaffe (1993) and the references
therein).

29For the case with γAj > 0, more specifically, for γAj > 1, a lock-in in either clean or dirty
inputs is possible even under ρt < 0. A proof is available upon request.

30The case 0 > γAD �= γAC < 0 is briefly discussed in Appendix 2.A.3 - Claim 2.13.
31The same optimality conditions as for the case with γ = 0 apply (see Equation (2.19)).
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Still, along atct
∗, the productivities of marginal investments in clean and dirty

intermediates and efficiency must all be equal and, for γ < 0, are given by:
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t
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(
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∗

E
1

2−γ

t .(2.29)

Importantly, Equation (2.29) shows that, along atct
∗, the productivities of

investments in inputs again grow sub-linearly in output. Moreover, the prof-
itability of a marginal investment in substitutability is not directly affected by
γ and, thus, remains linear (see Equation (2.22)).32 Summarized, qualitatively,
the analysis of investment dynamics throughout the different phases of growth
remains unchanged compared to the case with γ = 0. Most importantly, again,
there is recurrent investment in better substitutability such that dirty inputs
become inessential for the production of the energy composite at some point in
time. Finally, also for ρt > 0, the analysis remains unchanged.33

2.3.3.2 Substitutability-Increasing Technological Progress

Bloom et al. (2020) present evidence from various industries pointing in favor
of the “fishing out” case for total factor productivity. Thus, only γρ < 0 is
considered here, which can be discussed separately from γAC = γAD = γ < 0.
Importantly, γρ only affects investment dynamics in Phase 3, i.e., when there is
already investment in substitutability. Specifically, γρ < 0 increases the costs of
further investment in substitutability. Thus, for each of the three scenarios in
Phase 3, this implies that, ceteris paribus, there is a lower incentive to invest in
substitutability and ρt increases more slowly compared to the case with γρ = 0.

2.4 Government Intervention and Optimal Pol-
icy

The analysis in the previous sections shows that atct
∗ > aNcN

N is a sufficient
condition to trigger an endogenous transformation toward green growth. This
transformation is driven by increases in the elasticity of substitution, which grad-
ually raises the cost-minimizing share of clean inputs in production and, eventu-

32Also the second derivative of output with respect to the elasticity of substitution is not
affected by γ other than through atct

∗, and, thus, remains unchanged.
33As for ρt ≤ 0, the ratio of intermediates to the respective level of efficiency (jt/Aj

t ) also
increases for ρt > 0, if γ < 0.
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ally, renders dirty inputs inessential. In this section, I analyze how a tax on dirty
intermediate production capacities as well as subsidies for research increasing
efficiency or substitutability affect both the onset and the speed of the transfor-
mation process. Moreover, it is discussed how taxes and subsidies can be used
to implement the socially optimal trajectory of investments.

2.4.1 Taxes and Research Subsidies

Subsidies reduce the costs of research, φAC and φρ, by the amount of τAC

t and τ ρ
t ,

whereas a tax on dirty inputs increases the costs of building new intermediate
production capacities, φD, by the amount τD

t .34

A Subsidy for Research on Clean Efficiency (τAC

t ):

A subsidy for research targeted at increasing efficiency in the use of clean inter-
mediates has two effects. First, as can be seen from Equation (2.27), for ρt < 0, a
subsidy shifts the cost-minimizing ratio of clean to dirty inputs in favor of clean
ones, i.e., atct

∗ rises. This increases the ratio effect, REt such that the profitabil-
ity of investment in substitutability increases more rapidly in the production of
the energy composite, Et. Second, along with atct

∗, the absolute profitability
of investment in clean (and dirty) inputs also increases in τAC

t for every level of
production of the energy composite (see Appendix 2.A.3). Thus, as illustrated
in Figure 2.5, a subsidy for clean research makes both investment in clean inputs
and investment in substitutability more profitable. Yet it is, a priori, not clear
whether it prepones or postpones investment in substitutability.35 The identi-
fication and analysis of qualification constraints for either case are beyond the
scope of this paper and, therefore, left for future research.

A Tax on New Production Capacities for Dirty Intermediates (τD
t ):

On the one hand, a tax on building new intermediate production capacities also
raises atct

∗, thereby increasing the profitability of investment in substitutability.
On the other hand, such a tax reduces the absolute profitability of a marginal
investment in clean (and dirty) intermediates for every level of production of the

34Moreover, although only presented for the case with γ = 0 here, the analysis of taxes and
subsidies also applies to γ < 0 (see Appendix 2.A.3).

35Numerical simulations indicate that there is always a preponing effect. Moreover, even
if the onset of investment in substitutability was postponed, production along atct

∗ is always
cleaner in the presence of a subsidy. However, a subsidy also reduces the production costs
of the energy composite, thereby increasing demand for it. Therefore, the overall effect of a
subsidy on CO2 emissions over time is again not clear.

71



CHAPTER 2. IS SUBSTITUTABILITY THE NEW EFFICIENCY? -
ENDOGENOUS INVESTMENT IN THE ELASTICITY OF SUBSTITUTION

energy composite (see Appendix 2.A.3). Thus, as can be seen from Figure 2.5,
the onset of investment in substitutability is unambiguously preponed in this
case.36

A Subsidy on Substitutability-Increasing Research (τ ρ
t ):

This kind of subsidy lowers the costs of investment in research targeted at in-
creasing the substitutability between clean and dirty inputs. As a result, the
profitability of investment in substitutability increases more rapidly in the pro-
duction of the energy composite, Et (see Equation (2.22)). By contrast, the
profitability of investment in intermediates and efficiencies is not affected. Thus,
ceteris paribus, a research subsidy always induces an earlier onset of investment
in substitutability, as illustrated in Figure 2.5.

0
0

Figure 2.5: The effects of τAC

t , τD
t , and τ ρ

t on the marginal profitability (prof.) of
investment in intermediates, efficiencies, and substitutability along atct = atct

∗ >
aNcN

N - comparison.

In general, temporary taxes and subsidies do not change the long-run cost-
minimizing ratio of clean to dirty inputs, atct

∗. That is, the use of inputs con-
verges back to the ratio that is cost-minimizing in the case without taxes and
subsidies, as soon as these are withdrawn. However, if, as a consequence of tem-
porary policy intervention, the degree of substitutability increases, then atct

∗

also increases, as shown in Equation (2.23). Importantly, this effect is not (com-
pletely) reverted if taxes and subsidies are withdrawn again, such that there is a
long-run impact on the cost-optimal utilization of clean and dirty inputs. This

36However, in the current framework, a tax only affects the profitability of investment in
new production capacities. That is, the tax does not cover existing production capacities of
dirty intermediates, and its effect on investment dynamics is less pronounced compared to more
direct approaches increasing the price of fossil-fuel input or of carbon emissions.
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implies that an only temporary subsidy or tax can be sufficient to render dirty
inputs inessential for production (ρt > 0) and to guarantee green growth in the
long-run.

Overall, subsidies and taxes can work as an accelerator for the transformation
process. In particular, a temporary subsidy for research that improves substitu-
tion possibilities is likely to be an important instrument to push the elasticity
of substitution above the threshold level of unity such that green growth sets in
before a climate disaster happens.

2.4.2 Optimal Policy

For a sequence of investment decisions of a myopic representative producer
of the energy composite, policy intervention must always correct for at least
two major externalities: First, the environmental damage caused by the use of
dirty, CO2 emitting energy services. Second, intertemporally non-optimal (too
low and/or too late) investments in substitutability and efficiency due to the fact
that myopic producers do not take into account the effect of these investments on
future productivity. Without policy intervention, the resulting investment path
is not only suboptimal in terms of intertemporal welfare maximization but, due to
the neglected immediate effect of the environmental externality, also potentially
Pareto-suboptimal within each period.

Unlike in standard growth models, because of the non-linearities that come
along with the introduction of the possibility of investment in substitutability,
there exists, in general, no longer a balanced growth path as long as the elastic-
ity of substitution is increasing. Rather, growth rates and investment patterns
vary substantially over time, at least in the transition period characterized by an
increasing elasticity of substitution, as can be seen in Section 2.5. Still, based on
the above analysis of possible policy interventions, it is clear that every possible
investment trajectory can be implemented with a combination of research subsi-
dies and a tax. In general, taxes and subsidies are required to vary over time.37

Thus, with the right (temporary) environmental policy, the “market solution”
based on a myopic representative producer coincides with that of a forward-
looking social planner that explicitly accounts for externalities, e.g., those of

37At any point in time, policy intervention also needs to account for changes in investment
patterns induced by exogenous factors, e.g., increasing costs of dirty intermediate production
capacities due to fading resources or decreasing costs due to new explorations.
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CO2 emissions. However, a full quantitative analysis of what optimal policy may
look like is beyond the scope of this paper and, thus, left for future research.38

2.5 Numerical Simulations

The following numerical simulation exercise illustrates the dynamics of invest-
ment in substitutability, efficiency, and intermediate production capacities for a
growing economy. The primary goal is to highlight the central investment dy-
namics and its impact on key variables of economic growth, especially the effect
of an improving substitutability between clean and dirty inputs.

2.5.1 Setup

Importantly, in contrast to the above analysis, the simulation is based on a
sequence of optimal investments for a non-marginal budget. Thereby, I abandon
the simplifying assumption of only marginal investments directed toward the
most profitable option as used for the sake of a clear argument in the theoretical
analysis above (see also the discussion in Appendix 2.A.1).

For the simulation, I employ a simple multi-level Solow-style growth model
(Solow, 1956) with the structure depicted in Figure 2.6. Specifically, in a top-
level CES production function, the energy composite, Et, and capital, Kt, are
combined to a final good, Yt (see van der Werf, 2008). Labor input is neglected
in final good production to keep the model simple and to avoid additional com-
plexity due to labor-augmenting technological progress. The energy composite is
provided with the structure presented in the theoretical analysis presented above.
At the beginning of every time period, a constant fraction s of last period’s final
good production, Yt, is invested in the capital stock in final good production, Kt,
or in the production of the energy composite, Et.39

Y (K, E)

sY = I E
(
ACC, ADD, ρ

)
τAC

, τD, τ ρ

Figure 2.6: Production structure for the numerical simulation.

38Importantly, in general, there exists no analytical solution for the equations of motion of
optimal investment.

39Note that the budget constraint, Equation (2.9), now additionally needs to account for
investment in capital, IK

t .
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Functional forms for the production of the energy composite, Et, are generally
as presented in Section 2.2. However, to correct for increasing returns to scale,
the square root is applied to Equation (2.1) such that it now reads:40

Et =
√(

α (AC
t Ct)ρt + (1 − α) (AD

t Dt)ρt
) 1

ρt .

For the provision of the final good at the top-level, the following CES pro-
duction function is used:

Yt = (βKν
t + (1 − β)Eν

t )
1
ν , (2.30)

where β ∈ (0, 1) is the share parameter. The time-invariant elasticity of substi-
tution, κ ∈ (−1, ∞), between capital and the energy composite is expressed in
terms of the substitution parameter, ν = κ−1

κ
∈ (−∞, 1). There is no factor-

augmenting technological progress for capital.41 With respect to the energy
composite, efficiency increases are already accounted for in its production by Aj

t .
As shown above, for ρt < 0, i.e., if both clean and dirty inputs are essential for

the production of the energy composite, the only requirement for investment in
substitutability to become profitable at some point in time is: atct

∗ > aNcN
N .42

Moreover, ν < 0 is assumed to guarantee essentiality of both capital and energy.
Baseline parameter choices and starting values are presented in Table 2.A.4.1 in
Appendix 2.A.4.

2.5.2 Simulation Results

Simulation results for one scenario with and one without the possibility to in-
vest in better substitutability are presented in Figure 2.7. Profitabilities of the
respective investment possibilities are depicted in the bottom row of Figure 2.7.
All results are in line with theoretical predictions.

40Increasing returns to scale are due to the fact that efficiency is treated as a separate input
factor. Without correction, growth rates would explode. The correction only changes the
relative spending between capital and energy but otherwise preserves the pattern of investment
within the energy aggregate.

41This assumption is in line with Uzawa’s (1961) famous theorem on balanced growth (see
also Acemoglu (2003)).

42Technically, the condition is: atct
∗ �= aN cN

N . However, the case atct
∗ < aN cN

N is treated
as an artifact of the symmetry of the CES production function and, thus, ignored throughout
the paper (see also Appendix 2.A.2).
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Simulation 1 - With the Possibility to Invest in Substitutability

First, and importantly, as shown by Figure 2.7, from some point on, there is
repeated investment in substitutability. Therefore, the elasticity of substitution
converges to its upper bound (ρmax = 1), yet, with increases slowing down due
to further increases becoming more difficult (γρ < 0).

Before the onset of investment in substitutability, economic development is
structurally similar to a balanced growth path with investment in both clean
and dirty inputs such that a constant ratio (atct = atct

∗) is maintained. The
growth rate of output, gY

t , decreases over time but converges to a positive value.
This decrease in the growth rate is caused by the increasing difficulty to further
improve efficiency (γAj < 0).43 As soon as ρt starts to increase, and, thus, already
before ρt > 0, there is no further investment in dirty inputs, and the respective
intermediate production capacities begin to fall because of depreciation.44 As
dirty technology, AD

t , cannot depreciate, it remains constant from this point on.
This halt of investment in dirty inputs is also reflected by an ever-increasing ratio
of clean to dirty inputs, reaching infinity as soon as dirty intermediate production
capacities have depreciated completely. Moreover, the income share, ISC

t , of
clean inputs in energy production increases with ρt and converges to unity.45

Importantly, and in contrast to models with a constant elasticity, the model
presented here can reconcile an increasing income share with a combination of an
increasing ratio of clean to dirty inputs (atct ↑) and a low (but rising) elasticity
of substitution (ρt < 0 ↑).46 Furthermore, as increases in efficiency become
more difficult over time, the costs of producing the energy composite increase
in Et. In contrast, there is no such effect for investment in the capital stock in
final good production. Consequently, investment in Et becomes relatively more
expensive compared to investment in Kt such that the ratio Et/Kt continually
decreases. This pattern is only interrupted during the transition phase. In
this phase, investment in better substitutability increases the productivity in
the production of the energy composite, thereby lowering the costs of Et (see
Equation (2.13)). The same reasoning also applies to the hump with respect to

43For γAj = 0, the growth rate is constant whenever there is not yet or no further investment
in substitutability, thus characterizing a balanced growth path.

44This is the pattern described by “Scenario #2” in Section 2.3.1.
45The income share is calculated based on the assumption that factor enumeration is equal

to the respective marginal product.
46As can be seen from Equations (2.23) and (2.24), for ρt ≤ 0, a rise in the elasticity of

substitution increases atct
∗ while the ratio of investment profitabilities for clean and dirty

inputs remains equal to unity. For ρt > 0, atct continues to rise, while, additionally, the ratio
of investment profitabilities for clean and dirty inputs increases in favor of the clean ones (see
also Section 2.3.2).
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growth in final output, gYt . Thus, against common fear, investment in research
that facilitates substituting clean for dirty energy inputs accelerates economic
growth rather than slowing it down. Moreover, since CO2 emissions are assumed
to be proportional to dirty intermediate production capacities, emissions per
period decrease with the stock of dirty intermediate production capacities and,
therefore, the increase in accumulated emissions, ∑t

t=0 CO2, eventually comes to
a halt. Finally, once there is no more investment in the elasticity of substitution,
there is a return to a pattern structurally resembling balanced growth. Yet,
importantly, now, growth is entirely based on clean inputs.

Simulation 2 - Without the Possibility to Invest in Substitutability

Without the possibility to invest in better substitutability, dirty inputs remain
essential for the production of the energy composite. Thus, along with dirty
intermediate production capacities, emissions also increase exponentially. More-
over, rather than increasing to infinity, the ratio of clean to dirty inputs remains
constant over time. Similarly, the income share of dirty inputs is constant and
does not decrease. Finally, without investment in better substitutability, it is
not possible to better exploit the cost advantage of clean inputs, thereby reduc-
ing the costs of producing the energy composite. Consequently, the ratio Et/Kt

is always lower compared to the case with investment in substitutability. The
lack of this option to lower the costs of producing the energy composite is also
reflected by a lower growth rate of output ,gYt .
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Figure 2.7: Dynamics for a non-marginal investment budget.
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2.6 Conclusion

Standard models of green growth build on perpetually increasing efficiency in
the use of fossil fuels and neglect the possibility of an improving substitutability
between clean and dirty energy inputs. However, this approach conflicts with
thermodynamic laws and does not reflect the observed firm investment behavior.
In this paper, I develop and analyze a growth model that explicitly accounts for
endogenous investment to increase input substitutability, in addition to invest-
ment in efficiency. Importantly, investment in substitutability allows to render
dirty, CO2-emitting fossil fuels inessential for production in the long-run. There-
fore, green growth no longer solely relies on perpetually increasing efficiency.

The new modeling approach yields four main insights. First, the higher the
elasticity of substitution, the easier it is to replace the relatively more expensive
energy input with the cheaper one. Thus, there is always an incentive to invest in
better substitutability. This incentive increases linearly in output. Second, for a
growing economy, investment in better substitutability always becomes profitable
at some point in time. In parallel to investment in substitutability, investment
in input efficiency continues. With ongoing investment in substitutability, dirty
inputs eventually become inessential for production. Third, at the latest when
clean and dirty inputs turn from complements to substitutes, there is a complete
shift toward clean inputs with no further investment in dirty inputs. Fourth,
temporary policy interventions directly or indirectly promoting investment in
better substitutability can trigger a full transformation toward green growth.
Importantly, all these results do not hinge on a carbon cap or infinitely high
prices of, or taxes on, fossil fuels.

The possibility to invest in better substitutability between clean and dirty
inputs has a major impact on growth dynamics, as a simple simulation exercise
shows. First, during the phase of an increasing elasticity, the growth rate of
output receives a positive push. Additionally, at any point in time, the growth
rate of output depends, ceteris paribus, positively on the elasticity of substitu-
tion. This result challenges the widespread fear of strict environmental policy
being potentially growth-dampening, especially with respect to the transition
period. Moreover, along with the increase in the degree of substitutability, the
income share of clean inputs also rises and converges to unity. Finally, driven by
the crucial dependence of the profitability of investment in substitutability on
output, the development of CO2 emissions follows a convex-concave trajectory
with emissions increasing exponentially until investment in substitutability sets
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in. This finding suggests the potential existence of an environmental Kuznets
curve.

While this paper provides a sound theoretical framework to analyze the dy-
namics during the transition toward green growth, a thorough quantitative as-
sessment is beyond the scope of this paper. In particular, it is an important
task for future research to assess under what conditions a transformation toward
green growth happens fast enough to avoid a climate disaster and what optimal
policy should look like.

Overall, this paper provides a novel approach to rationalize an endogenous
transition from a world based on fossil fuels and characterized by a low elasticity
of substitution toward a world that builds on green growth and exhibits a high
degree of substitutability. Hence, to some extent, this paper also fills the gap
between the two extreme cases presented in Acemoglu et al. (2012).
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2.A Appendix

2.A.1 Marginal vs. Non-Marginal Investments

The analysis of investment in intermediate production capacities, efficiency, and
substitutability is based on a comparison of the profitabilities of a marginal
investment for any initial conditions. This approach relies on the claim that
if there is investment in an option for a marginal budget, then there is also
investment in that option for a non-marginal budget. This claim can be shown
to be true as follows:

First, for a constant ρt, i.e., whenever there is no investment in the elasticity
of substitution, Et is strictly concave in investment in inputs. Thus, integrating
over a sequence of marginal investments directed toward the most profitable
option results in the same solution that is obtained for a non-marginal investment
budget. This optimal solution is characterized by atct = atct

∗ as defined in
Section 2.3.

Second, the optimization problem for the case with only marginal investments
can be seen as an additionally constrained variant of that with a non-marginal
investment budget. Then, every solution to the optimization problem with only
marginal investments is also feasible for the problem with a non-marginal in-
vestment budget. Most importantly, this guarantees that the positive effect of
an increase in the elasticity of substitution on output for the non-marginal case
is always equal to or higher than in the case with only marginal investments.
Intuitively speaking, for a non-marginal budget, there is additionally the effect
of a higher elasticity of substitution on how profitable the remaining budget can
be spent on clean and dirty inputs.

Third, if an investment possibility has the highest cost-weighted marginal
product, i.e., profitability as defined in Section 2.2, it is guaranteed that at least
some of the investment budget is spent on it. This is a direct application of the
Karush-Kuhn-Tucker-conditions of the corresponding optimization problem with
non-negativity constraints.

In general, during transition, i.e., when substitutability increases, the timing
of investment in substitutability, efficiency, and inputs, in general, does not coin-
cide for the two cases.47 However, for a growing economy with increasing energy
demand but no further investment in the elasticity of substitution, the two cases

47For instance, as an extreme case, for a sufficiently large investment budget, it may be
optimal to increase the elasticity of substitution directly to a value above unity before there is
any further investment in inputs.
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always converge to the same outcome in terms of ratios, growth rates, and shares
in the long-run.

Figure 2.A.1.1 illustrates differences in investment dynamics between the case
with a sequence of marginal investments in the most profitable option and the
case with a sequence of non-marginal investment budgets.48 Importantly, it
shows the earlier onset of investment in better substitutability for a non-marginal
investment budget due to the additional investment incentive. However, it also
shows that in both cases, there is a halt to investment in dirty inputs once the
elasticity of substitution exceeds unity. Therefore, the income share of clean
inputs, ISC

t , in the production of the energy composite converges to unity for
both cases.

t

Ρt

t0

1

ISt
C

t0

Yt

t0

Et

t0

Ct

t0

Dt

t0

At
C

t0

At
D

Sequence of Marginal Investments

Non�Marginal Investment Budget

0

Figure 2.A.1.1: Dynamics for an adjusted sequence of marginal investments and
a sequence of investment for a non-marginal investment budget - comparison.

48Simulations are based on the same parameters and starting values used in Section 2.5.
However, to facilitate comparison, without depreciation of intermediate production capaci-
ties (δ = 0). The sequence of (almost) marginal investments in the option with the highest
profitability (see Sections 2.2 and 2.3) is adjusted such that only those simulation points are
considered where the sum of marginal investments is equal to savings, sYt, for the simulation
with a non-marginal investment budget.
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2.A.2 Normalization

The elasticity of substitution is a measure of relative change. Thus, in order to
pin down a specific CES function, it is necessary to define a reference point, called
normalization point (see de La Grandville, 1989; Klump and de La Grandville,
2000).49 More intuitively, the normalization point can be understood as defining
the efficient ratio of inputs if there were no substitution possibilities; i.e., if the
CES takes the form of a Leontief production function (ρt = −∞). In other
words, in this normalization point ratio, inputs are used in such proportions that
there is no relatively abundant input that is used as an imperfect substitute for
the relatively scarce one. In a way, the normalization point defines the “natural”
input ratio. Therefore, in (and only) in the normalization point ratio, an increase
in the elasticity of substitution has no positive effect on output. Outside of the
normalization point ratio, better substitutability lowers the productivity losses
when the abundant input is used as an imperfect substitute for the scarce one
and, thus, has a positive effect on output. More technically, an increase in
the elasticity of substitution mitigates the diminishment of marginal returns to
inputs. Thus, the normalization point ratio only defines the efficient ratio in
terms of the production function. Whenever price advantages for either input
factor outweigh the diminishment of marginal returns, the cost-optimal ratio of
production factors differs from that in the normalization point, i.e., in general
atct

∗ �= atct
N .

