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Abstract

The global energy system is at a crossroads. Central challenges are curbing green-
house gas emissions, maintaining security of supply, and fostering competitive markets.
Technological change will be a crucial facilitator for achieving a low carbon, sustainable,
secure, and competitive energy system in the future. Accelerating green, climate friendly
technological change is therefore ranking high on the policy agenda of many countries.
We use empirical/econometric methods to analyse the role of technological progress wi-
thin the energy-technology-economy nexus. The objective consists in identifying and
exploring determinants of the technological change process in green, climate friendly
technologies. The analyses cover two aspects of technological change: the creation of
new ideas and advances in the field of energy technologies (innovation), as well as the
adoption and use of technologies. The studies on the driving forces of innovation focus on
renewable energy technologies. The empirical models assess the importance of knowledge
spillovers in the innovation process of renewable energy technologies. We further devise
an approach to identify and retrieve concentrating solar power technologies from patent
data which is used to study innovative activity in this field. The adoption of technologies
is studied in the context of space heating in the residential sector. The results outline
the importance of socio-economic characteristics in the selection of energy technologies
by households. In a comparative study on Italian and German households, technology
selection and energy demand could be shown to be mostly influenced by similar factors,
in particular socio-economic characteristics, in these two countries.

Keywords: technological change, panel data models, innovation, renewable energy, micro
data models, adoption, space heating, climate change.



Zusammenfassung

Das weltweite Energiesystem steht vor großen Herausforderungen. Wichtige Prüfsteine
in diesem Zusammenhang sind eine Reduzierung der Treibhausgasemissionen sowie die
Gewährleistung der Energiesicherheit und des Wettbewerbs auf den Märkten. In der Au-
seinandersetzung mit diesen Herausforderungen kommt dem technologischen Fortschritt
eine entscheidende Rolle zu. Die Förderung eines klimafreundlichen und nachhaltigen

”grünen“ technologischen Fortschritts ist eine zentrale Zielstellung in der Politik ver-
schiedener Länder. Die Analysen verwenden empirische Methoden, um die Rolle des
technologischen Fortschritts im Nexus aus Energie, Technologie und Ökonomie näher
zu ergründen. Ziel dieser Arbeit ist es, die entscheidenden Bestimmungsfaktoren eines

”grünen, klimafreundlichen“ technologischen Wandels zu identifizieren und in ihrer Wir-
kung zu analysieren. Die Auswertungen setzten sich mit zwei unterschiedlichen Phasen
oder Stufen des Prozesses des technischen Fortschritts auseinander. Zum einen mit der
Innovation, der Entstehung neuen Wissens und Entwicklung neuer Technologien, zum
anderen mit der Adoption, der Übernahme und Anwendung von Technologien durch End-
nutzer. Der Themenkomplex Innovation wird hierbei für den Bereich der Technologien
zur Nutzung erneuerbarer Energien analysiert. Die Ergebnisse untermauern die Bedeu-
tung von Wissenstransfer, so genanntem ”knowledge spillover“, im Innovationsprozess
der erneuerbaren Energietechnologien. Des weiteren wird ein Ansatz entwickelt und aus-
gearbeitet, um solarthermische Technologien zur Elektrizitätserzeugung (”Concentrating
solar power“) in Patentdatensätzen zu identifizieren und die gewonnen Daten zur Ana-
lyse der Innovation in diesem Bereich zu nutzen. Die Adoption von Technologien wird im
Zusammenhang mit Anlagen zur Erzeugung von Raumwärme im Haushaltsbereich un-
tersucht. Die Ergebnisse verdeutlichen, dass sozioökonomische Faktoren einen wichtigen
Einfluss auf die Wahl von Heizungstechnologien nehmen. In einer vergleichenden Studie
für Italien und Deutschland konnten ähnlich gelagerte Effekte auch für die Technologiea-
doption und Energienachfrage der Haushalte in beiden Ländern bestätigt werden.

Schlüsselwörter: Technologischer Wandel, Paneldaten Modelle, Innovation, erneuerbare
Energie, Mikrodaten Modelle, Adoption, Raumheizung, Klimawandel.
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Chapter 1

Introduction

1.1 Motivation

Climate change is one of the most serious global challenges facing us. Mitigating the
impacts of climate change will require substantial efforts to stabilize the atmospheric
concentration of greenhouse gases (GHG). At the same time there is a clear need to
limit the costs of cutting GHG emissions – maintaining long-run economic growth is a
political conditio sine qua non. The current carbon-intensive technological regime does
not suffice to attain this target. In principle, technological knowledge on how to achieve
it exists, but these technologies are put at a disadvantage by significantly higher costs
that currently prevents large scale use in the market (e.g., Pacala and Socolow, 2004).
Technological change is a powerful factor in the context of climate change as it involves
the emergence of new low carbon technologies and abatement options while, crucially,
determining their cost paths and, thereby, costs of emissions abatement in general.

When I started my dissertation research, in late 2007, the importance of technological
change for a low carbon future was widely emphasized, but the debate on how to acce-
lerate technological progress was mostly led by assumptions as there was little empirical
guidance otherwise. I perceived then, as I still do today, that technological change in
green, climate friendly technologies is an intriguing and timely field for research. Throu-
ghout my studies on this dissertation, I found it very encouraging to contribute to a
field that is still little researched, but where a lively research community is developing.
It is likewise motivating to see that themes that were once the preserve of the “environ-
mental movement”, are now part of the mainstream public debate, receiving wide media
coverage. The United Nations Climate Conference in Copenhagen in late 2009, and its
attendent media coverage, is a prime example of this integration into public discourse.

Research on technological progress in green, climate friendly technologies is not just
academically interesting, but also relevant for policy purposes. First, understanding
the drivers and barriers in the technological change process – spanning from the first
idea to innovation, demonstration and finally to adoption by the market place – is only
just beginning. Second, research on the role of technological progress and the energy-
economy-technology nexus is a necessary precondition for a meaningful design of a policy

1



CHAPTER 1. INTRODUCTION

framework that accelerates innovative activity and fosters adoption of such technologies.
Lastly, it is also essential for economic research and serves as an important input to
modelling exercises and estimates of costs of environmental policies.

With growing awareness of climate change impacts, governments, around the world,
endorse a range of incentive mechanisms and policy packages that aim to lower carbon
emissions. In 2008, the European Council and Parliament agreed to the comprehensive
“Climate and energy package”, known as the 20-20-20 plan (EC, 2009b,c,d). It sets
legally binding targets for 2020 to, first, increase the use of renewables to 20% of to-
tal energy consumption, and, second, reduce GHG emissions by 20% of 1990 levels. It
also seeks to cut primary energy use by 20% by improving energy efficiency. Additio-
nal considerations for the package of the European Union (EU) are increasing energy
security, ensuring competitive markets and promoting economic growth, technological
development, and employment (e.g., EC, 2009b). During the 2008/2009 economic crisis,
catch phrases like “green growth” (Organization for Economic Co-Operation and Deve-
lopment (OECD)) or “green new deal” (US President Obama) entered the debate. Each
gives green, climate friendly technological change high priority within respective strategy
packages. This also clearly underpins that awareness of the significance and potential of
technological progress within the context of climate change reached the attention of po-
licy makers, but it also strengthens the case for further systematic research and evidence
on the energy-economy-technology nexus and the role of technological change within it.

My dissertation aims to contribute to the current academic and policy debate on
the linkages between technological progress, the energy-economy-technology nexus, and
climate change. The research applies empirical methods to study characteristics and
driving forces of technological change in the face of climate change. It thereby draws on
and ties together several strands of research: the literature on technological change ex-
ploring various (microeconomic) questions around the process of invention, innovation,
and diffusion of technology as well as the literature on environmental and energy econo-
mics. The dissertation examines the technological change process in energy technologies
along two different dimensions: first, the creation of new knowledge and development of
new technologies, innovation; and second, its adoption and use.

The first part of this dissertation focuses on innovation in green, climate friendly
technologies. More precisely, it is an investigation into the drivers of innovative activity
of renewable energy technologies. It includes an empirical study on the role of knowledge
spillovers in the innovation process and a methodological extension on how to map
solar technologies with information from the patent system. The second part of the
dissertation examines another facet of the technological change process: the adoption
and use of energy technologies. This part focuses on energy appliances in the residential
sector. It sheds light on the factors that drive the adoption of such appliances, here space
heating, at the level of the individual household. A second contribution is an empirical
study on the adoption of space heating and the associated demand for heating fuels in
Europe, comparing two countries, Germany and Italy.

2



1.2. THE ECONOMICS OF GREEN TECHNOLOGICAL CHANGE AND
CLIMATE CHANGE

The following sections clarify the research questions and methods as well as survey
the central insights from research on green, climate friendly technological change. What
emerges as a central research question is the identification of the sources and mechanisms
behind green, climate friendly technological change. The subsequent section provides an
introduction to the economics of green, climate friendly technological change; it is com-
plemented by a review of the empirical evidence on a classic topic in economics – how
market forces drive and shape technological progress in such technologies (Section 1.2).
Following is a discussion on how the presence of externalities raises specific issues re-
garding technological change in green, climate friendly technologies and to which extent
policy action may resolve this (Section 1.3). Finally, I summarize the contributions
of each chapter of my dissertation (Section 1.4) and provide some concluding remarks
(Section 1.5).

1.2 The economics of green technological change and cli-

mate change

1.2.1 Survey of issues

Total carbon emissions are a function of population, gross domestic product (GDP)
per capita, energy use per unit of GDP, and the carbon intensity of each unit of energy
used. Each of these factors can be reduced in the effort to move to a low carbon economy.
However, the most politically viable options are the reduction of energy intensity (energy
use per unit of GDP), and carbon intensity (carbon content per unit energy used).
Possible measures toward these ends are energy conservation, switching to low-carbon
energy carriers and the process of capturing and storing carbon.1 All of these measures
entail technology and will, importantly, require an acceleration of technological progress
in order to make them cheaper, more efficient, and adapted for large-scale use. It is clear
that the energy sector will have to play a pivotal role in this and needs to undergo a
far-reaching transformation. Such changes will be pervasive over the entire value chain
– advances in the production, conversion, distribution and storage, as well as the end
use of energy will be required.

Technology strongly determines how mankind’s economic activity affects the envi-
ronment. A basic definition of technology is the utilization of natural phenomena and
regularities for human purposes (Mokyr, 2008). In economics, technology is a mapping
of inputs to outputs; technological change is accordingly a shift in the production possi-
bilities frontier, i.e. new knowledge and technical advances enable what previously could
not be done (Solow, 1957). Technological progress serves as the source of long-term
economic growth. As such this is an aggregate concept; however, it is also founded on
microeconomic principles, for instance on the relationship between market factors and
innovation decisions at the firm level.

1Some of the options under discussion include efficiency and conservation, renewable energy techno-
logies, decarbonization and sequestration or geoengineering (according to Hoffert et al., 2002).
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A looser, but frequently used, concept views technological change in the eyes of
Schumpeter and considers it as a gradual process spanning the invention, innovation,
and diffusion of new knowledge, products or processes (e.g., Schumpeter, 1934; Jaffe
et al., 2000). The process characteristic emphasizes that the creation of new technolo-
gical possibilities (invention) and its commercial introduction in the marketplace (inno-
vation) are important, but also that new ideas are of little use when not diffused. The
first growth models treat technological change as following an exogenous path – an as-
sumption still found in some energy-economy models (for an overview on the latter see,
Popp et al., 2010). Since the 1980s, the process of technological change is conceptualized
and modelled as endogenous in the sense that it is the outcome of intentional actions
of economic agents in the marketplace and, importantly, that it responds to economic
incentives such as prices (e.g., Romer, 1990). The government has a role in setting the
“rules of the game” and, thereby, implicitly shaping investor incentives.

With a perspective on technological change and the environment, the emergence and
diffusion of both technology and environmental problems share a common characteristic:
both are long-term processes. Technological change can lower the energy and carbon
intensity of production or consumption, mitigate the impacts of (carbon) emissions,
and change the costs of green technologies vis-à-vis traditional polluting technologies.
However, just as environmental problems persist over decades, technological change is
not instantaneous and its effects may take time to manifest and may persist. The time
structure of technological change is a specific issue for the case of energy. The high
capital costs of infrastructure and decades long depreciation periods in both the energy
and residential sectors may become a hurdle to adoption and significantly slow the
response to technological advances (Margolis and Kammen, 1999; Neuhoff, 2005; Baker
and Blundell, 1991). In addition, in the energy sector competition is not centred around
product differentiation, for instance with brands, but instead via the price or reliability
of energy services.

There is widespread consensus that technology will play a key role in mitigating cli-
mate change and empowering green, climate friendly growth (e.g., Pizer and Popp, 2008;
Jaffe et al., 2000; Vollebergh and Kemfert, 2005; Acemoglu et al., 2009). Beyond this
consensus, there is still a lively debate around issues pertaining to technology and climate
change. Optimists claim that “technology will get the job done” and that abatement
efforts may be postponed to the future when better and cheaper low carbon technologies
will be available (Wigley et al., 1996; Goulder and Mathai, 2000). Others have a more
balanced view on the potential of technology and emphasize a need for early abatement
efforts, for instance to create demand for such technologies and, thereby, opportunities
for learning (e.g., Gerlagh et al., 2009; Fischer and Newell, 2008; Stern, 2007). Views
also diverge on the driving forces behind the emergence of such novel technologies. Other
issues include which technology options will prove successful; what will be the costs of
developing new or fostering available options to become reliable and cost-effective for
large-scale application; and, lastly, when will such technologies become available in the
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future? In this debate, some argue that one or several breakthrough technologies will
emerge (e.g., Hoffert et al., 2002), whereas others point out that the bulk of innovations
in the past were rather a result of incremental innovations or re-combinations of existing
technologies (e.g., Fri, 2003; Neuhoff, 2005).

The limited number of empirical studies on the characteristics and driving forces
of technological change in green, climate friendly technologies may explain why such
different perceptions are held. Evidently, such different perspectives on technological
change in the context of climate change result in very different assessments of the fra-
mework needed to accelerate technological change and of the costs to society of imple-
menting such a framework.

The literature uses different terms to characterize those technologies that make pro-
duction and resource use cleaner and more sustainable. Terms to identify these tech-
nologies, like clean, sustainable, environmentally friendly technologies, eco-technologies,
and cleantech, were introduced in the 1990s. These do not only include environmental
technologies per se, but all technologies that reduce environmental impact (Kemp and
Foxon, 2007). With growing awareness of climate change, additional terminology iden-
tifying technology that mitigate climate change has emerged. The OECD, for instance,
uses the term “climate change technologies”. It covers renewables, efficient fossil fuel
technologies, and a subcategory “climate change mitigating technologies” that includes
carbon capture and storage (OECD, 2009a). The latter term, “climate change miti-
gating technologies”, is also used by Dechezleprêtre et al. (2009) and Glachant et al.
(2010), but in a way that includes renewables, waste use and recovery, as well as energy
efficiency technologies. Newell (2008) uses the term “climate technology,” which includes
renewables, energy efficiency, carbon capture and storage, and nuclear power. Nuclear
power is also considered as a “climate change technology” by Stern (2007) who, however,
acknowledges that it may not qualify as a green technology due to its unresolved waste
disposal issues.

This short overview highlights the diversity of concepts and terms currently in use. In
this introductory section, the term green, climate friendly technologies is used to depict
technologies/technological change that are climate change mitigating and environmen-
tally sound. Whenever it is necessary to avoid confusion, an accurate description of the
technologies covered and the concept of technological change used will be provided in
order to assign and correctly comprehend the contributions in the literature and in this
dissertation.

1.2.2 Empirical evidence: Market factors and green, climate friendly

technological change

Empirical work on innovation, adoption, and diffusion of green, climate friendly techno-
logies is still limited. The literature can broadly be categorized into two main streams
of research. The first, consistent with the general literature on technological change,
focuses on the role of market factors in the technological change process. The main
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insights from this literature is subject of this Section 1.2.2. The second strand empha-
sizes what makes green, climate friendly technological change distinct and how a case
for policy action may arise from it. Theoretical and empirical evidence on these issues
are surveyed in the subsequent Section 1.3. Although empirical work on technological
change in green, climate friendly technology represents still a small field, it relates to, and
draws upon, earlier contributions on technological change in environmental technologies.
Because of their noteworthy influence, the seminal contributions from this literature are
also covered throughout the introductory parts of this dissertation.

A classic research question in economics looks at how market factors such as prices
shape the process of green, climate friendly technological change. By now, there is sub-
stantial evidence on the case of energy technologies. The literature focuses on one of
two components of this process: first, studies on how market factors influence innova-
tion and, second, how these affect the adoption and demand for green, climate friendly
technologies.2

Newell et al. (1999) explore how the energy efficiency of durable household goods
responded to prices changes (hypothesis of induced innovation). The analysis estimates
an empirical model of product characteristics for durables like gas-fired water heaters and
air conditioning offered in the US between 1958 and 1993. It disentangles the observed
increase in energy efficiency of products into the effect of autonomous technological
change, efficiency changes in the average available good, and introduction of new types
of goods. A significant part of the energy efficiency improvements can be attributed to
overall technological change over time. Notwithstanding, the energy price changes of the
1970s also significantly affected technical change by shaping its direction towards higher
energy efficiency for some of the technologies, for instance cooling equipment. The US
government’s imposed energy efficiency standards of the 1980s reinforced this effect for
all goods considered in the analysis. Last, both the standards and energy prices also
induced the introduction of new, more efficient models.

A seminal contribution on drivers of innovation in energy technologies is Popp (2002).
He examines how energy prices and the existing knowledge stock influence energy-saving
innovations. The latter are measured by the share of US energy-saving patents, for ins-
tance, fuel cells, coal gasification, or renewables, relative to the total number of patents.
The knowledge stock serves as a proxy for the supply of ideas and is calculated as a stock
of all US patents. His results confirm the strong stimulating effect of energy prices and
establishes that the knowledge stock is a crucial driver of innovation in energy-saving
technologies. Interestingly, public R&D expenditures have a negative influence, which
is interpreted as evidence of crowding out private R&D investment.

Drawing on Popp (2002), Crabb and Johnson (2010) present a dynamic model of
innovative activity in energy efficient vehicle technology. Over the period 1980 to 1999
fuel prices are confirmed as the major driver of innovation as measured with US patent

2Some studies also touch upon issues of policy or regulation. As this is only a side aspect of their
research, studying the effect of market factors as the main focus, these are only surveyed in this part
and not in a later part on policy evaluation (Section 1.3.4).
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data. The results are robust to several measures of fuel prices such as retail price markup
or domestic wellhead costs of oil. The response of innovation is most elastic to the retail
price markup, that is the markup over the wholesale price of gasoline. The authors also
test for the role of the corporate average fuel-economy (CAFE) standards, but find no
significant influence on innovation. They conclude that gasoline or carbon taxes may
work as a particularly effective tool for inducing climate friendly technological change in
automotives.

The contributions surveyed in the paragraph above examined the innovation stage
of technological change. Much of the literature also pertains to the adoption and use of
(energy efficient) energy technologies in the residential sector, such as for space heating.
It is a well-established finding in the literature that energy prices play a crucial role in
this process (e.g., Jaffe and Stavins, 1995; Hassett and Metcalf, 1995). However, prices
may not be sufficiently effective in stimulating adoption of energy-efficient technologies.
Households expect increased energy prices to be temporary and accordingly invest too
little in such technologies (Jaffe and Stavins, 1995). This is also corroborated by Hassett
and Metcalf (1995) who quantify the response of investment in energy conservation to
a tax credit to be eight times higher at the margin than to an equivalent change in the
energy price.3

The response of energy demand to energy prices is a long-established research field
and subject of a voluminous literature (for an overview see e.g., Madlener, 1996). Among
these, the especially interesting studies explicitly account for the inter-related nature of
technology choice and energy use. The discrete-continuous approach of Dubin and Mc-
Fadden (1984) is seminal in this respect. Using US household data, they simultaneously
model the choice of appliances and the induced energy consumption for US households.
To analyse the problem, they suggest a two stage process: in stage one they apply a
discrete choice model for factors influencing the selection of heating appliances, followed
by a continuous regression of the conditional energy demand on explanatory variables
like household size. They show that this method avoids (endogeneity) bias resulting from
unobserved factors determining both the appliance choice and the intensity of its use.
Studies on similar lines have been conducted for the US (Liao and Chang, 2002; Davis
and Kilian, 2008; Mansur et al., 2008) and Norway (Nesbakken, 1999; Vaage, 2000). The
empirical findings underpin that it is critical to include the adoption decision in order
to obtain an accurate picture of the long-term response of energy use to energy prices
and to other influences such as socio-economic characteristics.

3As much of the paper by Hassett and Metcalf (1995) is focused on policy evaluation it will be covered
in greater detail in Section 1.3.4.
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1.3 Theoretical foundation: Externalities and the case for

policy action

1.3.1 The problem of multiple externalities

The processes of development and adoption of new technologies are widely researched
by economists. The case of green, climate friendly technological change is special as it
involves multiple externalities. When an externality exists, the market may not generate
the optimal amount and rate of innovation, which may necessitate government action.
The matter gets intricate when multiple interacting market failures occur and it is, a
priori, not clear what is the best approach to handle them.

First, climate change is a global public “good” or more appropriately “bad”. The full
social costs of GHG-emitting activities, i.e. the contribution to climate change, exceed
the private costs. GHG emissions are, accordingly, greater than the socially optimal
level; a market failure – even termed as the “greatest market failures of our times” by
Stern (2007). A classic solution is an intervention that internalizes the externality by
pricing the pollutant, for instance with a carbon tax or a carbon price in a cap-and-trade
system. Such a change in the relative price of green versus dirty carbon-intensive goods
creates a market demand for low-carbon green goods and technologies, thus altering
investor incentives (“demand pull”, see e.g., Stavins et al., 2004).

Second, knowledge, itself, involves externalities. The nature of knowledge as a public
good implies, first, non-rivalry, i.e. that the use of knowledge by one party does not
diminish the use by others. Second, knowledge is at least partly non excludable. New
knowledge can diffuse to other market participants at no or low costs and may spur
further successful innovations. Hence it involves a positive externality. Such diffusion
and accumulation of knowledge can be considered as the fuel for growth, and therefore
is desirable from a social point of view. However, it may work as a disincentive for
individual inventors as the inventor can only appropriate part of the social return that
his new knowledge generates (Arrow, 1962). Consequently, his investment in inventive
activity, such as in R&D, will be too low from a social point of view. Therefore a balance
is needed between giving the right incentives to the inventor – for instance via intellectual
property rights – allowing the appropriation of the returns from his knowledge generation
and the social need to let knowledge diffuse as far as possible. An additional aspect is the
high degree of uncertainty involved in knowledge generation (Arrow, 1962). These issues
apply to the development and diffusion of new technologies in general, but they come
on top of the emissions externality and make technological progress in green, climate
friendly technologies distinct.