While the choice of the normalization point has no qualitative effect on the
question of whether there is investment in substitutability or not, the quantitative
impact on results may be substantial. Unfortunately, a proper choice of the
normalization point (ratio) can be very difficult for numerical analysis at the
aggregate level.50 In particular, in an energy context, there is no “natural” or
“straightforward” candidate for the normalization point ratio. However, as fossil
fuels are currently the standard input for almost all energy-based production
processes, the normalization point ratio of clean to dirty inputs, aNcN

N , is likely
to be very low. As a first approximation to the normalization point ratio, one
could take the currently observable structure of the production of the energy
composite. Alternatively, the observable structure some quarter of a century ago

49As long as the elasticity of substitution is held constant, the choice of a specific point
along the production isoquant as normalization point has no effect on the economic outcome
and, thus, is often set to unity for both inputs for the sake of simple notation. This results in
the standard Arrow et al. (1961) representation of the CES production function. See Klump
et al. (2012) for an introduction to the normalization of production functions.

50See Temple (2012) and Cantore and Levine (2012) for a discussion of problems that can
arise when choosing a normalization point.
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might be used to correct for recent climate policy favoring clean inputs, thereby
pushing atct above aNcN

N . Yet both candidate ratios are still rather cost-optimal
market outcomes than parameters of the production function.51

Finally, note that investment in better substitutability does “not always in-
fluence the substitutability in both directions” (Mattauch et al., 2015, p. 58).
The main aim is to replace fossil fuels with clean alternatives. Fossil fuels, in
turn, are likely to be a perfect substitute for renewables. Thus, the branch of
the production isoquant exhibiting input ratios lower than defined by the nor-
malization point should rather be interpreted as an artifact of the symmetry of
the CES production function and, thus, be ignored.

2.A.3 Proofs and Derivations

General Remarks:

The explicitly normalized version of the CES production function presented in
Equation (2.1) is given by:

Et = EN

(
αN

(
AC

t Ct

AC
NCN

)ρt

+ (1 − αN)
(

AD
t Dt

AD
NDN

)ρt
) 1

ρt

, (2.A.3.1)

with AC
N CN

AD
N DN

= aNcN
N > 0 as the normalization point ratio of inputs. EN > 0 is

a scaling parameter and αN ∈ (0, 1) is the share parameter, which is identical
to the factor income share of clean inputs in the normalization point ratio. For
AC

N = CN = AD
N = DN = 1 (→ aNcN

N = 1) and EN = 1, the explicitly
normalized production function collapses to the (implicitly normalized) one used
in this paper:

Et =
(
α(AC

t Ct)ρt + (1 − α) (AD
t Dt)ρt

) 1
ρt . (2.1) revisited

Without loss of generality, but simplifying notation a lot, all proofs are given
for the implicitly normalized form. However, whenever there needs to be a case
distinction based on whether atct ≷ aNcN

N , this distinction is expressed relative
to aNcN

N rather than to the ratio in the implicit normalization point where it
takes the value “1.”

Moreover, for all proofs, the extreme cases ρt = −∞ (Leontief production
function) and ρt = 1 (linear production function) are excluded. Also extreme

51See Kemnitz and Knoblach (2020) for a novel approach in which the normalization point
gradually changes with investment in substitutability.

84



2.A. APPENDIX

values like jt, Aj
t , Et = {0, ∞} are not considered except for limit considerations.

Moreover, unless stated otherwise, also ρt = 0 (Cobb-Douglas production func-
tion) is excluded. Finally, if not stated otherwise, proofs hold for both ρt < 0
and ρt > 0 as well as for all γ ≤ 0.

Proofs and Derivations:

Claim 2.1. Both inputs are necessary for production if ρt < 0 (essentiality).

Proof.
Et(0, AD

t Dt) is not defined. However, taking the limit of Et for AD
t Dt → 0

gives:

lim
AD

t Dt→0
Et(·) = lim

AD
t Dt→0

AD
t Dt · lim

AD
t Dt→0

(α(atct)ρt + (1 − α))
1

ρt

= 0 · (1 − α)
1

ρt

= 0.

The proof is analog for Et(AC
t Ct, 0).

Claim 2.2. Either input on its own is sufficient for production if ρt > 0 (inessen-
tiality).

Proof.

Et(AC
t Ct, 0) = α

1
ρt (AC

t Ct) ≥ 0

and

Et(0, AD
t Dt) = (1 − α)

1
ρt (AD

t Dt) ≥ 0.

Claim 2.3. OEt > 0 - Equation (2.11).

Proof.
By definition: OEt = Et. Thus, OEt > 0 whenever Et > 0.
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Claim 2.4. REt ≥ 0 - Equation (2.11).

Proof.
As shown above: OEt > 0. Moreover, ∂Et

∂ρt
≥ 0 (see Section 2.2.2). Since

∂Et

∂ρt︸ ︷︷ ︸
≥0

= OEt︸ ︷︷ ︸
>0

·REt ≥ 0, it follows that REt ≥ 0. As ∂Et

∂ρt
= 0 is true if and only if

atct = aNcN
N , and since Et > 0, it follows that also REt = 0 holds if and only

if atct = aNcN
N .

Claim 2.5. ΔOE
t ≥ 0 - Equation (2.13).

Proof.
By definition, ΔOE

t = ∂Et

∂(AC
t Ct)

(
1

Et

∂Et

∂ρt

)
. Moreover, 0 < 1

Et
< ∞ as well as

∂Et

∂ρt
≥ 0. Additionally, the properties of the CES function guarantee ∂Et

∂(AC
t Ct) > 0.

Thus, it follows that ΔOE
t ≥ 0.

Claim 2.6. ΔRE
t � 0, if atct � a0c0

N - Equations (2.13) and (2.14).

Proof.
By definition: ΔRE

t =
(

∂
∂(AC

t Ct)

(
1

Et

∂Et

∂ρt

))
Et. As Et > 0, the sign of ΔRE

t only
depends on ∂

∂(AC
t Ct)

(
1

Et

∂Et

∂ρt

)
:

∂

∂(AC
t Ct)

(
1
Et

∂Et

∂ρt

)
=

>0︷ ︸︸ ︷
(AC

t Ct)ρt−1(AD
t Dt)ρt(1 − α)α log

[
atct

aN cN
N

]
(
−

(
(1 − α)(AC

t Ct) + α(AD
t Dt)

))2

︸ ︷︷ ︸
>0

,

with the denominator always positive due to quadrature. Moreover, most of the
numerator is a product of numbers which are required to be positive. Thus, the
sign of ΔRE

t eventually only depends on the logarithm of the quotient of the
input ratio and the normalization point ratio (here: aNcN

N = 1) such that the
following case distinction applies:

ΔRE
t =

(
∂

∂(AC
t Ct)

(
1
Et

∂Et

∂ρt

))
Et

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

> 0, if atct > aNcN
N = 1.

= 0, if atct = aNcN
N = 1.

< 0, if atct < aNcN
N = 1.
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Claim 2.7. See Equation (2.15).

Proof.
Case 1: ρt < 0

lim
AC

t Ct→∞

(
ΔRE

t

∣∣∣
Et=E

)
= lim

AC
t Ct→∞

((
∂

∂(AC
t Ct)

(
1
Et

∂Et

∂ρt

))
Et

∣∣∣∣∣
Et=E

)

= lim
AC

t Ct→∞
(atct)ρt−1︸ ︷︷ ︸

≡Γ1

log[atct]︸ ︷︷ ︸
≡Γ2

e1−2ρt
t︸ ︷︷ ︸
≡Γ3

α(α − 1)E−1︸ ︷︷ ︸
≡Φ const.

= Φ · lim
AC

t Ct→∞
Γ1 · lim

AC
t Ct→∞

Γ2 · lim
AC

t Ct→∞
Γ3

= Φ · 0 · ∞ · (1 − α)
1−2ρt

ρt ,

Applying L’Hospital’s rule, the following can be shown:

lim
AC

t Ct→∞
Γ1 · lim

AC
t Ct→∞

Γ2 = 0,

such that:
lim

AC
t Ct→∞

ΔRE
t

∣∣∣
Et=E

= 0.

Case 2: ρt > 0 (not used in this paper)
Proof available upon request.
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Claim 2.8. See Equation (2.16).

Proof.
Case 1: ρt < 0

lim
AC

t Ct→∞

(
REt|Et=E

)
= lim

AC
t Ct→∞

((
1
Et

∂Et

∂ρt

)∣∣∣∣∣
Et=E

)

= lim
AC

t Ct→∞
α

Γ1→0︷ ︸︸ ︷
(atct)ρt

Γ2→∞︷ ︸︸ ︷
log[atct]

(α(atct)ρt + (1 − α)) ρt︸ ︷︷ ︸
→(1−α)ρt

−

Γ1→log[1−α]︷ ︸︸ ︷
log [α(atct)ρt + (1 − α)]

ρ2
t

= α

(1 − α)ρt

· lim
AC

t Ct→∞
Γ1 · lim

AC
t Ct→∞

Γ2 − log[1 − α]
ρ2

t

= Φ · 0 · ∞ − log[1 − α]
ρ2

t

for ρt < 0.

Applying L’Hospital’s rule, it can be shown that:

lim
AC

t Ct→∞
Γ1 · lim

AC
t Ct→∞

Γ2 = 0,

such that:
lim

AC
t Ct→∞

REt|Et=E = − log[1 − α]
ρ2

t

.

Case 2: ρt > 0 (not used in this paper)
Proof available upon request.

Claim 2.9. See Equation (2.18).

Proof.
∂

∂ρt

⎛
⎝ ∂Et

∂(AC
t Ct)

∂Et

∂(AD
t Dt)

⎞
⎠ = α

1 − α
(atct)ρt−1

︸ ︷︷ ︸
>0

log
[

atct

aNcN
N

]
.

Most of the derivative is a product of numbers which are required to be
positive. Thus, the sign of the derivative only depends on the logarithm of the
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quotient of the input ratio and the normalization point ratio (here: aNcNN = 1)
such that the following case distinction applies:

∂

∂ρt

 ∂Et
∂(ACt Ct)
∂Et

∂(ADt Dt)



< 0, if atct < aNcN

N = 1.

= 0, if atct = aNcN
N = 1.

> 0, if atct > aNcN
N = 1.

Claim 2.10. There is convergence to and stability at a constant atct∗for ρt ≤ 0
but not for ρt > 0.

Proof.
Case 1: ρt ≤ 0
The following three properties guarantee convergence to atct∗ for ρt ≤ 0:
First, within either type of input, there is always convergence toward the cost-

optimal ratio of intermediates and efficiency, independent of the other input:

∂

∂jt

 ∂Et
∂Ijt
∂Et
∂IA

j
t

 < 0 such that
∂Et
∂Ijt
∂Et
∂IA

j
t


> 1, if (jt/Ajt) < (jt/Ajt)∗,

= 1, if (jt/Ajt) = (jt/Ajt)∗,

< 1, if (jt/Ajt) > (jt/Ajt)∗,

where (jt/Ajt)∗ is determined by the optimality condition ∂Et
∂Ijt

= ∂Et
∂IA

j
t

.
Second, investment in one input leaves the relative profitabilities of invest-

ments in intermediates and efficiency of the other input unchanged:

∂

∂(jtAjt)

 ∂Et
∂Iit
∂Et
∂IA

i
t

 = 0 with i 6= j ∈ {C,D}.
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Third, investment in an input increases not only the profitability of invest-
ment in the complementary part within the same input, but favors investment
in either of the two components of the other input even more:

∂
∂jt

 ∂Et
∂Ii
t

∂Et

∂IA
j

t

 , ∂
∂jt

 ∂Et

∂IA
i

t
∂Et

∂IA
j

t

 > 0 such that:

∂Et
∂Ii
t

∂Et

∂IA
j

t

,

∂Et

∂IA
i

t
∂Et

∂IA
j

t


> 1, if jtA

j
t

itAit
>

jtA
j
t

itAit

∗
,

= 1, if jtA
j
t

itAit
= jtA

j
t

itAit

∗
,

< 1, if jtA
j
t

itAit
<

jtA
j
t

itAit

∗
,

and

∂

∂Ajt

 ∂Et

∂IA
i

t
∂Et

∂I
j
t

 , ∂

∂Ajt

 ∂Et
∂Ii
t

∂Et

∂I
j
t

 > 0 such that:

∂Et

∂IA
i

t
∂Et

∂I
j
t

,

∂Et
∂Ii
t

∂Et

∂I
j
t


> 1, if jtA

j
t

itAit
>

jtA
j
t

itAit

∗
,

= 1, if jtA
j
t

itAit
= jtA

j
t

itAit

∗
,

< 1, if jtA
j
t

itAit
<

jtA
j
t

itAit

∗
,

given that (jt/Ajt) = (jt/Ajt)∗. If (jt/Ajt) 6= (jt/Ajt)∗, the within-input ratio might
have to converge to (jt/Ajt)∗ first for the above relations to hold.

Case 2: ρt > 0
For ρt > 0, there is a “lock-in” in investment in either of the two inputs.

That is, while there is continuous investment in intermediates and efficiency of
one input, the level of the other input remains constant. Thus, there is no more
constant atct∗ and atct depends on the initial level of the input for which there
is no “lock-in” and on output Et. This is a direct consequence of the following
relations:

First, again, within either type of input, there is always convergence toward
the cost-optimal ratio of intermediates and efficiency, independent of the other
input:

∂

∂jt

 ∂Et
∂Ijt
∂Et
∂IA

j
t

 < 0 such that
∂Et
∂Ijt
∂Et
∂IA

j
t


> 1, if (jt/Ajt) < (jt/Ajt)∗,

= 1, if (jt/Ajt) = (jt/Ajt)∗,

< 1, if (jt/Ajt) > (jt/Ajt)∗,
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where (jt/Aj
t)∗ is determined by the optimality condition ∂Et

∂Ij
t

= ∂Et

∂IAj
t

.
Second, as above, investment in one input leaves the relative profitabilities of

investments in intermediates and efficiency of the other input unchanged:

∂

∂(jtA
j
t)

⎛
⎜⎝ ∂Et

∂Ii
t

∂Et

∂IAi
t

⎞
⎟⎠ = 0 with i �= j ∈ {C, D}.

Third, unlike with ρ ≤ 0, investment in an input favors investment in the
complementary part within the same input rather than investment in the other
input:

∂

∂jt

⎛
⎜⎝ ∂Et

∂Ii
t

∂Et

∂IAj
t

⎞
⎟⎠ ,

∂

∂jt

⎛
⎜⎝

∂Et

∂IAi
t

∂Et

∂IAj
t

⎞
⎟⎠ ,

∂

∂Aj
t

⎛
⎜⎝

∂Et

∂IAi
t

∂Et

∂Ij
t

⎞
⎟⎠ ,

∂

∂Aj
t

⎛
⎝ ∂Et

∂Ii
t

∂Et

∂Ij
t

⎞
⎠ < 0.

Claim 2.11. See Equation (2.23) (for ρt < 0 ).

Proof.

∂atct
∗

∂ρt

=

((
α

1−α

)2−γ (
rφi

)γ (
rφirφA

)−1
) 1

1+ρt(−2+γ)−γ

(2 − γ)−1(1 + ρt(−2 + γ) − γ)2︸ ︷︷ ︸
>0

log

⎡
⎢⎢⎢⎢⎢⎣

(
α

1 − α

)2−γ

(
rφi

)γ

(
rφirφA

)
︸ ︷︷ ︸

≡Ω const.

⎤
⎥⎥⎥⎥⎥⎦

Thus, ∂atct
∗

∂ρt
> 0 if Ω > 1, which is the case if atct

∗ > aNcN
N (see Footnote

20 for γ = 0 and Section 2.3.3 for γ < 0).

Claim 2.12. See Equation (2.24) (for ρt < 0).

Proof.
The profitability of a marginal investment in clean inputs can be written as:

∂Et

∂IC
t

= 1
φC

e1−ρt
t α(atct)ρt−1AC

t ,

where et = (AD
t Dt)−1Et. Moreover, for any fixed Et = E :

E

et

= AD
t Dt.
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Finally, in atct
∗:

Dt = φAD

φD
(AD

t )1−γ and AD
t = φD

φC

(
α

1 − α

)
(atct)ρt−1AC

t .

Altogether, this yields:

∂Et

∂IC
t

∣∣∣∣∣
atct=atct

∗ & Et=E

= e
(1−ρt)(2−γ)−1

2−γ

t α
(
E

) 1
2−γ

(
φD

φAD

) 1
2−γ

(
1

φD

) (1 − α

α

)
︸ ︷︷ ︸

≡Υ const.

= e
(1−ρt)(2−γ)−1

2−γ

t Υ.

This can be rewritten to:

∂Et

∂IC
t

∣∣∣∣∣
atct=atct

∗ & Et=E

=
(

α
((

rφj

) γ
2−γ

(
rφj rφAj

) −1
2−γ

(
α

1 − α

))�t

+ (1 − α)
) 1

�t

Υ,

where �t = (2−γ)ρt

1−γ−2ρt+γρt
with ∂�t

∂ρt
> 0. This equation has the same structure as a

CES production function (a general mean function) and, thus, the same proofs
as for ∂Et

∂ρt
≥ 0 (see Section 2.2.2) can be used to show:

∂

∂ρt

(
∂Et

∂IC
t

∣∣∣∣∣
atct=atct

∗ & Et=E

)
≥ 0.

Claim 2.13. For 0 > γAD �= γAC < 0, the optimal ratio of inputs, atct
∗, is not

constant anymore but depends on output, Et (for ρt ≤ 0).

Proof.
For 0 > γAD �= γAC < 0, the optimal ratio of inputs, atct

∗, is given by:

atct
∗ =

(
AC

t

)γ
AC −γ

AD
,

which implies that atct
∗ increases in AC

t if γAC > γAD , i.e., if the profitability of
investment in efficiency in the use of the clean intermediate suffers relatively less
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from “fishing out” (γAC is less negative than γAD), and vice versa. Moreover, in
optimum, Et can be written as:

Et =
⎛
⎝α

((
AC

t

)2−γ
AC

)ρt

+ (1 − α)
⎛
⎝(

AC
t

) (1−γ
AC )(2−γ

AD )
1−γ

AD

⎞
⎠ρt

⎞
⎠

1
ρt

,

with all exponents positive such that ∂Et

∂AC
t

> 0 and, thus, as long as both deriva-

tives are defined,
(

∂Et

∂AC
t

)−1
= ∂AC

t

∂Et
> 0. Together, this implies:

∂atct
∗

∂AC
t

∂AC
t

∂Et

= ∂atct
∗

∂Et

⎧⎪⎨
⎪⎩

> 0, if γAC > γAD .

< 0, if γAC < γAD .

This non-constant optimal ratio of inputs impedes a straightforward analysis
as possible for γAC = γAD = γ and is beyond the scope of this paper.

Claim 2.14. ∂

∂τAC
t

(
∂Et

∂Ij
t

∣∣∣∣
atct=atct

∗ & Et=E

)
= ∂

∂τAC
t

(
∂Et

∂IAj
t

∣∣∣∣
atct=atct

∗ & Et=E

)
> 0 (for

ρt ≤ 0).

Proof.
In cost minimum and along atct

∗, the profitabilities of all investment possi-
bilities are equal and, for fixed output, Et = E, can be written as:

∂Et

∂ID
t

∣∣∣∣∣
atct=atct

∗ & Et=E

= E
1−ρt

t (1 − α)(AD
t Dt)

(ρt−1)(2−γ)+1
2−γ

1
φD

(
φD

φAD

) 1
2−γ

.

Moreover, along Et = E, for convex functions, like the CES production func-
tion:

∂AD
t Dt

∂AC
t Ct

∣∣∣∣∣
Et=E

< 0.

Finally, from Equation (2.27) it follows:

∂atct
∗

∂φAC < 0 → ∂AD
t Dt

∂φAC

∣∣∣∣∣
Et=E

> 0.

Together this implies:

∂

∂τAC

t

(
∂Et

∂Ij
t

∣∣∣∣∣
atct=atct

∗ & Et=E

)
= ∂

∂τAC

t

(
∂Et

∂IAj

t

∣∣∣∣∣
atct=atct

∗ & Et=E

)
=
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E
1−ρt

t (1 − α) 1
φD

(
φD

φAD

) 1
2−γ

︸ ︷︷ ︸
const.

(ρt − 1)(2 − γ) + 1
2 − γ︸ ︷︷ ︸

<0

(AD
t Dt)

(ρt−1)(2−γ)+1
2−γ

−1

︸ ︷︷ ︸
>0

∂AD
t Dt

∂φAC

∣∣∣∣∣
Et=E︸ ︷︷ ︸

>0

∂φAC

∂τAC

t︸ ︷︷ ︸
<0

> 0.

The proof for τAD

t is symmetric.

2.A.4 Parameters and Starting Values Used for the Sim-
ulation in Section 2.5

Table 2.A.4.1: Parameters and Starting Values

Par./Var. Value Remark

s 0.1 savings rate
β 0.7 low initial income share of energy to capital
ν -3 guarantees essentiality of the energy composite

φK 1 costs of capital
K0 ∼ 6.6 derived starting value: ∂Et

∂IK
t

= ∂Et

∂IC
t

α 0.3 high initial income share of dirty inputs
ρ0 -5 initial essentiality of both clean and dirty energy inputs

C0 6 exogenously set starting value
D0 ∼ 5.3 derived starting value: ∂Et

∂ID
t

= ∂Et

∂IC
t

AC
0 ∼ 1.8 derived starting value: ∂Et

∂IAC
t

= ∂Et

∂IC
t

AD
0 ∼ 1.7 derived starting value: ∂Et

∂IAD
t

= ∂Et

∂IC
t

φC 0.5 costs of clean intermediate production capacities
φD 2 costs of dirty intermediate production capacities
φAC

0.5 costs of research on clean inputs
φAD

2 costs of research on dirty inputs
φρ 10 costs of research on substitutability

τAC

t 0 subsidy for research on clean inputs
τD

t 0 tax on building dirty capacities
τρ

t 0 subsidy for research on substitutability

γAC = γAD = γ -2 degree of difficulty increase in research on efficiency
γρ -1.1 degree of difficulty increase in research on substitutability

δC = δD = δ 1 %/t depreciation rate of intermediate production capacities

a0c0
∗ ∼ 1.2 derived starting value (aN cN

N = 1)
E0 ∼ 3.1 derived starting value
Y0 ∼ 4.3 derived starting value

Note: Starting values of variables are indicated by t = 0.
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Chapter 3

Substituting Clean for Dirty
Energy: A Bottom-Up Analysis

Abstract
We fit CES and VES production functions to data from a numerical bottom-
up optimization model of electricity supply with clean and dirty inputs. This
approach allows for studying high shares of clean energy not observable today
and for isolating mechanisms that impact the elasticity of substitution between
clean and dirty energy. Central results show that (i) dirty inputs are not essen-
tial for production. As long as some energy storage is available, the elasticity of
substitution between clean and dirty inputs is above unity; (ii) no single clean
technology is indispensable, but a balanced mix facilitates substitution; (iii) sub-
stitution is harder for higher shares of clean energy. Finally, we demonstrate how
changing availability of generation and storage technologies can be implemented
in macroeconomic models.
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3.1 Introduction

As of 2020, anthropogenic CO2 emissions have caused global warming of around
one degree Celsius, adversely affecting many dimensions of (human) life. To mit-
igate a further rise in temperatures, the use of fossil fuels must be substantially
reduced (IPCC, 2014). Since thermodynamic laws limit energy efficiency gains
in production (Meran, 2019), substituting clean renewable inputs for dirty, CO2

emitting inputs is key (Bretschger, 2005).
In many macroeconomic models, especially growth models, the elasticity of

substitution captures how difficult it is to replace dirty with clean inputs in pro-
duction. It also determines whether, in the long-run, a complete shift from dirty
to clean inputs is feasible or not. In general, an elasticity of substitution above
unity is necessary to avoid a climate disaster (Acemoglu et al., 2012; Hémous,
2016; Greaker et al., 2018). Yet a profound bottom-up view on the top-down
elasticity of substitution is missing (Mattauch et al., 2015). This especially con-
cerns its technological determinants and its development for high shares of clean
inputs that are not observable today, but central for a future clean economy. We
fill this gap.

We generate production isoquants with a numerical bottom-up optimization
model of electricity supply that takes both economic and technological aspects
into account. Based on these data, we fit aggregate production functions and
the corresponding elasticity of substitution between clean and dirty inputs. As
we control the data generating process, we can both derive insights on the clean-
dirty substitutability, also for high shares of clean inputs that are not yet ob-
servable, and isolate channels that affect the elasticity of substitution. In our
analysis, we focus on electricity generation, a major source of anthropogenic
CO2 emissions (IPCC, 2014; IEA, 2019a). With the ongoing electrification of
transportation, heating, and industrial processes, the electricity sector will gain
further importance in the future. Thus, the sector’s elasticity of substitution
also gains relevance as an approximation for the elasticity of substitution for
aggregate production as used in macroeconomic models.

We make four contributions. First, using simulated data allows for examining
substitution patterns not observable to their full extent yet. This especially
applies to high future shares of clean energy sources that are a central part of
climate policies in many countries and entail a transformative change of the
energy supply structure. By contrast, empirical analyses today must rely on
data for only moderate shares. These contain only limited information on high
penetration rates of clean energy (Koetse et al., 2008; Ueckerdt et al., 2015). We
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give support to this conjecture by showing that substitution rates for low shares
of clean energy cannot necessarily be transferred to future settings with high
shares.

Second, using a numerical bottom-up model allows for isolating the mecha-
nisms that shape the elasticity of substitution between clean and dirty inputs.
Our model accounts for the most relevant clean energy technologies, incorpo-
rating their technological and economic characteristics. This comprises different
types of energy storage as well as weather-dependent wind and solar electric-
ity, whose supply does not necessarily match demand in time. In the model,
we switch on or off single technologies to inspect how their availability impacts
substitution possibilities. Our results show that dirty inputs are not essential for
production and that a balanced mix of clean generation and storage technologies
most easily substitutes dirty inputs. No single clean technology is indispensable.
Yet without any storage, substitution becomes particularly hard for high shares
of clean energy.

Third, we apply both a production function with a constant elasticity of
substitution (CES), as often used in empirical and theoretical research, and a
more flexible variant with a variable elasticity of substitution (VES). The lat-
ter allows for the possibility that substitution may become over-proportionately
difficult with a rising share of clean energy. Both specifications show a good fit
to the simulated data. When extrapolating substitution patterns from low to
high shares of clean inputs, the CES function tends to underestimate required
clean inputs, while the VES function tends to overestimate it. Given necessary
abstractions in the numerical model, the CES specification likely fits real-world
data better.

Fourth, we show that installed generation capacities, a common input mea-
sure (see Papageorgiou et al., 2017), can give rise to non-convex production
isoquants. That is, capacities do not necessarily reflect an increasing difficulty
in the substitution of clean for dirty energy sources, but rather the contrary. We
suggest the sum of investment and variable costs as an alternative input measure
that captures the idea of increasingly difficult substitution, is easy to interpret,
and can readily be used in macroeconomic models.

Our paper is most closely related to Papageorgiou et al. (2017). Employing a
binary distinction between clean and dirty inputs, they estimate the elasticity of
substitution for a panel of industry-level data from 26 OECD countries for the
years 1995-2009. Imposing a CES structure on production, Papageorgiou et al.
(2017) find a cross-country elasticity of about 1.8 in the electricity-generating
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sectors, which implies that dirty inputs are not essential for electricity produc-
tion. In an extension, Malikov et al. (2018) abandon the CES structure and
apply non-parametric estimation methods. They find an elasticity of substitu-
tion above unity only for about two-thirds of the observations. Moreover, their
results suggest that the assumption of a constant elasticity of substitution needs
to be rejected in favor of a more flexible structure.

In contrast, Wiskich (2019), using a theoretical model of electricity genera-
tion based on generic aggregate clean and dirty inputs, demonstrates that the
degree of substitutability may decrease for future high shares of clean inputs.
Similar to Malikov et al. (2018), he shows that more flexible structures can ap-
proximate the decreasing elasticity of substitution predicted by his electricity
generation model better than the CES approach. Like Wiskich (2019), we use
an ex ante model. Yet we explicitly implement several pivotal aspects of elec-
tricity production, like an explicit time resolution that captures the temporal
variability of renewable supply and the central role of storage. This allows for
deriving more and richer conclusions, also relating to the theoretical literature
and existing empirical evidence.

The remainder of this paper is structured as follows. Sections 3.2 and 3.3
introduce the numerical model, data, and scenario assumptions. Section 3.4 dis-
cusses two different input measures and the resulting production isoquants. The
fitting of production functions is explained in Section 3.5. Section 3.6 presents
the results, and Section 3.7 discusses limitations as well as implications for the-
oretical and empirical research. Section 3.8 concludes.

3.2 Numerical Model

We analyze production in the electricity sector with a numerical bottom-up op-
timization model. It takes into account the central economic and technological
trade-offs between clean and dirty technologies. The model minimizes the total
costs of electricity supply over one year in hourly resolution. Thus, it determines
the first-best benchmark from the perspective of a benevolent social planner with
perfect foresight and complete information. With all capacities endogenous, the
solution mimics an equilibrium on a frictionless electricity market with perfect
competition. The model is a linear program that is numerically solved to global
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optimality. For transparency and reproducibility (Pfenninger, 2017), model code
and all input data are available open-source under a permissive license.1

Exogenous model inputs comprise costs and availability limits for each tech-
nology as well as hourly time series of electricity demand and availability of
renewable energy sources. Endogenous model variables are investments and con-
secutive hourly use for all electricity generation and storage technologies. The
model result is the cost-minimizing capacity mix of clean and dirty technologies
as well as the corresponding investment and operational costs for an exogenously
set share of clean generation. The model focuses on one country and abstracts
from an explicit spatial resolution.

The objective function (3.1a) sums the annualized investment and annual
fixed costs κi for storage (st) as well as clean (cl) and dirty (di) generation capac-
ities N .2 Operational costs κv accrue for hourly electricity supply Gh from dirty
technologies as well as storage loading −→

S h and storage energy withdrawal ←−
S h.

Z =
∑
di

κi
diNdi +

∑
cl

κi
clNcl +

∑
st

(−→κ i
st

−→
N st + ←−κ i

st

←−
N st + κi

stNst

)

+
∑

h

[∑
di

κv
diGh,di +

∑
st

(←−κ v←−
S h,st + −→κ v−→

S h,st

)]
(3.1a)

As dirty technologies, we denote conventional plants that emit CO2 through
burning fossil fuels, such as natural gas power stations. As clean technologies,
we denote renewable plants that do not emit CO2 when operating, such as wind
and solar power. Beyond emissions, clean and dirty technologies differ in two
important respects.

First, clean technologies do not incur variable costs because they do not re-
quire any fuel to operate. Dirty technologies require fossil fuels that come at a
cost. This difference is reflected in the objective function (3.1a). Second, the
supply of dirty technologies is dispatchable. Their full capacity is available in
each hour, and plants can generate electricity whenever required or optimal in
terms of the model’s objective. The supply of clean technologies is variable.
This variability, also referred to as intermittency, means that plants cannot be
switched on at discretion, but generate electricity according to natural condi-
tions, i.e., in hours when the wind blows or the sun shines. These hours do not

1This numerical model is a variant of the power sector model DIETER; in previous research,
it is used to analyze questions on renewable energy and electrical storage (Zerrahn and Schill,
2017; Zerrahn et al., 2018). Code and data are available under Stöckl and Zerrahn (2020a).

2Throughout the exposition, capital Roman letters denote variables, small Roman letters
sets, and Greek letters parameters.
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necessarily coincide with hours of high demand. Therefore, electrical storage
assumes a mediating role to align supply and demand in time.

For the different storage technologies st, investments into storage power in-
put −→

N st, power output ←−
N st, and storage energy Nst capacities are mutually in-

dependent. The storage power capacities specify how much electricity can enter
or leave the storage in an hour; the energy capacity specifies how much energy
can be kept inside the storage.

A market-clearing condition (3.1b) equates electricity demand δh and supply
in hourly resolution, as is standard in many electricity markets. The left-hand
side is augmented by electricity demand that flows into storage; the right-hand
side contains electricity supply from storage. As is standard in numerical bottom-
up models, we assume that short-run electricity demand is inelastic. Electricity
can hardly be substituted by other energy carriers in the short run, and most
customers do not see real-time prices. Therefore, we assume that the demand
side does not adjust its intended electricity consumption on a short time scale.

δh +
∑
st

−→
S h,st =

∑
di

Gh,di +
∑
cl

Gh,cl +
∑
st

←−
S h,st ∀h (3.1b)

Capacity bounds ν for each technology may constrain investment according
to spatial or political limitations (3.1c), and generation of dirty plants may be no
larger than installed capacities (3.1d). For the variable clean technologies, time
series of exogenous capacity factors φh,cl ∈ [0, 1] render their hourly availability.
Excess renewable electricity supply can be curtailed at no cost, indicated by
the inequality in Equation (3.1e), and does not have to be integrated into the
market-clearing condition through storage. In that way, the model trades off
storage investments with investments in renewable energy sources whose excess
supply is not used at times (Zerrahn et al., 2018).

Ndi ≤ νdi, Ncl ≤ νcl,
←−
N st ≤ ←−ν st,

−→
N st ≤ −→ν st, Nst ≤ νst ∀cl, di, st (3.1c)

Gh,di ≤ Ndi ∀h, di (3.1d)

Gh,cl ≤ φh,clNcl ∀h, cl (3.1e)

The filling level of a storage Sh,st equals the filling level in the previous hour
plus the energy that enters the storage and minus the energy that leaves the
storage (3.1f). Storage filling and withdrawal are subject to losses, represented
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by the respective efficiency ηst. An additional constraint equates the filling levels
in the first and last periods. Storage input, output, and filling levels may not
exceed installed capacities (3.1g). Likewise, storage input may not exceed the
currently available volume of the storage, and storage output may not exceed
the current filling level (3.1h). To impose a realistic relation between power and
energy investments, electricity from a full storage can be supplied for at most τst

hours (3.1i). For simplicity, we may impose equal investments into installed
capacities for storing in and out.

Sh,st = Sh−1,st + −→η st
−→
S h,st − 1←−η st

←−
S h,st ∀h, st (3.1f)

−→
S h,st ≤ −→

N st,
←−
S h,st ≤ ←−

N st, Sh,st ≤ Nst ∀, h, st (3.1g)

−→η st
−→
S h,st ≤ Nst − Sh−1,st,

1←−η st

←−
S h,st ≤ Sh−1,st ∀h, st (3.1h)

Nst ≤ τst

←−
N st ∀st,

←−
N st = −→

N st (3.1i)

Eventually, Equation (3.1j) implements that generation by clean technologies
must match a pre-specified share ι ∈ [0, 1] in overall annual electricity gener-
ation. If only one dirty technology is available, this approach is equivalent to
implementing a varying level of emissions. We later vary this share to analyze
substitution between clean and dirty inputs.

∑
h,cl

Gh,cl = ι
∑

h

(∑
cl

Gh,cl +
∑
di

Gh,di

)
(3.1j)

3.3 Input Data and Scenarios

To concisely focus on the peculiarities of clean and storage technologies, we
consider natural gas as the only available dirty technology. From the perspective
of the numerical model, other dirty technologies such as coal do not qualitatively
impact the substitution between clean and dirty. As they are dispatchable and
have positive variable costs, they share the central characteristics of natural gas.
Sensitivity calculations show that results are preserved when coal is an option.

104



3.3. INPUT DATA AND SCENARIOS

Additionally, from a policy perspective, more emissions-intensiv coal plants are
a worse fit for a low-carbon energy supply.

Clean technologies comprise wind power - both onshore and offshore - as
well as solar photovoltaics. As mature renewable technologies, they are central
in long-term energy outlooks in the decarbonization strategies of many coun-
tries (IEA, 2019b). Moreover, their potential is less limited than for hydro en-
ergy, for which many good sites are already exploited. For one scenario, we also
consider electricity generation from biomass and hydro energy as clean technolo-
gies.3

We consider the three most mature types of electrical storage: lithium-ion
batteries, pumped-hydro storage, and power-to-gas storage. These three tech-
nologies show a trade-off concerning the specific investment costs for power and
energy capacities. Batteries have low investment costs for storage power and
high costs for energy. This means that large investments into energy capacities
are rather uneconomical, rendering them a suitable short-term storage for a few
hours. In contrast, power-to-gas storage has high specific investment costs for
power capacities – electrolyzers and fuel cells that convert electricity to hydrogen
and back – but low costs for energy capacities. Thus, it is a suitable long-term
storage for several weeks. The ratio of investment costs for pumped-hydro storage
is in between, rendering it a medium-term storage. For convenience, investments
into capacities for storing in and out are equal for batteries and pumped-hydro
storage. This does not apply to power-to-gas storage because electrolyzers, for
storing in, and fuel cells, for storing out, are, in any case, separate objects.

Numerical assumptions on costs and availability of all technologies are based
on established medium-term projections for Germany. Appendix 3.A.2 gives a
full description of the input data. Variable costs of dirty plants are derived
from fuel costs and technological efficiency. As we implement the level of clean
generation through a mandatory quota (3.1j), we do not consider costs for emis-
sion certificates. Annualized specific investment costs are derived from overnight
investment costs and the technical lifetime of plants.

To study technological possibilities for substitution, we vary the share ι of
clean generation in total annual electricity generation (3.1j) between 0 and 95 %
in one-percentage-point increments. The result is the hull of the cost-minimizing
combinations of clean and dirty electricity generation and storage capacities, i.e.,

3Hydro energy supply is also variable and has no variable costs. Biomass combustion incurs
variable costs and is dispatchable, i.e., does not depend on exogenous weather conditions.
To account for biomass resource availability, an additional model constraint limits annual
generation to 7000 hours per year at maximum capacity, leaning on values for Germany.
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the production isoquants. In a later step, these capacity data, and derived cost
data, are used to fit the CES and VES production functions as a continuous
representation of electricity generation from clean and dirty inputs.

In general, the model can accommodate shares up to 100 %, yet we argue
that the analysis of such high shares is not reasonable in this framework. Given
long-term climate policies, it is not conceivable to see 100 % clean electricity
generation in isolation without taking into account the decarbonization of other
energy end uses, like mobility or heat. These would add new demand patterns
and temporal flexibility, in turn, impacting the substitutability between clean and
dirty energy. Section 3.6.4 presents a stylized model extension; yet a detailed
treatment is beyond the scope of this paper. The bar of 95 % is high enough
to observe very high shares of clean inputs, but low enough not to give rise
to implausible results. For convenience, we start with 0.01 % clean energy; a
share of zero percent can imply a division by zero when fitting the production
functions. This minor technical point does not alter the findings.

A number of scenarios (Table 3.1) systematically explore how different tech-
nologies affect the scope for substitution. Scenario Germany leans on Papageor-
giou et al. (2017). It features the clean, non-emitting energy sources onshore
wind, offshore wind, and solar photovoltaics (PV), as well as run-of-river hydro
power and biomass. Dirty technologies comprise natural gas plants. As scheduled
by German policy, coal power is not part of the energy mix. All three storage
technologies are available. Except for natural gas plants, batteries, and power-
to-gas storage, capacities require sizable dedicated space. For instance, wind and
solar power cannot be deployed in arbitrary amounts within a country. There-
fore, in scenario Germany, we assume upper bounds for investments according
to established projections given German spatial resources. As such projections
vary, we pursue a conservative approach and pick pessimistic values for the po-
tential expansion of clean technologies in Germany (Table 3.A.2.2). In line with
German legislation, nuclear power is no option for electricity generation.

To derive more general insights on the determinants of substitutability, seven
stylized scenarios depart from the German setting and allow for generally unlim-
ited investments in clean technologies (Table 3.1). Scenario All features natural
gas, wind, and solar power as well as all three storage types. Four scenarios vary
the availability of storage (No sto, No bat, No phs, No p2g), and two scenar-
ios vary the availability of clean generation technologies (Wind only, PV only).
Focusing on readily scalable clean technologies, we do not consider run-of-river
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hydro and biomass power, whose capacities are either largely exploited or highly
limited. Thus, it is little insightful to assume future expansions.

Table 3.1: Scenarios

Dirty Clean

Natural

gas

Wind

onshore

Wind

offshore

PV Bio

energy

Run-

of-river

hydro

Battery

storage

Pumped-

hydro

storage

Power-

to-gas

storge

Germany × × × × × × × × ×
All × × × × × × ×
No sto × × × ×
No bat × × × × × ×
No phs × × × × × ×
No p2g × × × × × ×
Wind only × × × × × ×
PV only × × × ×

3.4 Measuring Clean and Dirty Inputs

In the following, we take the results of the numerical model for each share of
clean energy as data and analyze the resulting production isoquants. These give
a first understanding of the substitution between clean and dirty inputs.

3.4.1 Non-Convex Production Isoquants

To start with, we employ clean and dirty production capacities (in gigawatts,
GW) as input measure, as commonly used in the literature (see, e.g., Papageor-
giou et al., 2017). Figure 3.1 shows the resulting production isoquant based on
our simulated data for scenario Germany. For storage, we take the output capac-
ity because it adds to generation. Any storage that is already installed for zero
percent clean energy is added proportionately to dirty and clean capacities ac-
cording to the share of clean and dirty energy.4 All storage beyond this baseline
dirty-only value is added to clean capacities because it is built to complement
rising clean energy shares.

4Specifically, for zero percent clean energy, all storage capacities are added to dirty inputs;
for one percent clean energy, one percent of the storage capacities installed for zero percent
clean energy are added to clean capacities and 99 percent to dirty capacities, and so forth.
This assignment only applies to the minor part of storage that is already installed for zero
percent clean energy.
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Figure 3.1: Production isoquant using clean and dirty capacities - scenario Ger-
many.

Given the temporal variability of clean renewable generation – the supply of
wind and solar power varies with daytime, season, and weather conditions and
does not have to coincide with demand – one should expect that substituting
clean for dirty inputs becomes more difficult as the share of clean inputs rises,
yielding a convex production isoquant. This is also what some empirical papers
conclude (e.g., Papageorgiou et al., 2017). Yet the isoquant for our simulated
data is non-convex, showing concave segments separated by kinks. Analogous
findings also prevail for all other scenarios, where kinks separate concave, oc-
casional linear, and convex parts. Concavity implies an increasing marginal
product of input factors, rather than a decreasing or constant one. Puzzling at
first glance, we argue that capacities are not a meaningful proxy for inputs be-
cause they do not reflect the underlying substitution in electricity generation. In
general, capacities are not equal to generation, which is the quantity of interest.5

Using capacities as input measure, isoquants are shaped by typical character-
istics of clean electricity generation. Specifically, the concave segments are due to
storage. It helps to make better use of clean but variable wind and solar power.
Without storage, the proportion of clean energy from wind or solar power that
exceeds demand in an hour must be curtailed. The optimization model trades
off cost-minimal investments into storage and clean generation. Instead of over-
proportionately greater clean generation capacities, smaller but cost-intensive
investments into storage are optimal and better exploit clean capacity additions.
In particular, this applies to high shares of clean energy, where situations in

5Appendix 3.A.1 discusses how to reconcile a capacity-based, convex production isoquant
as estimated by Papageorgiou et al. (2017) with our simulated data.
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which clean supply exceeds demand occur more frequently. The kinks in the iso-
quants are due to limited potentials to invest in certain technologies that arise
from country idiosyncrasies such as spatial limitations. If a potential limit is
reached, investment must resort to the next expensive technology to raise the
share of clean generation.

3.4.2 A New Measure

Instead of installed capacities (in GW), we suggest using clean and dirty electric-
ity system costs (ESC, in Euros) of capacities. They comprise investment, fixed,
and variable costs of generation and storage, as also captured by the objective
function of the numerical model.6 As above, for the minor part of storage already
built for a case without clean generation, costs are attributed to the dirty and
clean ESC proportionately to the share of dirty and clean energy. Costs of any
further storage that complements clean energy expansion are attributed to the
clean ESC.7 All costs refer to a specified time interval, in our case a year, with
investment costs annualized and variable costs summed up. Figure 3.2 shows the
corresponding isoquant for scenario Germany.
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Figure 3.2: Production isoquants using clean and dirty Electricity System Costs
- scenario Germany.

6Appendix 3.A.3 gives a formal definition using the nomenclature of the numerical opti-
mization model.

7In a sensitivity analysis, Papageorgiou et al. (2017) also use a metric based on invest-
ment costs of generation capacities but neglect variable costs. Applied to our simulated data,
isoquants are again non-convex.
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Using ESC has several advantages over generation capacities. First, they
carry the notion that substitution of clean for dirty generation becomes increas-
ingly difficult for high shares of renewables. While it does not necessarily become
harder capacity-wise, costs rise over-proportionately due to the variability of
clean generation. A diversified clean capacity mix between wind and solar helps
to supply electricity more evenly. This diversified mix must resort to more expen-
sive technologies that are more expensive, yet available at times when cheaper
renewable generation is not. Additionally, for medium to high shares of clean
energy, more costly storage investment complements variable clean generation.

Second, ESC fully capture the trade-off between investment, fixed, and vari-
able costs characterizing clean and dirty generation technologies. In general,
variable clean technologies have rather high specific investment costs, but zero
variable costs. In contrast, dirty technologies, such as natural gas plants, have
relatively low specific investment costs and high variable costs.

Third, ESC directly provide information on substitution costs. These would
be difficult to retrieve from aggregate clean and dirty capacities as they comprise
various technologies at a broad range of costs. Moreover, as a cost metric, ESC
readily apply to more aggregate macroeconomic models - either as annual flows in
terms of final good production/money or, alternatively, as short-lived (one year)
capital stock assigned to clean and dirty electricity generation, respectively. In
the latter case, one can interpret variable inputs, such as natural gas, as being
provided by a part of the dirty capital stock assigned to drilling capacities.8

Finally, the elasticity of substitution obtains an intuitive interpretation when
using ESC: the higher the elasticity of substitution, the lower the increase in the
exchange rate between clean and dirty inputs – i.e., the marginal rate of technical
substitution – as the share of clean inputs increases. That is, ceteris paribus, for
an increasing share of clean inputs, the clean ESC increase less if the elasticity
of substitution is higher.9

3.5 Fitting Procedure

Using our simulated data, we fit two widely used types of production functions.
First, we fit the standard two-input CES production function introduced by Ar-
row et al. (1961) and also used by Papageorgiou et al. (2017). We apply a
factor-neutral, time-invariant efficiency parameter, but abstract from directed

8In macroeconomic models, inertia of the power sector can be introduced by extending
capital stock lifetime and the depreciation period, with input costs increasing proportionately.