A further issue with low-carbon or green technological change in the energy sector is
the presence of (dynamic) increasing returns which is particularly relevant at the stage
of technology adoption and diffusion. In the case where technologies are competing and
increasing returns are present, the technology adopted first gains an advantage. This
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pioneering technology can improve with the experience accumulated with its use and
costs tend to fall (learning-by-doing). The flip side of a technology with increasing re-
turns to adoption is that its advantage may eventually become so large that it dominates
the market and precludes other competing technologies. A market may hence become
locked-in with an inferior technology and discourage the adoption and thereby also the
invention of new technologies in the first place (Arthur, 1989; Acemoglu et al., 2009).

Increasing returns in the context of networks are a classic example where the more
users adopt a technology, the lower are the incentives for inventive efforts in other tech-
nologies (Neuhoff, 2005; Katz and Shapiro, 1985).4 This is the case for power markets
where new technologies such as renewable energy technologies are facing serious problems
in entering the market due to their technical features such as intermittency or decen-
tralized production vis-à-vis centralized power generation, for example with fossil-fuel
powered plants. Energy markets, particularly electricity generation and distribution,
are moreover typically highly concentrated. Therefore many governments regulate these
markets which adds further complexity in this context. Public subsidy schemes (for
example to hard coal) or competition rules may interfere with the aim of promoting the
development and diffusion of green, climate friendly technologies – for instance when
it is not clear if a regulated electricity generating company can reap the benefits from
developing or using such technologies (Neuhoff, 2005; Stern, 2007; Jamasb and Pollitt,
2008).

One last issue is that market failures are present in the context of energy conserva-
tion and energy efficiency.5 The adoption and diffusion of energy conserving measures
like insulation or energy-efficient technologies is rather slow and appears to be below
the optimal level. The phenomenon of a gap between the most energy-efficient techno-
logical option available and those that are actually in use is referred to as the “energy
efficiency paradox” (Stavins et al., 2004). Several mechanisms may be at work here.
One market failure is the landlord-tenant problem. A landlord (the agent) and a tenant
(the principal) face different incentives for energy efficiency investments. Although the
landlord is responsible for the investment, it is the tenant who reaps the benefits from a
lower energy bill. Accordingly the landlord has no incentive to invest and thus there is
the paradox of under-investment in energy-efficiency. Other issues include both search
costs as a hurdle to investment and the overestimation of benefits from energy efficiency.
For instance, Metcalf and Hassett (1999) empirically show that home owners realize
significantly smaller energy cost savings than engineering estimates commonly suggest.

All in all, these points make clear that markets alone may struggle to deliver the

4The mechanism may work also in favour of a low-carbon technology when this is able to become
the dominant technology. Therefore targeting R&D efforts at green technologies with increasing returns
characteristics may be a successful strategy to follow as discussed in Barrett (2006).

5Energy conservation are efforts to reduce the total amount of energy consumed. Energy efficiency
is aimed at increasing the amount of energy services provided per unit of energy input. The energy
consumption would for instance decrease when energy efficiency increases and the demand for energy
services remains unchanged. In the political domain, the term energy efficiency is increasingly used as
it does not come with the connotation of deprivation as energy conservation does (Strauss, 2007).
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socially optimal level of green, climate friendly technological change. In the face of mul-
tiple, often interdependent, market failures, government intervention may be justified,
but there are serious challenges in designing good policies striking a balance between
these failures. Therefore empirical evidence is important as it may provide valuable
guidance for policy formation.

1.3.2 Empirical insights on the externality problems

Both the problems of knowledge externalities as well as that of environmental and cli-
mate externalities are studied in two streams of the literature. The first is concerned
with the underinvestment hypothesis as laid out before in Section 1.3.1. The second out-
lines how the characteristics of knowledge itself drive and shape green, climate friendly
technological change.

Several studies evaluate the existence and severeness of market failures in the provi-
sion of R&D. Overall, these provide strong evidence for underinvestment in energy R&D,
which is seen as an alarming signal for the sector’s innovation capabilities in the face of
energy security and climate change concerns. Margolis and Kammen (1999) show that
energy R&D decreased by almost 40% between 1980 and 1995 in International Energy
Agency (IEA) countries. Across countries, the cut-backs affected the portfolio of activi-
ties differently. While some reduced funding for energy conservation (Germany), others
increased funding for selected activities such as nuclear (France and Japan). Further
characteristics of energy R&D activities include its high concentration in a few countries
worldwide and the low R&D intensity of the energy sector. Measured by the share of
R&D to net sales it is less than 1% in the energy sector, whereas – for comparison –
the highest intensity is in pharmaceuticals with 10% (Margolis and Kammen, 1999).
Similar observations are also confirmed by several studies with more recent data (Sagar
and Holdren, 2002; IEA, 2009b; Newberry, 2010).

Jamasb and Pollitt (2008) shed further light on the driving forces behind the decline
in R&D. They find that the electricity sector liberalization resulted in a strong reduction
of R&D in the United Kingdom (UK). Possible reasons include stronger pressures for
short-term profitability as well as uncertainty about the development and structure
of the market caused by the liberalization. R&D productivity, however, improved as
the remaining R&D activities were directed at short-term projects such as on efficiency
improvements. This happened at the expense of basic R&D, which may severely dampen
the sector’s innovation potential. Similar insights are found in an econometric study of
US electric utilities (Sanyal, 2007). The 40% decrease in “public interest environmental”
R&D (over 1990 to 2001) can be significantly attributed to the deregulation of the
industry. Deregulation shifted the utilities’ focus on short-term goals like cost reductions
and therefore “public interest environmental” R&D, for instance on climate change or
the health effects of electromagnetic fields, was reduced. The author concludes that in
the light of such significant underinvestment, government R&D may be required to close
this gap.
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A second theme is how knowledge and its specific characteristics – such as its cu-
mulative nature – influences green, climate friendly technological change. Technological
advances can be the outcome of knowledge accumulation. Such learning-by-doing is a
positive externality over time, as increased production today lowers costs tomorrow, and
across all market actors when such advances spill over to other firms. The learning curve
is a concept used to represent the link between costs and cumulative production of a
technology. Thereby it draws on Arrow (1962), whose seminal contribution modelled
technological change as the outcome of knowledge accumulation/experience. Starting in
the 1990s the learning curve concept is applied to green, climate friendly technologies.
This literature is the first to bridge the gap between environmental or climate economics
and technological change literature.

A simple learning curve model includes costs as the dependent variable and cumu-
lative production or capacity (both proxies for experience) as the explanatory variable.
Estimates of the experience variable are used to derive learning rates; a learning rate
is a measure for the percentage change in costs for a doubling in installed capacity. It
serves as an input for projections of future technological cost paths. Some contribu-
tions go beyond this simple representation of a learning curve and attempt to integrate
learning-by-researching. The classic experience curve is extended to a two-factor expe-
rience curves by additionally introducing a stock of R&D or patents. Studies show that
one factor learning curves may be too simplistic and suffer from an omitted variable bias
if learning-by-researching is not accounted for. Learning-by-researching is at least close
to learning-by-doing effects (Miketa and Schrattenholzer, 2004), if not stronger (Jamasb,
2007).

Certain problems prevail with the empirical implementation and interpretation of
learning curves. First, simultaneity may be a concern. Cost reductions (the dependent
variable) are assumed to result from increases in installed capacity, but the latter may
also be influenced by cost improvements (one study accommodating this issue is Jamasb,
2007). Further, it is often not clear if the model picks up a time trend, scale effects or the
claimed learning effect. Despite these caveats, the literature is influential in the policy
debate (one example being IEA, 2008b) and learning rates are integrated in energy-
economy-climate models to represent technological change (for an overview on the latter
see Popp et al., 2010).

1.3.3 Theoretical evidence on policy instruments and green, climate

friendly technological change

In an ideal world, emissions pricing is the optimal solution to an externality. However,
as discussed previously, various market failures exist in the energy-economy-technology
nexus and, in reality, emission pricing is rare for a variety of reasons, mostly political
economy issues. Instead, different policy regimes, such as feed-in tariffs aimed at the
creation of market demand for electricity from renewable sources, certificate systems,
production subsidies, and technology mandates exist. The motivation for such policies
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comes not just from climate change concerns, but also from security of supply conside-
rations and the expectation of creating a green technology sector.

Abstracting from such overlaying motivations, the link between policy instruments
and environmentally friendly technological change is extensively studied in the theoreti-
cal literature. Although most of this research focuses on environmental technologies in
general, its insights can often be transferred to the case of GHG emissions and climate
change. Several theoretical studies elaborate which type of environmental regulation
directed at the emissions externality – taxes, permits, or standards – also stimulate
technological change. The conclusions drawn are unfortunately ambiguous. Contribu-
tions from Magat (1978, 1979) and Milliman and Prince (1989) find that market-based
regimes like emissions taxes are superior to command-and-control approaches (techno-
logy or performance standards) as far as inducing technological change at the firm level
is concerned.6 However, when strategic interaction – such as in a Cournot market – is
introduced, standards may create greater R&D incentives than permits. A firm’s in-
vestment in R&D lowers its abatement costs and allows a profit increase. While under
standards only the innovator enjoys lower abatement costs, in a permit system any such
(successful) R&D lowers the permit price which reduces also the abatement costs of
the competitor. In the strategic Cournot setting, the latter reacts by expanding out-
put, which decreases the innovator’s profit. As the innovator foresees this behaviour,
he in turn limits its research activity to prevent such “aggressive” reaction of its rival
(Montero, 2002).

The problem of policy selection in the face of multiple externalities – knowledge
and emissions as the most prominent – has attracted much interest. The literature
typically concludes that neither technology policies nor emissions pricing alone are the
best answer, but that these policies need to work in tandem. According to a theoretical
contribution by Fischer and Newell (2008), introducing emissions pricing alone may
be the single best policy measure – among others such as fossil-fuel tax on energy,
production subsidy to renewables, tradable emission permits – but not the optimal one.
Optimal regulation entails a measure to internalize the emission externality – a carbon
tax as the most cost effective option – and an R&D subsidy to target the knowledge
externality/underinvestment in R&D. Gerlagh et al. (2009) investigate the timing of
R&D and abatement policies in a theoretical growth model with knowledge/innovation
externalities. The “technology push” case of implementing only an R&D policy may
work if, first, R&D subsidies can be targeted at green innovators alone and, second, if
substantial funds are available for this. If these conditions do not apply, which is possibly
the realistic case, then there is also role for abatement policies (such as a carbon price)
that help to create demand for the green innovative products (“demand pull”).

Acemoglu et al. (2009) show that optimal regulation entails a price on carbon plus
an R&D subsidy to encourage green R&D. They develop a two sector model (green

6A technology standard prescribes a specific technology, for instance scrubbers, to be installed. Per-
formance standards mandate a certain target to be met, for example in terms of emissions limit, but
leave the method to achieve this to the firms.
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and dirty) with endogenous directed growth and knowledge externalities (“standing on
shoulders effects”). Even when this optimal regulation is only temporarily implemented,
then – under reasonable assumptions on the substitutability of green and dirty inputs
– technical change is re-directed to the green sector and, importantly, without hurting
long-term growth. A carbon tax reduces production and innovation in the dirty sector,
but implementing it alone would be very distortionary. An additional subsidy on green
research allows knowledge accumulation in green technologies – which still have a smaller
knowledge base than dirty – and thereby to catch up with dirty. Accordingly, the earlier
measures are supported, the smaller is the existing knowledge gap between the two
sectors, and, thus, the quicker “green” can catch up in terms of knowledge generation.

There is an ongoing debate if climate policies – paradoxically – may not lead to
lower, but under certain circumstances even to higher carbon emissions. This so called
“green paradox” relates to an argument raised by Sinn (2008). The phenomenon may
arise in the context of incomplete coverage of climate policies. Part of the benefits from
a national carbon policy may be offset by increases in the emissions of other non-abating
countries (carbon leakage). One reason is the out-sourcing of energy-intensive economic
activities to non-abating countries. Another relevant mechanism is that the reduced
demand for fossil fuel in the country with the carbon policy leads to energy lower prices.
Consequently, under lower prices, the energy consumption by non-abating countries will
increase. Related to this, the announcement of a green policy – such as a carbon tax –
evokes a reaction of the owners of fossil fuel resources like oil. As these anticipate that
the policy will make their good relatively less attractive in the future, they respond with
an accelerated extraction of their resources which aggravates climate change. Hence
climate policies may lead to the undesired paradoxical outcome that such policies do
not mitigate, but exacerbate climate change. To overcome these problems, Sinn (2008)
suggests a payment of transfers to resource owners to refrain from exploitation of their
resource stock or the implementation of a global emissions trading system.

Further researchers have scrutinized this phenomenon: Van der Ploeg and Withagen
(2010) show that the green paradox may occur when relatively expensive zero carbon
technologies (such as solar) are deployed. As the green paradox would suggest, in that
case oil and gas resources are intensively extracted and climate change damages increase.
The green paradox does not arise for low carbon technologies where costs are below
the extraction costs of fossil resources, as for instance for nuclear power. The green
paradox has also been confirmed in other models: Smulders et al. (2010a) derive that even
under a non-finite resource stock, accelerated extraction of the latter may occur. Their
subsequent study introduces uncertainty around the climate policy, that is a climate
policy is announced, but it is uncertain when this will be implemented (Smulders et al.,
2010b). Under these assumptions, the green paradox can also arise.

Gerlaghag (2010), however, shows that the green paradox may no longer occur if the
assumption of perfect substitutability is relaxed. When fossil fuel and low carbon energy
carriers are not treated as perfect substitutes, then it is no longer the case that policies
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promoting low-carbon technologies increase resource extraction or carbon emissions.
The authors conclude that pricing carbon and promoting competitive cheap low carbon
technologies are a relevant strategy to combat climate change.

Though the debate is still ongoing, the lesson learned from the theoretical studies is
that both “demand pull”, for instance induced by a carbon price regime, and “technology
push” elements, i.e. R&D or technology policies, are needed and work as complements.
The understanding of the timing/sequencing of these policies; how to design each, and,
finally, how to allocate funds to it, is still not resolved. The empirical literature may
give some additional insights on green technological change, which is discussed in the
subsequent section.

1.3.4 Empirical evidence on policy instruments and green, climate

friendly technological change

The empirical literature on the link between policy instruments and technological change
in the context of green, climate technologies is still small, despite the apparent need for
evidence based policy advise. Research follows two broad concepts and approaches: the
first, the national systems of innovation literature, employs a broader systemic concep-
tion of technological change. This change is seen as a process of knowledge generation
within a framework of interacting institutions and simultaneous inter-related knowledge
flows. The second applies quantitative/econometric approaches to evaluate the effect of
policies on innovation and adoption or diffusion of green, climate friendly technologies.
An important starting point for this line of literature was the “environmental era” in
the US. It began with the Nixon administration, which significantly strengthened the
environmental protection regime in the US. This literature on environmental techno-
logies is a forerunner for research on technological progress in green, climate friendly
technologies.

The literature on national systems of innovation aims to provide a holistic picture
of the innovation system, its institutions in the private and public sector, its incentive
structure, and, importantly, the network of relations. The concept is more precisely de-
fined as “the elements and relationships which interact in the production, diffusion and
use of new, and economically useful knowledge” by Lundvall (1992). The emergence of
green, climate friendly technologies and the strong role of policies as a driver of this phe-
nomenon is an interesting study case in the literature. Sagar and Holdren (2002) argue
that studies on the global innovation systems are needed in the face of the challenges
ahead, like climate change. Apart from the focus on innovation inputs such as R&D, the
understanding of technological progress in energy technologies is considered as strikingly
low. Foxon et al. (2005) apply the systems of innovation approach to the UK innovation
system for renewables. They find that technological progress in areas like onshore wind
did not keep pace with that of other countries due to to less favourable policies. Bar-
riers to innovation and diffusion of renewable energy technologies include the complexity
of intellectual property rights for small firms and the perceived lack of stability of the
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policy framework. Continuity and long-term orientation of policies were found to be
critical for the sector as emerging technologies need time to become commercially ap-
plicable. The systems of innovation concept is furthermore well-suited for comparative
studies. It provides rich insights into the heterogeneity of the drivers and barriers and
of the policy framework across countries and technologies. The studies outline that in
each country, characteristics and driving forces of innovation are heterogeneous as are
the motivations for the promotion of renewables. Contributions along this line include
Bergek and Jacobsson (2003) on the wind industry in Germany, Denmark, and Sweden
as well as Marinova and Balaguer (2009) for the photovoltaics industry in Australia,
Germany, and Japan.

Within the literature on the effect of policies on green, climate friendly technological
change, a second relevant approach is to examine this link with quantitative, econometric
studies. It aims to test and quantify the effect of a policy on the rate and direction of
innovative activity as well as on the adoption or diffusion of such technologies. Against
the background of the “environmental era” in the US, and in other countries like Japan,
Lanjouw and Mody (1996) are the first to assess trends in patenting in environmentally
friendly technologies. An important methodological contribution of the study is the es-
tablishment of a link between environmentally friendly technologies (including renewable
energy technologies) and the associated patent classes. They show that during the 1970s
and 1980s innovative activity in environmentally benign technologies, as measured by
patent data, flourished in the OECD and to some extent in developing countries. Much
of this surge can be associated with environmental regulation; it created demand for
environmental technologies and accelerated its innovation and diffusion. This evidence
stems from a descriptive analysis at the country level, as the authors do not empirically
quantify or test this association.

Jaffe and Palmer (1997) offer a first causal analysis. They explore if regulatory
stringency, proxied by abatement expenditures, influences innovative activity in US ma-
nufacturing firms between 1975 and 1991. Innovation is measured two ways – by private
R&D expenditure and by the number of successful patent applications. Their study,
however, does not distinguish R&D or patents in environmental technologies from any
other kind, but includes all patents irrespective of the technology field. Regulation has a
positive effect when R&D expenditure is used as the proxy for innovation. This is not the
case when the number of patents is used as the innovation proxy instead, leading to an
ambiguous conclusion on the effect of regulation on technological change. Brunnermeier
and Cohen (2003) study how abatement pressures affect environmental innovation, mea-
sured using data on environmental technology patents in US manufacturing from 1983
through 1992. Their results suggest a positive but small influence of pollution abate-
ment expenditure on innovation. Using an alternative proxy for abatement pressures –
the number of government inspections – they find no support for the hypothesis that
regulation stimulates innovation. Overall, much of the literature concludes that a mo-
derate positive effect from policy on the direction and rate of green, climate friendly
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technological change exists. However, results may be sensitive to the model specification
and choice of variable or estimation approach.

A subtheme is how different types or designs of policy instruments influence in-
novative activity or adoption and diffusion of green technologies. Although this is a
particularly relevant question for policy formation and it has attracted much interest in
the theoretical literature (see Section 1.3.3), there is little empirical work. One of the
first econometric studies on the determinants of green, climate friendly technologies is
Johnstone et al. (2010). The authors analyse the effect of various policy instruments,
including obligations, tariffs, and tradable certificates, on the number of patent appli-
cations in several renewable energy technologies. They also include public R&D, and
accordingly capture “technology push” (R&D) and “demand pull” factors (as induced by
policy instruments) in their model. Policy instruments are found to stimulate innovation
in renewables, but the particular choice of an instrument matters. There are important
differences between the technologies: obligations and tradable certificates work well for
wind power innovations, which the authors explain by noting that wind is the most
cost-competitive technology and hence development efforts focus on this less expensive
field to meet regulatory obligations. Innovation in more costly technologies such as solar
power, on the other hand, is more responsive to feed-in tariffs.

Apart from innovation, policies are also targeted to overcome market failures and
obstacles to the adoption of technologies. Most attention is given to evaluating the ef-
fect of energy efficiency/conservation policies on the adoption of such technologies and
measures by households. Jaffe and Stavins (1995) test the role of different policy ins-
truments – mandatory or voluntary building standards, market based instruments like
energy taxes or adoption subsidies – on the diffusion of energy-conserving technologies.
They estimate a model for a household’s decision to invest in energy conservation like
thermal insulation of walls. Using US state-level data over the period 1979–1998, they
find that building standards do not affect thermal insulation decisions. Expected energy
prices, however, positively influenced the adoption of thermal insulation, whereas tech-
nology costs, intuitively, had an opposite and strong effect (about three times larger
than the price) on adoption. With respect to policy measures, Jaffe and Stavins (1995)
conclude that price based instruments may stimulate technology adoption, but, as shown
in their results, overcoming the cost disadvantages by subsidizing technology cost can
be expected to spur adoption even stronger.

The effectiveness of energy conservation/efficiency policies vis-à-vis the incentive re-
lated to energy price changes is also supported by other studies: for instance Hassett
and Metcalf (1995) empirically showed that US state tax credits are an effective policy
instrument in inducing home insulation retrofits. Tax credits are about eight times more
effective than “equivalent” changes in energy prices are. One reason given is that hou-
seholds perceive energy price changes as temporary and therefore invest relatively less
in home insulation retrofits.

Some lessons can be learned from the current state of the literature. Technological
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change is likely to play a key role in providing an answer to the climate change challenge
if it is re-directed to become green and climate friendly. The market alone can not be
expected to deliver this change in the direction and rate of technological change when
there are multiple externalities present. Therefore a prudent policy framework needs to
play a role in achieving this. A tentative conclusion from the current state of the debate
is that a combination of “technology push” regimes like technology or R&D policies
and “demand pull” elements as pricing carbon may be a guiding principle for policy
formation. However, still more questions on the driving forces of technological change
and particularly the design of appropriate policies to accelerate technological change
need to be answered.

The subsequent Section 1.4 provides an overview of this dissertation and how its
contribution on some of the open issues in the context of green, climate friendly techno-
logical change.

1.4 Overview of this dissertation

Technological change is a critical driving force in transforming the energy-economy-
technology nexus towards a low carbon future. This dissertation aims to provide a
deeper, empirically based insight into the mechanisms behind technological progress
in energy technologies for a lower-carbon economy. The analyses span across several
dimensions of the technological change process and its interactions with the energy-
economy-technology nexus: the empirical studies track characteristics and driving forces
for innovation and adoption of several technologies from development to adoption by
individual households. Methodologically, two main data sources are used in the analyses
– patent data to infer innovative activity and household data to study the adoption and
use of residential energy technologies. As each data type mandated different empiri-
cal methods, this dissertation draws on and uses a variety of model specifications and
econometric approaches. Table 1.1 shows a stylized overview of the structure of this
dissertation.