9Formally, the elasticity of substitution is defined as σ ≡ d ln(D/C)
d ln(MRT SC,D) , where C and D

denote the clean and dirty ESC, respectively.
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technological change over time because technology-specific efficiencies are con-
stant in our numerical bottom-up model. The resulting CES production function
reads:

Eι = A
(

αC
σ−1

σ
ι + (1 − α)D

σ−1
σ

ι

) σ
σ−1

+ ει, (3.2)

where ι denotes the share of clean generation for the simulated data points. The
output is total electricity generation Eι in megawatt hours, Cι, Dι ≥ 0 are clean
and dirty inputs in terms of ESC, A > 0 is overall efficiency, the parameter α ∈
(0, 1) captures the relative importance of inputs, the elasticity of substitution is
captured by σ ∈ (0, ∞), and ει is the error term.10

Second, for the alternative VES production function, the elasticity of substi-
tution depends on the ratio of clean to dirty inputs, cι = Cι/Dι. This represents
the idea that, ceteris paribus, substitutability can change with rising shares of
clean inputs. We use the following parsimonious specification introduced by Re-
vankar (1971):11

Eι = ADa
ι [Cι + baDι](1−a) + ει, (3.3)

with the parameter constraints a ∈ (0, 1], b > −1 and cι ≥ −b. These parameter
constraints guarantee that the standard properties of a neoclassical production
function are fulfilled (Karagiannis et al., 2005). The input ratio-dependent elas-
ticity of substitution is given by:

σ (cι) = 1 + b

cι

> 0, (3.4)

for which σ � 1 if b � 0. That is, depending on b, the elasticity of substitution is
either always above or below unity and decreases or increases in cι, respectively.12

Following the existing literature (e.g., Papageorgiou et al., 2017; Kemfert,
1998; Bodkin and Klein, 1967), we determine the production function parameters
with the best fit using a nonlinear optimization that minimizes the mean squared
error with respect to output (MSE).13 Also the comparison of the CES and VES
specifications as well as their prediction performance is based on the MSE. We do
not use the R2 because it is not valid for nonlinear models (Spiess and Neumeyer,
2010).

10For convenience, we do not consider the special cases of a Leontief, Cobb-Douglas, and
von Neumann production functions, i.e., σ = 0, σ = 1, and σ = ∞.

11See Karagiannis et al. (2005) for a detailed discussion of the properties of this specification
of a VES production function.

12Growiec and Mućk (2019) develop more flexible VES specifications where the elasticity
can cross the threshold value of unity. Yet, in general, these variants lack a closed-form
representation.

13Mathematica code is available under Stöckl and Zerrahn (2020a)
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3.6 Results

3.6.1 General Results

Table 3.2 shows the fitted elasticities of substitution for the CES and VES pro-
duction functions taking the clean and dirty ESC as inputs.14 We use three
different samples of the simulated data: the full (c0-c95) sample, a lower (c0-c50)
sample, and a higher (c51-c95) sample. The lower sample represents shares of
clean energy as mostly observed today. The higher sample represents a future
setting.

Table 3.2: Fitted Elasticity of Substitution (σ)

CES VES

full lower higher full lower higher

σ σ σ σc0 → σc95 σc0 → σc50 σc51 → σc95

Germany 3.94 6.13 3.25 > 1000 → 1.22 > 1000 → 2.29 9.79 → 1.58

All 6.46 13.32 5.66 > 1000 → 1.51 > 1000 → 4.14 17.61 → 2.21

No sto 1.84 9.09 0.94 > 1000 → 1.04 > 1000 → 2.97 0.88 → 0.99

No bat 6.46 13.32 5.66 > 1000 → 1.51 > 1000 → 4.14 17.62 → 2.21

No phs 5.57 10.68 6.67 > 1000 → 1.40 > 1000 → 3.38 23.60 → 2.42

No p2g 3.88 12.38 1.60 > 1000 → 1.22 > 1000 → 3.88 2.99 → 1.15

Wind only 5.44 9.47 7.51 > 1000 → 1.35 > 1000 → 3.01 29.39 → 2.51

PV only 3.28 5.29 1.81 > 1000 → 1.21 > 1000 → 1.95 3.54 → 1.23

As our first central result, the elasticity of substitution is always above unity
as long as some storage is available. This holds for both the CES and VES
specifications. That is, given there is some flexibility to integrate variable renew-
able electricity, the elasticity of substitution of the fitted production functions
indicates that dirty inputs are not essential for electricity production and that a
complete shift to clean inputs is feasible. This finding also preserves the results
of the numerical bottom-up model, in which electricity supply can be completely
satisfied with clean inputs.15

Second, for the CES specification, the elasticity of substitution in the higher
sample is always smaller than in the lower sample. That is, substitution is more

14Table 3.A.4.3 presents a complete list of all fitted parameters.
15In the numerical model, 100 % clean inputs are feasible even without storage (scenario No

sto), yet the fitted CES and VES production functions pick up a massive cost increase for high
shares of clean energy. By extrapolating this cost increase to the highest shares, which are not
included in this analysis, the fitted functions wrongly imply essentiality of dirty inputs for the
higher sample, i.e., σ < 1.
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difficult for higher shares of clean inputs. Adding greater amounts of clean energy
requires increasingly costly investments in respective capacities. Also in the
VES specification, the elasticity in the higher sample decreases to smaller values
than in the lower sample. Moreover, in the VES specification, the elasticity of
substitution falls in the share of clean generation, except for the scenario without
storage.16
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Figure 3.3: Fitted production functions for the full sample and predicted pro-
duction functions based on the lower sample - scenario Germany.

Third, in all scenarios, both production functions have a good fit for the
simulated data. While the MSE (given in squared megawatt hours, MWh2), as
our optimality criterion (Table 3.3), does not have an intuitive interpretation,
the good fit of the CES and VES production function becomes clear from Fig-
ure 3.3, which depicts the best-fit production isoquants for the full sample in
scenario Germany. It illustrates the gap between predicted (solid dark gray line)
and required clean inputs (black dots) for given production and dirty inputs,
represented by the vertical distance between the fitted production isoquant and
the simulated data points. Averaged over all clean generation shares, the gap
(in absolute terms) amounts to around 0.30 and 0.35 billion euros for the fit-
ted CES and VES production functions, respectively, compared to 31.45 billion
euros of average total ESC. This low gap highlights the good fit for scenario

16Yet, even for an increasing elasticity of substitution, as in the higher sample of scenario No
sto, the difficulty of substituting clean for dirty inputs measured in absolute terms, i.e., the
marginal rate of technical substitution (MRTS), always increases.
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Germany. In the other scenarios, the fitted production functions also show a
good fit (Tables 3.A.4.1 and 3.A.4.2 and Figures 3.A.4.1-3.A.4.7).

In most scenarios, the CES function provides a slightly better fit than the
VES in terms of the MSE. This is due to the rather restrictive (linear) evolution
of the elasticity implied by the VES production function and the predetermined
convergence to, or divergence from, unity (Equation 3.4). Only in three scenarios
where central technologies are unavailable (No sto, No p2g, PV only), does the
VES specification fit the simulated data better. Here, costs to accommodate very
high shares of clean generation rise sharply, which seems to be better represented
by the VES.

Table 3.3: Mean Squared Error (MSE) w.r.t. output (E) - in MWh2

full lower higher higher|lower

CES 2.455 · 1013 1.332 · 1012 8.378 · 1012 7.269 · 1014

VES 3.463 · 1013 3.496 · 1012 1.775 · 1013 2.808 · 1015

Calculation: (|Ŷι − Yι|Dι,Cι )2/n, where Ŷι is predicted output of the fitted pro-
duction function given Dι and Cι. n denotes the number of data points.
Note: higher|lower is the MSE of the higher sample based on the fitted parameters
of the lower sample.

Fourth, while both CES and VES show a good fit within the sample, they
differ with respect to out-of-sample predictions. This is especially relevant if one
is interested in substitution patterns for high shares of clean energy when only
data for low shares is available. If we fit the CES function for the lower sample
(solid light gray line) and extrapolate it to the higher sample (dashed light gray
line), this underestimates the necessary clean inputs as Figure 3.3a illustrates for
scenario Germany. This reflects that the elasticity of substitution for the lower
sample has a greater numerical value than for the higher sample. Consequently,
the MSE in that branch of the production function is higher (Table 3.3). By
contrast, the VES function, when based on the lower sample, overestimates nec-
essary investment in clean inputs for the higher sample (Figure 3.3b). The VES
approach picks up a rate of decrease for the elasticity of substitution from the
lower sample that is too large for the higher sample. For scenario Germany,
the average gap (in absolute terms) between predicted and required clean inputs
in the higher sample is 1.46 billion euros for the CES and 6.16 for the VES,
compared to average ESC of 34.00 billion euros. Qualitatively, the same results
hold for the other scenarios (Tables 3.A.4.1 and 3.A.4.2 and Figures 3.A.4.1-
3.A.4.7). Only if no storage is available (scenario No sto), also the VES function
underestimates costs for higher shares if based on the lower sample.
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3.6.2 Availability of Clean Technologies

In the following, we derive results on how specific clean technologies impact
the substitutability between clean and dirty inputs. For convenience, we only
consider the fitted CES function because it is more tractable, common, and
generally performs no worse than the VES approach.

Storage

If no storage is available (scenario No sto), demand must be covered by dirty
generation from natural gas whenever the supply of clean renewable energy is
low. This makes achieving high shares of clean energy difficult, reflected by a
particularly low elasticity for the higher sample (Table 3.2). For low shares of
clean energy, the absence of storage is less relevant, indicated by an elasticity of
substitution well above unity for the lower sample. Thus, when only considering
the lower sample, the central relevance of storage for high shares of renewable
clean energy is not sufficiently reflected by the elasticity of substitution.

If storage investments are possible, the elasticity of substitution is substan-
tially higher. By shifting energy from hours with high clean supply to hours of
low clean supply but high demand, storage helps to even out the variability of
wind and solar power. With more options available, also the costs of electricity
production are necessarily lower (or equal) with storage compared to the case
without storage for every share of clean generation.

Among the storage technologies, long-term power-to-gas storage sticks out. If
only short-term batteries and medium-term pumped storage provide flexibility
(scenario No p2g), the substitutability of clean for dirty inputs is comparably
low (σ = 3.88 for the full sample compared to σ = 6.46 in scenario All). This
effect is aggravated in the higher sample (σ = 1.60 compared to σ = 5.66 in
scenario All), but less pronounced in the lower sample (σ = 12.38 compared
to σ = 13.32 in scenario All). Thus, especially high shares of clean energy require
long-term flexibility to serve demand at times with low renewable supply. For
instance, in scenario All, the power-to-gas storage bridges up to more than a
month. In contrast, short-term batteries do not play a pivotal role (scenario No
bat).

Clean Generation

In general, no specific clean technology is indispensable. A geographical or in-
stitutional feature that may impede the deployment of a specific clean technol-
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ogy does not impede a full transition to clean production. Still, a diversified
mix of clean capacities yields the highest elasticity of substitution. The full
set of technologies can best exploit their complementary characteristics. If only
wind is available (scenario Wind only), the elasticity of substitution is fitted
with σ = 5.44; if only solar photovoltaics is available (scenario PV only), the
elasticity of substitution is fitted with σ = 3.28. Having both available (scenario
All) raises the elasticity to σ = 6.46.

This gives rise to two insights. First, as relatively cheap workhorse technology
with a decent energy yield, wind power is a good foundation for the transition
to clean energy. Second, costs, annual energy yield, and the timing of the energy
yield of clean generation technologies complement each other. Photovoltaics is
cheaper than onshore wind – investment costs per megawatt hour of potential
energy output are around 35 euros compared to around 46 euros17 – but the
timing when solar energy is produced is less well aligned with demand. Its
output is zero during nights and generally low during winter. Making the energy
available when needed would require greater investments in storage. Therefore,
a clean input combining temporally more even wind, low-cost solar, and different
types of storage shows the lowest rate of cost increases if the share of clean energy
rises. This is illustrated in Figure 3.4, showing the production isoquants with a
cost break-down by clean technologies for scenarios All and PV only.

clean total

0 5 10 15 20 25 30
0

10

20

30

40

50

(a) Scenario All

clean total

0 5 10 15 20 25 30
0

10

20

30

40

50

(b) Scenario PV only

Figure 3.4: Production isoquants and cost breakdown for clean technologies -
scenario All.

17Per unit of capacity, photovoltaics has both lower investment costs (by about half) and a
lower annual energy yield (by about one-third) than onshore wind. Taken together, costs per
potential energy output are lower. We denote the output as potential because excess generation
may be curtailed.
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Finally, if generation capacities are limited, for instance, due to scarce sites
for wind and solar power, the elasticity is lower (scenario Germany, σ = 3.94),
compared to the unrestricted optimum (scenario All, σ = 6.46).

Macroeconomic Representation of Technology Availability

As a guidance for macroeconomic analysis, we find that changing the elastic-
ity of substitution is well suited to reflect changing technology availability in a
CES framework. We illustrate this point for scenarios Wind Only and No phs
compared to scenario All.

Specifically, we first re-normalize the CES for a reference scenario (All) in c0

and then re-fit σ to best fit the simulated data of the scenario of interest (No
phs, Wind only).18 Figure 3.5 illustrates the good fit for scenario All employing
the elasticity of substitution σ̃ that is re-fitted to best fit scenarios Wind only
and No phs, respectively.19
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Figure 3.5: Re-fitted elasticity of substitution σ̃ for scenarios Wind only and No
phs, based on scenario All.

Consider the fully fitted scenarios first. Without pumped storage or with only
wind (solid light gray lines), the clean ESC for non-zero shares of clean energy are

18Unlike for changing α and A, the elasticity of substitution has no effect on production in
the normalization point. Given that the costs of electricity production converge to the same
value for all scenarios with production entirely based on fossil fuels, c0 appears as the ‘natural’
normalization point. See Klump et al. (2012) for an introduction to normalization.

19Re-fitting parameters α or A instead yields two drawbacks. First, the reference scenario
All and the re-fitted isoquant have no common starting point in c0, where costs are equal.
Second, the results have a worse fit compared to re-fitting σ.
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higher and increase more strongly than in scenario All (solid black lines). This is
also reflected by the lower elasticity of substitution. The isoquants based on the
re-fitted elasticity of substitution σ̃ closely track this pivoting (dashed light gray
lines). The re-fitted elasticities also closely resemble the elasticities in the fully
fitted original scenario, yet are somewhat lower (Table 3.4). Likewise, at 0.242
and 0.238 billion euros, the average gaps between predicted and required clean
inputs remain low compared to average overall ESC of 36.43 and 34.44 billion
euros for scenarios Wind only and No phs, respectively. Still, they are slightly
higher than in the fully fitted original scenarios.

Table 3.4: Re-Fitted Elasticity of Substitution σ̃

σ MSE Av. gap

(in bn e)

σ̃ MSE Av. gap

(in bn e)

All 6.46 4.798 · 1012 0.122

Wind only 5.44 6.224 · 1012 0.171 5.80 9.661 · 1012 0.242

No phs 5.57 5.393 · 1012 0.137 6.16 1.150 · 1013 0.238

Calculation: Production functions are renormalized in c0 (see Klump et al., 2012). The
elasticity σ̃ is obtained by re-optimizing σAll to best fit the simulated data of Wind only and
No phs while holding AAll and αAll constant.

3.6.3 Lower Costs of Clean Technologies

A central question, especially when deriving policy recommendations from macroe-
conomic models, is whether lower costs of clean inputs change the elasticity of
substitution. To this end, we fit CES functions in the most reduced and com-
prehensive scenarios (No sto, All) for sensitivities with costs for all clean and
storage investments lower by 25 % and 50 %.

Table 3.5: Elasticity of Substitution for Lower Costs of Clean Inputs

σ σ−25 % σ−50 %

No sto 1.84 1.84 1.84

All 6.46 6.40 6.44

Table 3.5 shows the resulting elasticities. Without storage, a uniform cost
reduction that leaves the relative costs of inputs within the clean aggregate un-
changed also leaves the elasticity of substitution unchanged. Moving along the
production isoquant, the rate at which the ratio of clean and dirty costs evolves
is identical. Yet the absolute cost increase is always lower (Figure 3.6a).
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Figure 3.6: Production isoquants for cost sensitivities.

Qualitatively, the same result arises for the rich scenario All (Table 3.5), albeit
the lower costs of all clean generation and storage technologies slightly alter the
elasticity of substitution. The reason is that cheaper storage triggers higher
optimal storage investments that benefit both clean and dirty generation. Also
for dirty capacities, storage allows for shifting output to hours of high demand,
increasing the utilization rate, and lowering optimal capacities. Thus, the cost-
optimal combination of clean and dirty inputs, and the elasticity of substitution,
change to some extent as well. Also here, the absolute cost increase is lower, the
more costs are reduced (Figure 3.6b).

As a central insight, a uniform cost reduction of clean inputs leaves the elas-
ticity of substitution largely unaffected. This reflects that the elasticity captures
the technological difficulty of replacing clean for dirty inputs. As a relative mea-
sure, it informs about cost changes, but is mute about absolute costs. Thus, for
the same elasticity, absolute costs for a given share of clean inputs may differ
substantially (Figure 3.6).

3.6.4 Extension: Electrification of Other Sectors and Flex-
ible Demand

If climate goals are pursued stringently, energy demand beyond current electric-
ity demand will be decarbonized through electrification based on clean electricity.
This new demand from heating, mobility, or industry will likely be flexible, for
instance, drawing on heat or chemical storages (IPCC, 2014). In a stylized model
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extension, we examine whether the additional temporal flexibility facilitates sub-
stitution, by allowing for making better use of excess renewable energy supply, or
whether the additional demand makes substitution more difficult. To this end,
we add a variable Dx

h representing hourly electricity demand from an unspeci-
fied sector to the demand side of the market-clearing condition of the numerical
model (3.1b):

δh +
∑
st

−→
S h,st + Dx

h =
∑
di

Gh,di +
∑

c

Gh,cl +
∑
st

←−
S h,st ∀h (3.1b’)

We further assume that this additional demand in an hour must not exceed
a threshold νx, reflecting given capacities of some conversion facility, and must
add up to a total of δx over the year, reflecting full flexibility when it is satisfied.

Dx
h ≤ νx ∀h,

∑
h

Dx
h = δx

We assume that δx is either 10 % or 25 % of annual current electricity demand,
with νx equal to 20 or 50 gigawatts, respectively. Otherwise, the additional
scenarios, denoted by AllX10% and AllX25% , are identical to scenario All and
feature natural gas, wind and solar power as well as three storage types.

The results show that additional, but flexible, demand from electrification
facilitates substitution of clean for dirty inputs. For the CES production func-
tion, the elasticity for the full sample is σ = 7.58 and σ = 9.71 for scenarios
AllX10% and AllX25% , respectively, compared to σ = 6.46 in scenario All. Also
for the VES production function, the elasticity decreases to higher values with
flexible electrification of other sectors in place.20 Thus, if additional future elec-
tricity demand is sufficiently flexible, it helps to make better use of variable clean
generation when it is available, enabling an easier substitution.

3.7 Discussion

3.7.1 Limitations of the Numerical Bottom-Up Model

The numerical model allows for inspecting mechanisms of electricity production
not (yet) observable in empirical data. To this end, it requires assumptions on
its boundaries and numerical inputs. Below, we discuss how these impact the
results and the fitted elasticity of substitution.

20Complete results are compiled in Table 3.A.4.3.
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Concerning model boundaries, we generally abstract from sources of flexi-
bility beyond electrical storage. First, we analyze one generic country, based on
data for Germany, in isolation and do not consider cross-border exchange of elec-
tricity. For larger geographical areas, supply of different clean technologies better
complements each other, leading to a smoother temporal supply pattern (Brown
et al., 2018; Schlachtberger et al., 2017). If wind is low in one place, it may be
high in another. Second, current electricity demand, modeled as inelastic, will
likely become more flexible. With the spread of digital energy management, pri-
vate households and industrial processes can re-schedule planned consumption to
times of high clean energy supply, although the literature suggests a rather mod-
est positive effect on flexibility (Kwon and Østergaard, 2014; Schill and Zerrahn,
2018). In general, any further source of flexibility would enhance the substi-
tutability of clean for dirty inputs as our extension for a generic electrification of
other sectors shows (Section 3.6.4). As this is of special relevance for high shares
of clean inputs, the actual cost increase may be slower than the simulated data
suggests.

Moreover, in our numerical model, we pursue a greenfield approach with all
capacities endogenous. Results reflect the long-term elasticity between clean and
dirty inputs. In contrast, adding clean capacities to an existing energy system
with long-lived assets tends to be more difficult (Fouquet, 2016), and, in a short-
run perspective, the elasticity is likely lower (Mattauch et al., 2015; Pottier et al.,
2014).

Concerning numerical assumptions, we rely on data for wind and solar energy
based on a historical German technology park. On the one hand, the current en-
ergy yield per installed wind turbine or solar panel is likely higher than reflected
in our input data (Staffell and Pfenninger, 2016). This may add to underesti-
mating substitutability. On the other hand, our stylized scenarios assume no
capacity limits for investments in clean technologies. While this helps to isolate
the technological substitutability, expansion may be restricted in real-world set-
tings. Additionally, if site quality worsens upon expansion of clean capacities,
substitution becomes more difficult, especially for high shares of clean inputs.

3.7.2 Implications for Macroeconomic Modeling

Both the CES and VES production functions show a similar, and good, fit to
the simulated data. This challenges the idea that the increasing difficulty in
the substitution of clean for dirty inputs is best accommodated by a production
function that allows for a decreasing elasticity of substitution, like the VES (cf.
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Wiskich, 2019).21 In fact, even for a constant elasticity, the exchange ratio be-
tween clean and dirty inputs in absolute terms, i.e., the marginal rate of technical
substitution (MRTS), increases in the share of clean inputs.

While both production functions can replicate the rising difficulty of input
substitution, our results indicate that the VES approach may rather overestimate
this increase, while the CES approach rather underestimates it, albeit, in most
cases, to a lower extent.

As the VES function neither provides a significantly better overall fit nor
prediction performance, this favors using the more tractable CES function for
electricity production within aggregate macroeconomic models. Particularly in
computable general equilibrium (CGE) models, where the CES specification is
standard, our findings suggest that conveniently integrating electricity generation
based on the CES specification is viable.

Yet, the limitations of the numerical model discussed above may understate
or overstate the difficulty of substitution. An understated difficulty rather leans
toward a VES approach; an overstated difficulty rather leans toward a CES
approach. Any applied macroeconomic work must, thus, carefully evaluate its
setting and boundaries. Our discussion sets forth the relevant mechanisms.

3.7.3 Relation to Empirical Work

In our numerical bottom-up model, we have full control of the data generating
process. For simplicity, we assume constant costs and efficiencies of each clean
and dirty input for all shares of clean energy. Thus, the fitted production func-
tions allow for conveniently interpreting the elasticity of substitution as reflecting
the technological difficulty in the transformation toward clean production.22

In contrast, when using observed data in empirical work, the substitution,
cost-change, and efficiency channels cannot be easily disentangled. For instance,
without further assumptions, the effect of increasing input costs cannot be dis-
entangled from changes in costs due to more difficult substitution.23 Thus, an

21See Growiec and Schumacher (2008) and Stöckl (2020) for CES-based macroeconomic
models in which the elasticity of substitution can increase over time, either exogenously or due
to investment in research.

22In principle, a numerical approach can also accommodate costs or efficiencies that change
with increasing deployment of capacities or policy interventions. However, this requires special
care when interpreting the fitted elasticity of substitution. We leave this avenue for future
research.

23For instance, if costs in our numerical model linearly decrease in the shares of clean
generation, from +10 % for ι = 0 to −10 % for ι = 100 the fitted elasticity in the CES
specification is σ = 11.31 (scenario All±10% in Table 3.A.4.3), compared to σ = 6.46 in scenario
All.
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empirical specification may suffer from bias due to insufficient or wrong account-
ing for cost-changes or technological progress.24 As a consequence, the observed
effective elasticity of substitution may overstate or understate the underlying
technological elasticity of substitution.25 In any case, when comparing the re-
sults of our numerical optimization model to empirical results, these two elasticity
concepts should not be mixed up.

3.8 Conclusion

We derive production isoquants from a numerical bottom-up optimization model
of electricity production. To this end, we vary the share of clean energy and fit
CES and VES production functions to the simulated data. Central results show
that (i) the elasticity of substitution between clean and dirty inputs is above
unity as long as some energy storage is available. That is, dirty inputs are not
essential for production; (ii) substitution is harder for higher shares of clean
energy; and (iii) no single clean technology is indispensable for a complete shift
to clean production but a balanced mix makes a transition easier. For high shares
of clean inputs, in particular long-term storage facilitates substitution.

In relation to macroeconomic analysis, both the CES and VES production
functions show a good fit to the simulated data. The CES approach is rather
optimistic and tends to underestimate required clean inputs when extrapolating
from low to high shares of clean generation; the VES approach rather underes-
timates it. For the CES approach, we show that technology availability can be
readily accommodated by changing the elasticity parameter. In contrast to em-
pirical analysis, we control the data-generating process and, thus, can separate
technological substitutability from the effects of costs and efficiency on observed
substitution. For costs, a sensitivity shows that lower costs of clean inputs mit-
igate the cost increase, yet leave the elasticity of substitution largely unaffected
when relative costs within the clean aggregate do not change. Our results also
show that estimation results based on data for lower shares of clean inputs ob-
servable today contain only limited information regarding future higher shares
as the structure of energy supply changes.

24See, e.g., Diamond et al. (1978) for a discussion of the impossibility to identify both the
elasticity and technological progress at the same time without further assumptions.

25Knoblach and Stöckl (2020) discuss the difference between the technological elasticity of
substitution (EOS) and the observable effective elasticity of substitution (EES), which is usually
estimated in empirical studies and also comprises institutional factors such as preferences for
specific technologies.
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While our numerical bottom-up model captures central aspects of clean en-
ergy supply, such as variability and storage, there is room for future research.
A stylized model extension shows that future flexible electricity demand from
other sectors, such as heating or further industrial processes, bears the potential
to facilitate the substitution of clean for dirty inputs. A more detailed analy-
sis must await another paper. Importantly, even if numerical assumptions and
abstractions necessary for a forward-looking numerical model are well grounded,
we refrain from taking specific numerical results on the elasticity at face value.
Rather, we use the numerical model as a tool to lay out mechanisms that shape
the substitutability between clean and dirty inputs in electricity production in
general.
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3.A Appendix

3.A.1 Reconciling the Empirical Results of Papageorgiou
et al. (2017) with Our Findings

Using clean and dirty generation capacities as input measure, we obtain non-
convex production isoquants for the data generated with our bottom-up opti-
mization model (Section 3.4.1). In contrast, also using capacities, Papageorgiou
et al. (2017) find a good fit of the convex CES function in an estimation of the
cross-country elasticity of substitution based on panel data of 26 OECD coun-
tries. The following considerations may help to reconcile the differently shaped
isoquants.

First, if restricted to lower shares of clean energy, also our data give rise to
roughly convex isoquants (Figure 3.1), which only become non-convex for the full
sample. Thus, the convexity found by Papageorgiou et al. (2017) may be driven
by the fact that the share of clean capacities is below 50 % for about two-thirds
of all countries in their sample. However, it is not clear a priori that convexity
is preserved if the share of clean inputs increases further for more countries.

Second, in the sample of Papageorgiou et al. (2017), the share of clean capac-
ities varies substantially across countries, but hardly changes over time within
most countries. Thus, the estimated ‘synthetic’ CES production function com-
prises several segments of clean shares. Each is represented by a different country,
rather than capturing the rise of clean capacities for a specific country. This re-
quires the assumption that the elasticity of substitution is constant not only for
all shares of clean capacities within a country, but also across different countries.
However, country idiosyncrasies cast doubts on the latter assumption. As such,
it is not clear whether the substitution pattern for a country like Denmark, with
good wind but modest solar and hydro storage resources along with an already
high share of clean inputs, contains sufficient relevant information on an expected
future substitution pattern for a country like Mexico, with good solar and hydro
storage resources. Moreover, countries with a high elasticity of substitution may
be those that also have a high share of clean inputs because substitution is easier
for them.

Using a numerical model, production isoquants over the full range of possible
shares of clean inputs can be retrieved for the same unique and time-invariant
characteristics as observed for a specific country.
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3.A.2 Numerical Assumptions for the Bottom-Up Model

Table 3.A.2.1 lists all assumptions for investment, fixed, and variable costs that
enter the numerical model. Annualized investment costs for generation (Schröder
et al., 2013) and storage (Pape et al., 2014; Schmidt et al., 2017b; Welder et al.,
2018) technologies are derived from overnight costs and the technical lifetime
of the investment. Variable costs are derived from fuel costs and technical effi-
ciency (Schill and Zerrahn, 2018; Schröder et al., 2013).

Table 3.A.2.1: Cost Assumptions as Used in the Numerical Model

Generation technologies Annualized investment and fixed costs (κi)

[EUR/MW(h)]a
Variable costs (κv)

[EUR/MWh]

Natural gas 66, 264 51.9

Wind onshore 110, 662 0

Wind offshore 240, 414 0

Photovoltaics 63, 407 0

Bio energy 227, 747 21.4

Run-of river hydro 192, 606 0

Storage technologies

Battery storage in 14, 399 0.3

outb 0 0

energy 33, 597 0

Pumped-hydro storage in 45, 995 0.6

outb 0 0

energy 418 0

Power-to-gas storage in 34, 116 0

out 51, 856 0.1

energy 35 0

Note: Investment and fixed costs rounded to integers, variable costs rounded to one decimal.
a: Investment and fixed costs in general in EUR/MW, for storage energy investments in EUR/MWh.
b: For convenience, investment costs for battery and pumped-hydro storage power only attributed to storing
in.

The efficiency parameters of the storages (not shown in the Table 3.A.2.1)
are −→η st = ←−η st = 0.97 for batteries, −→η st = 0.97, and ←−η st = 0.91 for pumped-
hydro storage, and −→η st = 0.70 and ←−η st = 0.60 for power-to-gas. The maximum
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storage duration, technically the energy-to-power ratio, is τst = 4 for batteries,
τst = 8 for pumped-hydro storage, and unlimited for power-to-gas storage. These
values are in line with both current standard configurations and a sweet spot in
the trade-off between investment costs for power and energy capacities.

Using actual German data from the year 2016 (OPSD, 2018; Wiese et al.,
2019), hourly electricity demand sums to ∑

h dh = 479.9 Terawatt hours per year.
The capacity factors φh,cl of onshore wind, offshore wind, and solar photovoltaics
are derived from re-analysis weather data from the base year 2016 (Pfenninger
and Staffell, 2016; Staffell and Pfenninger, 2016). In line with a conservative
approach, the resulting energy yield of solar and, in particular, wind power is
pessimistic because (i) 2016 was a year with comparatively bad wind conditions;
and (ii) the weather data is applied to the stock of wind and solar plants existing
or approved by 2016. This stock contains a relevant proportion of old installations
with low efficiency. Due to technological progress, the actual future energy yield
is likely higher. The capacity factor of run-of-river hydro power, used in scenario
Germany, is taken from Schill and Zerrahn (2018).

Table 3.A.2.2 lists the capacity bounds for investments in scenario Germany.
For all values, we follow rather pessimistic projections from established medium-
term outlooks for Germany.

Table 3.A.2.2: Capacity Limits in the Scenario Germany

Technology Capacity limit Source

Natural gas unlimited

Wind onshore 80.7 GW UBA (2019)

Wind offshore 54.0 GW Fraunhofer-IWES (2013)

Photovoltaics 275.0 GW Fraunhofer-IWES (2013)

Bio energya 8.3 GW BMWi (2020b)

Run-of river hydroa 5.6 GW BMWi (2020b)

Battery storage unlimited

Pumped-hydro storageb 11.8 GW, 82.6 GWh Bundesnetzagentur (2018)

Power-to-gas storage unlimited

Notes: All numbers rounded to one decimal.
a: Capacities installed in Germany by 2019.
b: Scenario B2035, only storage power (in gigawatts, GW) given; for stor-
age energy (in gigawatt hours, GWh), we assume an energy-to-power ratio
of 7 hours, as for the pumped-hydro storages installed in Germany by 2019.
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3.A.3 Formal Definition of Electricity System Costs

Using the nomenclature of our numerical model, clean and dirty electricity system
costs (in Euros) are given by:

ESCclean
ι =

∑
cl

κi
clÑ

ι
cl + K̃ι − (1 − ι) K̃0, (3.A.3.1a)

ESCdirty
ι =

∑
di

(
κi

diÑdi +
∑

h

κv
diG̃h,di

)
+ (1 − ι) K̃0, (3.A.3.1b)

where a tilde indicates the optimal value from the numerical model for a clean
energy share of ι. They comprise annualized investment costs, annual fixed costs,
and variable costs of generation and storage summed up over the year, the latter
for convenience denoted as:

K̃ι ≡ ∑
st

(
−→κ i

st

−̃→
N

ι

st + ←−κ i
st

←̃−
N

ι

st + κi
stÑ

ι
st +

∑
h

(−→κ v
st

−̃→
S

ι

h,st + ←−κ i
v

←̃−
S

ι

h,st

))

(3.A.3.1c)

For the small part of storage K̃0 already built for a case without clean gener-
ation, costs are attributed to the dirty and clean ESC proportionate to the share
of dirty and clean energy. Costs of any further storage that complements clean
energy investment are attributed to the clean ESC.

3.A.4 Fitting Results - Figures and Data Tables
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Figure 3.A.4.1: Fitted production functions for the full sample and predicted
production functions based on the lower sample - scenario All.
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Figure 3.A.4.2: Fitted production functions for the full sample and predicted
production functions based on the lower sample - scenario No sto.
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Figure 3.A.4.3: Fitted production functions for the full sample and predicted
production functions based on the lower sample - scenario No bat.
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Figure 3.A.4.4: Fitted production functions for the full sample and predicted
production functions based on the lower sample - scenario No phs.
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Figure 3.A.4.5: Fitted production functions for the full sample and predicted
production functions based on the lower sample - scenario No p2g.
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Figure 3.A.4.6: Fitted production functions for the full sample and predicted
production functions based on the lower sample - scenario Wind only.
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Figure 3.A.4.7: Fitted production functions for the full sample and predicted
production functions based on the lower sample - scenario PV only.
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Table 3.A.4.1: Mean Squared Error (MSE) w.r.t. Output (E) - in MWh2

(a) CES

full lower higher higher|lower

Germany 2.455 · 1013 1.332 · 1012 8.378 · 1012 7.269 · 1014

All 4.798 · 1012 6.331 · 1011 1.799 · 1010 6.849 · 1014

No sto 5.017 · 1014 1.853 · 1012 8.966 · 1012 4.124 · 1016

No bat 4.798 · 1012 6.331 · 1011 1.799 · 1010 6.849 · 1014

No phs 5.393 · 1012 1.205 · 1012 2.772 · 1011 1.156 · 1015

No p2g 9.784 · 1013 7.654 · 1011 1.167 · 1013 2.564 · 1015

W ind only 6.224 · 1012 2.137 · 1012 5.544 · 1011 1.089 · 1015

P V only 4.637 · 1013 5.625 · 1012 2.108 · 1012 1.152 · 1015

All-25% 5.345 · 1012 6.403 · 1011 1.542 · 1010 6.995 · 1014

All-50% 5.666 · 1012 7.052 · 1011 1.566 · 1010 7.125 · 1014

No sto-25% 5.015 · 1014 1.860 · 1012 8.950 · 1012 4.121 · 1016

No sto-50% 5.023 · 1014 1.827 · 1012 8.891 · 1012 4.155 · 1016

AllX10% 5.668 · 1012 5.037 · 1011 4.424 · 1011 5.119 · 1014

AllX25% 3.840 · 1012 2.964 · 1011 2.847 · 1011 3.802 · 1014

All±10% 3.646 · 1012 2.253 · 1011 1.334 · 1011 3.495 · 1014

Calculation: (|Ŷι − Yι|Dι,Cι )2/n, where Ŷι is predicted output of the fitted production
function given Dι and Cι. n denotes the number of data points.
Note: higher|lower is the MSE of the higher sample based on the fitted parameters of
the lower sample.

(b) VES

full lower higher higher|lower

Germany 3.463 · 1013 3.496 · 1012 1.775 · 1013 2.808 · 1015

All 1.329 · 1013 2.793 · 1010 4.674 · 1011 5.982 · 1014

No sto 6.205 · 1013 2.414 · 1011 1.178 · 1013 5.834 · 1015

No bat 1.329 · 1013 2.793 · 1010 4.674 · 1011 5.991 · 1014

No phs 3.342 · 1013 8.415 · 1010 1.551 · 1012 1.159 · 1015

No p2g 5.352 · 1012 7.013 · 1010 4.173 · 1012 5.787 · 1013

W ind only 4.595 · 1013 3.010 · 1011 2.323 · 1012 1.944 · 1015

P V only 1.027 · 1013 1.346 · 1012 5.849 · 1012 2.960 · 1015

All-25% 1.316 · 1013 2.276 · 1010 7.008 · 1011 5.663 · 1014

All-50% 1.299 · 1013 6.044 · 1010 7.422 · 1011 5.245 · 1014

No sto-25% 6.200 · 1013 2.415 · 1011 1.175 · 1013 5.816 · 1015

No sto-50% 6.233 · 1013 2.642 · 1011 1.167 · 1013 6.085 · 1015

AllX10% 5.508 · 1012 5.190 · 1010 1.552 · 1011 2.773 · 1014

AllX25% 3.223 · 1012 6.410 · 1010 1.595 · 1011 6.105 · 1013

All±10% 2.056 · 1012 8.000 · 1010 3.762 · 1010 9.753 · 1012

Calculation: (|Ŷι − Yι|Dι,Cι )2/n, where Ŷι is predicted output of the fitted production
function given Dι and Cι. n denotes the number of data points.
Note: higher|lower is the MSE of the higher sample based on the fitted parameters of
the lower sample.
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Table 3.A.4.2: Average Gap Between Predicted and Required Clean Input - in
bn e

(a) CES

full lower higher higher|lower

Germany 0.296 0.049 0.221 1.464

All 0.122 0.047 0.010 1.704

No sto 2.317 0.080 0.527 11.854

No bat 0.122 0.047 0.010 1.704

No phs 0.137 0.064 0.043 2.445

No p2g 0.627 0.052 0.290 2.725

W ind only 0.171 0.102 0.063 2.685

P V only 0.539 0.148 0.152 2.421

All-25% 0.099 0.036 0.006 1.287

All-50% 0.069 0.026 0.004 0.870

No sto-25% 1.738 0.060 0.394 8.889

No sto-50% 1.160 0.040 0.262 5.939

AllX10% 0.144 0.046 0.049 1.487

AllX25% 0.127 0.039 0.034 1.400

All±10% 0.111 0.030 0.025 1.118

Calculation: (|Ĉι − Cι|Yι,Dι )/n, where Ĉι is predicted required clean
input of the fitted production function given Yι and Dι. n denotes the
number of data points.
Note: higher|lower is the average gap of the higher sample based on the
fitted parameters of the lower sample.

(b) VES

full lower higher higher|lower

Germany 0.350 0.098 0.324 6.115

All 0.257 0.010 0.052 1.755

No sto 0.970 0.031 0.625 7.720

No bat 0.257 0.010 0.052 1.757

No phs 0.441 0.018 0.104 2.959

No p2g 0.151 0.017 0.177 0.679

W ind only 0.572 0.040 0.140 4.832

P V only 0.253 0.082 0.254 9.928

All-25% 0.191 0.006 0.048 1.281

All-50% 0.126 0.008 0.032 0.817

No sto-25% 0.727 0.024 0.469 5.784

No sto-50% 0.486 0.017 0.311 3.912

AllX10% 0.169 0.016 0.027 1.116

AllX25% 0.140 0.019 0.033 0.484

All±10% 0.096 0.017 0.013 0.224

Calculation: (|Ĉι − Cι|Yι,Dι )/n, where Ĉι is predicted required clean
input of the fitted production function given Yι and Dι. n denotes the
number of data points.
Note: higher|lower is the average gap of the higher sample based on the
fitted parameters of the lower sample.
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Table 3.A.4.3: All Fitted Parameters of the CES and VES Production Functions

CES VES

full lower higher full lower higher

Germany

A = 0.032
α = 0.413
σ = 3.94

A = 0.032
α = 0.437
σ = 6.13

A = 0.032
α = 0.416
σ = 3.25

A = 0.021
a = 0.235
b = 3.160
σ > 1000
σ = 1.22

A = 0.025
a = 0.413
b = 1.153
σ > 1000
σ = 2.29

A = 0.016
a = 0.145
b = 8.207
σ = 9.79
σ = 1.58

MSE: 2.455 · 1013 1.332 · 1012 8.378 · 1012 3.463 · 1013 3.496 · 1012 1.775 · 1013

All

A = 0.030
α = 0.414
σ = 6.46

A = 0.030
α = 0.438
σ = 13.32

A = 0.030
α = 0.416
σ = 5.66

A = 0.016
a = 0.138
b = 7.279
σ > 1000
σ = 1.51

A = 0.019
a = 0.250
b = 3.153
σ > 1000
σ = 4.14

A = 0.014
a = 0.076
b = 17.336
σ = 17.61
σ = 2.21

MSE: 4.798 · 1012 6.331 · 1011 1.799 · 1010 1.329 · 1013 2.793 · 1010 4.674 · 1011

No sto

A = 0.028
α = 0.298
σ = 1.84

A = 0.029
α = 0.412
σ = 9.09

A = 0.028
α = 0.423
σ = 0.94

A = 0.025
a = 0.539
b = 0.670
σ > 1000
σ = 1.04

A = 0.021
a = 0.362
b = 1.845
σ > 1000
σ = 2.97

A = 0.029
a = 0.606
b = −0.118
σ = 0.88
σ = 0.99

MSE: 5.017 · 1014 1.853 · 1012 8.966 · 1012 6.205 · 1013 2.414 · 1011 1.178 · 1013

No bat

A = 0.030
α = 0.414
σ = 6.46

A = 0.030
α = 0.438
σ = 13.32

A = 0.030
α = 0.416
σ = 5.66

A = 0.016
a = 0.138
b = 7.280
σ > 1000
σ = 1.51

A = 0.019
a = 0.250
b = 3.152
σ > 1000
σ = 4.14

A = 0.014
a = 0.076
b = 17.341
σ = 17.62
σ = 2.21

MSE: 4.798 · 1012 6.331 · 1011 1.799 · 1010 1.329 · 1013 2.793 · 1010 4.674 · 1011

No phs

A = 0.029
α = 0.395
σ = 5.57

A = 0.029
α = 0.423
σ = 10.68

A = 0.029
α = 0.384
σ = 6.67

A = 0.016
a = 0.154
b = 6.861
σ > 1000
σ = 1.40

A = 0.020
a = 0.303
b = 2.441
σ > 1000
σ = 3.38

A = 0.012
a = 0.064
b = 24.102
σ = 23.60
σ = 2.42

MSE: 5.393 · 1012 1.205 · 1012 2.772 · 1011 3.342 · 1013 8.415 · 1010 1.551 · 1012

No p2g

A = 0.030
α = 0.395
σ = 3.88

A = 0.030
α = 0.435
σ = 12.38

A = 0.029
α = 0.484
σ = 1.60

A = 0.019
a = 0.255
b = 3.031
σ => 1000
σ = 1.22

A = 0.020
a = 0.267
b = 2.862
σ > 1000
σ = 3.88

A = 0.021
a = 0.287
b = 2.066
σ = 2.99
σ = 1.15

MSE: 9.784 · 1013 7.654 · 1011 1.167 · 1013 5.352 · 1012 7.013 · 1010 4.173 · 1012

W ind only

A = 0.028
α = 0.374
σ = 5.44

A = 0.028
α = 0.397
σ = 9.47

A = 0.028
α = 0.355
σ = 7.51

A = 0.014
a = 0.149
b = 7.971
σ > 1000
σ = 1.35

A = 0.019
a = 0.331
b = 2.322
σ > 1000
σ = 3.01

A = 0.011
a = 0.053
b = 34.266
σ = 29.39
σ = 2.51

MSE: 6.224 · 1012 2.137 · 1012 5.544 · 1011 4.595 · 1013 3.010 · 1011 2.323 · 1012

P V only

A = 0.028
α = 0.354
σ = 3.28

A = 0.028
α = 0.378
σ = 5.29

A = 0.028
α = 0.412
σ = 1.82

A = 0.019
a = 0.318
b = 2.482
σ > 1000
σ = 1.21

A = 0.023
a = 0.491
b = 0.997
σ > 1000
σ = 1.95

A = 0.019
a = 0.304
b = 2.795
σ = 3.54
σ = 1.23

MSE: 4.637 · 1013 5.625 · 1012 2.108 · 1012 1.027 · 1013 1.346 · 1012 5.849 · 1012

Continued on next page
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Continued from previous page (Table 3.A.4.3)