1.4.1 Technology innovation – Chapter 2 and Chapter 3

In order to reach the ambitious renewable energy targets set by many governments
– for instance the EU’s 20% share of renewables of total energy consumption (EC,
2009b) – substantial advances in the reliability, performance and, particularly, costs
of renewable energy technologies are essential. Despite the clear need for a deeper
understanding of green innovation, the empirical literature remains sparse (e.g., Aghion
et al., 2009; Johnstone et al., 2010). Chapters 2 and 3 contribute an empirical assessment
of the performance and dynamics of innovative activity in renewable energy technologies
to this area of research. Both chapters stand in line with the “young tradition” of
using patent data to measure innovative activity in green or environmental technologies
(e.g., Popp, 2002; Johnstone et al., 2010). Chapter 2 investigates drivers of innovative
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Table 1.1 Overview and summary of chapters

Chapter Contribution, Publication Application Technologies Countries Time

Chapter 2 Updated version of Braun
et al. (2010b). Original re-
search idea was suggested by
the author. Collection of
data and model estimations
as well as interpretation of
results were collaborative ef-
forts. The author did major
parts of the writing.

Innovation.
Drivers of innovative
activity

Wind, Solar OECD
mem-
bers

1978–2004

Chapter 3 Updated version of Braun
et al. (2010a). The author
contributed to all stages of
empirical analyses and inter-
pretation. The author was
further responsible for major
parts of the writing.

Innovation.
Methodological exten-
sion for patent data
analysis

CSP OECD
mem-
bers

1974–2004

Chapter 4 Modified version of Braun
(2010). Independent research
by the author.

Adoption.
Determinants of space
heating adoption

Space
heating
technologies

Germany 2003

Chapter 5 The author initiated this re-
search and took responsibility
for model selection and imple-
mentation. Analysis for Ger-
man model was conducted by
the author. The interpreta-
tion of Italian results was col-
lective. Major parts of the
writing, except for the Italian
part, was done by the author.

Adoption.
Adoption and demand
for space heating

Space
heating
technologies

Germany
Italy

2003

activity in renewable energy technologies with a special emphasis on the role of knowledge
spillovers. Chapter 3 is a methodological extension of the previous work and introduces a
classification that allows to map concentrating solar power (CSP) technologies to patent
data.

1.4.1.1 Chapter 2: Which Giant’s Shoulders Matter? Empirical Evidence

on Innovative Activity in Wind and Solar Technology

Chapter 2 looks at technological change in renewable energies. It provides empirical
evidence on the drivers of the innovation process of two important renewable energy
technologies, wind and solar, with a special focus on the role of knowledge spillovers.
The concept of knowledge spillovers recognizes that researchers build on the previously
accumulated knowledge and use it for their own development of novel ideas or tech-
nologies (“standing on shoulders of giants” effect). The research aims to address the
question which knowledge spillovers (“which giant’s shoulders”) work as drivers of in-
novation in these technologies. Four potential sources for spillovers are distinguished:
spillovers may occur at the national level or at the international level, either within the
same technology field or industry (intra-sectoral spillovers) or in related technologies or
sectors (inter-sectoral spillovers).
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The analysis is conducted on a panel of 22 OECD countries over the period 1978
to 2004. It applies a knowledge production framework, which is well-established in
the innovation literature since Griliches (1979), but has found little application in the
environmental or energy economics literature. In this framework, innovation is assumed
to be the product of knowledge-generating inputs, comparable to the process of physical
goods production. The vector of inputs encompasses human capital, R&D expenditures,
policy variables, and knowledge spillovers, which are proxied by the respective stock of
knowledge available to researchers. Patent data is used to measure innovative activity
in wind or solar technologies, and to construct the knowledge stocks.

Some important results emerge. First, strong “shoulders of giants” effects characte-
rize the innovative activity in renewables, supporting the assumptions made in theore-
tical models such as Acemoglu et al. (2009). Most of these effects are, second, domestic
in nature. Third, international knowledge flows play a negligible role. Last, however, in
contrast to the assumption made by Acemoglu et al. (2009) inter-sectoral learning can
also foster innovative activity in certain technologies, here wind. The two technologies,
wind and solar, are found to exhibit distinct innovation characteristics: both are stimu-
lated by intra-sectoral spillovers, hence both draw on learning opportunities that arise
from within each sector. Wind and solar respond differently to inter-sectoral spillovers.
Wind innovation is found to benefit from knowledge in closely-related industries or fields.

The analysis finds that a country with a strong knowledge base in renewables – and to
some extent related areas – is likely to maintain its position as technology leader. When
international spillovers are not a significant source of knowledge creation, it implies that
costly duplication of research efforts can occur if each country independently engages in
developing green technologies.

1.4.1.2 Chapter 3: Holding a Candle to Innovation in Concentrating Solar

Power Technologies: A Study Drawing on Patent Data

Concentrating solar power (CSP) plants produce electricity by converting solar radiation
into high-temperature heat using mirrors or lenses. Currently CSP is undergoing a
renaissance with projects like the DESERTEC Initiative. The initiative envisions a
sustainable electricity supply for the EU and the Middle East and North African region
based largely on harnessing solar power through CSP plants in desert areas.

Little research is devoted to assessing the state of innovative activity in this techno-
logy. The chapter therefore presents insights into the innovation dynamics and geography
of innovation in CSP with the help of the patent data. Chapter 3 develops a classification
system that allows to retrieve the patents pertaining to CSP. A strenght of patent data
is the precise identification of technology fields. The International Patent Classification
(IPC) system classifies an invention according to more than 70 000 categories. With the
help of IPC classification codes, data can be highly disaggregated to specific technology
areas.
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Several researchers have devised extensive lists designating environmental or climate
technologies to the respective IPC codes (the most relevant are Lanjouw and Mody,
1996; Johnstone et al., 2010; OECD, 2009a). So far these contributions fail to distinguish
between the different technologies using solar radiation: solar heating and cooling; solar
photovoltaics (PV); and concentrating solar power. The unique contribution of the
research in Chapter 3 is the development and application of a classification system that
allows to map CSP to the IPC system.

The chapter presents new evidence on innovation and industry dynamics in CSP.
Innovation and R&D are concentrated in high-tech countries: the US, Germany and
Japan, which do not necessarily have a high potential to use CSP. Innovation in CSP
technologies is strikingly less dynamic than the growth path observed for other rene-
wable energy technologies like wind. Performance was strong around 1980 before falling
dramatically – the 1980s to mid 1990s appear to be a lost decade. Innovation in CSP
has only recently begun to show signs of increased activity, providing a more optimistic
outlook on the state of the technology required for the projected large scale adoption of
CSP in the near future.

1.4.2 Technology adoption – Chapter 4 and Chapter 5

Realizing the potential of energy efficiency is often perceived as a low hanging fruit for
cutting GHG emissions and moving to a low carbon society. Much of the improvements
in energy efficiency are expected to be realized in the residential sector. Such energy
efficiency measures – as for instance the target of a 20% cut in primary energy consump-
tion expressed by the EU 20-20-20 plan – aim at encouraging efficient use of energy and
changing consumption behaviour. The Chapters 4 and 5 explore the determinants of
energy usage-related behaviour at the household level. As noted in the literature (e.g.,
Dubin and McFadden, 1984), studies at the micro level are important as the behaviour
of households is quite heterogeneous, which needs to be accounted for to understand
how households behave. These studies are therefore also a critical input to the design of
policies encouraging a more efficient use of energy. Energy technology selection, its use
or the implied demand for fuels receives some attention in the literature, but its country
coverage is limited as most are concerned with US (recent studies are e.g., Davis and
Kilian, 2008; Mansur et al., 2008).

The research conducted involves empirical analyses of the determinants of the adop-
tion and use of residential energy technologies at the household level. The research uses
household-level data and microdata methods to investigate the adoption of space heating
technologies at the household level in Germany (Chapter 4) and to conduct a compara-
tive study on households’ adoption of technologies and energy use for space heating for
Germany and Italy (Chapter 5).
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1.4.2.1 Chapter 4: Determinants of Households’ Space Heating Type: A

Discrete Choice Analysis for German Households

Residential energy consumption has attracted much attention, particular in relation to
efficient use of energy and its benefit for climate change. Chapter 4 is motivated by
the characteristic of the space heating technology as a critical and especially long-lived
determinant of residential energy consumption. Households can not be expected to
swiftly respond to economic signals such as energy price swings or regulations as the
housing and energy appliance stock is fixed. In face of such inertia in the residential
sector, an analysis of factors influencing the type of space heating technology applied at
the individual household level can generate relevant insights on the adoption of energy
technologies that is increasingly targeted by energy efficiency programs. Households
allocate a significant share of their budgets for direct consumption of energy in their
homes. Of this, space heating accounts for about three quarters of energy consumed.
Many energy conservation policies are therefore also directed at heating appliances and
the building stock.

The study uses a cross-section from a large German household data set, the Socio-
Economic Panel (SOEP), to investigate the determinants of the technology choice pro-
blem of households. The empirical method is a discrete choice model (multinomial logit);
which allows the disentanglement of the influences of the various household-specific fac-
tors on the probability of applying one of the heating modes. The study hypothesizes
three sets of variables influencing the adoption choice: building, socio-economic, and
regional characteristics.

An important issue in the context of residential energy demand is if house owners
show different energy use than renters. This is particularly relevant in the context of
technology adoption as incentives for these two groups may be quite different. Exami-
ning this distinction in greater detail is important in the German case, as Germany is
characterized by a relatively low home ownership rate of only about 50%. Therefore, to
highlight both the differences and similarities, the results are obtained from a sample
of house owners, and from a sample including all households that is renters and home
owners. The work is one of the first to provide insights on whether the influence of such
factors varies between the whole population of owners and renters or the group of house
owners only.

The evidence provides valuable insights. First, it could be shown that socio-economic
factors influence the technology selection of households. Second, the findings further
show that regional differences – here between east and west Germany – also determine
which heating system is utilized. Importantly, the analysis reveals that the adoption of
space heating technologies appears to be largely driven by similar influences across the
two samples/groups of, first, all households and, second, house owners. Socio-economic
variables have a comparable influence in each sample – income, for instance, exerts only
a minor impact on system choice. Though in some cases the magnitude of the effect
differs, the regional location also affects households in a very similar way in both samples.

21



CHAPTER 1. INTRODUCTION

One insight drawn from this comparison is that no major diverging evidence between
the two household groups exist. The argument that owners are different per se – for
instance with the ability to autonomously determine their space heating mode – may be
relevant, but the results from this study do not support this claim.

1.4.2.2 Chapter 5: Household Energy Consumption in Europe: Empirical

Results from German and Italian Household Data

In this chapter, heating energy technology adoption and energy use are empirically ana-
lysed for two European countries, Germany and Italy. It is an important extension of the
literature as cross-country studies using household micro data are sparse. Considering
the increasing role of “multinational” policies, such as those of the EU, assessing simi-
larities and differences in energy use by households across countries can give additional
insights and guidance for policy measures.

The analysis applies equivalent empirical methods and micro data to study how socio-
economic, location, building, and to some extent price influences govern the technology
choice and energy use. Data for Germany stem from the SOEP and the Italian data
from a large survey of households by the national statistical office. The method relates
to the discrete-continuous model first used in the contribution by Dubin and McFadden
(1984). The selection of a space heating technology and the demand for energy are
related decisions which, importantly, may be influenced by similar unobserved factors.
The method suggested in Dubin and McFadden (1984) corrects for the econometric
problem (endogeneity) caused by these unobserved factors. Therefore first a model for
technology selection (multinomial logit) is estimated which is followed by the estimation
of a model of energy demand conditional on the results from the first stage selection
model. The work relates to some extent to the analysis laid out in Chapter 4, but it
extends the analysis to the case of Italy and, importantly, includes a second stage which
models residential energy demand.

Italy and Germany are quite different with respect to their energy profile as for
instance the types of space heating technology applied. In Germany gas and oil-fired
systems are the two major space heating options, with about equal shares. In Italy, on
the other hand, gas is the main source for space heating. The estimated models suggest
an important role of, first, household characteristics, and second, regional effects, for
space heating by households. In this respect, socio-economic factors are critical determi-
nants both for the technology adoption and the continuous demand model. Income and
education are important influences for the adoption of space heating technologies – they
are, in particular, positively related to the probability for gas-fired heating systems. For
the continuous part of the model, the gas demand by households, similar-sized effects of
socio-economic characteristics could be assessed. Most of these, such as income, are in
line with expectations and the literature, but interestingly, the results also reveal that
gas demand does not differ between renters or owners – which is supported for both coun-
tries. Overall comparing the results from Italy and Germany reveals a similar influence
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of socio-economic variables in residential energy use. Results, lastly, also underpin that
accounting for regional effects is important in such models of household energy use.

1.5 Concluding remarks and outlook

Technological change is a crucial driving force to transform the energy-economy-techno-
logy nexus toward a low carbon future. The economics behind this is an intriguing and
timely field for research. This dissertation contributes to the empirical literature on
green, climate friendly technological change. It deepens the understanding of drivers of
both the innovation as well as the adoption of energy technologies.

Technological change is a complex, multi-faceted process. Although it is inherently
challenging to measure up to the multiple facets and stages of the process of technological
change, this dissertation is one attempt to shed light on some of the facets of technological
change in green, climate friendly technologies. It therefore does not confine its self to one
stage of this technological change process, but rather spans two critical phases/stages
– the development of novel ideas and technologies (innovation) as well as the adoption
and use of such technologies. Within this stages several technology fields are considered:
renewable energy technologies is the subject of study for the innovation part of this
dissertation and energy-using household appliances, precisely space heating, is studied
in the second part on adoption.

Methodologically, two main data sources are used for the analyses – patent data to
infer innovative activity and household data to study the adoption and use of residential
energy technologies. This dissertation therefore covers several econometric methods and
model specifications to accommodate the characteristics of the data and the issues raised
by the research questions.

The work outlines the importance of technological learning/knowledge spillovers in
the innovation process of renewables. It not only supports the “standing on shoulders
of giants” effect, but also further characterizes it: innovative activity strongly draws
on knowledge within its own sector and on knowledge originating in the same country.
Depending on the technology considered, learning from other, closely related, industries
at home can also play a role in accelerating innovation. Moreover, it is emphasized that
an accurate depiction of the true state of technological advance for a given technology is
crucially dependent on a precise definition of that technology and ability to match it with
indicators of innovative activity. A unique contribution, based on engineering expertise
and detailed datawork, is a classification system mapping CSP technologies to the IPC
system. It could be applied to assess innovative activity in this technology field with
patent data: the innovation performance of CSP is, however, found to be surprisingly
weak compared to other green technologies.

Technological change also stretches beyond the innovation phase. The work em-
phasizes the need for research on the household level. Selection of energy technologies
in the residential sector is shown to be explained by household, regional and building
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characteristics. In addition no major diverging differences could be assessed regarding
the determinants of technology adoption of house owners compared to the case where
all households, i.e. renters and owners are considered. Multinational energy policies
and frameworks, such as those at the EU level, underline the importance of extending
the scope of studies to further countries and to a comparative framework. Exploring
technology choice as well as the demand for energy by households in different countries
is an interesting study case. The analysis on Italian and German households reveals
that socio-economic characteristics and regional factors play a strong role in technology
selection and demand for energy. The influence of socio-economic characteristics is re-
markably similar for the two countries; however, differences prevail regarding regional
factors which have a more pronounced influence for Italy.

An interesting extension of the work would be to gain deeper insights into the role of
knowledge spillovers in the innovation process of renewables, in particular wind. There is
more to be learned about the extent to which international knowledge spillovers contri-
bute to innovation in these technologies. Key to this is a refinement of the measurement
of international knowledge stocks as proxies for international spillovers. One can sup-
pose that the effects of cross-country spillovers are stronger depending upon how close
country pairs are in technology space or the strength of trade relations. International
knowledge stocks are aggregated from the stock of knowledge, as, for instance, measured
by patents, in each foreign country. Applying weights accounting for the strength of
knowledge flows between source and recipient to the aggregation can greatly improve
the representation of knowledge stocks in a model of knowledge production. Drawing
on the innovation literature, two measures of proximity are shown to be critical candi-
dates: technological distance (Jaffe, 1986) and import shares (Coe and Helpman, 1995).
Accordingly, international knowledge stocks would reflect the closeness in technology
space or the strength of trade relations. Such an improved representation can give a
more accurate picture on how such knowledge flows between countries and how it fosters
knowledge creation and technological progress.
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Chapter 2

Which Giant’s Shoulders Matter?

Empirical Evidence on Innovative

Activity in Wind and Solar

Technology

2.1 Introduction

Technological progress is generally viewed as a key answer to sustainable and less carbon-
intensive energy use.1 Increased awareness of the likely impacts and costs of climate
change have spurred interest in power generation from renewable sources so as to reduce
greenhouse gas emissions. Various forms of this technology exist, but they are not usually
competitive with the use of fossil fuels. Their larger-scale use is dependent on reducing
their cost by means of technological innovation and improvements. We know very little,
however, about the determinants of innovation in these technologies. This paper seeks to
fill this research gap by empirically investigating the determinants of innovative activity
with a special emphasis on the role of knowledge spillover in two major renewable energy
technologies – wind and solar – across a panel of 22 OECD countries over the period
1978 to 2004.2

Our point of departure is an endogenous growth model suggested by Acemoglu et al.
(2009) that explicitly models green technical change. It is a two sector model with a
clean (renewable energy technology) and dirty sector (fossil fuel technology) where the
latter creates environmental degradation. Researchers exploit the knowledge embodied
in previous ideas (“standing on shoulders of giants”) and it is assumed that this learning
process takes place within each sector only (intra-sectoral spillovers). Such knowledge
spillovers occur when one inventor’s original idea “spills over” to other competitors,

1Updated version of Braun et al. (2010b).
2Countries: Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany, United King-

dom, Greece, Hungary, Italy, Japan, Netherlands, Norway, Portugal, Republic of Korea, Spain, Sweden,
Switzerland, United States.
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thereby enriching the available stock of knowledge and stimulating the development of
further ideas. The knowledge base in green technology is assumed to be small compa-
red to dirty technology as the latter has been on the market for a long time and was
therefore able to build up a strong knowledge base. The authors show that in their
model optimal regulation entails a carbon tax to tackle the environmental externality
and research subsidies to re-direct R&D to green technologies. Such intervention can
even be temporary and, importantly, will not hurt long-run growth, but needs to be im-
plemented immediately as delays only further widen the knowledge gap between clean
and dirty technologies.

The present study relates to this theoretical work and aims to empirically underpin
one of its core assumptions with respect to technological change: it, first, asks if shoul-
ders of giants effect or knowledge spillovers can be empirically supported as drivers of
technological advances for green energy technologies. Second, whereas Acemoglu et al.
(2009) model only intra-sectoral spillovers, we widen the perspective and hypothesize
that different sources of knowledge spillovers may play a role in the innovation process
of wind and solar technology: on the one hand, at the national and international le-
vel and, on the other hand, within and between sectors. To be precise, spillovers may
occur at the national level, either within the same technology field or economic sector
(intra-sectoral spillovers) or in related technologies or sectors (inter-sectoral spillovers).

In fact, such inter-sectoral spillovers have occurred in the solar photovoltaic tech-
nology sector, which is strongly entwined with the semiconductor industry, using its
silicone by-products for solar cell manufacturing and taking advantage of its process
know-how. However, the distinction between inter- and intra-sectoral spillovers has so
far been neglected in other studies on innovation in renewable energy or environmental
technologies. Knowledge that spills across international borders is also expected to be
a critical channel for advancing new technologies. The emerging Spanish wind industry,
for instance, acquired valuable expertise via technology licensing from the Danish wind
industry in the mid 1990s and has further assimilated this know-how for its own wind
technology innovations.

Methodologically, we use a knowledge production function framework to model the
relationship between innovative output, as measured by the number of patent applica-
tions in wind or solar technology, and knowledge-generating inputs such as R&D expen-
ditures, human capital, policy instruments, and spillover sources. The input variables
for national, international, intra- and inter-sectoral spillovers are also constructed from
counts of patent applications. Furthermore, public support contributes to the innovation
process of renewables as this technology still operates at a cost disadvantage. Renewables
rely, first, on support to spur their development, as evidenced by public R&D funding,
and, second, on incentives for technology adoption and subsequent power production.3

3The latter incentive schemes fall into one of two categories. In a price-based scheme, a tariff is
guaranteed per unit of renewable power supplied (feed-in tariff). A quantity-based scheme requires a
particular quantity or share of energy to be produced from renewable sources (obligation). Recently,
certificate trading systems have also been set up, under which renewable power generators can sell power
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We account for the fact that solar and wind technologies each involve their own distinct
innovation process. Even though both are evolving and dynamically growing techno-
logies, they show significant differences in the underlying technical principles and may
therefore be characterized by different innovation dynamics.

The empirical literature on innovation in energy or environmental technologies does
not systematically examine the role of various sources of spillovers, but there is one
strand of this work that uses patent data to analyse innovation in these fields.4 By legal
definition, obtaining a patent requires novelty and inventiveness and patens are thus a
strong and frequently employed source of data for approximating innovative output (Gri-
liches, 1990). In addition they are particularly suited for analyses dealing with specific
technologies. To our knowledge, the only study explicitly on innovation in renewable
energy technology is by Johnstone et al. (2010).5 The authors analyse the impact of
various policy instruments, including obligations, tariffs, and tradable certificates, on
the number of patent applications in wind, geothermal, solar, ocean, biomass, and waste
technologies at the country level. Policy instruments are found to induce innovation in
renewables, but the particular choice of an instrument matters. Obligations and tradable
certificates work well for wind power innovations, which the authors explain by noting
that wind is the most cost-competitive technology and hence development efforts focus
on this less expensive field to meet regulatory obligations. Innovation in more costly
technologies such as solar power, on the other hand, is more responsive to feed-in tariffs.

Articles with a broader technological scope include Popp (2002) on energy-saving in-
novations and Crabb and Johnson (2010) on energy-efficient automotive technologies.6

Both use US patent data and apply a country-level analysis. Popp (2002) examines how
energy prices and the existing knowledge influence energy-saving innovations.7 Results
confirm a strong stimulating effect of energy prices and, moreover, establish the know-
ledge stock as a crucial driver for patenting in energy-saving technologies. Crabb and
Johnson (2010) test if fuel prices and CAFE regulation induced innovation in energy-
efficient automotive technology. Using US patent data from between 1980 and 1999,
fuel prices are supported as strong drivers of innovative activity, whereas regulation
had no significant effect on the latter. Interestingly, the knowledge stock in the chosen
technology area is found to negatively influence innovation implying that accumulated

on the market and sell certificates on the green certificates market (Menanteau et al., 2003; IEA, 2004).
4The role of spillovers for green technological change has been studied with other methodologies in

the context of energy system or energy-economy-climate models, for instance by Rao et al. (2006) or
Bosetti et al. (2008).

5Some researchers also study diffusion of renewable energy technologies by using patent data, for
example, Popp et al. (2009) and Glachant et al. (2010).

6A number of studies investigate the link between environmental regulation, often measured by pol-
lution abatement expenditures, and innovation (e.g., Brunnermeier and Cohen, 2003; Popp, 2006). In
contrast to our work and that of Johnstone et al. (2010), these scholars focus on the US and rely on
national firm- or sector-level data.

7Innovation is measured by the number of patents in diverse energy-saving technologies, for instance,
fuel cells, or renewables, compared to the overall number of patents in the US. The knowledge stock serves
as a proxy for the supply of ideas. It is measured by the aggregate of all US patents or, alternatively,
by a quality controlled aggregate of the latter where patent citations are used to obtain the quality
weightings.
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knowledge works as a legal fence to innovation of other firms.

Our work deepens the understanding of innovation in renewable energy technologies
by, first, empirically testing the importance of knowledge spillovers for technological
change and, second, disentangling the impacts of various spillover sources. We find
substantial evidence for the hypothesis of Acemoglu et al. (2009) that innovation is driven
by knowledge spillovers, especially at the national level. Hence, knowledge spillovers
are predominantly a domestic phenomenon; international spillovers are found to have
only a negligible influence. Wind and solar technologies exhibit distinct innovation
characteristics: both are stimulated by intra-sectoral spillovers, but respond differently
to inter-sectoral spillovers, which are only influential in the case of wind technology. The
latter finding provides some evidence that the limitation to intra-sectoral spillovers as
in Acemoglu et al. (2009) may only be a part of the story of innovative activity in green
energy technologies.

The paper proceeds as follows: Section 2.2 introduces the database and discusses
the use of patent data to measure innovative activity. Section 2.3 outlines our model
of innovative activity and describes the estimation approach. Section 2.4 presents the
results of the analysis; Section 2.5 concludes.

2.2 Data and descriptive statistics

The econometric analysis is based on a balanced panel of 22 OECD countries over the
period 1978 to 2004 (see Tables 2.1 and 2.2).8 We focus on solar and wind technologies,
two prominent and intensively studied technologies within the field of renewable energy
generation. Each can be considered an emerging technology compared to more mature
technologies such as hydropower. In the OECD, wind accounted for 5.81% of gross
electricity generation from renewable sources in 2005 (IEA, 2008c). Wind energy is
close to being cost competitive – at least in very favourable sites (e.g., Neuhoff, 2005).
Solar energy is still very expensive and its relative contribution is small (0.13% in 2005)
(IEA, 2008c), but its potential is immense if costs can be brought down significantly
(Neuhoff, 2005; Nemet and Baker, 2009).

2.2.1 Usage of patent data

A crucial aspect in tracking innovative activity is its measurement, an issue that is dis-
cussed extensively in the literature on innovation. Given this paper’s research focus –
studying the role of knowledge spillovers in green innovation – patents are a powerful
indicator, since, by definition, they involve truly new ideas and have a common le-
gal framework within each patenting authority. They thus assure comparability across
countries and over time. In addition, patent applications contain detailed information on

8To compile a representative sample for innovative activity in renewable energies, we imposed the
restriction that any form of public R&D last for at least one year and that domestic inventors applied
for at least three patents in wind or solar technology.
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Table 2.1 Variable description and summary statistics wind technology; 1978–2004,
20 countries

Variable Description Mean SD Min Max

Patent wind Annual patent applications in
wind technology (dependent
variable)

2.240 8.219 0 114

R&D R&D expenditures in million
USD, 2008 prices and PPP

7.494 15.219 0 156.836

Human capital Researchers per 1 000
employees

5.513 2.645 1.013 17.713

Wind stock Stock of patent applications in
wind technology, domestic
inventors

9.134 22.963 0 318.374

Wind rel stock Stock of patent applications in
wind-related technology,
domestic inventors

1072.778 2506.045 0 20698.110

Int wind stock Stock of patent applications in
wind technology, foreign
inventors

182.475 148.180 20 732.505

Int wind rel stock Stock of patent applications in
wind-related technology,
foreign inventors

21448.820 14756.600 1099.500 54953.430

Feed-in tariffs Policy instrument 0.360 0.480 0 1

Obligations Policy instrument 0.231 0.422 0 1

Certificates Policy instrument 0.065 0.247 0 1

Non Europe Effect controlling for
non-European countries

0.238 0.426 0 1

Notes: Human capital is only available from 1981 onward. Countries not included are Australia and Hun-
gary.

inventors, technological classification, timing of the invention, and protection coverage
that can be exploited to track innovation in wind and solar technologies. Nevertheless,
there are a number of drawbacks when using patents as a proxy for innovative output
(Griliches, 1990). First, since an invention must be fully disclosed to obtain patent pro-
tection, some firms may prefer the strategic option of secrecy, instead of a patent, so
as to prevent imitation (Arundel, 2001). Second, the propensity to patent varies across
countries and industries due to different legal and political environments (Kortum and
Lerner, 1999). As we are using data from one sector, these issues can be supposed to be
less of a concern with our study (see e.g., Popp, 2006). Third, the distribution of the va-
lue of patents is highly skewed to the right since only a few inventions are of remarkable
economic value (Harhoff et al., 2003).

We use all patent applications filed with the European Patent Office (EPO) having
a priority date9 between 1978 and 2004. EPO applications, in contrast to those made

9The term “priority date” refers to the date when the underlying invention was protected by a patent
for the first time, regardless of whether this first application was made at a national or an international
authority. The first filing for an invention usually occurs at the national level and therefore the majority
of patent applications at the EPO are second filings (de Rassenfosse and van Pottelsberghe de la Potterie,
2007). The priority date, then, is in a considerable number of cases preliminary to the EPO application
date. Accordingly, we date patent applications using the priority date instead of the application date
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at a national authority, can be taken as a signal that the patentee believes the invention
to be of high enough value to justify the expense of an international application.10 By
exploiting patent applications, we assume that the knowledge they contain diffuses as
soon as the patent application is published, which usually happens 18 month after the
filing date (Ramani et al., 2008). To account for heterogeneity in the legal environment,
the propensity to patent or the structure of the innovation systems between European
and Asian or American countries, we include a European fixed effect as a control variable
in our regressions.

We use these patent data to determine our output variable – innovation in wind
and solar technology – by using a classification scheme developed by Johnstone et al.
(2010). In addition, patent data are used to construct our key exogenous variables: the
sources of spillovers are obtained by building four different types of knowledge stocks for
solar and wind technology – existing knowledge in the specific technology (wind or solar)
and existing knowledge in related technologies, distinguished according to whether the
inventor is domestic or foreign (see Appendix 2.A for details).

2.2.2 Other explanatory variables

Other exogenous variables in our ideas-generation framework are R&D expenditures, po-
licy instruments, and human capital. Annual data on publicly funded R&D in solar and
wind energy are from the IEA Energy Technology Research and Development Database
(IEA, 2008a).11

Information on the number of R&D personnel involved in renewable technologies
is not directly available for use in measuring the human capital input in knowledge
production. We can at least approximate the research potential present in a country
by an intensity measure relating the general number of researchers to the total labour
force. Even though researchers are no doubt working in various fields, their knowledge
or innovations may have the potential to spur technological development in renewable
energies, especially in case of basic research. Data on researchers per 1 000 employees in a
country are from the Main Science Technology Indicators published by the OECD (2008).
Since information on researchers is available only from 1981 onward, we are restricted
to the time frame of 1981 to 2004 when including this variable in our estimations.

because it is closest to the date of invention and the decision to apply for a patent (OECD, 2009b).
From an economic point of view, this is the only information of importance (Dernis et al., 2001; Popp,
2006).

10Previous studies on the value of patents indicate that highly cited patents are more valuable (Tra-
jtenberg, 1990; Harhoff et al., 1999). However, the use of citations for weighting patents necessitates
assumptions about the citation lag: either one considers only citations made within a certain time frame
(Nemet, 2009), which reduces the time span being covered substantially or one estimates a citation lag
distribution (e.g., Hall et al., 2005). This in turn implies that the corresponding parameters remain
constant over time. Due to these critical issues, we decided to rely on the selection of European patent
applications to identify valuable inventions instead of adjusting them by citations.

11Data on private R&D energy expenditures are not easy to obtain, a common problem faced by
energy or climate researchers (Newell, 2008). However, in the context of energy technology projects, go-
vernments are often heavily involved via publicly funded research or demonstration programs (Harborne
and Hendry, 2009).
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Table 2.2 Variable description and summary statistics solar technology; 1978–2004,
21 countries

Variable Description Mean SD Min Max

Patent solar Annual patent applications in
solar technology (dependent
variable)

5.485 12.584 0 116

R&D R&D expenditures in million
USD, 2008 prices and PPP

28.792 76.039 0 859.348

Human capital Researchers per 1 000
employees

5.530 2.671 1.013 17.713

Solar stock Stock of patent applications
in solar technology, domestic
inventors

26.615 53.637 0 404.447

Solar rel stock Stock of patent applications
in solar-related technology,
domestic inventors

5337.713 11838.390 0 64453.970

Int solar stock Stock of patent applications
in solar technology, foreign
inventors

531.579 231.913 106.750 1196.473

Int solar rel stock Stock of patent applications
in solar-related technology,
foreign inventors

106720.700 71807.000 5186.750 254810.500

Feed-in tariffs Policy instrument 0.289 0.454 0 1

Obligations Policy instrument 0.219 0.414 0 1

Certificates Policy instrument 0.072 0.259 0 1

Non Europe Effect controlling for
non-European countries

0.238 0.426 0 1

Notes: Human capital is only available from 1981 onward. Ireland is not included in the sample.

Johnstone et al. (2010) find that policy instruments play a substantial role in encou-
raging innovation in renewable energy technologies. Such promotion schemes fall into
one of two categories: price-based systems (feed-in tariffs) or quantity-based systems
(obligations and certificates) (Finon and Menanteau, 2004). Similar to Johnstone et al.
(2010), we use the data and categorizations provided by IEA (2004) and introduce va-
riables that indicate the time period during which any of the three policies were in effect
in a country.

2.2.3 A first look at the data

Tables 2.1 and 2.2 display the summary statistics for the variables of interest in wind
and solar technologies. The average amount of (real) public R&D expenditure is roughly
7.5 million US dollars for wind and 29 million US dollars for solar technologies, with
substantial country-level variation. The 1970s oil shocks markedly intensified research
into power generation from alternative sources. Government R&D spending – particu-
larly in the US – was high afterwards, at levels unprecedented until now. Total wind
R&D support peaked around the beginning of the 1980s at about 300 million US dollars
and – apart from a small upward trend around 1995 – stayed at a much lower level of
about 100 million US dollars (Figure 2.1).
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Figure 2.1 Innovative activity in green energy technologies; EPO patent applications

Solar technologies underwent a similar dynamic, though at a higher overall level
(Figure 2.2). Support was highest, at 1,200 million US dollars, at the beginning of
the 1980s and has been significantly lower ever since (around 400 million US dollars).
The oil crises of the 1970s substantially increased political awareness of issues of energy
security, and substantial funds were allocated for research on alternative, nonfossil fuel
technologies by governments worldwide. However, in the face of lower energy prices from
the 1980s on, political interest in alternative energy technologies projects declined.

Summary statistics for patent applications in wind and solar technology show that
patenting activity is rather infrequent, leading to a large number of zero observations
combined with low mean values of slightly more than two in the case of wind technology
(Table 2.1, right part) and about 5.5 for solar technology (Table 2.2, left part). This
pattern is mainly driven by the fact that the classification identifying relevant inventions
in wind and solar is quite narrow and technologically specific (see Johnstone et al., 2010).

In the case of solar energy, patenting dynamics mirror, in part, R&D support: an
early peak at the beginning of the 1980s, followed by a trough lasting until 1989 (Fi-
gure 2.1). Then, from 1990 onward, we observe a steady increase in innovative activity
in solar technology until 2004. Patenting activities of the main applicants of interest
are shown in Figure 2.2. Since the early 1990s, Japan and Germany have played the
leading roles in solar technology, although the US appears to be catching up. The US
was a strong market for solar energy applications up to the beginning of the 1980s,
but the substantial decline in public support under the Reagan administration appears
to have severely dampened US technology developments in this field. Only when Ja-
pan and Germany began their large-scale support schemes, did solar innovation increase
again. Japan concentrated its renewable energy technology efforts on solar technology to
take advantage of knowledge already developed in the integrated circuit and consumer
electronics industry.

In contrast, patent applications in wind technology were filed at a steady, fairly low
level until 1995 (Figure 2.1). After that year, we observe a boom in wind technology
patenting that continues to the present day. The age of modern wind technology started
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in the aftermath of the 1970s oil crises. California experienced a major boom in wind
power installations; however, the turbine technology and other components were largely
imported from Denmark. While the US interest in wind technology faded during the
1980s, European countries such as Germany, the Netherlands, and Denmark spurred
technology development with major research and, especially, demonstration projects
from the 1980s on (Figure 2.2). In Japan, wind technology development has usually
had low priority due to little domestic expertise in this field and in an effort to avoid
reliance on imports of this technology. Germany dominates innovative activity in wind
technology. The US and Spain have only recently improved their performance in this
domain. Spain is a late starter in this field, not even starting technology until the 1990s,
at which time it actively pursued a strategy of encouraging foreign manufacturers to
establish plants in Spain and form joint ventures with local partners.
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Figure 2.2 Innovative activity in green energy technologies by leading inventor
countries; EPO patent applications

2.3 An empirical model of innovative activity in renewable

energy technologies

2.3.1 A knowledge production function framework

Following the framework developed by Griliches (1979), we estimate a knowledge pro-
duction function to discover the determinants of innovative activity in wind and solar
technology. Innovation is assumed to be the product of knowledge-generating inputs,
comparable to the process of physical goods production. The vector of determinants
usually encompasses the quantity of human capital or R&D expenditures and the total
stock of knowledge available to researchers. Hence, the productivity of new knowledge
is assumed to be strongly dependent on existent stock of ideas (Porter and Stern, 2000),
the “standing on shoulders” effect (e.g., Bosetti et al., 2008; Acemoglu et al., 2009).

To study the externalities of national and international technological knowledge,
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empirical work on R&D spillovers often distinguishes between intra- and inter-sectoral
spillovers by referring to sector-country observations (e.g., López-Pueyo et al., 2008). We
transfer this approach to the field of renewable energies and study not only the impact of
domestic and international spillovers in wind and solar technology (intra-sectoral level),
but also knowledge externalities in related fields (inter-sectoral level). Our specification
can be expressed as follows:

Inj = f
(
R&Dnj ,Knj ,Kn−j ,K−nj ,K−n−j , X̄nj

)
where Inj is innovation in technology j in country n (wind or solar). Knj captures the
knowledge stock available in the same technology j in country n, Kn−j is knowledge in
the same country n but in related technologies –j, K−nj is the stock in other countries
–n in the same technology, and K−n−j is knowledge from related technologies in other
countries. In short, Knj andKn−j represent domestic spillover, whereasK−nj andK−n−j
proxy international knowledge spillover. X̄nj contains additional control variables such
as human capital and policy and time measures.

2.3.2 Econometric approach

As explained in Section 2.2, we measure innovative activity in wind and solar technology
by the number of patent applications. The resulting dependent variable is a nonnegative-
integer-valued variable with many zeros and small values, especially at the beginning of
our estimation period. Thus, in the specification of our econometric model we follow the
seminal work of Hausman et al. (1984) and assume a Poisson process with parameter
λnj for the number of patents applied for in country n in technology j :

E (Inj) = λnj = exp (Ynj ′β)

P (Inj = inj) = λnj =
exp (−λnj)λNnj

inj !
.

Again, Inj is the number of patents in country n related to technology j and the
vector Ynj encompasses R&D expenditures, human capital, our constructed knowledge
stocks, and additional explanatory variables such as policy measures, year dummies,
and a time trend. Time effects are often neglected in the empirical literature on green
innovation but are important for capturing general changes in the propensity to patent
and strategic patenting behaviour across countries. R&D expenditures, human capital,
and knowledge stocks are measured in logarithms;12 hence the estimated coefficients
can be interpreted as elasticities. Additionally and consistent with recent literature on
innovative activity, a lag structure on inputs is imposed to account for the fact that
R&D efforts do not immediately lead to innovative output (Hall et al., 1986). Therefore,
we lag all inputs – except the policy instrument – by two periods and thereby also

12Hall and Ziedonis (2001) suggest using logarithms when estimating a knowledge production function.

34



2.3. AN EMPIRICAL MODEL OF INNOVATIVE ACTIVITY IN RENEWABLE
ENERGY TECHNOLOGIES

circumvent the problem of endogeneity or reversed causality as a sufficient time gap
persists between in- and outputs. In line with Johnstone et al. (2010), we do not lag the
policy dummies because the legislative process takes time and rational innovators are
likely to start research activity during the political decision-making process, instead of
waiting until the policy becomes legally effective (Nemet, 2009).

The most critical part of the Poisson model is the implicit assumption of conditional
mean and variance both being equal to λnj . If this assumption is violated by the dataset,
the model will produce misleading predictions of zeros and large counts (Davidson and
MacKinnon, 2004), a phenomenon known as overdispersion. The mean-variance equality
rarely holds in empirical applications on patenting behaviour (e.g., Hu and Jefferson,
2009).13

Our dataset raises a more pressing concern; we need to handle a considerable number
of zero patent counts, roughly 50%.14 This kind of problem occurs more often in the
case of firm-level micro data where one is always confronted with certain firms that do
not appear to innovate at all. In the case of wind and solar technology, we need to tackle
this issue at the country level because the number of innovations in these fields is very
small and we therefore do not observe relevant patenting activity for all countries and
years. This paucity of observations could be due, on the one hand, to some countries
never innovating at all in a certain technology and, on the other hand, to other countries
that may have tried to innovate but failed. This leads to a different data generating
process and a standard Poisson model cannot be used to describe it. We hence apply a
zero inflated Poisson (ZIP) model as proposed by Lambert (1992). Assuming that the
probability of not innovating is given by p and, accordingly, the likelihood of innovating
is 1–p, the ZIP model can be summarized as follows:

P (Inj = inj) =

pnj + (1− pnj) exp (−λnj) , inj = 0

(1− pnj) exp (−λnj)
λN

nj

inj
, inj = 1, 2, 3 . . .

The probability of exhibiting zero patents is modelled using the logistic distribution:

pnj = F (Znj ′γ) =
1

1− exp (−Znj ′γ)

where we model the choice of not innovating as a function of public R&D support in
the technology. The compound distribution is then maximized by means of maximum
likelihood estimation.

Conditional on R&D support, the rate of innovation is given by:

Inj = exp
(
α+ β1ln (R&Dnj) + β2ln (Knj) + β3ln (Kn−j) + β4ln (K−nj) + β5ln

(
X̄nj

))
.

Note that we omit the knowledge stock stemming from related technologies in other
13One option is the application of a negative binomial estimator, which allows for flexibility in the

parameterization of the mean-variance relationship.
14The portion of zero counts in wind technology is slightly above 50%; that of solar slightly below.
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countries. As could have been predicted, the various knowledge stocks are correlated to
a certain extent and the high correlation of above 0.75 between the two international
stocks make this omission necessary.15 Furthermore, this type of knowledge stock is by
far the most diffuse since it flows from numerous locations and several technologies.

2.4 Empirical findings

A key aspect of our work is to explore the “standing on shoulders” phenomenon in
knowledge-production of two renewable energy technologies, wind and solar. We look
at three sources of such effects – first, domestic spillovers originating from the domestic
knowledge stock within the same technology; second, domestic spillovers from closely
related fields in the economy; and third, international spillovers from either wind or
solar technology. We begin by discussing the findings for innovation in wind energy
technologies, followed by those for solar energy.

2.4.1 Determinants of innovative activity – the case of wind

We start with a base specification that includes public R&D expenditures, human ca-
pital, policy support instruments as well as the stocks of extant domestic knowledge in
wind technology and of knowledge originating from technologically closely related fields
(Table 2.3, Model 1).16

The domestic spillover variable (Wind stock) has a significant and positive coefficient
in the model. This result is consistent with our hypothesis and the Acemoglu et al.
(2009) notion of knowledge creation in renewable energy technologies – spillovers are
critical drivers of green innovation. An increase in the domestic knowledge stock of 1%
induces a growth in wind patent counts of 0.60% on average. National inter-sectoral
spillovers (Wind rel stock) are also supported as significant drivers of innovative activity
in wind technology. Interestingly – different from the Acemoglu et al. (2009) model
– inter-sectoral spillovers are a critical factor for stimulating knowledge generation in
wind technology by providing an additional opportunity for knowledge transfers. The
inter-sectoral knowledge is, as would be expected, less influential than the direct intra-
sectoral wind spillover source, with the size of the coefficients differing by a factor three.
Anecdotal evidence would also suggest that knowledge in wind technology itself has a
higher effect on innovation output than state-of-the-art technology of related industries.

R&D may work as a further important driver of the wind innovation process. Such
a link might not be as clear-cut in the case of renewable energies as we proxy R&D
by public funded R&D. Governments tend to fund basic or risky research projects that
are less likely to result in innovative outputs such as patents. The results find public

15The correlation between the other stocks is considerably smaller and ranges between 0.06 and 0.6.
16As discussed in Section 2.3, we estimate the model with ZIP to accommodate the issue of zero

inflation. All estimations apply robust standard errors, which have been adjusted by clustering at the
country level.
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Table 2.3 Determinants of innovative activity in wind technology

Model 1 Model 2 Model 3 Model 4 Model 5
1981–2004 1981–2004 1981–2004 1981–1994 1995–2004

R&D 0.144 0.140 0.140 0.599∗∗∗ 0.146
(0.122) 0.114 (0.119) (0.154) (0.124)

Human capital 0.356 0.328 0.350 1.939∗∗∗ 0.292
(0.301) (0.304) (0.301) (0.789) (0.335)

Wind stock 0.603∗∗∗ 0.560∗∗∗ 0.611∗∗∗ 0.039 0.536∗∗∗

(0.115) (0.164) (0.135) (0.379) (0.178)
Wind rel stock 0.195∗∗∗ 0.227∗∗∗ 0.187∗∗ 0.159 0.236∗∗∗

(0.074) (0.097) (0.098) (0.230) (0.120)
Int wind stock −0.044

(0.298)
Feed-in tariffs 0.011 0.085 0.003 −0.074 0.210

(0.212) (0.201) (0.209) (0.445) (0.240)
Obligations 0.161 0.045 0.160 1.250∗ 0.059

(0.122) (0.140) (0.120) (0.696) (0.154)
Certificates 0.295 0.335 0.299 Dropped 0.377

(0.259) (0.230) (0.265) (0.271)
Non Europe −0.421∗ −0.445 −0.394 −1.903∗∗∗ −0.409

(0.241) (0.317) (0.345) (0.661) (0.335)
Time trend 0.087∗∗∗ 0.090∗∗∗ 0.035 0.124∗∗

(0.022) (0.016) (0.086) (0.057)
Time effects Yes

Inflate regression

R&D −0.634∗∗∗ −0.697∗∗∗ −0.640∗∗∗ 0.929 −0.771∗∗∗

(0.200) (0.229) (0.186) (2.237) (0.292)
Time trend −0.094∗∗ −0.074 −0.093∗∗∗ 0.251 −0.194∗∗∗

(0.034) (0.046) (0.032) (0.423) (0.145)

Observations 261 261 261 128 133
Countries 20 20 20 18 20
Vuong test 2.30∗∗∗

Notes: Dependent variable: number of EPO patent applications in wind technology, 1981–2004. Countries
not included are Australia and Hungary.
Robust standard errors are calculated by clustering at the country level. Standard errors are given in
parentheses below the coefficient estimates.
Intercepts are suppressed for convenience.
∗∗∗, ∗∗, and ∗ denote significance at the 1%, 5%, and 10% level, respectively.

wind R&D not accelerating the rate of innovative activity.17 Turning to the regression
equation for the excess zeroes, public R&D is, however, a significant determinant in the
model predicting whether a country is an active innovator in wind technology (bottom
half of Table 2.3).18 It is evident that public R&D funding is also pivotal in explaining
whether a country generates any innovation output. Using the Vuong test to compare
the ZIP and Poisson models, we obtain a significant positive value of the test statistic,
providing clear evidence in favour of our ZIP approach.