CES VES

full lower higher full lower higher

All-25%

A = 0.034
α = 0.473
σ = 6.40

A = 0.034
α = 0.503
σ = 13.40

A = 0.034
α = 0.473
σ = 5.59

A = 0.021
a = 0.140
b = 5.392
σ > 1000
σ = 1.50

A = 0.024
a = 0.248
b = 2.401
σ > 1000
σ = 4.15

A = 0.018
a = 0.076
b = 13.039
σ = 17.40
σ = 2.21

MSE: 5.345 · 1012 6.403 · 1011 1.542 · 1010 1.316 · 1013 2.276 · 1010 7.008 · 1011

All-50%

A = 0.042
α = 0.558
σ = 6.44

A = 0.043
α = 0.595
σ = 13.61

A = 0.042
α = 0.555
σ = 5.57

A = 0.029
a = 0.140
b = 3.611
σ > 1000
σ = 1.50

A = 0.032
a = 0.244
b = 1.650
σ > 1000
σ = 4.19

A = 0.026
a = 0.076
b = 8.772
σ = 17.28
σ = 2.21

MSE: 5.666 · 1012 7.052 · 1011 1.566 · 1010 1.299 · 1013 6.044 · 1010 7.422 · 1011

No sto-25%

A = 0.031
α = 0.326
σ = 1.84

A = 0.033
α = 0.475
σ = 9.08

A = 0.032
α = 0.419
σ = 0.94

A = 0.028
a = 0.539
b = 0.503
σ > 1000
σ = 1.04

A = 0.025
a = 0.362
b = 1.382
σ > 1000
σ = 2.96

A = 0.033
a = 0.606
b = −0.088
σ = 0.88
σ = 0.99

MSE: 5.015 · 1014 1.860 · 1012 8.950 · 1012 6.200 · 1013 2.415 · 1011 1.175 · 1013

No sto-50%

A = 0.036
α = 0.368
σ = 1.84

A = 0.041
α = 0.565
σ = 9.20

A = 0.038
α = 0.413
σ = 0.94

A = 0.034
a = 0.539
b = 0.336
σ > 1000
σ = 1.04

A = 0.032
a = 0.359
b = 0.939
σ > 1000
σ = 3.00

A = 0.038
a = 0.606
b = −0.059
σ = 0.88
σ = 0.99

MSE: 5.023 · 1014 1.827 · 1012 8.891 · 1012 6.233 · 1013 2.642 · 1011 1.167 · 1013

AllX10%

A = 0.028
α = 0.428
σ = 7.58

A = 0.028
α = 0.449
σ = 17.87

A = 0.028
α = 0.438
σ = 5.25

A = 0.015
a = 0.120
b = 8.316
σ > 1000
σ = 1.61

A = 0.017
a = 0.198
b = 4.274
σ > 1000
σ = 5.31

A = 0.014
a = 0.079
b = 14.921
σ = 15.45
σ = 2.10

MSE: 5.668 · 1012 5.037 · 1011 4.424 · 1011 5.508 · 1012 5.190 · 1010 1.552 · 1011

AllX25%

A = 0.025
α = 0.440
σ = 9.71

A = 0.025
α = 0.459
σ = 27.47

A = 0.025
α = 0.448
σ = 6.54

A = 0.013
a = 0.094
b = 10.800
σ > 1000
σ = 1.85

A = 0.014
a = 0.137
b = 6.739
σ > 1000
σ = 7.82

A = 0.012
a = 0.062
b = 18.792
σ = 19.24
σ = 2.48

MSE: 3.840 · 1012 2.964 · 1011 2.847 · 1011 3.223 · 1012 6.410 · 1010 1.595 · 1011

All±10%

A = 0.030
α = 0.436
σ = 11.31

A = 0.030
α = 0.454
σ = 46.01

A = 0.030
α = 0.443
σ = 7.50

A = 0.015
a = 0.081
b = 13.130
σ > 1000
σ = 2.00

A = 0.016
a = 0.093
b = 10.978
σ > 1000
σ = 11.96

A = 0.014
a = 0.053
b = 22.485
σ = 22.62
σ = 2.72

MSE: 3.646 · 1012 2.253 · 1011 1.334 · 1011 2.056 · 1012 8.000 · 1010 3.762 · 1010

Continued on next pageAbbreviations: MSE: Mean Squared Error; σ = σcmin
ι

, σ = σcmax
ι

, where cmin
ι and cmax

ι denote the
minimum and maximum share of clean inputs within the sample.
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Chapter 4

Green Hydrogen: Optimal
Supply Chains and Power Sector
Benefits

Abstract
Green hydrogen can help to decarbonize transportation, but its power sector
interactions are not well understood. It may contribute to integrating variable
renewable energy sources if production is sufficiently flexible in time. Using an
open-source co-optimization model of the power sector and four options for sup-
plying hydrogen at German filling stations, we find a trade-off between energy
efficiency and temporal flexibility: for lower shares of renewables and hydro-
gen, more energy-efficient and less flexible small-scale on-site electrolysis is op-
timal. For higher shares of renewables and/or hydrogen, more flexible but less
energy-efficient large-scale hydrogen supply chains gain importance as they allow
disentangling hydrogen production from demand via storage. Liquid hydrogen
emerges as particularly beneficial, followed by liquid organic hydrogen carriers
and gaseous hydrogen. Large-scale hydrogen supply chains can deliver substan-
tial power sector benefits, mainly through reduced renewable surplus generation.
Energy modelers and system planners should consider the distinct flexibility
characteristics of hydrogen supply chains in more detail when assessing the role
of green hydrogen in future energy transition scenarios.
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4.1 Introduction

The increasing use of renewable energy sources in all end-use sectors is a main
strategy to reduce greenhouse gas emissions [55]. This not only applies to the
power sector, but also to other sectors such as transportation. Here, energy
demand may be satisfied either directly by renewable electricity or indirectly by
hydrogen and derived synthetic fuels produced with renewable electricity [12,
302, 262, 36, 60]. The potential role of hydrogen-based electrification for deep
decarbonization is widely acknowledged [127, 171, 103, 202].

Yet a central aspect is less understood so far: how hydrogen-based electrifica-
tion interacts with the power sector. Hydrogen supply chains use different types
of storage, which can temporally disentangle electricity demand for hydrogen
production from hydrogen supply to users. Greater temporal flexibility allows
to better use variable renewable energy from wind and solar PV. This, in turn,
impacts the optimal electricity generation and storage capacities in the power
sector, their hourly use, carbon emissions, and costs. Yet more flexible hydrogen
supply chains may be less energy-efficient as they incur more conversion steps.

We address this research gap by investigating four different supply chains
of hydrogen for road-based passenger mobility for future scenarios with high
shares of variable renewable electricity. Specifically, we examine least-cost op-
tions for the supply of electrolysis-based hydrogen at filling stations and how
they interact with the power sector. To this end, we use an open-source cost-
minimization model with a technology-rich well-to-tank perspective that co-
optimizes the power sector and four hydrogen supply chains: small-scale on-site
electrolysis at the filling station as well as three large-scale hydrogen production
and distribution options.

Many previous power sector analyses that include a hydrogen sector lack
detail to discuss different hydrogen production and distribution options [33, 35,
87, 190]. Studies that include more techno-economic details of supply chains for
(green) hydrogen mobility often rely on exogenous electricity price inputs, include
only rudimentary power sectors, tie hydrogen production to the availability of
surplus electricity generation, and/or are restricted to a single supply channel [73,
88, 149, 228, 236, 231, 295, 303].

Our integrated hydrogen and power sector model fills this gap in the liter-
ature. It minimizes overall system costs by endogenously optimizing electricity
generation and storage capacities, their hourly dispatch, as well as capacity and
hourly use for the hydrogen supply chains.
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We parameterize the model to a 2030 setting for Germany. As the govern-
ment repeatedly committed itself to an ambitious expansion of renewable energy
sources and currently also promotes the use of green hydrogen [25], Germany
constitutes a relevant case study.

4.2 Model and Scenarios

We use the established open-source power sector model DIETER [308, 245, 243,
244]. For transparency and reproducibility [217], the source code, input data,
and a complete documentation of the model version used here are available under
a permissive open-source license in a public repository [310].

The model minimizes the total system costs of providing electricity and hy-
drogen. The objective function comprises annualized investment costs and hourly
variable costs for electricity generation and storage technologies, electrolysis, as
well as storage, conversion, and transportation of hydrogen. The main model
inputs are availability and cost parameters for all technologies as well as hourly
time series of electricity demand, hydrogen demand, and renewable capacity fac-
tors. Main decision variables are capacities in the power and hydrogen sectors
as well as their hourly use. The optimization is subject to constraints, including
market balances for electricity and hydrogen that equate supply and demand
in each hour, capacity limits for generation and investment, and a minimum
share of renewable energy in electricity supply. The model determines a long-
run first-best equilibrium benchmark for a frictionless market. Assuming perfect
foresight, DIETER is solved for all consecutive hours of an entire year, thereby
capturing the variability of renewable energy sources. Model outputs comprise
system costs, optimal capacities and their hourly use, and derived metrics such
as emission intensities.

The hydrogen sector is modeled with a well-to-tank perspective. It includes
four options to provide filling stations with hydrogen. One small-scale on-site
electrolysis directly at the filling station, and three more centralized large-scale
options with H2 delivery by trailer (Figure 4.1). Only one supply channel can
be selected per filling station. Electricity demand along the hydrogen supply
chains enters the model’s electricity market balance. This includes electricity
used for hydrogen production, processing, and distribution. Depending on the
conversion steps along the supply chain, the four options also differ in how much
electricity is required and when (for an illustration see Appendix 4.A.4). All
costs for hydrogen-related investments enter the model’s objective function. This
endogenously captures the use of electricity for different purposes in each hour.
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Figure 4.1: Large-scale and small-scale on-site supply chains with specific pro-
duction, processing, transportation, and storage requirements.

Small-scale on-site hydrogen production is restricted to proton exchange mem-
brane (PEM) water electrolysis, which is superior to alkaline (ALK) electrolysis
in several dimension relevant for small-scale on-site production, including higher
load flexibility [191], lower footprint [191], and easier handling [168]. The hy-
drogen is immediately compressed and stored at 700-950 bar in high pressure
vessels at the filling station. For high pressure storage and dispensing, the same
assumptions apply as for the large-scale supply chains.
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For large-scale hydrogen production, we consider both ALK and PEM elec-
trolysis. The large-scale options allow for bulk hydrogen storage and, thus,
greater temporal flexibility compared to the small-scale on-site option, which
only comes with a short-term buffer storage at the filling station. The hydrogen
is either compressed and stored at the production site at up to 250 bar (GH2),
liquefied and stored in insulated tanks (LH2), or bound to a liquid organic hy-
drogen carrier (LOHC, see [224]) in an exothermic hydrogenation reaction and
stored in simple tanks. As LOHC, we assume dibenzyltoluene; see [75] for an
exposition. GH2 and LOHC can be stored without losses; LH2 suffers from a boil-
off of ∼ 0.2 % per day (∼ 52 % per year), which lowers its potential for long-term
H2 storage. For GH2, hydrogen may also be directly prepared for transportation
after production, bypassing production site storage. Investments in storage ca-
pacity at large-scale production sites are unrestricted. Due to minimum filling
level requirements, usable storage capacities can be lower than nominal capaci-
ties.

For transportation, hydrogen is taken from the respective storage at the large-
scale production site, re-compressed (if necessary), and transported (time con-
suming) in special trailers to the filling stations.

At filling stations, GH2 from large-scale electrolysis is either re-compressed
and stored at up to 250 bar or directly compressed to 950 bar for the high-pressure
buffer storage (bypass option). LH2 and LOHC are first stored in unconverted
form, where boil-off for LH2 is slightly higher at the filling station than at the
large-scale production site (∼ 0.4 % per day or ∼ 77 % per year). Spatial limita-
tions and security aspects restrict these storage capacities to two trailer-loads for
all three large-scale supply chains. LH2 is then cryo-compressed and evaporated,
and LOHC dehydrogenated and compressed to be stored in gaseous form at up
to 950 bar in high-pressure vessels used as buffer for dispensing. High pressure
storage is limited to 300 kg (one 20 ft container with tubes [113]).

Twelve scenarios vary the share of renewable energy sources in electricity gen-
eration between 65-80 % in five percentage points increments and the demand for
hydrogen between 0, 5, 10, and 25 % of private and public road-based passenger
vehicle energy demand. A renewable share of 65 % exactly matches the target
of the current German government for 2030. Larger shares reflect higher ambi-
tion levels, which may be required to achieve more progressive climate targets.
Annual hydrogen demands are 9.1, 18.1, and 45.3 TWhH2at the filling stations,
representing different future market penetrations of hydrogen-electric mobility.
For clarity, we abstract from the provision of hydrogen for other purposes than
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mobility. For each scenario, we combine the small-scale on-site hydrogen supply
option with each of the three large-scale options. Due to path dependencies and
technology specialization, we do not expect parallel infrastructures for large-scale
technologies to emerge in a plausible future setting.

As we aim to derive general insights on temporal flexibility, we abstract from
an explicit representation of idiosyncratic spatial aspects and electricity network
constraints. Moreover, to keep the analysis tractable, the DIETER version used
here has no explicit representation of electricity transmission, focuses on Ger-
many only, and abstracts from balancing within the European interconnection.
We also do not use some features of the original model, such as demand-side
flexibility beyond the hydrogen sector.

4.3 Results

4.3.1 Optimal Hydrogen Supply Chains Depend on Re-
newable Penetration and Hydrogen Demand

Figure 4.2 shows the cost-minimal combinations of small-scale on-site (OS) and
large-scale hydrogen supply chains for the 12 scenarios with hydrogen demand.
We denote the resulting renewables-demand scenarios as Res65-Dem5, Res65-
Dem10, and so on. The Figure also shows the Additional System Costs of
Hydrogen (ASCH, see also Appendix 4.A.1), defined as difference in total sys-
tem costs between a scenario that includes hydrogen and the respective baseline
without hydrogen demand, related to total hydrogen supply.

For combinations of relatively low shares of renewable energy sources (65-
70 %) and hydrogen demand (5-10 % of road-based passenger traffic), small-scale
electrolysis is the least-cost option. That is, the energy efficiency benefits of on-
site electrolysis prevail over the flexibility benefits of large-scale options. Large-
scale supply chains are increasingly part of the optimal solution for higher shares
of renewables or greater hydrogen demand. In these scenarios, the flexibility
they offer becomes more valuable. Among the three large-scale options, liquid
hydrogen tends to have the highest shares in the optimal solution.

Comparing the Additional System Costs of Hydrogen, the solutions that in-
clude compressed gaseous hydrogen are always dominated by liquid hydrogen and
often also by LOHC. This is because GH2, while energy efficient, incurs compa-
rably high storage and transportation costs (see Appendix 4.A.4). In contrast,
solutions that include LH2 lead to the lowest ASCH in most scenarios with high
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renewable shares (75-80 %) or high hydrogen demand (25 %). In general, solu-
tions that include LH2 or LOHC often lead to relatively similar cost outcomes.
Yet, this is driven by different underlying mechanisms. LH2 is overall more en-
ergy efficient; LOHC offers higher temporal flexibility due to cheap storage, yet
requires substantial amounts of electricity for the dehydrogenation process at the
filling station (see Section 4.3.2 and Appendix 4.A.4).
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Figure 4.2: Optimal combinations of small-scale on-site (OS) and large-scale
hydrogen supply chains and Additional System Costs of Hydrogen (ASCH) for
the 12 scenarios. Starting from the top left panel, the share of renewable energy
sources increases to the bottom, and the demand for hydrogen increases to the
right.
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Further, the Additional System Costs of Hydrogen generally increase with hy-
drogen demand and decrease with the share of renewable energy sources, mainly
reflecting the availability of cheap renewable surplus energy (see Section 4.3.3).

4.3.2 Use Patterns of Hydrogen Production and Storage
Indicate Differences in Temporal Flexibility

Differences in hydrogen storage capabilities as well as the level and timing of
electricity demand (Appendix 4.A.4) lead to very different utilization patterns of
the four hydrogen supply chains. We illustrate this for the optimal combination of
temporally inflexible small-scale electrolysis and more flexible LH2 in the Res80-
Dem25 scenario.
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(a) Large-scale electrolysis (PEM & ALK).
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(b) Small-scale on-site electrolysis (PEM).

Figure 4.3: Distribution of hydrogen production, hydrogen demand, and elec-
tricity prices, exemplary for OS+LH2 in scenario Res80-Dem25.

Figure 4.3a shows that LH2 allows to temporally disentangle hydrogen pro-
duction from demand. On average, production is high during hours when (renew-
able) electricity is abundant and, thus, cheap. These are not necessarily hours of
high hydrogen demand. At the filling station, dispensing LH2 on time requires
only little electricity. Vice versa, large-scale hydrogen production is low during
hours of high prices. In contrast, on-site electrolysis only includes a small high-
pressure buffer storage and needs to produce almost on demand (Figure 4.3b).
Thus, through greater temporal flexibility, LH2 allows to exploit phases of high
renewable electricity supply and accordingly low electricity prices, which can
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overcompensate the overall higher electricity demand. Comparable production
patterns also emerge for the other two large-scale supply chains GH2 and LOHC.

The capacities of production site hydrogen storage and its hourly use vary
substantially across the three large-scale options (Figure 4.4). LOHC has the
highest overall storage capacity and a strongly seasonal use pattern. In contrast,
GH2 has a much smaller storage capacity and a pronounced short-term storage
pattern. LH2 storage is in between. Capacity deployment of GH2 storage is
small because of its relatively high specific investment costs. This changes in a
sensitivity with cheap cavern storage (see Appendix 4.A.2.3). For LH2, storage
investment costs are much lower, yet investment costs for liquefaction plants are
high, impeding investments in larger LH2 production capacities. LH2 storage is
also subject to a small, but relevant boil-off, which makes it less suitable for long-
term storage. For LOHC, both investment costs for storage and hydrogenation
plants are relatively low and investments, accordingly, high. As there is also no
boil-off, LOHC storage is used for seasonal balancing.
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Figure 4.4: Temporal use pattern of production site storage in scenario Res80-
Dem25.

4.3.3 Power Sector Outcomes Reflect Drivers for Optimal
Hydrogen Supply Chains

Figure 4.5 summarizes power sector capacity impacts for the scenarios. Each bar
shows the difference of optimal generation capacities compared to the respective
baseline without H2 demand. Generally, overall generation capacity increases
with growing hydrogen demand and decreases with growing renewable penetra-
tion. A higher renewable share leads to higher renewable surplus generation.
Large-scale electrolyzers and storage make use of this surplus that would other-
wise be curtailed. In fact, in scenarios Res80-Dem5 and Res80-Dem10, overall
electricity generation capacity hardly increases or even decreases because the
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additional electricity demand for hydrogen production is covered by renewable
electricity that would otherwise not be used.
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Figure 4.5: Electricity generation capacity changes compared to the respective
baselines without hydrogen for optimal combinations of small-scale and large-
scale hydrogen supply chains as shown in Figure 4.2.
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Concerning specific technologies, the additional electricity demand for hydro-
gen supply yields larger optimal solar PV capacities. Additional investments in
wind power are lower and the optimal wind power capacity even decreases in
some Res75 or Res80 scenarios compared to the respective baseline. Additional
wind power would lead to more sustained renewable surplus events, which would
be harder to integrate. Offshore wind power is always deployed at the exoge-
nous lower capacity bound of 17 GW. Further, we find a slight increase in the
natural gas generation capacity in most scenarios because this is the most eco-
nomical conventional generation technology to be operated with relatively low
full-load hours. Compared to the respective baselines, the supply of hydrogen
further tends to increase the optimal electricity storage capacity in the scenarios
with lower renewable penetration because temporally inflexible on-site hydrogen
production prevails here. In contrast, the optimal electricity storage capacity
decreases in the Res80 scenarios. Here, large-scale hydrogen supply chains add
a substantial amount of flexibility to the power sector.

Figure 4.6 shows the impact of hydrogen supply chains on yearly energy
generation. Across scenarios, wind power is a major source of the additional
electricity required for hydrogen supply. Much of this wind power would be
curtailed in a power sector without hydrogen. The central driver for this result
is that large-scale hydrogen supply chains allow to make better use of variable
renewable energy sources, facilitated through longer-term storage. In the Res75
and Res80 scenarios, electricity generation from wind turbines increases sub-
stantially although wind capacity barely increases or even decreases (compare
Figure 4.5). Renewable curtailment decreases most in scenario Res80-Dem25
with LOHC, where full-load hours of wind power increase by 19 %. LOHC has
the largest capability to integrate renewable surpluses by means of storage and
also requires the largest amount of electricity.

Power generation from conventional generators also increases and supplies
the part of the additional electricity that is not covered by renewables according
to the specified share. In the Res65-Dem25 and Res70-Dem25 scenarios, with
largely inflexible, small-scale electrolysis, this is mainly natural gas-fired power
generation. With increasing shares of renewables, there is a shift to hard coal and
lignite. In Res80-Dem25, the share of lignite in non-renewable power generation
is highest. Here, the temporal flexibility of large-scale hydrogen supply chains
allows increasing the full-load hours of conventional generation with the highest
fixed and lowest variable costs, i.e., lignite. Likewise, the use of electricity storage
increases compared to the baseline in scenario Res65-Dem25, where inflexible
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small-scale on-site hydrogen supply prevails, but is substituted by large-scale
hydrogen flexibility in scenario Res80-Dem25.

OS+GH₂ OS+LH₂ OS+LOHC

Lignite Hard coal Natural gas Other conventional

Onshore wind Offshore wind PV Other renewable

Li-ion Pumped hydro RES curtailment
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Figure 4.6: Yearly electricity generation changes compared to the respective
baselines without hydrogen for optimal combinations of small-scale and large-
scale hydrogen supply chains as shown in Figure 4.2.
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4.3.4 CO2 Emission Intensity of Hydrogen May Not De-
crease with Higher Renewable Shares

We calculate the CO2 emission intensity of the hydrogen supplied in two comple-
mentary ways (see Appendix 4.A.1). The Additional System Emission Intensity
of Hydrogen (ASEIH), shown in Figure 4.7a, takes the full power sector effects
of hydrogen provision into account. It is defined as the difference of overall CO2

emissions between a scenario with hydrogen and the respective baseline with-
out hydrogen, relative to the total hydrogen demand. The ASEIH mirrors the
changes in yearly electricity generation induced by hydrogen supply and ranges
between 6 and 13 kg CO2 per kg H2.
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(b) Average Provision Emission Intensity of Hydrogen (APEIH).

Figure 4.7: Emission metrics.

Among the Res65 scenarios, the emission intensity of hydrogen is higher for
high hydrogen demand (Dem25) because the greater role of flexible large-scale
hydrogen infrastructure triggers an increase in coal-fired generation. For a re-
newable share of 70 %, the emission intensity is lower because overall power
sector emissions decrease and the additional hydrogen demand largely integrates
renewables without requiring additional fossil generation. In contrast, for high
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renewable shares of 75 % or 80 %, the ASEIH increases again because the flexi-
bility related to the large-scale hydrogen supply chains allows integrating more
coal-fired power generation. This is most pronounced for combinations of small-
scale on-site electrolysis and LH2, as the large-scale supply chain has a greater
relevance in overall H2 supply compared to OS+GH2 or OS+LOHC. Under this
metric, thus, the emission intensity of electrolysis-based hydrogen does not neces-
sarily decrease with increasing renewable shares, absent further CO2 regulation.

The second metric, Average Provision Emission Intensity of Hydrogen (APEIH),
shown in Figure 4.7b, does not capture the differences to an alternative power
sector without hydrogen, but is based on CO2 emissions prevailing in the hours
of actual hydrogen production. The APEIH ranges between 7 and 12 kg CO2

per kg H2. The APEIH is highest for the Res65 scenarios and generally decreases
with increasing renewable shares. It is lowest in supply chains with GH2, slightly
higher in with LH2, and highest for LOHC. This largely reflects the differences
in energy efficiency among these options.