The human capital variable is not significant in Model 1. Hence, there is no evidence

17For a more detailed discussion on the relationship between private and public R&D expenditures,
see David et al. (2000).

18We experimented with several alternative specifications of the inflate equation (not reported). Po-
tential candidates were all variables already being covered in the Poisson stage of the regressions. They
turned out to be insignificant and did not affect our results. Additionally, we added a “demand pull”
perspective and controlled for existing wind energy capacity in a country. Again, our specification and
conclusion remained robust.
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that the overall national innovative capacity is critical to innovative developments in
wind technology.19 We also control for time effects by including a trend. As expected,
its estimate shows that the number of patent applications follows a strong growth path
over time. The control variable for non-European effects in the model (Non Europe)
is weakly significant and negative implying that countries from outside Europe have a
lower propensity to patent at the EPO.

The model also includes policy measures: these involve demand-side schemes aimed
at inducing the installation of the technology for power production, but that may also
have a stimulating effect on technology development via learning-by-doing effects (Ne-
met, 2009). In contrast to Johnstone et al. (2010), we find no evidence of a significant
link between any of the support measures and innovative activity in our model. Note,
however, that these policy measures cover only a certain aspect of the renewable support
scheme, that is, the period of time during which obligations, feed-in tariffs, or certificates
were in effect.

Model 1 has included a trend as our time measure. Alternatively, year dummies
can be used to control for the upward dynamics in wind patent applications (Model 2).
There are some small changes in the size of estimates but, again, we find a strong link
between each of the two domestic spillover sources and innovative activity. The results
are in line with the previous regression – both types of domestic knowledge spillovers are
significant drivers of wind innovation even though the innovative response to the stock
of domestic wind knowledge is now to some degree smaller than in Model 1. We will
further elaborate on time effects below, where we also cover sub-periods of our sample.
Overall, the inclusion of year dummies comes at the price of losing degrees of freedom,
leading us to prefer a trend specification.

The wind technology business exhibits a strong export orientation and internatio-
nalization. Thus, we may also expect a positive coefficient of the international wind
knowledge stock (Int wind stock) in Model 3 (Table 2.3). Contrary to this hypothesis,
knowledge spillovers across international boundaries do not seem to be an important
driver of technological progress in wind. The main conclusions from Model 1 or 2 re-
main robust – the coefficient estimates, particularly of the domestic spillover variables,
stay significant and change only slightly. Overall, these findings lead us to conclude
that although the market for the technology itself is international, research and techno-
logy development appear to predominantly response to domestic influences. A possible
explanation for this is that the pool of knowledge available domestically is still large en-
ough that acquiring knowledge from abroad is generally redundant. Though innovators
have contact and are in exchange with international business and research communities,
appropriation from foreign knowledge is likely to be more costly than that occurring

19Although the variable is not significant in this first estimation, we retain it in the specification
to, first, be consistent in the usage of the knowledge production function framework, which would be
susceptible to an omitted variable bias if differences in the national human capital/researcher endowment
are not controlled for. Second, we next extend our specification for the various sources of spillover, which
might affect the role of human capital due to different conditional expectations.

38



2.4. EMPIRICAL FINDINGS

through domestic knowledge. Further research may be valuable to further investigate
this phenomenon, for instance by incorporating measures of technical or geographical or
economic proximity.

Wind technologies have been around for several decades, but it is only in the last
decade that they have become the subject of renewed interest and rapid commerciali-
zation. We therefore investigate whether significant changes in the set of determinants
and their relative strength for knowledge production can be observed. We re-estimate
our ZIP model as in Model 1 for two subsamples of the data, one for the period of 1981
to 1994 (Model 4) and the other encompassing 1995 through 2004 (Model 5).

The model for the more recent period, Model 5, leads to similar insights as Model 3.
Domestic spillovers work as significant drivers of innovative activity, and, interestin-
gly, the inter-sectoral spillovers have gained some importance. The ratio of elasticities
between domestic intra-wind spillovers and inter-sectoral spillovers is now close to two,
where it was about three in the model covering the whole period.20 Wind technology
development in the earlier subsample is on the other hand significantly stimulated by
public wind R&D and a high national innovative capacity as proxied by the human ca-
pital variable. The domestic knowledge spillovers are not significant. These models shed
some light on the dynamics of wind innovation over time. In the earlier period R&D
and knowledge embodied in the general research capacity may have been critical to start
innovation. In the later period the “standing on shoulders” effect gained importance and
the knowledge accumulated has become a significant source for stimulating technological
advances in wind.

Turning to policy relevance, our results suggest that if an innovation system is pre-
dominantly characterized by domestic spillovers, and has the opportunity and means to
exploit its existing strong knowledge base, then a country that is a technology leader
is likely to maintain that position. This may also imply that “late movers” will have
difficulty stimulating innovation in wind technology as they lack their own knowledge
base. R&D is found to “kick start” innovation as it appears to work as an essential
prerequisite to innovative activity.

2.4.2 Determinants of innovative activity – the case of solar

Solar energy is still in a relatively early phase of development. This sector faces the
specific technological challenge of improving the efficiency of solar energy conversion
while significantly reducing the manufacturing costs.

We start from an equivalent base knowledge production specification at the country
level using a ZIP estimation approach (Model 1, Table 2.4). Similar to wind, the findings
confirm the basic hypothesis – “standing on shoulders” effects are important characteris-
tics of knowledge generation in solar technologies. Domestic spillovers within the same
technology, that is, solar, are relevant drivers of solar innovation output. The effect

20We also conducted estimations including year dummies (results not reported), the results of which
are not in conflict with our previous findings.
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of domestic intra-industry spillovers (Solar stock) is similar in size in solar and wind.
Interestingly, the variable accounting for knowledge that could flow to the solar industry
from technologically closely related fields contributes little to innovative activity in solar
technologies, whereas it had a strong effect in the wind case. The solar model hence
corroborates the case treated in Acemoglu et al. (2009). Our analysis clearly suggests
that the exclusion of knowledge spillovers omits an important element of the innovation
process of green technologies.

Possible explanations for the finding of non-significant inter-sectoral spillovers in-
clude, first, that solar technology is still in its infancy (compared to wind) and it is most
especially the exchange of knowledge and expertise within the same technological field
that is accelerating technology development. Second, solar technology is more complex
than wind technology (for details see Section 2.3 and Appendix 2.A). There are more and
heterogeneous potential opportunities for innovational complementarities. This implies
that it could be more difficult to measure how innovation responds to related knowledge
because the related knowledge is so diverse.

Compared to the results from the wind models (Models 1–3 and 5 in Table 2.3),
we obtain significant positive estimates for R&D and the human capital intensity. Go-
vernment R&D appears to be directed to solar research activities that increase the
productivity of inventive activity and may result in patenting output. Likewise national
innovative capacity is a relevant factor. Possible explanation is that solar is less mature
than wind and therefore still benefits from the presence of a strong national innovation
environment, that is a large pool of researchers available to contribute to innovation, and
public funds to stimulate solar innovation. The other explanatory variables are similar
to the case of wind technology. Policy instruments are not significant factors in explai-
ning innovation. The control variable for non-European countries is only marginally
significant and again negative.

The Vuong test indicates that the ZIP model is better suited to the data. The inflate
regression is specified similarly to the wind case regression. Public R&D expenditures
are again found to be a critical determinant in modelling the zero patenting outcomes.21

The model overall shows that solar innovation production is accelerated by public R&D
and conducive national research environment as well as the absorption and utilization of
knowledge available in the domestic solar industry; inter-sectoral effects are negligible.

As a robustness check, we re-estimate the model including year dummies instead of
a trend (Table 2.4, Model 2). The time effects are mostly significant and positive; their
size, as expected, is increasing over time. There are some minor changes in the size
of estimates, but again, we find a strong link between solar innovation and domestic
intra-sectoral spillovers.

A third factor hypothesized to spur innovation is international spillovers. We ac-
cordingly extend the analysis to investigate the role international knowledge spillovers

21Again, we tested several specifications for the inflate equation (not reported). Additional variables
were not significant and did not change our results.
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Table 2.4 Determinants of innovative activity in solar technology

Model 1 Model 2 Model 3 Model 4 Model 5
1981–2004 1981–2004 1981–2004 1981–1994 1995–2004

R&D 0.399∗∗∗ 0.350∗∗∗ 0.398∗∗∗ 0.510∗∗∗ 0.246∗∗

(0.119) (0.092) (0.118) (0.090) (0.127)
Human capital 1.194∗∗ 1.242∗∗∗ 1.201∗∗ 1.870 0.600∗

(0.502) (0.370) (0.500) (1.028) (0.353)
Solar stock 0.595∗∗∗ 0.504∗∗∗ 0.594∗∗∗ −0.195 0.670∗∗∗

(0.085) (0.085) (0.085) (0.265) (0.085)
Solar rel stock −0.090 0.078 −0.079 0.732∗∗∗ −0.030

(0.143) (0.124) (0.141) (0.272) (0.111)
Int solar stock 0.083

(0.452)
Feed-in tariffs −0.153 −0.090 −0.155 −0.264 −0.155

(0.177) (0.184) (0.189) (0.254) (0.176)
Obligations −0.242 −0.146 −0.263 1.029∗∗∗ −0.277

(0.160) (0.161) (0.269) (0.337) (0.236)
Certificates 0.045 0.140 0.046 Dropped 0.051

(0.096) (0.169) (0.094) (0.125)
Non Europe −0.514∗ −0.529∗∗ −0.516∗ −0.648∗ −0.306

(0.305) (0.240) (0.305) (0.390) (0.271)
Time trend 0.055∗∗∗ 0.052∗∗∗ −0.121∗∗∗ 0.050

(0.011) (0.012) (0.033) (0.038)
Time effects Yes

Inflate regression

R&D −0.974∗∗∗ −1.446∗∗∗ −0.976∗∗∗ −146.583∗∗∗ −1.235∗∗∗

(0.358) (0.587) (0.366) (10.019) (0.322)
Time trend −0.031 0.047 −0.031 −5.797∗∗∗ (0.014)

(0.069) (0.301) (0.070) (0.414) (0.203)

Observations 260 260 260 122 138
Countries 21 21 21 17 20
Vuong test 1.390∗

Notes: Dependent variable: number of EPO patent applications in solar technology, 1981–2004. Ireland has
not been included.
Robust standard errors are calculated by clustering at the country level. Standard errors are given in
parentheses below the coefficient estimates.
Intercepts are suppressed for convenience.
∗∗∗, ∗∗, and ∗ denote significance at the 1%, 5%, and 10% level, respectively.

play in innovation performance (Table 2.4, Model 3). As found for wind, international
spillovers do not affect innovation performance in solar technologies. The corresponding
coefficient (Int solar stock) is small and insignificant. Results remain otherwise robust.
The results show considerable support for our previous result: solar innovative activity
is predominantly spurred by “domestic giants”, precisely domestic spillovers within its
industry, but is not stimulated by knowledge from abroad or from related fields in the
domestic economy.

For an evolving technology like solar, the learning opportunities within the home
country and the same technology field may still be sufficiently large to foster technological
advances. The current study cannot disentangle whether the irrelevance of international
sources is due to international spillovers being less conducive to innovation or whether
the lack of influence is due to an incapacity, for whatever reason, of countries to exploit
international knowledge.
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Finally, we conduct a comparison between different time horizons for solar technolo-
gies (Models 4 and 5). Domestic knowledge spillovers within the solar technology field
have a large significant influence on innovation output in the last decade, in line with
the previous findings. The national innovative capacity and solar R&D have a clearly
smaller influence in this period. In the early period from 1981 to 1994, the latter exerted
a higher positive influence on innovation output. Interestingly, in this period domestic
knowledge in related industries turns out to be stimulating solar innovation, whereas
the small domestic knowledge base is not relevant. Apparently, also solar technology
innovation went through a phase during which solar R&D and domestic innovative ca-
pacity were very strong drivers of innovative activity, but later on, when the knowledge
base in the solar industry expanded, innovation in this domain is chiefly stimulated by
within-field knowledge spillovers.

2.5 Conclusions

Innovation is no panacea for mitigating climate change, but it is a crucial factor in re-
ducing greenhouse gas emissions and limiting the costs associated with that task. This
paper is one of the first to empirically study the channels through which innovative ac-
tivity in solar and wind technologies is spurred. Our work contributes to the literature
on innovation in renewable energy technologies by, first, testing the presence of a “stan-
ding on shoulders” effect as emphasized in the recent literature on green innovation and
growth (Acemoglu et al., 2009) and, second, shedding more light on which spillovers
(“which giant’s shoulders”) influence the innovation process. Different from such pre-
vious work, a distinction is drawn between intra- and inter-sectoral spillover sources, as
well as between domestic and international spillovers.

The analysis yields several important findings. “Standing on shoulders” effects are
empirically supported as a strong input in the knowledge-generation process of wind
and solar technologies. Innovators in both wind and solar technologies absorb and uti-
lize existing own-field knowledge in making technological advances. Such spillovers are
predominantly a domestic phenomenon – that is, they chiefly occur within a country;
international spillovers play a negligible role. Another important finding from our esti-
mation results is that wind and solar technologies have distinct innovation characteristics
and thus should be considered separately in innovation analyses. Wind and solar tech-
nologies are both stimulated by intra-sectoral spillovers, but they respond differently to
inter-sectoral spillovers, which are influential only in the case of wind technology.

The results overall support the importance of “standing on shoulders” effect in green
innovation as asserted in Acemoglu et al. (2009). They, however, also show that dif-
ferent sources of spillovers may need to be taken into account to adequately represent
the innovative activity in green energy technologies and that these sources may well vary
with the technology of interest. The phenomenon of inter-sectoral spillovers have so far
been neglected in empirical studies on green innovation, but, depending on the techno-
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logy, innovative activity can involve more than intra-sectoral learning and inter-sectoral
spillover may also constitute a relevant characteristic of innovative activity.

Our results suggest that if an innovation system is predominantly characterized by
domestic spillovers, and it has the opportunity and means to exploit its existing strong
knowledge base, then a country that is a technology leader is likely to maintain that
position. This implies that “late movers” will have difficulty in creating their own
research in renewable energy technologies as they lack a corresponding knowledge base;
international spillovers do not seem to be to sufficient for activating innovation.

An important lesson from our study on OECD countries is that international know-
ledge flows have to date played a negligible role and that successful technology develop-
ment is currently contingent on a solid domestic knowledge base in the same technology
or, to a lesser extent, in related sectors. This raises some concern over the ability of
developing countries to develop, not to mention improve, their own renewable energy
technology sector.22 International policy commitment will be needed to bring renewable
energy technologies to these countries. In some cases, increasing or building the capa-
city of these countries to absorb knowledge transfers and spillovers may be effective but,
as our results reveal, the self-sustained development of renewable energy technologies
will not come easily in developing countries. That international knowledge spillovers
are so insignificant is additionally unfortunate as it could lead to a costly duplication
of research effort if each country independently engages in developing renewable energy
technologies.

Coordination of R&D efforts, priorities, and the exchange of failure and success
stories could avoid such duplication and, moreover, accelerate overall technological pro-
gress. In this paper, we find that public R&D support stimulates innovation in renewable
energy technologies, a result that is particularly robust for solar technologies and in the
early stages of a technology. The importance of knowledge flows between sectors has to
date been mostly ignored in policy debates. If developers of clean technologies are able
to learn from other sectors in the economy, it could well reduce the costs of innovation.
However, it is not a priori clear whether policy intervention would in actuality enhance
inter-sectoral knowledge transfer and, if it could, how it should be designed to work most
effectively.

Our study provided for the first time empirical evidence for the influence of know-
ledge spillovers in green energy technologies. There is still much to learn about the
mechanisms of and incentives for absorbing and using external knowledge. In general
spillover mechanisms are weakly understood and there is a great deal of room for fur-
ther research on them. One extension of our work would be to construct measures of
“proximity” in technology space or geographical and economic distance to obtain a more
detailed picture on how knowledge flows across countries and technologies.

22It should be emphasized here, that we only analysed the conditions for innovation in renewable
energy technology, not for patterns of production. There other factors such as factor cost, particularly
for labour, or commodity costs play a more prominent role.
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2.A Appendix – Calculation of the spillover variables

To derive knowledge stocks, we use information on patent applications from the Euro-
pean Patent Office’s Worldwide Patent Statistical Database. This database contains all
national and international patent applications. Note that patents often have more than
one inventor from different home countries. In the empirical literature, the analysis is
often restricted to the first inventor, which might be misleading, especially in case of
transnational research collaborations. We allow for multiple inventors when calculating
our patent counts. Given the possibility of affiliation with more than one country, our
patent counts might be larger than the total number of patent applications at the EPO,
for instance, a co-invention by a French and a German inventor counts twice, once in
the count for Germany and a second time in the count for France.23

Patents in wind and solar technology are collected according to a classification scheme
published by Johnstone et al. (2010) that links technology classes, more specifically
the International Patent Classification (IPC) classes, to renewable energy technologies.
Methodologically, these relevant classes were determined by using a set of keywords
related to technological developments in this area.

Domestic knowledge stocks in wind and solar technology are derived by applying the
perpetual inventory method to the yearly patent applications in these fields in a certain
country. Accordingly, the knowledge stock available at time t is determined by:

Kt = (1 + δ)Kt−1 + Patt.

Hence, the stock is equal to the stock at time t-1 Kt−1, minus depreciation δ24, plus
patent applications in period t, Patt. The initial stock is approximated using an initial
growth rate of 20%. Foreign knowledge stocks in wind and solar are calculated as the
sum of the domestic stocks minus those of the country of interest.

Another influential factor in determining innovative activity is knowledge spillover
from technologically closely related industries. To extract patent applications in related
industries, we combine the classification on renewable energy technologies by Johnstone
et al. (2010) with a sectoral concordance provided by Schmoch et al. (2003) that links
industrial fields to IPC classes.25 Based on this concordance, we identify those fields that
encompass the IPC classes defining innovation in wind and solar technology and denote
them as being related to wind or solar energy. According to Johnstone et al. (2010),
patents with IPC class “F03D” belong to the field of wind energy. The class “F03D”
belongs to the industrial field “energy machinery”. We hence derive the patent stock

23This approach helps approximate the underlying value of innovative output since one might argue
that international co-inventions are of higher economic value due to the origination of larger costs. We
also experimented with first inventor patent counts in the estimations and it had very little influence on
our results.

24We impose a depreciation rate of 15%, which is common in the literature (e.g., Guellec and van
Pottelsberghe de la Potterie, 2004).

25Expert assessments and micro data evidence on the patent activity of firms in the manufacturing
industry are used to link technology classes to industry sectors.
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in wind-related industries by summing over all applications belong to the field “energy
machinery” except for those belonging directly to wind energy (“F03D”). In case of
solar energy, the procedure is slightly more complicated because solar energy patents are
found in five different fields: “mineral products”, “metal products”, “energy machinery”,
“electrical motors”, and “electronic components”. We perform the calculation in the
same manner as for the case of wind. Detailed classifications for deriving related stocks
are provided in the tables below. Foreign stocks are determined according to the method
described previously.

Table 2.5 Definition related wind technology

Field IPC Classes Except for wind technology IPC Class

Energy machinery B23F, F01B, F01C, F01D, F03B, F03C,
F03D, F03G, F04B, F04C, F04D,
F15B, F16C, F16D, F16F, F16H, F16K,
F16M, F23R

F03D

Table 2.6 Definition related solar technology

Field IPC Classes Except for solar technology IPC Class

Mineral products B24D, B28B, B23C, B32B, C03B,
C03C, C04B, E04B, E04C, E04D, E04F,
G21B

E04D 13/18

Metal products A01L, A44B, A47H, A47K, B21K,
B21L, B22F, B25B, B25C, B25F, B25G,
B25H, B26B, B27G, B44C, B65F,
B82B, C23D, C25D, E01D, E01F,
E02C, E03B, E03C, E03D, E05B, E05C,
E05D, E05F, E05G, E06B, F01K,
F15D, F16B, F16P, F16S, F16T, F16B,
F22B, F24J, G21H

F24J 2

Energy machinery B23F, F01B, F01C, F01D, F03B, F03C,
F03D, F03G, F04B, F04C, F04D,
F15B, F16C, F16D, F16F, F16H, F16K,
F16M, F23R

F03G 6

Electrical motors H02K, H02N, H02P H02N 6

Electronic components B81B, B81C, G11C, H01C, H01F,
H01G, H01J, H01L

H01L 27/142 & 31/04-078
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Chapter 3

Holding a Candle to Innovation in

Concentrating Solar Power

Technologies: A Study Drawing

on Patent Data

3.1 Introduction

Concentrating solar power (CSP) technologies are undergoing a renaissance.1 In the
1980s many successful projects proved CSP to be a set of clean, reliable and econo-
mically promising technologies for power generation, but they have subsequently been
outshone by other renewable energy technologies. However, it is increasingly apparent
that CSP is again regarded as a technology set that can make a major contribution
to a low-carbon and secure power system. Its potential is huge – scenarios predict a
share between 12% (IEA, 2009d) and 25% of global electricity needs by 2050 (Green-
peace, 2009). Estimates of the size of the project pipeline vary, but one suggests that
980 megawatts (MW) are under construction and projects of a total of 7 500 MW have
been announced (Greenpeace, 2009). One project, the DESERTEC Industrial Initiative
(DII) is particularly prominent and attracting high level support: initiated in 2009 by
industry stakeholders, it envisions a sustainable electricity supply for the EU and the
Middle East and North African (MENA) region based largely on harnessing solar power
through the installation of CSP technologies in desert areas (DESERTEC Foundation,
2009).2 The sheer volume of industry activity around CSP in these and other projects is
striking, but academic research on technological progress in CSP technologies has failed
to keep pace. The primary objective of this study is to fill this research gap by assessing
for the first time the dynamics and geographic distribution of innovative activity in CSP.