For lower renewable shares, the APEIH tends to be higher than the ASEIH;
for high renewable shares, the APEIH tends to be lower than the ASEIH. That
is, a greater renewable penetration decreases the CO2 emissions of the electricity
mix used to produce hydrogen (APEIH), but additional emissions induced by
H2 do not necessarily decrease (ASEIH). This also indicates that analyses on the
emission intensity of (green) hydrogen should generally be interpreted with care.

4.3.5 Power Sector Benefits of Hydrogen

We illustrate the power sector benefits of hydrogen supply in two different ways.
First, the Average Provision Costs of Hydrogen (APCH) indicate hydrogen costs
from a producer perspective. Across all scenarios, the APCH are between around 5
and 8e/kg (Figure 4.8a). These costs are below the uniform retail price of hydro-
gen in Germany of around 9.5e/kg by 2020. In general, the APCH increase with
hydrogen demand in all scenarios. With increasing shares of renewable energy,
the APCH generally increase slightly, with the exception of scenarios Res80-
Dem5 and Res80-Dem10. Here, supply chain combinations that include LH2 or
LOHC lead to lower costs because they can make better use of periods with very
low electricity prices, which are frequent in this setting.

In contrast to APCH, the Additional System Costs of Hydrogen (ASCH)
metric indicates the costs of hydrogen from a power system perspective. ASCH,
which are also shown in Figure 4.2, are smaller than APCH in all scenarios.
This difference is substantially more pronounced for higher renewable shares
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(Figure 4.8b). The ASCH also include the benefits of better renewable energy
integration compared to a system without hydrogen. Yet, these benefits cannot
be fully internalized by customers at filling stations, as the difference to the more
production-oriented APCH metric indicates.
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Figure 4.8: Average Provision Costs of Hydrogen (APCH) and differences to
Additional System Costs of Hydrogen (ASCH).

Second, we illustrate the power sector benefits of different hydrogen sup-
ply chains with their impacts on the System Costs of Electricity (SCE, Ap-
pendix 4.A.1). Here, the total benefits of integrating the power and hydrogen
sectors are attributed to the costs of generating electricity. For renewable shares
of 65 % and 70 %, hydrogen hardly has an impact (Figure 4.9). Yet, SCE decrease
markedly for higher renewable shares, up to more than 9 % for a combination
of small-scale on-site electrolysis and LOHC in the Res80-Dem25 scenario. The
main driver for these benefits, again, is reduced renewable curtailment.
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Figure 4.9: Effect of hydrogen on System Costs of Electricity (SCE).

4.3.6 Sensitivity Analyses: Impacts of Central Parameter
Assumptions on Supply Chains

Additional model runs show the impact of alternative assumptions for central
parameters (see Appendix 4.A.2). GH2 and LOHC tend to improve relative to
LH2 if the transportation distance decreases, and vice versa, in particular if the
share of large-scale production is high. If mass hydrogen storage could be placed
at filling stations, this would greatly benefit the small-scale on-site supply chain.
GH2 becomes the dominant option for most scenarios if low-cost cavern storage
can be developed. LH2 would improve further if boil-off during storage could be
avoided. In turn, LOHC would become dominant in most scenarios if free waste
heat could be used for dehydrogenation as well as if existing transportation and
storage infrastructure could be used without additional
costs.

4.4 Qualitative Effects of Model Limitations

We briefly discuss some limitations of the study and how they may qualitatively
impact results. Several research design choices we made for clarity and tractabil-
ity lead to a power sector that is relatively flexibility-constrained. On the demand
side, we abstract from a range of potential flexibility sources, such as power-to-
heat options, battery-electric vehicles or the use of hydrogen for other purposes
than mobility, e.g., high-temperature processes in industry. We also abstract
from geographical balancing in the European interconnection. Accordingly, we
may overestimate renewable surpluses and, in turn, the benefits of flexible hydro-
gen supply chains that make use of them. We also do not constrain investments
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in renewable electricity generation in Germany. A cap on renewable capacity de-
ployment, reflecting public acceptance and planning issues, may further increase
the relative importance of energy efficiency compared to flexibility.
We further do not consider potential transmission or distribution grid constraints
for clarity and generalizability. These can increase the local value of flexible hy-
drogen supply, particularly in areas with very good renewable energy resources.
For example, temporally flexible large-scale hydrogen supply chains may be par-
ticularly beneficial in Germany’s Northern region, where the best wind power
resources are located.
Likewise, we abstract from hydrogen distribution via pipelines. These could
resolve the efficiency-flexibility trade-off, but are likely to be economical only for
transporting large amounts of hydrogen between major hubs.

4.5 Discussion

Our co-optimization of the power and hydrogen sectors highlights that small-
scale on-site electrolysis is most beneficial for lower shares of renewable energy
sources and low hydrogen demand because energy efficiency matters more than
temporal flexibility. In such a setting, the power sector benefits of hydrogen are
accordingly small. For higher shares of renewables or higher hydrogen demand,
large-scale hydrogen infrastructure options gain importance. LH2 provides the
best combination of efficiency, flexibility, and investment cost over the majority
of scenarios. In particular, temporally flexible large-scale supply chains make
use of renewable surplus generation, which allows reducing optimal renewable
capacity deployment. Yet this flexibility not only facilitates renewable integration
in the power sector, but can also increase the use of conventional generation
with low marginal costs. The emission intensity of hydrogen does not necessarily
decrease with higher renewable shares, absent further CO2 regulation. Overall,
the Additional System Costs of Hydrogen are relatively similar among optimal
supply chain combinations in many scenarios. Real-world investment choices
should thus take additional factors into account that the model analysis does
not capture. This includes aspects of operational safety and public acceptance,
which may favor LOHC, or constraints to renewable energy deployment, which
may favor the more energy-efficient options.

Energy system analysts and planners should consider the flexibility and effi-
ciency trade-off of green hydrogen in more detail when assessing its role in future
energy transition scenarios. This requires a sufficiently detailed representation
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of hydrogen supply chains in respective energy modeling tools. To realize flex-
ibility benefits in actual energy markets, policy makers should further redesign
tariffs and taxes such that they do not overly distort wholesale price signal along
all steps of the hydrogen supply chain (cf. [100]), while enabling a fair dis-
tribution of the benefits between hydrogen and electricity consumers. Future
research may aim to address some limitations of this study (cf. 4.4), or explore
the efficiency-flexibility trade-off for different hydrogen carriers that allow long-
range bulk transport of green hydrogen from remote areas with very good wind
or PV resources, such as Patagonia or Australia. Likewise, extending our anal-
ysis to also include the reconversion of hydrogen to electricity in scenarios with
full renewable supply would be promising [262, 296].
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4.A Appendix

4.A.1 Cost and Emissions Metrics

System Costs of Electricity (SCE) are the total power sector costs related
to overall electricity generation. They include all investment, fixed, and vari-
able power sector costs, but exclude the investment, fixed, and (non-electricity)
variable costs of the hydrogen supply chains. Using the SCE, the benefits of
integrating the power and hydrogen sectors are completely attributed to elec-
tricity generation. The SCE treat all electricity generation equally, irrespective
of later consumption for conventional electricity demand, demand for hydrogen
production and distribution, or losses in the transformation process.
Additional System Costs of Hydrogen (ASCH) are defined as the differ-
ence in total system costs between a scenario that includes hydrogen and the
respective baseline without hydrogen demand, related to total hydrogen supply.
The ASCH factor in the total power sector benefits of hydrogen supply. ASCH
are not directly observable for market participants, but relevant from an energy
sector planning perspective.
Average Provision Costs of Hydrogen (APCH), in contrast, sum the an-
nualized costs of the hydrogen infrastructure and yearly electricity costs for hy-
drogen production, related to total hydrogen supply. Yearly electricity costs are
the product of the hourly shadow prices of the model’s energy balance and the
hourly electricity demand along the hydrogen supply chain, summed up over all
hours of a year. The APCH reflect a producer perspective (excluding taxes and
fees that are potentially relevant in real-world settings). For alternative levelized
costs of hydrogen (LCOH) concepts, see [157].
The Additional System Emission Intensity of Hydrogen (ASEIH) relates
the overall difference of CO2 emissions between a scenario with hydrogen and the
respective baseline without hydrogen to the total hydrogen supply. Analogously
to the ASCH, this metric takes the full power sector effects of hydrogen provision
into account. Like ASCH, ASEIH are not directly observable in an actual market,
but relevant from an energy sector planning perspective.
The alternative Average Provision Emission Intensity of Hydrogen (APEIH)
metric is calculated by multiplying hourly average emission intensities of elec-
tricity generation with respective hourly electricity consumption for hydrogen
supply at all steps of the supply chain (including compression, dehydrogenation
etc.) and relating this to overall hydrogen provision. Analogously to the APCH,
the APEIH assume a producer perspective.
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4.A.2 Sensitivities

We carry out a range of sensitivity calculations to explore how key parameter
assumptions affect results. We investigate the effects of varying transportation
distances, alternatively assuming that mass storage for small-scale on-site hydro-
gen supply is available, alternatively assuming that low-cost cavern storage for
GH2 is available as well as LH2 storage without boil-off, and examine cost-free
supply of heat as well as of transportation and storage infrastructure for LOHC.

157



CHAPTER 4. GREEN HYDROGEN: OPTIMAL SUPPLY CHAINS AND
POWER SECTOR BENEFITS

4.A.2.1 Transportation Distance

Alternatively to the baseline assumption of a 500 km overall transportation dis-
tance for hydrogen produced in large-scale facilities, we examine the effects of 200
and 800 kmtransportation distances. In general, a shorter/longer transportation
distance increases/decreases the shares of large-scale hydrogen supply chains in
the optimal solution, see Figures 4.A.2.1 and 4.A.2.2. Moreover, with a shorter
transportation distance, large-scale technologies are now part of the optimal tech-
nology portfolio in some scenarios, while for a longer transportation distance,
large-scale supply chains drop out in some scenarios.
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Figure 4.A.2.1: Optimal combinations of small-scale on-site and large-scale hy-
drogen supply chains and Additional System Costs of Hydrogen (ASCH) for
different scenarios - sensitivity with 200 km overall transportation distance.
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Figure 4.A.2.2: Optimal combinations of small-scale on-site and large-scale hy-
drogen supply chains and Additional System Costs of Hydrogen (ASCH) for
different scenarios - sensitivity with 800 km overall transportation distance.

In general, a longer/shorter transportation distance increases/decreases the
overall costs of the large-scale hydrogen supply chain. The spread in costs across
supply chain combinations within scenarios tends to increase with transportation
distance. Yet, the overall least-cost options are robust, with LH2 as dominant
large-scale supply chain in the optimal solution. Cost outcomes are fairly robust
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with respect to the transportation distance because the share of transportation-
related costs in the overall costs of hydrogen provision are relatively small.

In more detail, a change in the average transportation distance has two effects
on the costs of hydrogen supply. First, variable transportation costs (fuel and
driver wage) are proportional to the transportation distance. For the sensitivity
calculations with 800 km and 200 km overall transportation distances, the vari-
able costs increase/decrease by 60 %. While the relative effect is the same for
all three large-scale supply chains, the effect on absolute cost is highest for GH2

and also more pronounced for LOHC than for LH2, see Figure 4.A.2.3a.
Second, longer/shorter distances imply that each trailer is occupied for a

longer/shorter time period. Consequently, the fleet capacity needs to be increased
or can be reduced, respectively. Figure 4.A.2.3b shows transportation capacity
investment costs per kg of hydrogen supplied through a specific supply chain
averaged over all Res-Dem-scenarios. The pattern is identical to the one for
variable costs, yet with less impact in absolute terms.
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Figure 4.A.2.3: Average transportation capacity investment costs and variable
costs per kg of hydrogen supplied through the respective channel.
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4.A.2.2 Mass Storage for Small-Scale On-Site Hydrogen Supply
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Figure 4.A.2.4: Optimal combinations of small-scale on-site and large-scale hy-
drogen supply chains and Additional System Costs of Hydrogen (ASCH) for
different scenarios - sensitivity with mass storage available for small-scale on-site
production.

Under baseline assumptions, mass hydrogen storage is not available at filling
stations for small-scale supply because of space requirements and security con-
cerns. Alternatively, we assume that relatively cheap mass storage at 250 bar
can be deployed at filling stations, with the same techno-economic assumptions
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as for large-scale GH2 storage. Table 4.A.4.13 gives an overview of the necessary
changes with respect to compression processes and storage infrastructure.

Consequently, small-scale on-site production of hydrogen becomes more tem-
porally flexible and loses its major disadvantage compared to large-scale produc-
tion. Given that on-site hydrogen supply t filling stations is more energy-efficient,
its share substantially increases for most supply-chain combinations and Res-
Dem-scenarios (Figure 4.A.2.4), except for those with the highest renewable
surpluses, i.e., Res80-Dem5 and Res80-Dem10, where all demand is still sup-
plied by large-scale technologies. Here, large-scale production of LH2 and LOHC
still profits from a larger optimal storage size and the according flexibility. GH2

produced in large-scale infrastructures drops out completely. As expected, with
the additional flexibility option, the ASCH decrease slightly and the spread in
costs between different supply chain combinations within each scenario rather
decreases. Finally, the pattern of least-cost options across scenarios is robust,
except for scenarios Res75-Dem25 and Res80-Dem25 where the cost-optimal
technology portfolio now contains LOHC rather than LH2.
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4.A.2.3 Cavern Storage for GH2
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Figure 4.A.2.5: Optimal combinations of small-scale on-site and large-scale hy-
drogen supply chains and Additional System Costs of Hydrogen (ASCH) for
different scenarios - sensitivity with cavern storage available for large-scale GH2
production.

Low-cost cavern storage would provide flexibility for large-scale GH2 pro-
duction at very low costs of 3.5e/kg, which is about one third of the costs of
LOHC or LH2 storage. Tables 4.A.4.4 and 4.A.4.6 list the altered requirements
for compression processes.
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If cavern storage is available, the share of large-scale GH2 production increases
substantially for all scenarios, see Figure 4.A.2.5. In contrast to the results
under default assumptions, the ASCH of the supply chain (DEC+)GH2 are now
lower than for the other options in most scenarios, especially if the share of
renewable energy sources is high or H2 demand is low. Moreover, Figure 4.A.2.6
illustrates that the use of cavern storage exhibits a seasonal pattern, as prevalent
for LOHC in the baseline specification, yet with higher storage capacity due to
low investment costs. Accordingly, the (non-)availability of cavern storage is a
relevant driver of numerical model results.
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Figure 4.A.2.6: Temporal storage use patterns also including cavern storage for
scenario Res80-Dem25.
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4.A.2.4 No Boil-Off for LH2
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Figure 4.A.2.7: Optimal combinations of small-scale on-site and large-scale hy-
drogen supply chains and Additional System Costs of Hydrogen (ASCH) for
different scenarios - sensitivity with no boil-off for LH2 storage.

We assess the effects of LH2 boil-off during storage and transportation by
counter-factually setting it to zero. Figure 4.A.2.7 shows the results. The optimal
shares of LH2 compared to on-site hydrogen production at filling stations slightly
increase in some cases, but effects are small. The average increase is 3.2 percent-
age points, and the largest increase is 10.2 percentage points in scenario Res70-
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Dem5. Likewise, the effect on H2 costs is small, with an average cost reduction
of 1.8 % and a maximum decrease of 7.0 % in scenario Res80-Dem10. The pat-
tern of least-cost options is robust with the combination containing LH2 now
additionally optimal for Res75-Dem10.

While the effect on costs and optimal technology shares is limited, LH2 with-
out boil-off is better suited as long-term or seasonal storage. Its use pattern
changes substantially and resembles that of LOHC under default assumptions.
Figure 4.A.2.8 exemplarily illustrates this point for scenario Res80-Dem25.

0

10

20

30

40

50

60

70

fil
lin

g 
le

ve
l (

kt
)

hour of the year
Production Site Storage Filling Site Storage w/o High Pressure Buffer

(a) With Boil-Off.

0

10

20

30

40

50

60

70

80

fil
lin

g 
le

ve
l (

kt
)

hour of the year
Production Site Storage Filling Site Storage w/o High Pressure Buffer

(b) Without Boil-Off.

Figure 4.A.2.8: Temporal storage use patterns of LH2 mass storage at the pro-
duction site for scenario Res80-Dem25.

Additionally, we find that LH2 storage at the filling station becomes relatively
more important if there is no boil-off. Under default assumptions, boil-off at the
filling station was slightly higher than at the production site. Without boil-off,
the two storage options are identical in terms of losses over time. Thus, the divi-
sion of storage between the production and filling sites allows for a more efficient
use of transportation capacities. This results in a decrease of transportation
infrastructure costs of 5.5 % per kg of hydrogen in the scenario Res80-Dem25.
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4.A.2.5 Free Heat Supply for LOHC Dehydrogenation
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Figure 4.A.2.9: Optimal combinations of small-scale on-site and large-scale hy-
drogen supply chains and Additional System Costs of Hydrogen (ASCH) for
different scenarios - sensitivity with free heat supply for dehydrogenation.

LOHC has a relatively high electricity demand for dehydrogenation, which is
additionally temporally inflexible, that may hold back its extended use. We carry
out a sensitivity calculation where the required heat is available free of costs, for
instance, because industrial waste heat is available. Figure 4.A.2.9 shows the
results. Compared to default assumptions, the share of LOHC increases in most
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scenarios. Also the ASCH for combinations of small-scale on-site electrolysis at
filling stations and LOHC decrease. With free heat supply, the LOHC supply
chain is the least-cost solution for all scenarios with renewable shares of 75 %
or 80 %.
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4.A.2.6 Free Transportation and Production Site Storage Infrastruc-
ture for LOHC
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Figure 4.A.2.10: Optimal combinations of small-scale on-site and large-scale hy-
drogen supply chains and Additional System Costs of Hydrogen (ASCH) for
different scenarios - sensitivity with free infrastructure for LOHC storage and
transportation.

Proponents of LOHC argue that existing infrastructure may be used for the
LOHC supply chain, especially storage at the production site and filling stations
as well as transportation facilities [224]. To address this point in a sensitivity
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calculation, we assume that storage and transportation capacities do not incur
additional costs. Note that the expected lifetime of trailers is 12 years. The
cost advantage of free transportation capacities would at most last for this time
period. The results in Figure 4.A.2.10 show that the optimal share of LOHC
increases only moderately in many scenarios. In contrast, the ASCH decrease
substantially for all supply chains containing LOHC. As for the sensitivity cal-
culation with free heat supply for dehydrogenation, the supply chain involving
LOHC is the least-cost option in the scenarios with high renewable penetration
also in this case (75 % or 80 %).
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4.A.3 Key Power Sector Data

We apply our model to 2030 scenarios for Germany. To embed the analysis in
a plausible mid-term future setting, electricity generation and storage capacities
lean on the medium scenario B of the Grid Development Plan 2019 (Netzentwick-
lungsplan, NEP [37]), an official projection of the German electricity market that
transmission system operators base their investments on.

NEP capacities for wind power, both onshore and offshore, solar PV, and
battery storage serve as lower bounds for investments. NEP capacities for fos-
sil plants, biomass plants, and run-of-river hydro power serve as upper bounds,
where natural gas capacities are split evenly between combined- and open-cycle
gas turbines. Coal capacities are largely in line with current German coal phase-
out plans that target at most 9 and 8 GW lignite and hard coal by 2030, re-
spectively. Investments for pumped storage are bounded from below by today’s
value and from above by the NEP value. Figure 4.A.3.1 summarizes the capacity
bounds for the power sector.
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Figure 4.A.3.1: Lower and upper bounds for capacity investments in the power
sector.

Cost and technical parameters for power plants [249] and storage [214, 248]
are based on established medium-term projections. Fuel costs and the CO2 price
of 29.4e/t follow the middle NEP scenario B 2030. The hourly electricity load
is representative for an average year and is taken from the Ten-Year Network
Development Plan 2030 of the European Network of Transmission System Op-
erators for Electricity [74]. Annual load sums up to around 550 Terawatt hours
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(TWh). Time series of hourly capacity factors for wind and PV are based on
re-analysis data of the average weather year 2012 [218, 261].

All input data is available in a spreadsheet provided together with the open-
source model [310].
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4.A.4 Key Hydrogen Sector Data

In the following, we present key assumptions on hydrogen sector parameters and
fuel demand that are central drivers of the results. Full account of all input data
is given in 4.A.4.3.

4.A.4.1 H2 Infrastructure

PEM electrolysis is six percentage points more efficient than the ALK technology
(71 % versus 66 %), but has about one-third higher specific investment costs
(905e/kWel versus 688e/kWel). Moreover, based on industry data [160], we
assume that investment costs of large-scale electrolysis are 20 % lower than those
of small-scale on-site production at filling stations.

Cost differences also exist for hydrogen transportation. Trailers for GH2

require high pressure tubes (764e/kg), for LH2 an insulated tank (190e/kg),
and for LOHC only a simple standard tank (93e/kg). Differences in variable
costs are determined by the net loading capacity per trailer, where GH2 is most
expensive with 0.91e/kg, compared to 0.36e/kg and 0.13e/kg for LOHC and
LH2, respectively. Fuel consumption (Diesel), wages for drivers, and (un-)loading
times are assumed to be identical across all supply chains.

Investment costs for hydrogen storage are the central parameter that deter-
mines whether flexibility of a supply chain is economical. The costs of GH2

storage at 250 bar (459e/kg) is substantially higher than for LH2 (14e/kg) and
LOHC (10e/kg). LOHC has a degradation rate of 0.1 % per supply-cycle, en-
tailing additional costs of 0.6e/kg. We interpret these costs as LOHC rental
rate. High-pressure gaseous (buffer) storage at the filling station is more ex-
pensive (612e/kg) and requires a high minimum filling level in order to ensure
pressure above 700 bar for dispensing. This reduces the effective available storage
capacity further.

The techno-economic characteristics of the four hydrogen supply chains en-
tail an efficiency-flexibility trade-off with respect to their electricity demand.
Small-scale on-site production is relatively energy-efficient but needs to be al-
most on-time due to a lack of cheap storage options. The three large-scale supply
chains are less efficient, but (partly) provide cheap storage options that allow to
shift energy intensive electrolysis to hours with high (renewable) electricity sup-
ply. Electricity demand for the remaining, inflexible processes to prepare stored
hydrogen for dispensing at the filling station (recompression, cryo-compression,
and evaporation or dehydrogenation), is comparably low. Figure 4.A.4.1 con-
trasts overall electricity demand with largely inflexible (i.e., non-shiftable) elec-
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tricity demand at the filling station for different hydrogen supply chains across
all scenarios. Within-channel deviations (min & max) are due to the choice of
electrolysis technology and losses during storage.
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Figure 4.A.4.1: The (realized) efficiency-flexibility trade-off for different hydrogen
supply chains across all scenarios.

4.A.4.2 H2 Demand

H2 demand for private and public road-based passenger transportation in Ger-
many leans on a forecast for the year 2030 [250]. To convert gasoline and diesel
consumption to H2 demand [106], shares of fuel consumption for 2030 are as-
sumed to be identical to those in 2017 [226]. Table 4.A.4.1 shows the resulting
demands for the scenarios where 5 %, 10 %, or 25 % of private and public road-
based passenger traffic in Germany in 2030 is fueled by hydrogen.