1This chapter is a modified and updated version of Braun et al. (2010a).
2The DESERTEC Foundation originally launched this vision which was later complemented by the

DII.

46



3.1. INTRODUCTION

A secondary objective is to examine the actual outcome of the innovative behaviour that
we describe (CSP installations) and the firms that populate the industry that supplies
the technology.

Empirical research can provide important insights on the characteristics of innova-
tion in renewable energy technologies and on how to enhance technological progress;
this is the first empirical study to focus on innovative activity in CSP technologies. Ac-
curate evaluation of individual technologies requires a precise technological definition,
particularly if such evaluation is to inform the design of technology-specific policy instru-
ments. Unfortunately existing research on solar energy technologies fails to differentiate
between technologies such as solar photovoltaics (PV), heating or CSP (Dechezleprêtre
et al., 2009; Johnstone et al., 2010; OECD, 2009a), which means that it “blurs” the
innovation trends of any of these technologies. The unique contribution of this study
which is based on engineering expertise and detailed data work, is the development of
a classification system that enabled us to precisely define CSP and map it to the Inter-
national Patent Classification (IPC) system. Filtering out non-CSP innovation in this
way allowed us to overcome the shortcomings of prior work in the field, and to generate
a more accurate picture of the temporal and geographical dimensions of innovation in
CSP.

Patent data are a well established metric of innovative activity in the general in-
novation literature, and are increasingly used as a measure of innovation in “green”
technologies (see Chapter 2 or Braun et al., 2010b; Johnstone et al., 2010) since they
exhibit distinct advantages over alternative measures such as R&D personnel (Griliches,
1990; OECD, 2009a).3 A patent legally defines an invention as truly novel, a status
which is assured by the responsible patent office. Patent documentation is rich with
detail such as technical classification and documentation which can be exploited for
techno-economic analysis such as this study.

For a precise technology definition, we draw on engineering expertise and a careful
assessment of the features of CSP technologies, and develop two schemes which map the
technologies to the patent classification: one based on a narrow definition of CSP focusing
on solar heat, and the other on a broader definition which encompasses the development
of components that are crucial to CSP (e.g., high-temperature heat exchange, boilers).
Classifying patents in this way allowed us to construct a unique dataset on CSP which
contains the number of annual patent applications filed at both the European patent
office (EPO) and the United States Patent and Trademark Office (USPTO) over the
years 1978 to 2004.4

Our paper relates to recent work on the empirical foundations of technological change
in energy technologies (for an overview, see Popp et al., 2010). Some of these contri-
butions have also considered CSP, but few make an explicit distinction between the

3Patent data are a strong indicator for innovation, but they are not exhaustive. We will return to
this issue in Section 3.3.1.

4We will briefly elaborate on the patenting activity at the Japanese Patent Office (JPO) in the
Appendix 3.A.
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latter and PV technologies. One strand of research studies the link between environ-
mental policy and the direction and level of technological change, often using patent
data. Lanjouw and Mody (1996) were the first to apply patent data to the issue, iden-
tifying environmentally benign technology patents and finding a positive link between
environmental regulation and innovative activity. Recently, Johnstone et al. (2010) in-
vestigate the influence of policies promoting renewable energy such as green certificates
schemes on patent activity. Feed-in tariffs were found to be particularly strong drivers of
innovation in solar technologies, but the approach adopted does not distinguish between
solar PV and solar thermal technologies. Experience curves are another analytical tool
used to infer the influence of R&D and particularly capacity expansion, on the costs of a
technology (CSP is covered by e.g., Neij (2008) or Jamasb (2007)). A third focus is the
diffusion of new technologies over time and across regions or countries (for an application
with patent data refer to Glachant et al., 2010).

We begin with an overview of the evolution of the technology in Section 3.2. Sec-
tion 3.3 describes the dataset and derivation of classification scheme for CSP technolo-
gies. Subsequently we discuss the public R&D support background against which these
innovations have occurred (Section 3.4). Based on the methodological work of Section 3.3
and the R&D background laid out before in Section 3.4, Section 3.5 will discuss our fin-
dings on patenting activity. Section 3.6 will discuss dynamics and characteristics of the
CSP industry. In the final Section 3.7 we draw together these strands and conclude.

3.2 Technology overview

Solar thermal systems are based on the physical principle of energy conversion from
short-wave solar radiation into heat, also described as photo-thermal conversion. Al-
though solar thermal systems work on a common principle, the technical designs and
materials required vary significantly depending on the required process parameters for
different applications, i.e. the temperature and pressure of the working medium. Room
and water heating in residential solar thermal systems is a common application for
low-temperature solar heat utilization. These systems are in most cases based on non-
concentrating solar thermal technologies, that is they do not amplify the direct solar
irradiation by collecting and focusing the solar radiation in a focal point or line, and
show a solar concentration ratio CR = 1, which describes the ratio of the optically active
collector to the absorber area exposed to solar radiation. In recent years the production
of process heat, water desalination, and power generation have become important ap-
plications, or at least show a high potential for solar thermal energy conversion. These
processes require high temperatures and therefore technologies must incorporate devices
which concentrate the sunlight’s direct normal irradiance (DNI) in a focal point or line
(CR > 1). Apart from water desalination, the highest potential for the future of CSP
technologies lies in electric power generation. Estimated global cumulative installed CSP
capacity is shown in Figure 3.1. CSP systems exhibit a wide range of technical designs
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Figure 3.1 Global cumulative installed capacity, CSP. Sources: EPI (2008),
Greenpeace (2009), company reports.

which differ with respect to a range of characteristics; the underlying thermodynamic
cycle (e.g., Clausius-Rankine-, Stirling-, Brayton-cycle), applied heat transfer media (oil,
steam, air, other gases), its working temperatures and working pressures, heat storage
technologies (e.g., molten salt, phase change materials, concrete, ceramic, pressurized
gases) among others.

The major CSP technologies are studied in this paper: (1) Parabolic Trough Sys-
tems, (2) Linear Fresnel Reflectors, (3) Solar Towers with a central receiver, and (4)
Parabolic Dish/Engine Systems. Figure 3.2 gives a diagrammatic representation of the
technologies, which are described in turn:

• Parabolic trough systems are shaped as semicircular mirrors which reflect the sun-
light along a focal line on a tube. The receiver tube contains a heat transfer fluid
(normally thermal oil) that absorbs the 70–100 times concentrated sunlight. The
heat transfer fluid produces steam in a heat exchanger at a temperature of almost
400◦Celsius which drives a turbine-generator unit for electricity generation. The
underlying thermodynamic cycle is a Rankine cycle, which is similar to conventio-
nal thermal power plants. Parabolic trough systems dominate the global market
for CSP plants with more than 95% share in the estimated 560 MW of operating
CSP plants in mid-2009 (Greenpeace, 2009).

• Linear Fresnel reflectors are similar to trough systems being a line-focus technology
that reflects the solar radiation from fixed ground mounted mirrors onto a receiver
pipeline carrying a heat transfer medium. Current designs use water directly in the
receiver tubes at pressures up to 50 bar and temperatures of 280◦Celsius or molten
salt fluids (DOE, 2008). Its relatively lower optical and thermal performance com-
pared to parabolic trough systems is compensated for by reduced investment, and
operational and maintenance costs. This technology promises further cost savings
through the use of less expensive reflector materials and absorber components than
parabolic mirror systems. Linear Fresnel collectors are still in the demonstration
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Table 2.2:
Operational experience,
installed capacity and
produced electricity by
technology type
(approximate
numbers)

TECHNOLOGY TYPE

Parabolic trough

Solar tower

Fresnel

Dish

INSTALLED CAPACITY
2009 [MW]

500

40

5

0.5

ELECTRICITY PRODUCED UP
TO 2009 [GWh]

>16,000

80

8

3

APPROXIMATE CAPACITY,
UNDER CONSTRUCTION AND

PROPOSED (MW)

>10,000

3,000

500

1,000

238_CSPGlobalOutlook2009A_W.qxd:Layout 1  28/5/09  06:40  Page 18

Figure 3.2 Diagram of CSP technologies. Source: Greenpeace (2009).

phase, with two operating plants and a total capacity of 6.4 MW in mid-2009
(Greenpeace, 2009) though there are several proposed commercial projects.

• Solar power towers work at the highest process temperatures among CSP tech-
nologies (700◦Celsius and higher temperatures are possible). A field of biaxial
tracking mirrors (heliostats) reflects sunlight at CR = 600 . . . 1000 onto a receiver
at the top of a centrally located tower. Common receiver materials consist of po-
rous ceramics, which are streamed by air (as a heat transfer medium) to produce
steam and run a turbine-generator unit for electricity generation. For large plant
sizes this technology has potentially lower generation costs than line-focus collec-
tors due to its higher steam parameters (pressure, temperature) and thus greater
thermodynamic efficiency.5 This becomes particularly important for dry cooling
applications which operate under high ambient temperatures and water scarcity
in arid regions. By comparison with parabolic trough or linear Fresnel systems,
the higher working temperature of tower systems means that their performance
will be less diminished by the increased condenser temperatures associated with
dry cooling. Solar tower concepts offer good heat storage characteristics for dis-
patchable power generation. In mid-2009, 32.5 MW of solar tower capacity was
in operation.6 At the same time, roughly three gigawatts (GW) of capacity were

5The maximum efficiency of a thermodynamic cycle is determined by the Carnot efficiency factor. It
depends on the temperature difference between the heat source and heat sink in a thermodynamic cycle.

6Previously two projects in the Mojave Desert (Solar One and Solar Two Power Tower demonstration
projects) were in operation, but were dismantled after the demonstration period.
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proposed or under construction (Greenpeace, 2009).

• Parabolic dish concepts use individual dishes on two axes that track the sun, each
dish focusing the sunlight onto a gas turbine or external combustion engine (Stir-
ling engine) at between CR = 1500 . . . 4000 (Kaltschmitt et al., 2007). The turbine
or engine generates electricity via a generator. In contrast to the systems conside-
red above, parabolic dish technologies do not require steam as the turbine/engine
is driven by heated air. Because of the high sunlight concentration and the asso-
ciated high working temperatures they compare favourably in terms of efficiency,
converting more than 30% of the solar energy into electricity. A single dish-engine
unit’s capacity ranges from one to 25 kW, and its modularity allows for scaling up
capacity. Being determined by demonstration projects the operating capacity was
less than one MW in mid-2009. In addition, further 1.7 GW of capacity has been
proposed (Greenpeace, 2009).

In addition to CSP technologies further designs for (non-concentrating) solar thermal
electricity generation exist. The solar updraft tower or solar chimney, passively heats air
in a greenhouse which then passes through a chimney where it drives turbines which are
again connected to an electric generator. We have briefly discussed solar towers for the
sake of completeness, but since they are a non-concentrating solar thermal technology
(Viebahn et al., 2008) they fall outside the scope of this study.

Since all solar thermal technologies rely on sunlight which is inherently variable as
a resource, they are unavailable if the sun is not shining. This dependence on the sun
and the variability of irradiation combined with the impossibility of storing electricity
on a large scale and at economically viable cost, means that the so-called intermittency
problem affects CSP technologies. However a strength of CSP technologies over other
renewable energy technologies that rely on intermittent resources is that this drawback
can be overcome by heat storage. Heat storage systems are one of the major research
fields in CSP and an important driver that is expected to reduce electricity generation
costs. Parabolic trough, solar tower, and linear Fresnel systems can be equipped with
heat storage, either directly (water/steam) or indirectly (e.g., by molten salt, phase-
changing media, solid heat storage materials). Among the CSP technologies, parabo-
lic dish/engine-systems face difficulties with cost-effective heat-storage systems for de-
sign reasons. However, current research areas comprise materials as well as engineering
sciences for medium and high temperature heat storage systems (e.g., Salomoni et al.,
2008; Gil et al., 2009; Felderhoff and Bogdanovic, 2009).

3.3 Patents as indicators of innovation in CSP

Innovation in so called green or climate friendly technologies is receiving increasing at-
tention both in economic research (see Chapter 2 or Dechezleprêtre et al., 2009; Braun
et al., 2010b; Johnstone et al., 2010) and in the policy debate (EPO, 2010), yet metho-
dological issues and questions around the appropriate way to measure these innovations
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remain. The most frequently used measure of the outcome of innovative activity are
patent data, which have the key strength that they allow the mapping of technology
domains, which makes them particularly suited for our technology-specific study. In the
following subsection we introduce general issues related to the use of patent data and in
the next, describe how the relevant CSP technologies can be mapped within the patent
data.

3.3.1 Patent data

Patent documents are informationally rich: they convey information on inventors and
owners, technical descriptions of the invention, its technological classification, the timing
of the invention, and protection coverage, all of which can be exploited for our research
purposes. Patents are based on a common legal framework and are therefore comparable
across countries and time. Patent-based data as statistical indicators of innovation have
provoked strong interest by researchers (Schmookler, 1950), and have been used as a
measure of the dynamics of technological change in countries, regions, institutions (such
as universities), sectors, and firms.

Patents are very closely linked to novelty and invention, i.e. a product or process that
is new, involves an inventive step and can be used for industrial application (OECD,
2009b). A patent is a (temporary) legal title protecting an invention by granting its
owner the exclusive rights over the use or sale of the underlying product or process. The
patent system therefore enables the appropriation of the gains from the invention which
is itself the incentive to invest in research in the first place. In addition, patents require
the disclosure of the underlying discovery, which spurs the dissemination of knowledge.

Patent documents are published eighteen months after application no matter when
the patent for the underlying invention is granted. In the present analysis, we use
data on patent applications (not patents granted) to infer recent innovative activity.
The duration of the granting procedure itself may vary remarkably within and between
patent offices and may therefore bias the analysis, hence studies on innovation dynamics
usually focus on patent applications.

Besides the numerous advantages (e.g., novelty, availability), patent data also suffer
from a number of drawbacks and raise issues that should be kept in mind when inter-
preting results (Griliches, 1990). First, the distribution of the value of patents is highly
skewed to the right since only a few inventions have a significant economic value. Second,
not all inventions are patented, and some firms might prefer a secrecy strategy to prevent
imitation. These features of patent data render them an imperfect but nevertheless very
useful and widely applied measure of innovative activity.

Data on patent applications in solar thermal technologies was sourced from the Euro-
pean Patent Office’s Worldwide Patent Statistical dataset (PATSTAT), which contains
all applications made at national (e.g., United States Patent and Trademark Office
(USPTO)) and transnational patent authorities (e.g., European Patent Office (EPO)).
Our principal focus is on applications to the EPO, since an application to a transnatio-
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nal authority can be taken as a signal that the patentee believes the invention to be of
sufficiently high value to justify the additional expense of an international application,
by contrast to one made to a national authority such as the German patent office.7 Since
it is interesting to investigate whether innovation dynamics at the national level mirror
worldwide trends, we augment our analysis of patenting in the transnational domain by
turning to the national level, more specifically the largest domestic market covered by
our sample: the US. For the sake of completeness, we shortly present results for the Ja-
panese Patent Office. This helps to put our EPO European focused results into context.
Furthermore, as Section 3.5 reveals, the US are one of the most important players in
CSP, so it is enlightening to assess their contribution to worldwide innovation dynamics.

All patent applications filed with the EPO and the USPTO and having a priority
date between 1978 and 2004 were included in the dataset. The priority date is the date
at which the underlying invention was covered by a patent for the first time. It could
be the case that an invention was first applied for at a national authority not covered in
our dataset, but afterwards international protection was sought, for instance by filing at
the EPO; this would be known as a second stage filing. Patent applications were dated
from the date of the initial application to the national patent office, which represents the
date closest to the date of the actual invention, and which is the only meaningful option
from an economic point of view (de Rassenfosse and van Pottelsberghe de la Potterie,
2007).

Our analysis of patenting activity was conducted in two steps: first, we compared
innovation dynamics in CSP with the overall trend in patenting behaviour by simply
comparing the number of applications made in each year. Second, we proceeded to the
country level by assigning applications to the inventor’s home country. We identified
countries that were global players in this field, and whether their relative importance
changed over time.8

3.3.2 Patent search strategy and classification

Patents related to CSP technologies were extracted from the technical classification
provided by the initial patent document, which is expressed in terms of symbols of
the IPC. In contrast to commodity classifications or sector definitions used in official
statistics, the IPC is inherently technological; more than 70 000 separate classification
codes exist which allows for a very precise identification of technologies. The IPC is a
hierarchical system which codifies the subject of a patent.

7A problem potentially arising in this context is the so called “home bias” which can emerge for
non-European countries: inventors in the US or Asia may tend to seek initial patent protection in their
home market and then second internationally. However, inventions that are valuable from an economic
point of view and for which the market is thought to be international, will usually also be protected in
the transnational domain.

8As patent applications usually contain more than one inventor with possibly also different home
countries, we calculate our country-level patent counts in such a way that an application counts for
every home country listed in the initial patent document.
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An example is given in Table 3.1: for example the IPC F24J 2/07 refers to: (F) me-
chanical engineering, lighting etc.; (F24) heating, ranges, ventilating; (F24J) production
or use of heat not otherwise provided for; (F24J2) use of solar heat, e.g., solar heat col-
lectors; (F24J 2/07) Solar heat collectors having receivers working at high temperature,
e.g., for solar power plants.

Table 3.1 Example of an IPC code associated with CSP

Level Symbol Description

Section F Mechanical engineering, lighting, heating,
weapons, blasting

Class F24 Heating, ranges, ventilating
Subclass F24J Production or use of heat not otherwise

provided for
Main group F24J 2 Use of solar heat, e.g., solar heat

collectors
Sub group F24J 2/06 Solar heat collectors having

concentrating elements
F24J 2/07 Solar heat collectors having receivers

working at high temperature, e.g., for
solar power plants

A step-wise search strategy was adopted, in accordance with OECD (2009a) who use
a detailed patent identification procedure for environmentally sound technology innova-
tions. Figure 3.3 shows this multi-step selection process. First, the technological options
were correctly identified through a review of the standard literature and publications
from internationally recognized research institutions, associations and CSP equipment
manufacturers (World Resources Institute (2009); Viebahn et al. (2008); EC (2007);
DLR, 2005). As a result of this exercise, we identified CSP components for each tech-
nology. For example, the parabolic trough systems include optical devices (collectors),
receivers (heat absorbing components), enclosure technologies for receivers, mounting
systems, heat transfer fluids, and heat storage devices. A similar analysis was conducted
for each of the CSP technologies discussed in Section 3.2. In addition to this systematic
view, we analysed process technologies and materials used in solar thermal component
production to define the scope of the patent data. In a second step we comprehensively
reviewed the IPC scheme and identified the relevant patent classes for CSP.9 Third,
cross-checking this initial set of IPCs with the components identified in step one, results
in a refined patent classification. To validate this IPC set in a fourth step, we used the
EPO’s world patent search engine10 as an additional tool to determine relevant IPCs by
keyword search in patent names and abstracts, using logical operators.

Such a search strategy might suffer from two potential types of error: on the one hand,
irrelevant patents might be included, or on the other hand, relevant patents might be

9www.wipo.int/classifications/ipc/ipc8/?lang=en .
10esp@cenet can be found at www.espacenet.com/index.en.htm .
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Figure 3.3 Scheme to identify international patent classes (IPC) associated with CSP

left unidentified. Either error would bias our results. While leaving out relevant patent
classes leads to lower total patent counts, this seems less dramatic than the inclusion
of irrelevant classes, since it can be assumed that the identified patents represent the
majority of innovation activities and therefore serve as a good proxy (OECD, 2009a). To
avoid the first error (i.e. the inclusion of irrelevant patents), we use the esp@cenet dataset
to cross-check the identified classes on their relevance for CSP by analysing abstracts for
a sample of patents and using logical conjunction of IPC classes and relevant keywords
(logical “AND” operator for IPC class and keywords). If too few patents matched these
combinations, these classes were left out (Lanjouw and Mody, 1996). To give an example,
this procedure led us to exclude the IPC F26B 3/28 (“Drying solid materials or objects
by processes involving the application of heat by radiation, e.g., from the sun”). The
class was excluded because less than 10% of the abstracts or patent titles for this class
contain relevant keywords (e.g., “solar”, “sun”, “visible light”). An additional analysis
of a sample of patent abstracts in this class indicated that the majority was not related
to CSP.

This multi-stage process resulted in a set of IPC classes for innovative components
in CSP shown in Table 3.2. The design of CSP thermal plants and fossil fuel thermal
power plants often differs only marginally, the main difference being the primary heat
source, and different designs can be found in combination, for example as “integrated so-
lar combined cycle” (ISCC) concepts. Many of the recently installed CSP plants employ
this concept, where CSP generation is backed-up by gas turbines. Thus, heat exchan-
gers, boilers, pipes, turbines, cooling tower designs, pumps, and other components are
to a great extent similar for both technologies. Innovations in CSP plants (e.g., cooling
concepts for power production in arid regions) also affect fossil fuel power plant design,
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Table 3.2 CSP and corresponding IPC patent classification – broad and narrow
definition

IPC section IPC classes included in broad
definition

IPC classes included in narrow
definition

B Performing Operations,
Transporting

B32B1/08 –

C Chemistry and Metallurgy C09K5/00, C09K5/02,
C09K5/04, C09K5/06,
C09K5/10, C09K5/12,
C09K5/14, C09K5/16, C23C

–

E Fixed Constructions E04D13/18 –

F Mechanical Engineering,
Lighting, Heating, Weapons,
Blasting

F03G6/00, F03G6/02,
F03G6/04, F03G6/06,
F24J2/00–54,

F02G1/043, F15B11/00,
F15B15/01, F16L9/00,
F16L27/12, F24H1/00,
F24H9/02, F24H9/06, F24H9/12,
F24H9/14, F28D20/00,
F28F9/04, F28F9/013,
F28F9/06, F28F9/08, F28F9/12,
F28F9/14, F28F9/16, F28F9/18,
F28F9/20, F28F9/26,
F28F13/18, F28F21/04,
F28F21/08, F28F23/00

F03G6/00, F03G6/02,
F03G6/04, F03G6/06,
F24J2/00–54

G Physics G02B27/14, G05B19/418,
G05D3/20

–

Notes: IPC classes that are included both in the narrow and broad definition are set in bold face.

and vice versa overall efficiency increase in thermal power plant development will ulti-
mately improve the efficiency of CSP. This issue is addressed by the development of two
separate classification schemes: the narrow classification captures CSP-specific patents
(bold print, see Table 3.2). These patent classes refer to applications in solar heat. A
second enlarged set (comprising all IPC classes according to Table 3.2) additionally in-
cludes components which are crucial for CSP development (e.g., high-temperature heat
exchangers, boilers), but also relates to other technologies as multi-purpose applications.