The hourly H2 demand profile at the filling stations is assumed to be identical
to today’s for gasoline and diesel fuel. As data for Germany is not available, we
resort to U.S. data for hourly and weekly [205] as well as for monthly [289]
demand characteristics. Moreover, each filling station dispenses at most 1000 kg
hydrogen per day [101]. This results in 976, 1952, and 4880 filling stations for
the 5, 10, and 25 % demand scenarios, respectively.
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Table 4.A.4.1: Traffic Data (2030 projection)

Scenario H2 demand

TWh kt

5 % 9.053 271.610

10 % 18.160 543.220

25 % 45.265 1,358.050

Finally, depending on the average loading capacity and time a car spends
at the filling station, a small amount needs to be added to the average costs of
hydrogen to cover dispenser costs (around 0.1e for 5 kg per car with an average
filling time of 7 min and a filling station capacity of 1000 kg/d, compare [236]).
These costs are identical across all supply chain combinations and, thus, have no
effect on their ranking.

4.A.4.3 Data Tables

In the following, we list all data and sources for techno-economic parameters
concerning the H2 infrastructure. As parameter projections for 2030 are scarce,
except for electrolysis, we resort to values for currently existing or planned sites.
All cost parameters are stated in euros (e). For conversion from U.S. dollar ($),
we assume an exchange rate of one. As the literature on cost parameters does
often not provide information on the reference year, we refrain from correcting
for inflation. Unless stated otherwise, kg is always short for kgH2

. To calculate
electricity demand for compression and scale investment costs, we follow [228].
Pursuing a conservative approach, we always calculate energy demand for hy-
drogen compression for the least favorable initial pressure conditions. All data
are in terms of the lower heating value (LHV). The costs of water for electrolysis
are not taken into account in this analysis as they are negligible in Germany.
Finally, OPEX are always stated as % of CAPEX.
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Table 4.A.4.2: General Assumptions

Value

Average transportation distance (one-way) [236, 228] 250 km

Average transportation speed [228] 50 km/h

Interest rate 4 %

Loading (LOHC) [75] 6.2 °weight-%

LOHC costsa [276] 4 e/kgLOHC

a: LOHC has is a degradation rate of 2 × 0.1 % (hydrogenation & dehydrogena-
tion) [276] per supply-cycle, entailing additional costs of 0.13 e/kg. We interpret
these costs as LOHC rental rate.

Table 4.A.4.3: Assumptions for Different Electrolysis Technologies for 2030

ALK PEM

CAPEX (e/kWel)
a [247, 160] 550 724

OPEX (%) [21] 1.5 1.5

Depreciation period (a)a, d [247, 21] 10 10

Efficiency (%)c [21] 66 71

Pressure out (bar) [247, 43, 21] 30 30

Scale advantage (%)b [160] 20 20
a: Based on a 10 MWel electrolysis system with 2 times the
current R&D investment and production scale-up.
b: Cost advantage when scaling up from 2.2 MWel to
10 MWel. The output of a 2.2 MWel and 10 MWel elec-
trolyzer with an efficiency of 68.5 % (the center of our
assumptions for ALK and PEM) is equal to 45 kg/h and
206 kg/h, respectively.
c: At the system level, including power supply, system con-
trol, gas drying (purity at least 99.4 %). Excluding external
compression, external purification, and hydrogen storage.
d: 60,000 h operation at an utilization rate of 70 %.

176



4.A. APPENDIX

Table 4.A.4.4: Assumptions for Different Storage Preparation Processes (Pro-
duction Site)

GH2 (S) GH2 (L) GH2
cav. (L) LH2 (L) LOHC (L)

[71] [71] [271] [186, 276, 228, 75, 196]

Activity - compression compression liquefaction hydrogenation

CAPEX-base (e) - 40,528 40,528 643,700 74,657 [75]

CAPEX-comparison - 1 kWel 1 kWel 1 kg 1 kg

Scale - 0.4603 0.4603 2/3 2/3

Ref.-capacity (kg/h) - 206 206 1030 1030

CAPEX-scaled (e/kg)a - 2,923 2,672 63,739 7,392 [75]

OPEX (%) - 4 4 4 4

Depreciation period (a) - 15 15 30 20

Pressure in (bar) - 30 30 30 (20 nec.) 30

Pressure out (bar) - 250 180 2 -

Compression stages - 2 2 - -

Elec. demand (kWh/kg) - 1.707 1.402 6.78 0.37

Heat demand (kWh/kg) - - - - -8.9

Losses (%) - 0.5 0.5 1.625 3
Abbreviations: cav.: cavern; (S): small-scale on-site supply chain; (L): large-scale supply chain
a: For 10 MWel (206 kg/h) electrolysis capacity, the maximum daily throughput is almost 5 t of hydrogen. For non-stacked
processes like liquefaction and hydrogenation, we assume a throughput of 1030 kg/h which would be equal to the hydrogen
production of a 50 MWel electrolyzer.

Table 4.A.4.5: Assumptions for Different Storage Types (Production Site)

GH2 (S) GH2 (L) GH2
cav. (L) LH2 (L) LOHC (L)

[215] [155] [288] [228]

CAPEX-base (e) - 450 3.5 13.31 10

CAPEX-comparison - 1 kg 1 kg 1 kg 1 kg

Scale - 1 1 1 1

CAPEX-scaled (e/kg) - 450 3.5 13.31 10

OPEX (%) [228] - 2 2.5 [270] 2 2

Depreciation period (a) [215] - 20 30 [270] 20 20

Pressure range (bar) - 15 - 250 60 - 180 - -

Min. filling level (%)a - 6 33.3 5 -

Boil-off (%/d) [29] - - - 0.2 -

Storage bypass possibility - yes yes - -
Abbreviations: cav.: cavern; (S): small-scale on-site supply chain; (L): large-scale supply chain
a: Calculated according to Boyle’s law in order to maintain the minimum pressure required. For the cavern,
minimum pressure is calculated dependent on the required amount of cushion gas.
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Table 4.A.4.6: Assumptions for Different Transportation Preparation Processes

GH2 (S) GH2 (L) [71] GH2
cav. (L) [71] LH2 (L) LOHC (L)

Activity - compression compression overflow/pumping

CAPEX-base (e) - 6000 6000 - -

CAPEX-comparison - 1 kWel 1 kWel - -

Scale - 1 1 - -

Ref.-capacity (kg/h) 720 720 - -

CAPEX-scaled (e/kg)a - 13,784 6,530 - -

OPEX (%) - 4 4 - -

Depreciation period (a) - 15 15 - -

Min. pressure in (bar) - 15 60 - -

Pressure out (bar) - 250 250 - -

Compression stages - 2 2 - -

Elec. demand (kWh/kg) - 2.297 1.088 - -

Losses (%) - 0.5 0.5 - -
Abbreviations: cav.: cavern; (S): small-scale on-site supply chain; (L): large-scale supply chain
a: 720 kg/h is equal to the trailer capacity. Thus, every compressor is required to have the capacity to load one
trailer per hour.

Table 4.A.4.7: Assumptions for Different Transportation Processes

All (L) [276] GH2 (L) [288] LH2 (L) [288] LOHC (L) [228]

Function tractor trailer trailer trailer

CAPEX (e)a, b 223,031 518,400 865,260 150,000

Capacity (kg) - 720 4,554 1,800

Net-capacity (kg)c - 676.8 4,326 1,620

CAPEX-net (e/kg) - 763.93 190 92.59

OPEX (%) 12 2 2 2

Depreciation period (a) [276] 12 12 12 12

Losses (%/d) [29] - - 0.6 -

(Un-)/Loading time (h) - 1 / 1 1 / 1 1 / 1
Abbreviations: (L): large-scale supply chain
a: CAPEX adjusted for a lifetime of 12 years with an interest rate of 4 %.
b: The average fuel consumption of a tractor is assumed to be 35 L/100 km [276]. Moreover, we assume a price of
1.30 e/L for diesel and an hourly wage of drivers of 35e. Fuel is not covered by the CO2 tax.
c: For GH2, net-capacity is determined by the required outlet pressure. 5 % of LH2 remain in the trailer to
avoid heating up of the trailer-tank. For LOHC, a maximum discharge-depth of 90 % is assumed [75]. Thus,
transportation capacity of actually usable hydrogen is below the total amount of bound hydrogen. For all other
processes, issues linked to a discharge-depth below 100 % are ignored either because the effect on costs is negligible
(storage, degradation) or because we assume a heat-recovery system being installed (dehydrogenation).
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Table 4.A.4.8: Assumptions for Different Filling Storage Preparation Processes
(1st stage)

GH2 (S) GH2(L) [71] LH2 (L) LOHC (L)

Activity - compression overflow/pumping

CAPEX-base (e) - 40,035 - -

CAPEX-comparison - 1 kWel - -

Scale - 0.6038 - -

Ref.-capacity (kg/h) 676.8 - -

CAPEX-scaled (e/kg) - 4,744 - -

OPEX (%) - 4 - -

Depreciation period (a) - 15 - -

Pressure in (bar) - 15 - -

Pressure out (bar) - 250 - -

Compression stages[228] - 4 - -

Elec. demand (kWh/kg) - 2.105 - -

Constraint (trailers/h)a - 1 1 1

Losses (%) - 0.5 2.5 -
Abbreviations: (S): small-scale on-site supply chain; (L): large-scale supply chain
a: Own assumption to avoid congestion at the filling station.

Table 4.A.4.9: Assumptions for Different Storage Technologies (1st stage)

GH2 (S) GH2 (L) [215] LH2 (L) [288] LOHC (L) [228]

CAPEX-base (e) - 450 13.31 10

CAPEX-comparison - 1 kg 1 kg 1 kg

Scale - 1 1 1

CAPEX-scaled (e/kg) - 450 13.31 10

OPEX (%) [228] - 2 2 2

Depreciation period (a) [215] - 20 20 20

Pressure range (bar) - 15 - 250 - -

Min. filling level (%)a - 6 5 -

Boil-off (%/d) [29] - - 0.4 -

Storage bypass possibility - yes - -
Abbreviations: (S): small-scale on-site supply chain; (L): large-scale supply chain
a: Calculated according to Boyle’s law in order to maintain the minimum pressure required.
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Table 4.A.4.10: Assumptions for Different Filling Storage Preparation Processes
(2nd stage)
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Table 4.A.4.11: Assumptions for Different Storage Technologies (2nd stage)

All [288]

CAPEX-base (e) 600

CAPEX-comparison 1 kg

Scale 1

CAPEX-scaled (e/kg) 600

OPEX (%) 2

Depreciation period (a) 20

Pressure range (bar) 700 - 950

Min. filling level (%)a 74
a: Calculated according to Boyle’s law in
order to maintain the minimum pressure
required. For the cavern, minimum pres-
sure is calculated dependent on the re-
quired amount of cushion gas.

Table 4.A.4.12: Assumptions for Filling Station Equipment

Refrigeration [71] Dispenser [71]

CAPEX-base (e/pc.) [288] 70,000 60,000

OPEX (%) 2 1

Depreciation period (a) 15 10

Elec. demand (kWh/kg) 0.325 -

Max. temperature (°C)a -40 -40
a: Hydrogen is dispensed to cars in gaseous form at 700 barand pre-cooled
to −40 °C in order to guarantee short filling times [71].

Table 4.A.4.13: Sensitivity: Mass Storage for Small-Scale On-Site Electrolysis

GH2 (S) [71] GH2 (S) [71]

Activity compression (mass storage) compression (high pressure storage)

CAPEX-base (e) 40,035 40,035

CAPEX-comparison 1 kWel 1 kWel

Scale 0.6038 0.6038

Ref.-capacity (kg/h) 45 45

CAPEX-scaled (e/kg) 11,972 17,014

OPEX (%) 4 4

Depreciation period (a) 15 10

Pressure in (bar) 30 30

Pressure out (bar) 250 950

Compression stages[228] 4 4

Elec. Demand (kWh/kg) 1.654 2.947

Losses (%) 0.5 0.5
Abbreviations: (S): small-scale on-site supply chain
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To stop global warming and to avert enormous damage to natural and human
systems, anthropogenic CO2 emissions need to be reduced quickly and drastically.
An important factor in every decarbonization strategy is the substitution of dirty
fossil fuels with clean renewable energy inputs. The elasticity of substitution
measures the difficulty of this process. In the long-run, green growth is only
feasible if the elasticity of substitution is high enough, such that clean energy
inputs can fully replace dirty fossil fuels.

Yet, in environmental economics, the elasticity of substitution is often as-
sumed to be either high or low, but constant over time, with the possibility
to increase substitutability between clean and dirty inputs generally neglected.
Given a low elasticity of substitution, for which dirty energy inputs are essential
in production, a decrease in greenhouse gas emissions is achieved by perpetually
increasing efficiency in the use of fossil fuels. However, this approach conflicts
with thermodynamic laws and is also at odds with the observed investment be-
havior of firms and governments alike.

In contrast, this dissertation assumes that the elasticity of substitution can
increase over time due to purposeful investment in research. In particular, it an-
alyzes the potential of improving substitutability between clean and dirty energy
inputs to enable green growth. To this end, the four chapters of this disserta-
tion investigate the elasticity of substitution from multiple perspectives. Each
chapter focuses on a different aspect crucial for understanding current patterns
of substitution between clean and dirty inputs and their possible future develop-
ment.

Chapter 1 scrutinizes various concepts and determinants of the elasticity of
substitution between input factors. It highlights three different ways to look at
the elasticity of substitution. These do not represent mutually exclusive con-
cepts of substitutability but different aggregation levels. We start with a purely
technological concept of the elasticity of substitution (EOS) and evaluate several
microfoundation approaches. Then, we show how the technological elasticity
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of substitution at the firm or sectoral level affects the aggregate elasticity of
substitution (AES), which additionally accounts for inter-sectoral reallocation.
Furthermore, we highlight that both the EOS and AES are affected by institu-
tional factors that can increase or decrease the observed effective elasticity of
substitution (EES) between inputs.

Importantly, this chapter reveals that the elasticity of substitution between
any two input factors is not an immutable deep parameter but, in general, varies
over time and depends on a multitude of technological, non-technological, and
institutional determinants. Moreover, it points out that the effective elasticity of
substitution, as typically estimated in empirical studies, is not necessarily equal
to the underlying technological elasticity of substitution. Finally, this chapter
suggests that the idea of an elasticity of substitution increasing over time, e.g.,
due to purposeful research investment, should be a focus of future theoretical
and empirical work.

Chapter 2 analyzes the possibility of investing in substitutability-increasing
research, making clean inputs a better substitute for dirty fossil fuels. While
focusing on the elasticity of substitution, the possibility of investing in efficiency
in the use of both clean and dirty energy inputs is preserved. The theoretical
model developed in this chapter shows that a profit-maximizing representative
producer always has an incentive to invest in better substitutability between
clean and dirty energy inputs. This incentive increases in both the overall pro-
duction and the relative cost advantage of clean inputs compared to dirty ones.
Furthermore, an increase in the elasticity of substitution entails a rising income
share of clean inputs, a prediction not featured by models relying on efficiency-
enhancing technological progress only.

Importantly, this chapter demonstrates that endogenous investment in the
elasticity of substitution can push it above unity, thereby rendering fossil fuels
inessential for production. Moreover, the model reveals that production based
entirely on clean inputs is not only possible but also economically optimal, once
the elasticity of substitution passes the threshold level of unity. This transfor-
mation of production does not hinge on infinitely high prices of fossil fuels, ever-
increasing taxes on dirty inputs, or permanent subsidies for clean inputs. Thus,
investment in better substitutability can trigger green growth in the long-run.
With depreciation of existing fossil fuel based production capacities, production
will be completely decarbonized over time. Finally, against widespread fear, nu-
merical simulations show that research investments facilitating the substitution
of clean for dirty energy inputs accelerate economic growth rather than slowing it
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down because it allows for exploiting cost advantages of clean inputs to a larger
extent.

Chapter 3 focuses on the elasticity of substitution between clean and dirty
energy inputs in the electricity sector. We employ a numerical bottom-up op-
timization model of electricity supply with clean and dirty inputs to generate
data to which we fit constant and variable elasticity production functions. This
allows for deriving conjectures of substitution patterns between clean and dirty
inputs for high shares of renewable generation that are not observable in empir-
ical data today. With the ongoing electrification of processes and services like
transportation, heating, and industrial processes, the elasticity of substitution
in the power sector is an increasingly important determinant of substitutability
between clean and dirty inputs in aggregate production.

The analysis in this chapter reveals that the elasticity of substitution in the
power sector is above unity for a broad range of scenarios, even for high shares
of clean inputs, as long as some energy storage is available. This implies that
fossil fuel based generation is not essential for electricity supply. Moreover, we
find that substitutability is highest for a balanced mix of generation and storage
technologies but decreases in the share of clean inputs. We additionally show
that using a CES production function is well suited to represent substitution pat-
terns for the power sector within a macroeconomic model employing aggregate
clean and dirty inputs. Changes in the availability of specific clean generation
or storage technologies can be easily implemented by adjusting the elasticity of
substitution. Finally, the analysis in in this chapter indicates that estimation
results based on data for lower shares of clean inputs, as observable today, con-
tain only limited information concerning future higher shares as the structure of
energy supply changes.

Chapter 4 analyzes optimal supply chains of electrolysis-based hydrogen for
private passenger mobility in Germany and their interaction with the power
sector. To this end, we use an open-source cost-minimization model with a
technology-rich well-to-tank perspective that co-optimizes the power sector and
four hydrogen supply chains. We find that there is a trade-off between temporally
more flexible but less efficient and temporally less flexible but more efficient
supply chains. While temporal flexibility allows for better exploiting phases of
clean surplus electricity generation, lower efficiency increases electricity demand
in hours of tight supply, thereby putting an additional burden on the power
sector.
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In particular, we find that a combination of temporally more flexible but
less efficient centralized large-scale supply chains and temporally less flexible but
more efficient small-scale on-site production is cost-minimizing. In particular,
for high shares of renewables, characterized by large amounts of clean surplus
electricity generation, temporal flexibility pays off, thereby favoring centralized
large-scale production. However, temporal flexibility may also allow for a more
profitable dispatch of emission-intensive coal power, thereby crowding out less
emission-intensive gas-powered electricity production. Finally, costs of hydrogen
supply vary only moderately within scenarios, i.e., for different combinations
of centralized large-scale and small-scale on-site supply chains. This highlights
the importance of ‘soft’ factors in evaluating different hydrogen production and
supply chains, e.g., operational security or public acceptance.

Overall, this dissertation demonstrates that improving substitutability be-
tween clean and dirty energy inputs can play an important role in limiting fur-
ther increases in the global mean temperature. Moreover, it suggests that already
existing small cost advantages of clean inputs provide incentives to trigger in-
vestment in substitutability-increasing research. With ongoing investment in
substitutability, fossil fuels eventually become inessential for production. Once
inessential, their further utilization is no longer profit-maximizing and existing
dirty production capacities will depreciate over time. Importantly, the endoge-
nous emergence of a transformation toward clean inputs does not hinge on perma-
nent policy interventions like a carbon cap, infinitely high taxes on fossil fuels, or
permanent subsidies for clean inputs. Furthermore, shifting toward clean inputs
need not be detrimental to growth but, instead, is shown to potentially acceler-
ate economic growth. Moreover, within the electricity sector, one of the largest
emitters of CO2, production fully based on clean renewables is already possible.
Thus, this dissertation suggests a bright outlook pertaining to the challenges of
limiting global warming.

However, while the endogenous transformation to green growth appears in-
evitable, it is not clear whether, on the aggregate level, this transformation
will take place fast enough to avoid a climate disaster. Thus, stringent and
effective climate policy is still crucial for managing the transformation. With
profit-maximization as the main driver of the transformation process, this dis-
sertation highlights the potentially substantial positive global externalities of
local or national climate policy, in particular, of policies promoting investment
in substitutability-increasing research.
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Finally, while this dissertation improves and extends our understanding of
the potential of substituting clean for dirty inputs to mitigate global warming,
it also gives rise to a multitude of new questions. Thus, it works as a starting
point for further research.

Chapter 1 of this dissertation highlights the importance of separating the ob-
served effective elasticity of substitution into its technological, non-technological,
and institutional components. In particular, the institutional framework may
have a significant impact on observed substitution patterns, either by affecting
the availability of local production techniques, i.e., the technological elasticity
of substitution itself, or by influencing to what degree existing substitution pos-
sibilities can be carried out. Chapter 3, in which the technological elasticity of
substitution between clean and dirty inputs in electricity production is derived
from a numerical bottom-up optimization model, already provides first insights.
However, in empirical estimates, an explicit disentanglement of the various com-
ponents shaping the observed elasticity of substitution is still missing.

Chapter 2 analyzes the incentives to invest in substitutability-improving re-
search and illustrates how this can trigger a transformation toward green growth.
Several extensions and refinements of the analytical framework presented in this
this chapter are possible. For instance, a microfoundation of aggregate level
incentives to invest in substitutability similar to the endogenous technological
change framework (Romer, 1990; Grossman and Helpman, 1991; Aghion and
Howitt, 1992) would improve our understanding of firm-level investment behav-
ior. Moreover, a thorough numerical analysis of the model is crucial for deriving
recommendations for optimal policy intervention and for assessing the potential
of investment in substitutability to mitigate global warming and avoid a cli-
mate disaster. Finally, with the overall production of energy services as a main
driver of investment in better substitution possibilities between clean and dirty
inputs, an environmental Kuznets curve may emerge. That is, total emissions
continue to increase for a while before production is large enough to trigger a
transformation toward clean energy inputs. Thus, an elaborate investigation of
the relationship between economic growth and investment in substitutability is
a promising avenue for future research.

Chapter 3 corroborates that, for the electricity sector, the elasticity of sub-
stitution between clean and dirty inputs is already above unity, which implies
that production without fossil fuels is possible. This is an important finding, as
the electricity sector will gain further importance in the future due to ongoing
electrification of processes that are, so far, based on fossil fuels. However, if fossil
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fuels remain essential for production in just one sector of the economy, and if
that sector itself is indispensable, the aggregate elasticity of substitution (AES)
between clean and dirty inputs may be substantially lower, if not falling below
unity at some point. Thus, an analysis of the electricity sector within a multi-
sectoral aggregate elasticity of substitution framework, as discussed in Chapter
1, may deliver novel insights on the long-run potential of substituting clean for
dirty inputs on the aggregate level.

Chapter 4 compares different hydrogen supply chains for private passenger
mobility in Germany and investigates their interaction with the power sector.
As supply costs differ only moderately between temporally more flexible central-
ized large-scale supply chains and more efficient small-scale on-site production,
an extended analysis of ‘soft’ factors like public acceptance, operational safety,
and complementarities with other, possibly already existing, infrastructure re-
quires further research. Moreover, electrification of so far fossil fuel based sectors
will result in additional but potentially flexible demand, making the power sec-
tor generally tighter and intensifying rivalry for otherwise curtailed generation.
Thus, efficiency may become key, thereby crowding out more flexible but also
more energy-intensive centralized large-scale hydrogen supply chains. Similarly,
hydrogen-powered mobility itself is less energy efficient than using, for instance,
battery electric vehicles. Thus, whether there is scope for a large-scale roll-out
of hydrogen mobility or whether hydrogen is only successful in specific segments,
like heavy good vehicle traffic, is still an open question to be answered by future
research.
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