We have argued above that imprecision with respect to the definition of the specific
technology has lead to bias in existing analysis of patents. Our analysis is therefore
restricted to CSP-relevant thermodynamic and mechanical components and unspecific
(e.g., mechanic-electric converters) or irrelevant (e.g., flue gas filtration) technologies
are excluded from our analysis. Sound reasoning suggests the necessity to discriminate
between technologies, and engineering expertise has allowed us to define both a narrow
and a wide classification.
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3.4 Public R&D support for CSP

Public support for research and development has been crucial to the development of
CSP, at it has been with other renewable energy technologies such as wind and solar
PV. The rationale for public support is that the externalities, in particular environmen-
tal and climate change repercussions, associated with energy supply are significant and
the public benefit from reducing them is greater than the private benefit from doing so.
At the same time the creation of any new knowledge is also characterized by externali-
ties. As emphasized in the innovation literature, new ideas and technologies have public
good characteristics and are therefore under-provided by the market (the so called ap-
propriability problem e.g., Arrow, 1962). Innovation in environmentally benign energy
technologies is therefore afflicted simultaneously by these two issues, and government
action such as R&D support or strategic deployment may therefore be warranted as
means of “correcting” for these research and environmental externalities.

Historically, energy research has been conducted by the private sector, with the ex-
ceptions of nuclear power and basic research. Rising fuel prices and concerns about
security of supply and import dependence in the 1970s transformed energy R&D, parti-
cularly on alternative energy, into a matter of public interest. Public R&D on renewable
energy technologies in IEA countries rose rapidly from a share of less than 3% of total
energy R&D spending in 1975 to over 9% by 1978. For the period 1974 to 2008, it
reached a peak of 14% in 1981 (IEA, 2009b).

The evidence suggests a strong similarity in the patterns of public R&D funding
for CSP across countries. For the countries leading in terms of their absolute volume
devoted to CSP, we find that CSP R&D was the highest in both absolute (Figure 3.4)
and relative terms (Figure 3.5) in the early 1980s and that the support has been quite
volatile over time. The US were in a striking lead position up to 1980, with a maximum
support of 344 million US dollars allocated to CSP or 23% of all funds for renewable
R&D in the US in 1980. Support declined sharply after 1980 due to the lower priority
given to federal (alternative) energy research by the Reagan administration in the face
of lower energy prices and a requirement for fiscal consolidation.

The decline of CSP support after the early 1980s was mirrored across countries and
technologies:11 Japan and Germany, the other major high tech countries, also followed
this pattern, but granted support much more moderately. Japan phased out CSP funding
in 1988 and concentrated its ambitions on PV technology (DOE, 2005).12 Interestingly,
Italy and Spain are strongly committed to CSP, particularly after 1997, the year of the
Kyoto protocol; neither are typically among the group of highly innovative countries.

A second measure of the commitment to developing CSP is the ratio of public R&D
support for CSP to support for the other solar technologies, PV and solar heating and
cooling (see Figure 3.5).

11Lanjouw and Mody (1996) also describe this phenomenon and suggest spillovers from the US phase-
out of public renewable energy R&D funding to other OECD countries as an explanation.

12A second Asian country, South Korea, started only at the year 2000.
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Figure 3.5 shows that the relative importance of CSP versus other solar public re-
search funding fluctuates remarkably, but overall describes a downward trend for most
countries. Since 2000 however, interest has revived; this may be attributed to the in-
creased focus on stabilizing greenhouse gas (GHG) emissions after the Kyoto protocol.
Storage systems like those operating with molten salt, and materials research are also
still in an early phase and require further research efforts. In 1980 CSP and solar PV
received approximately the same level of R&D support in the US (about 300 million
US dollars each), but subsequently a wide gap opened up. Japan initiated R&D sup-
port for several alternative technologies with its Sunshine Project (1974), and originally
gave CSP priority over solar PV, but as the figure shows, around 1980 the priorities
were reversed, and by the mid 1980s CSP support ceased (EIA, 2005). The European
countries most active in supporting CSP in terms of volume of (public) R&D are Ger-
many, Italy, and Spain. Germany gives CSP a much lower priority than the others, but
its support efforts are characterized by greater stability, which may be important given
the sensitivity of investments in R&D to uncertainty (e.g., Neuhoff et al., 2007). Italy
and Spain show larger variation over time, with a strong upward movement around the
time that the Kyoto protocol was signed. Spain and particularly Italy’s R&D funding
display a large variance over time but exhibit nonetheless remarkably high commitment
to developing CSP technologies.

3.5 Innovation activity in CSP technologies

We consider two aspects of innovative activity in CSP technologies. First, worldwide
innovation dynamics are inferred by investigating the evolvement of patent application
counts in CSP compared to the trends in overall patenting behaviour.13 Second, we
examine patent application counts at the country level, a common approach in the
literature (e.g., Dechezleprêtre et al., 2009; Johnstone et al., 2010), to refine our analysis
with a view on the leading inventor countries in this specific technology. The analysis
first relies on data on the international patenting activity at the EPO (Section 3.5.1).
The focus then turns to the US as a large (CSP) home market and uses USPTO patent
applications to this end (Section 3.5.2). The Japanese Patent Office is covered in the
Appendix 3.A. It present some additional insights on the JPO, but is kept rather short
for methodological issues with the data as will be discussed there.

3.5.1 Innovation activity at the EPO – an international perspective

3.5.1.1 Global trends at the EPO

It is well established that the number of patents in general has been growing strongly
over time. The trend can be attributed to various factors like ease of access to patent

13The countries covered are abbreviated as follows: AU Australia, AT Austria, CH Switzerland, DE
Germany, FR France, GB United Kingdom, IL Israel, IT Italy, JP Japan, KR Republic of Korea, NL
Netherlands, SE Sweden, TW Taiwan, US United States.

59



CHAPTER 3. HOLDING A CANDLE TO INNOVATION IN CONCENTRATING
SOLAR POWER TECHNOLOGIES: A STUDY DRAWING ON PATENT DATA

databases, globalization of business and research activities. Figure 3.6 shows the evo-
lution of total patent applications in all technologies as a benchmark to compare total
CSP patent application according to the narrow and broad definition over time. To ac-
count for the substantial difference in volume of patents we normalized each time series
to unity in 1978, the first year where data are available. The total innovation activity
in all technologies, the benchmark, clearly shows an upward trend over time. In the
early years the CSP technologies displayed a dynamic similar to that of this benchmark.
At the beginning of the 1980s, however, CSP patent applications (narrow definition)
experienced a striking downward trend, followed by a trough lasting until the end of the
1990s and a subsequent slight increase in patenting activity. The CSP technologies have
underperformed compared to the overall patenting activity at the EPO: in 1978 they
accounted for 0.54% of all patents and in 2004 for just 0.06%.14 Different from what
we find for CSP, innovation in other renewable energy technologies such as wind or PV
follows a dynamic growth path and has even acclerated its growth since the end of the
1990s (see e.g., Section 2.2.3 or EPO (2010), Johnstone et al. (2010), Dechezleprêtre
et al. (2009)).

Dechezleprêtre et al. (2009) argue that the 1997 Kyoto Protocol has been vital for
spurring the innovation performance in climate change mitigating technologies of the
main inventor countries. This observation relates to all climate change mitigating tech-
nologies. In the case of solar innovations the study rather finds a decline. The study,
however, relies on a much broader categorization of solar technologies – including power
generation (solar PV and solar thermal power) and heating applications (solar heating
and cooling, and drying) – and comprises over 44 patent offices. This underpins the
importance of being precise about which technologies is being referred to in discussion
of technological change dynamics in climate change mitigating technologies.

A different picture emerges when considering the CSP technologies defined broadly,
i.e. technologies which are important elements of CSP, but are not exclusive to CSP.
These technologies may in some cases not apply uniquely to CSP, however, as described
in Section 3.3.2 they are easily adapted for CSP and are therefore constituent elements
of CSP technologies. Here, patenting activity tracks the path of the benchmark, but
falls slightly since 2000. Hence there is still active knowledge creation and technological
advances that are critical to CSP (though it has trended slightly downwards since 2000).
Such CSP technologies which are captured by the broad definition also serve as a strongly
related knowledge pool and the basis for CSP development. The role of such strongly
related technology fields in inducing innovation is non-negligible as Braun et al. (2010b)
show (see also Chapter 2). These findings not only moderate the “pessimistic” picture
found for the narrow definition and give a somewhat more optimistic outlook for the
innovation performance of CSP, but also point to the importance of defining technologies
appropriately when using patent data. Existing studies (e.g., Johnstone et al. (2010))

14To put this into perspective, note that “environmentally responsive” technologies are estimated to
account for between 0.6% to 3% of all patents (Lanjouw and Mody, 1996).
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Figure 3.6 Comparison total to CSP patent applications at the EPO

have neglected to motivate their choice of technologies and identification of IPC in an
explicit manner and moreover failed to provide a range of possible patent classes for
sensitivity analysis.

3.5.1.2 Innovation activity according to the narrow definition of CSP

As shown in Figure 3.6, the innovation pattern of the narrowly defined CSP technolo-
gies is striking, particularly when considering the sizable capacity expansions that are
planned (for details refer to Section 3.6.1). Technological progress as depicted by patent
applications is very weak. However, this reflects the evolution of public R&D support
as shown in Figure 3.4. Research activity was highest prior to the 1980s and was appa-
rently effective in inducing CSP innovation output. Similarly as R&D deteriorated after
1980 patenting activity declined. One might hypothesise the reason for the low level of
innovation activity in CSP technologies to be due to the fact that it is rather a mature
technology. The technology components are in some but not all cases, scientifically well
understood. The application of well-established components for a new purpose, that
is using solar radiation to generate power is novel and constitutes an innovation in an
emerging technology. However, a mature technology is generally regarded as one with
a record of widespread use over a long period. The installed capacity of CSP is still
rather low (around 700 MW, see Table 3.3) so the maturity argument might therefore
be insufficiently strong to explain the strikingly low patenting activity.

Next we consider how trends have evolved at the country level (Figures 3.7 and 3.8).
Geographic dispersion of technology development as depicted here by patent counts,
can illuminate the role of different energy policy regimes, market demand or natural
potential in promoting innovation. Germany is the leading innovator in CSP technologies
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(Figure 3.7) – its mean number of patents filed with the EPO is around 19. Particularly
active patenting was concentrated into two time periods; around 1980 and then again
from the mid 1990s onwards. Though Germany supports CSP research and has set up
demonstration plants, it is not a relevant market for applying CSP technology due to
unfavourable resource potential.

The second highest number of patents was recorded by the US, but with a mean of
around eight, activity is at a different order of magnitude. Note that these are US patents
filed abroad i.e. at the EPO; apparently the US consider Europe to be a promising market
for their newly developed technologies. Evidenced by volumes of public R&D funding
(see Section 3.4), the US were very supportive of CSP at the beginning of the 1980s and
we found evidence of intensive patenting. However R&D support was cut dramatically
in 1981, after which we observe a decline in patenting. Hence the US appear not to have
built up a sufficiently large knowledge base in CSP during the years of intensive R&D
support to allow them to exploit their position in later years (the so called “standing on
shoulders of giants” effect). In third place, closely behind the US, is Japan, and only
France and Switzerland among the European countries show significant CSP innovation
output. Japan’s innovation performance is nonetheless interesting as, in contrast to the
US, Japan phased out its public CSP R&D and only few solar power plants have ever
been built (for instance a one MW plant in Nio). All these leading innovators show high
innovation activity at the early 1980s and a moderate innovative activity afterwards,
except Germany and France where patenting activity gained momentum after 2000.

Additional country-level details are presented in Figure 3.8. Patent filings in general
tend to be concentrated in a few countries; the US, Japan, and Germany accounted for
60% of the total patent filings in all technologies for 2004. CSP technology development
is also concentrated in traditional high-tech countries. The five leading countries by
patent application counts, Germany, US, Japan, France, and Switzerland, account for a
substantial share of the total innovation activity which has, however, declined over time
(1978: 74.6%, 2004: 45.8%). Except for the US, these leading countries have rather
limited potential for the deployment of solar power plants. Japan and the US have a
particularly impressive performance, considering that they obviously seek active protec-
tion at the EPO i.e. outside their home countries. Their patents are often secondary
filings. As patent applications are costly, investors would only seek protection if they
are interested in entering these markets.

Over time the composition of innovators has become more heterogeneous: United
Kingdom, Australia, Israel, and Italy join the group of important innovators, whereas
Japan and Switzerland loose share towards the end of the sample period. Australia,
Israel, and Italy are potentially large markets for CSP applications and already have ca-
pacity installed. Their strong innovative activity provides some evidence for a demand
side impetus on innovation – having natural potential may be conducive to stimulate in-
novation. Comparing Spain and Italy is interesting in this regard – both are potentially
large markets for CSP and indeed Spain in particular has been referred to as the “epi-
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Figure 3.7 CSP patent applications at the EPO by leading countries; CSP – narrow
definition

centre of CSP development” (Emerging Energy Research, 2009). Within Europe, Spain
currently offers the most generous CSP subsidies. Starting with the “Royal Decree 841”
from 2002 (Gobierno de España, 2002), Spain has increased the feed-in tariff granted to
solar thermal power generation from 0.12 euros per kilowatt hour (kWh) to 0.27 euros
in 2007 (Royal Decree 661, Gobierno de España, 2007).15 Spain and Italy are usually
considered to be among the less innovative western European countries. In spite of these
common characteristics, and Spain’s higher installed capacity and project pipeline, Italy
has a far higher level of patenting activity than Spain. In fact Spain’s patent filings at
the EPO were too low to be adequately shown in the graphs.

As presented in Section 3.4, Italy has devoted substantial funds on CSP technology
development which appears to have been successful in inducing innovation, although
variability in funding over time has resulted in a relatively unstable innovation path
with high levels of activity in the early and very late phase. Natural potential alone may
not be sufficient to “generate” CSP innovation, as also the absence of activity by the
MENA countries shows, but in addition adequate technological, scientific, and research
capability are critical to high levels of innovation performance.16

15Importantly an explicit CSP target was set at 500 MW in Spain by 2010. However, a review of the
support programme is currently under way, and substantial downward revision of the level of support
could be expected to pose a significant threat to the one GW of planned capacity in the project pipeline
(Emerging Energy Research, 2009).

16More recently, emerging economies are beginning to implement subsidy schemes, for example South
Africa announced a feed-in tariff scheme offering about 0.18 euros per kWh for concentrating solar power,
and MENA countries such as Algeria and Israel are following their lead.
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CSP – narrow definition

3.5.1.3 Innovation activity according to the broad definition of CSP

The time path of innovative activity for CSP according to the broad definition is different
from the case of narrowly defined CSP technologies; it is characterized by more or less
steady growth from the 1980s with particularly active times in the early 1990s and 2000s
(Figure 3.6). Patenting activity in the broadly defined CSP technologies (Figure 3.10)
is substantially higher than for the narrow definition, which is not surprising since it
covers a wider set of IPC classes. Within the field of broadly defined CSP technologies,
the US, Germany, and Japan are again among the leading inventor countries, collecti-
vely accounting for 64.2% of CSP patent applications in 1978 and even 71.2% in 2004
(Figure 3.10).

The US were in the leading position over most time periods in contrast to what
we found for CSP narrowly defined. Particularly strong were the 1980s and the 1990s,
though at the end of the 1990s we observe a decline in US patenting at the EPO. Patent
filings from Japan followed a similar path as in the US case. In contrast to Japan or
the US, Germany managed to accelerate its innovative activity, as with the narrow case,
and indeed by 2001 the number of filings from Germany exceeded the number filed by
inventors from the US.

The middle field with European countries such as France, Switzerland, and United
Kingdom is remarkably stable, but considering their smaller size, not surprisingly at a
much lower level. Residual patenting activity is dispersed over more than 40 countries.17

17South Korea is one of few emerging countries showing some innovation recently, but the overall role
of emerging economies is still small in contrast to Dechezleprêtre et al. (2009) who find China, South
Korea, and Russia to be strong new entrants accounting for up to 15% of patent filings in climate change
mitigating technologies.
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As shown by Figures 3.9 and 3.10, the leading countries are typically highly innovative
OECD countries often with limited natural potential for the use of CSP technologies
themselves. These countries must take leadership in fostering technology diffusion and
dispersion of CSP technologies which is vital for the regions with the best resource
potential (Africa, west coast of South America, India), but which lack knowledge and
expertise. Facilitating technology transfer and knowledge exchange between the techno-
logy developing and the adopting countries is therefore a priority, and it has also been
addressed by initiatives such as SolarPACES an international cooperative network under
the umbrella of the IEA.

3.5.2 Innovation activity at the USPTO – a glance at a dynamic home

market

3.5.2.1 Global trends at the USPTO

The US have a substantial solar resource and thus a large domestic market. We now
proceed to the country-level analysis of the USPTO data as a complement to the earlier
analysis on international patenting trends based on the EPO data. Patent application
activity at the USPTO in all technologies follows a dynamic path (Figure 3.11). It is
less strong than the path found for the EPO (Figure 3.6) which is, however, caused by
the fact that the beginning of our observation period is close to the founding year of the
EPO. Total patenting increased strongly from 1978 until 2002, then experienced a decline
in 2003 and 2004. Trends in patenting in CSP as defined by the narrow definition, is
close to the benchmark in the very early years, however decline after 1980, then remain
approximately stable before increasing slightly around 2000 – similar to the EPO case
(Section 3.5.1, Figure 3.6).

Since 1980, the narrowly defined CSP technologies show very low levels of knowledge
creation that make it hard to maintain a knowledge base. This lack of momentum was
reflected in the degree to which the capacity diffused within the US – the first phase of
intensive capacity expansion occurred in the 1980s (SEGS power plants in the California
Mojave dessert, still in operation today, see Table 3.3). Public policy had an important
role to play – the cornerstone of the federal support scheme was the investment incentives
scheme. The 1978 “Energy tax act” introduced residential tax credits and importantly
for CSP, business tax credits of 10% for investments in renewable energy sources (Moore,
1996).18

In addition to Federal action, many states launched their own initiatives and Cali-
fornia was an early leader in this context by granting tax credits of up to 55%. The tax
credits gave the adoption of CSP and solar power plants real impetus; indeed most CSP
and early solar plants (like SEGS) were installed in California. However, the instrument

18The “Electricity production tax credit” (PTC) introduced in 1994 and amended several times since
grants renewables such as wind, a tax credit of 1.2 cent per kWh or the option of a “Business energy
investment tax credit” (ITC). However, solar electricity projects such as CSP are eligible only for ITC.
The credit equals 30% of expenditures and no maximum applies (DSIRE, 2010).
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Figure 3.11 Comparison total to CSP patent applications at the USPTO

was poorly designed since it was renewed on an annual basis so failed to address the need
for policy certainty that underlies investment in renewable energy technologies. In 1992,
the Californian government delayed the decision over the extension of its credit tax.
The major actor in the CSP business, LUZ, went bankrupt and installation of new CSP
systems across the US ground to a halt (Martinot et al., 2005). The prevailing attitude
towards renewable energy technologies in the US then remained low until the 1990s, and
it was again the states that launched several initiatives, among them renewable portfolio
standards, tax cuts, and other financial incentives. These policy instruments have sti-
mulated new installations of solar power plants in Nevada and California and have thus
contributed to a renaissance of CSP.

Turning to innovation in CSP according to the broad sense displayed similar tenden-
cies to trends in overall patenting activity up to 2000 (Figure 3.11). Subsequently, there
was a sharp decline in patent filings at the USPTO which was much more pronounced
than the more moderate decline observed at the EPO. Possible explanations for the
differences between the US and Europe might be the increased interest and particularly
R&D support schemes or feed-in tariffs eligible to CSP in Europe after 2000. This might
partly explain the moderated effect observed with the EPO.

3.5.2.2 Innovation activity according to the narrow definition of CSP

We now turn to the country-level analysis of the USPTO data. CSP patent counts at
the USPTO are considerably higher than those of the EPO (Figures 3.12 and 3.13). Per-
formance was very strong before 1985 before falling dramatically, and has only recently
begun to show signs of increased activity. The US, Germany, and Japan are again the
leading actors in this technological domain (Figures 3.13).
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The, US, not surprisingly, are dominant with their home patent office (“home bias”)
and account for the majority of all CSP patent applications in all years (1978: 78.9%
and 2004: 72.6%). The mean number of US patents filed at the USPTO is 87. It is
followed a substantial distance behind by Japan with an average number of eight patents
filed and Germany with an average of around seven. We also observe Israel to be among
the leading innovators and to even have a stronger performance than with the EPO.

3.5.2.3 Innovation activity according to the broad definition of CSP

The set of main inventor countries resembles the EPO case and is again highly concen-
trated among OECD countries. As expected, the US are the main inventor at their home
patent office with a share of 60.1% of the CSP patents according to the broad definition
in 2004 (1978: 63.5%) (see Figures 3.14 or 3.15). The second most important inventor
was Japan (1978: 11.4% and 2004: 17.9%) and Germany (1978: 9.1% and 2004: 4.8%)
followed some distance behind. Japan is hence gaining influence over time – in contrast
to Germany. United Kingdom and France again rank in the middle tier of inventor
countries at the USPTO. This ranking of innovative countries is quite stable in both
the USPTO and EPO data. In recent times a few emerging countries have entered as
innovators, for instance South Korea and Taiwan. Their performance measured at the
USPTO is more remarkable than observed at the EPO. The share of South Korea at
the USPTO is 5.2% compared to 1.4% at the EPO in 2004. In 2004 South Korea is, for
the first time, ranking as the third most important inventor country, leaving Germany
behind. Taiwan accounts for roughly half as many patents as Korea.
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Figure 3.14 CSP patent applications at the USPTO by leading countries;
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CSP – broad definition

To summarize, though in absolute terms the USPTO display higher innovative acti-
vity in CSP technologies (narrow and broad definition), the innovation dynamics in CSP
technologies itself is only moderate. The levels of innovative activity at the USPTO were
high until the early 1980s (particularly when considering the narrow definition) when
CSP demonstration plants raised hopes for a significant US CSP market, but afterwards
activity plummeted. Though there were some signs of recovery from the 1990s (broad
definition) or after 1997 (narrow definition) it was of a temporary nature and the surge
lost its drive again in the last two years of our sample. The latter phenomenon was not
found at the EPO where the slight upward trend after 1990 continued. Both the US (at
least on state level) and Europe implemented new support schemes to foster capacity
expansion in CSP and many new CSP projects are being planned.19 Yet patenting at the
EPO conveys a more dynamic and optimistic picture in recent years than the USPTO
case. One explanation for this difference might be R&D support – some European
countries like Italy have increased funding for CSP research; unfortunately quantitative
information on US R&D support is not reported for the last years of the sample. This
and previous chapters have taken a technology-driven and methodological perspective
on innovation in CSP, introducing the technologies of interest, explaining how patent
data can be used to map CSP into precise technology classifications, and finally to track
the dynamics and composition of CSP innovation. The subsequent section analyses the
supplying industry.

19At the time of writing, more than 20 US states have implemented a version of the renewable portfolio
standard which differ in terms of eligible technologies, targets etc., but almost all include CSP applica-
tions (EPA, 2009; DSIRE, 2010). Several southern European countries including France, Portugal, and
Greece, eventually introduced feed-in tariffs for CSP (for details see Solar PACES, 2009).
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3.6 The dimensions of the supplying industry

In this section the unit of analysis shifts from the region or country, to the firm. The
technology portfolio realised tomorrow is a direct consequence of decisions to invest in
both innovation and capacity taken in previous periods. Despite the role for public policy
and support discussed above, it is firms that both develop new technologies and adopt
new technologies. We briefly rehearse the principal arguments regarding incentives to
innovate in order to provide some context for our findings, then set the scene by means
of a discussion of patterns of installed capacity, before going on to consider the industrial
structure in which firms that conduct CSP R&D operate.

The incentive to innovate can be broadly defined as the ratio of the profit a firm
would make if it invests in innovative activity (usually R&D) to the profit that it would
make if it did not (Gilbert, 2006). That industrial structure has important impacts on
the incentive to innovate is not in dispute, however, consensus on which type of market
structure provides the greater incentive to innovate remains elusive in spite of conside-
rable volume of academic research. Initiated by Schumpeter (1934) who took the view
that large firms offer a more stable environment that is conducive to innovation, the
debate was enjoined by Arrow (1962) who considered resource allocation under the un-
certainty implied by Schumpeter’s position and showed that the incentive to innovate is
always greater under competition than under monopoly except in the case where appro-
priability is greater under monopoly than competition. The volume of the theoretical
literature is vast, yet no commonly accepted general theory of innovation and competi-
tion has emerged. However some empirical regularities are becoming apparent; there is
some evidence that above an industry specific threshold, R&D is generally proportionate
to the size of the business unit, though there is little empirical support for Schumpeter’s
notion that the stability of monopoly promotes innovation. Similarly, the notion that
competition and innovation are invariably positively correlated is not supported either,
which somewhat diminishes the validity of Arrow’s argument.20

However, one prediction following Arrow’s work that has attracted empirical support
(e.g., Jamasb, 2007) is the idea that expanding the market leads to learning and cost
reductions and improvements in the product, which in turn underlie the notion of stra-
tegic deployment. That is to say, the use of policy instruments for example subsidies,
to expand the size of the market and hence reduce costs and improve product perfor-
mance through learning-by-doing. However the role of uncertainty remains critical to
the level of investment in innovation. In the context of green technologies, Neuhoff et al.
(2007) show that anticipated (but not unanticipated) growth in the size of the market
accelerated innovation in solar PV.

The CSP industry supplies clean technology solutions to a sector (power generation)
in which aggregate investment decisions (which technology to install) have the potential
to materially alter the global emissions profile. So given the interdependencies that exist

20For an excellent survey see Gilbert (2006).
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between industry structure, competitive pressure and innovation, tracking changes in
the structure of the industry relative to the initial condition may be instructive with
respect to policy formation, particularly since our understanding of innovation in clean
technologies is so poor.

3.6.1 Installed CSP capacity

Two key facts can be drawn from Table 3.3 which details current installed capacity of
CSP. First it shows that 51% of the 722 MW of operational capacity (mid 2010) was
installed in the US, with the bulk of the remainder in Spain. Both countries have a high
solar resource, but as we discussed above, Spain has very low levels of innovation in CSP
combined with a policy regime that is strongly supportive of CSP technologies, while the
US have a high but variable level of innovative activity and historically a patchy record
on support policies. Second, it is clear that the parabolic trough is the clear winner in
terms of capacity installed so far. It will be interesting to observe whether or not they
maintain this lead, as might be expected.

In terms of the size of the CSP project pipeline, in Spain alone there around five GW
planned and around 8 GW in in the US (Emerging Energy Research, 2009), almost
five GW of which are scheduled to be installed in California (California Energy Com-
mission, 2010). This active pipeline is very likely to be strongly associated with resource
availability; it is rational for firms to invest in technologies that maximize their expected
profit. But if resource availability is the primary driver, we would expect to observe signi-
ficant pipelines in other resource rich countries, such as Italy and the MENA countries.
The link with policy certainty seems crucial. As discussed above, both the level and du-
ration of support under the Spanish regime deliver a level of certainty to investors that
gives the confidence in expected revenue or projects that outweigh the expected risks. A
review of the level of support delivered under the mechanism is under way, and it will be
interesting to observe the impact of any reduction in subsidy on realised projects. With
respect to the US, CSP plants are operational in those states with both high resource,
and with renewable portfolio standards and other policies regarded as successful (Wiser
et al., 2005).

In order to gain some insight into the characteristics of the players, we first charac-
terize firms according to their main competencies and look at the number of stages in
the value chain in which they are active. We then consider the extent to which firms
concentrate only on solar thermal power, or whether their interests are more widely
dispersed.

We studied the annual reports and websites of 32 firms known to be active in the
sector and based on the data gathered, characterize a simplified value chain consisting
of six stages (based on but not the same as the version due to Gereffi et al., 2008)). The
first stage in the value chain is component manufacture, when the collector systems,
steam generators etc. are developed. Next comes site selection, planning and permit
issues, and real estate procurement – that is, project development. Project finance is

72



3.6. THE DIMENSIONS OF THE SUPPLYING INDUSTRY

Table 3.3 Operational CSP plants in 2009

Project name Location Capacity (MW) Technology

United States (US)
Maricopa Solar Peoria, AZ 1.5 Dish sterling
APS Saguaro Saguaro, AZ 1 Parabolic trough
Kimberlina Bakersfield, CA 5 Fresnel reflector
SEGS I & II Daggett, CA 44 Parabolic trough
SEGS III & IV Kramer Junction, CA 310 Parabolic trough
Sierra Sun Tower Lancaster, CA 5 Solar power tower
Keahole Solar Power Hawaii 1 Parabolic trough

Total US: 367.5

Rest of the World (ROW)
Liddell Power Station New South Wales, Australia 2 Fresnel reflector
Themis Solar Tower Pyrénées-Orientales, France 1.5 Solar power tower
Jülich Solar Tower Jülich, Germany 1.5 Solar power tower
Shiraz Solar Power Shiraz, Iran 0.25 Parabolic trough
Yazd ISCC Yardz, Iran 17 Parabolic trough
Alvarado 1 Badajoz, Spain 50 Parabolic trough
Andasol Grenada, Spain 100 Parabolic trough
Extresol 1 Badajoz, Spain 50 Parabolic trough
Puertollano Puertollano Cuidad Real, Spain 50 Parabolic trough
PS10 Solar Tower Seville, Spain 11 Solar power tower
PS20 Solar Tower Seville, Spain 20 Solar power tower
Puerto Errado 1 Murcia, Spain 1.4 Fresnel reflector
Solnova Seville, Spain 50 Parabolic trough

Total ROW: 354.65

Total operational capacity 722.15

Sources: Emerging Energy Research (2009), Gereffi et al. (2008), company annual reports, own calculations.

the next consideration and finally the facility is constructed. After commissioning comes
operations and maintenance (O&M). An additional stage in the value chain that was
identified from our research, captures firms that are active in one or more stages earlier
in the value chain, but who chose to retain a share in the completed project.21

Having explained the value chain, we next establish the degree of vertical integration
along the value chain as represented in Table 3.4. In contrast to Gereffi et al. (2008) we
do not include final users in our value chain on the basis that total installed capacity is
still very small, and is dominated by demonstration plants, there seems to be little to
say on this aspect at present. We find that one firm, Solar Millenium, is active in five
of the six stages in the chain and four are active in four stages, whereas 19 firms focus
on only one stage, for example the production of components. So while the majority
of firms are active in one stage, approximately 40% of firms are vertically integrated to
some extent, and 15% of firms are active in four or more stages.

Next we consider the importance of solar thermal power technologies in the value
chain of each firm. Ideally this would be measured by the proportion of total revenue (or
profit) accounted for by CSP activity, however such data is not publicly available. Instead
we have identified the focus of firms from examining their annual reports. For example,

21While an argument can be made for including upstream firms that supply materials to the component
suppliers, the complexity of accurately identifying firms that manufacture products falling into this
category is enormous. It would require the construction of a classification system along the lines of that
developed for evaluating patents that was outlined above which is beyond the scope of the current study.
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Table 3.4 Firm activity in value chain for CSP

One Two Three Four Five Six Total

Number of Firms 19 5 3 4 1 0 32

Sources: Company websites and reports, own calculations in late 2009

if the firm reports activity in solar PV, or perhaps turbines, then they were regarded
as not being focussed on CSP. We found that of the 32 firms examined, 14 were indeed
focused on this technology alone. This is perhaps unsurprising given the immaturity of
the industry, but it will be interesting to monitor whether there is significant vertical
integration such that firms that currently specialise only in solar thermal are bought by
larger more generalist firms.

A third perspective is gained by looking at the number of competitors active in
each stage. Twenty-two, or 68% of firms studied supply components; some are novel
but others are more mature technologies, such as steam turbines and pipes. Perhaps
unsurprisingly, the area in which there are fewest firms is finance. The volume of funds
available for investment in renewable energy projects by for example, specialist venture
capital firms is growing rapidly, so there is probably little that can be deduced from the
sample data at the time of writing. The category is included to illustrate the overlaps and
in particular, we note that one of the global giants in generation technologies, General
Electric (GE), appears to be present only in this stage of the value chain.

3.6.2 Implications of the industry structure

The industry structure that emerges from this necessarily brief analysis is one in which
there are many small firms which focus solely on CSP technologies, 40% of which are
active in more than one stage in the value chain. The distribution of firms sizes is vast
– giant global equipment suppliers Siemens and GE are active in the market but there
are numerous small specialist firms too. A trend for consolidation has been observed in
recent years: in 2009 Siemens bought the Israeli parabolic trough producer Solel and also
a 28% stake in Archimede Solar Energy, manufacturers of receiver tubes.22 Interestingly,
at the time of the takeover of Solel Siemens declared their intention to become the global
market leader in solar thermal. Another example of consolidation is that by 2009 MAN
Ferrostaal, the global plant building firm based in Germany, had built up a 45% share
in Solar Power Group which produces Fresnel collectors, and in that year also formed a
joint venture with Solar Millenium in the US.

The mergers literature suggests that the number of mergers will be higher in indus-
tries that have been subject to an exogenous technological or regulatory shock (Mitchell
and Mulherin, 1996), so consolidation is perhaps to be expected. However, expected
or not, it is well know that vertical integration can lead to the downstream foreclosure
of rivals (Rey and Tirole, 2007). Furthermore, vertical integration has been shown to

22Prior to 2009 Siemens had supplied only mature technologies (steam turbines) to this sector.
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change information flows and incentives to invest in R&D (Milliou, 2004), so what this
brief overview suggests is a need for further vigilance and monitoring of this sector.

3.7 Conclusions

The development and adoption of low carbon technologies is critical if the future carbon
intensity of the economy and environmental degradation are to be minimized. Climate
change is simultaneously a serious threat to human welfare and, if we can kick start
green growth, a real opportunity. If today’s investment decisions are to result in a
future technology portfolio consistent with a sustainable economy, “the green innovation
machine needs to be turned on” (Aghion et al., 2009). Private sector investment and
urgent direct public support must be incentivized through a mixture of sufficiently strong
price signals and direct subsidies to R&D. However public endorsement of state support
is contingent on the adoption of targeted, effective policies based on sound research and
understanding of the innovation paths of green technologies.

The objectives of this study were two fold. First, to build up a detailed picture
of patterns of innovative activity and innovation dynamics in CSP through an analysis
based on patent data. Second, given the fact that decisions referred to by Aghion as
the “green innovation machine” are made by firms, to provide a brief overview of the
characteristics of the firms that supply CSP generation technologies and thus of the
structure of the industry.

Four key results emerge from our analysis. First, measured by our narrow definition,
innovation performance in CSP technologies is strikingly less dynamic than the growth
path observed for other renewables like wind or solar PV (e.g., Braun et al. (2010b);
Dechezleprêtre et al. (2009); Johnstone et al. (2010)). It it remarkable that the project
pipeline for CSP is so healthy, in stark contrast to the low level of knowledge creation
suggested by this measure of patenting activity. The early 1980s to mid 1990s appear
to be a “lost decade”, though there are some signs of a recent recovery with stronger
innovative output since 2000 particularly at the EPO. The broad definition of innovative
performance was somewhat more optimistic, and followed the average patenting trend
of the economy. However the fact remains that it underperforms other renewable energy
technologies by some considerable margin.

Second, innovation leadership was found to be highly concentrated in high-tech coun-
tries; the US, Germany, and Japan, despite the fact that only the US have a large mar-
ket potential for CSP applications. We also observed the emergence of countries that
are newly innovative in CSP; Israel became active at both the USPTO and EPO, and
Australia and Italy at the EPO. These countries have active R&D support measures
or abundant natural resources, that is solar radiation, but they have clear advantages
over other countries, for example MENA, with respect to research capacity and human
capital.
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What this analysis shows is that nations regarded as being innovative in general can
apply this strength in the field of green technologies, though they often have limited na-
tural potential for the use of CSP themselves. These highly innovative OECD countries
must take leadership in fostering technology diffusion and dispersion of CSP technologies
which is vital for the regions with the best resource potential (Africa, west coast of South
America, India), but which lack knowledge and expertise. Initiatives facilitating techno-
logy transfer and knowledge exchange between countries developing the technology and
adopting it is therefore a priority.

The third contribution of this study is methodological. Accurate depiction of the true
state of technological advance for a given technology is crucially dependent on a precise
definition of that technology. We constructed two schemes based on engineering exper-
tise that allowed us to map CSP technologies to the IPC patent classification scheme:
our narrow definition focused on solar heat, and our broad definition encompassed com-
ponents also very closely related to CSP. The provision of two classification schemes
highlights the need for precision when talking about innovation in green technologies,
particularly given the potentially costly public funding required. This classification may
stimulate further research in this field by enabling researchers to clearly identify inno-
vation in CSP and aiding comparison with previous work.

Finally, we considered the structure of the industry supply of CSP technologies,
many of whom can be expected to be conducting R&D. The overall impression is of an
industry in which over 40% of firms are already active in more than one stage in the
value chain and that is undergoing consolidation through merger. It was also noted that
the size distribution of firms is vast, ranging from very small firms to the giants such as
Siemens and GE.

Given the novelty of this study, promising issues for further research are many and
varied. First, we wish to extend our understanding of the dynamics in this technology
field by focusing on the research behaviour of equipment manufactures of CSP, ideally
using patent data. Second, the picture on innovation dynamics could be clarified further
by elaborating on the value of patents and thereby the value of the underlying invention.
Third, policy instruments are clearly important, but the extent to which they drive
innovative activity could be explored in more detail in a cross-country setting, using
econometric techniques.
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3.A Appendix – Innovation activity at the JPO

Normalized total patent applications at the JPO also reveal a clear upward trend, even
though the increase is less drastic compared to the USPTO or the EPO. Patenting
activity doubled between 1978 and 1987 and increased in total by a factor of 2.5 until
2004. Since beginning of the 1990s, the growth of total number of applications remains
rather stable, a stylized fact which is in sharp contrast to the development at the EPO
or USPTO.

Patenting in CSP, according to our broad definition, evolves more dynamic in relation
to total applications, especially over the early 1990s. Another peak followed rather
recently in 2001. The upward trend in CSP in Japan is in line with picture drawn for
the USPTO; in contrast the magnitude of growth at the EPO is substantially larger which
is also caused by the fact that the beginning of our observation period is close to the
founding year of the EPO. Overall, from 1978 to 2004, applications in CSP technologies
more than doubled at the JPO.
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Figure 3.16 Comparison total to CSP patent applications at the JPO

The patenting activity measured according to our narrow definition dropped by more
than half from 1978 to 2004. The dynamics mirrors the development that has taken place
at the USPTO. We observe a sizable early peak in CSP patents until 1982, followed by
a sharp decline. From 1985 onwards, as in the USPTO case, innovative activity in CSP
technologies (narrow definition) remains on a surprisingly negligible level. Only between
1996 and 2000, we notice a minor increase, which is followed by a slight decline after
2000. This is an interesting finding considering that Japan decided to phase out its
public R&D funding at the end of the 1990s.23

23Japan’s support for renewables was very research (and PV) oriented (see Section 3.4) with few efforts
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A note of caution is necessary when interpreting JPO applications: the information
on inventor’s country of origin is unfortunately missing in a considerable number of cases,
roughly fifty percent. We are therefore forced to deviate from our initial approach and
cannot proceed to the country-level analysis. Reliable information on inventor’s location
is only available for Japanese inventors. Only Germany and the US are also found to
patent substantially at the JPO but in a negligible share compared to their domestic
activities. This might lead to the conclusion that the Japanese domestic market is of
less importance for other countries, but we are far from being able concluding this due
to the aforementioned data problems. It will definitely be a line for future research to
update and extrapolate data from the JPO to clarify the picture and to deepen our
understanding.

devoted to the deployment of technologies until 1997, when it launched the “New energy law” requesting,
but not formally obliging, retailers to buy renewable power (EIA, 2005). Electricity suppliers, however,
voluntarily committed to fulfil this request. In 2003 a scheme came into effect that now legally mandates
electricity retailers to provide a specified share of their electricity from renewable sources. Retailers can
also fulfil their obligation by purchasing green certificates from other market actors. The scheme applied
to all solar based generation technologies.
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Chapter 4

Determinants of Households’

Space Heating Type: A Discrete

Choice Analysis for German

Households

4.1 Introduction

Households allocate a sizeable, and more recently, an increasing portion of their budgets
toward direct consumption of energy within their homes.1 In the temperate climate
zones, approximately three-quarters of energy consumed for residential housing are al-
located to space heating. Space heating frequently involves fossil fuel combustion, with
the emission of fine particular matter, NOx, and moreover carbon dioxide (e.g., Greening
et al., 2001; Kerkhof et al., 2009). Thus growing concern about air quality and parti-
cularly climate change has raised the energy-heating issue high on the policy agenda.
Measures implementing building standards and emission limits have succeeded in mini-
mizing air pollutants. Additional realization of the large energy savings potential is a
promising and at the same time cost-effective contributor to a sustainable energy future.

Space heat generation can be conceptualized to occur within a household production
setting, using systems like oil-fired boilers and their respective fuels as variable inputs
(e.g., Filippini and Pachauri, 2002). The quantity of energy consumed by a household
depends not only on dwelling features, but also on household composition and the tastes
for thermostat settings, safety or amenity (Weber and Perrels, 2000). Such characteris-
tics can moreover be expected to influence the type of heating technology applied by a
household. A variety of systems or even combinations of these – such as oil and solid
fuel appliances – are commonly employed by households (Reilly and Shankle, 1988).

Households are a rather disparate group with considerable variety in the type of
space heating applied and its intensity of use. An examination of the determinants of

1This chapter is an updated version of the article published as Braun (2010).
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heating technology at the micro level can improve our understanding of individual energy
behaviour and contribute to careful design of policies aimed at curbing residential energy
consumption or lowering its carbon intensity. Using gas instead of oil, for instance, is a
first step to lower carbon dioxide emissions in the residential sector as gas has a lower
emission factor than oil products.2 In the long-term renewable heat would, however, be
more favourable in this regard.

This study examines the determinants of the choice of heating types by households.
The empirical analysis uses a multinomial logit approach; it allows to disentangle the
influence of the various factors on the probability of applying one of the heating modes.
Seven heating modes are being distinguished in the sample, including among others the
oil-fired heating, district heating or combinations of heating modes such as gas and solid
heating. Three different groups of factors are supposed to influence the mode of space
heating utilized in German households. First, building characteristics such as house
type or construction period may necessitate using certain technologies. For instance,
limited storage space may effectively preclude the use of a briquette-fired heater. Second,
socio-economic variables, such as household income or education, are hypothesized to
influence the mode of space heating applied. Third, regional variables are introduced to
control for the differences between urban areas or countryside, and between east or west
Germany. Data are taken from a large representative household survey – the German
Socio-Economic Panel – from the year 2003.

The household-level literature on energy demand has grown recently, but it is still
quite meagre compared to time-series studies (Madlener, 1996). The discrete-continuous
approach of Dubin and McFadden (1984) is a decisive contribution in the literature on
residential energy demand. Using US household data, they simultaneously model the
choice of appliances and the induced energy consumption thus avoiding any bias arising
from unobserved factors that influence both appliance choice and its intensity of use.
Studies on similar lines have been conducted for the US by Liao and Chang (2002) and
for Norway by Nesbakken (1999) or Vaage (2000).

The present article focuses only on the determinants of the heating type applied.
Considering the durability of the heating appliances, it is clearly significant to pursue
such an analysis to explore the factors influencing the mode of heating applied in great
detail. Earlier contributions primarily focused on the derivation of elasticities within
the continuous part and covered the discrete appliance choice problem only very briefly
(e.g., Dubin and McFadden, 1984; Nesbakken, 1999; Vaage, 2000). Second, this article is
unique as it examines a sample of, first, only house owners and, second, of both owners
and renters. It hence allows to study differences and similarities across these population
groups. Prior studies were limited to either a sample of owners and renters or a sample

2According to IPCC 1996 guidelines, the carbon emission factor of gas is 15.3 tonnes of carbon
dioxide per TJ, whereas it is 16.8 to 27.5 for oil products. Germany is required to reduce its emissions
by 21% from 1990 under the Kyoto protocol. It has moreover announced a commitment to double energy
productivity between 1990 and 2020 – a very ambitious target as it would require doubling the 1.8%
improvement rate seen so far between 1990 and 2005 (IEA, 2007).
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of only owners. The dataset also has an advantage over prior studies like Vaage (2000)
as it covers homes with central heatings and a large set of technologies such as district,
heat, solid fuels or gas-fired appliances. For Germany, micro-level studies exist only on
energy demand (Rehdanz, 2007; Schuler et al., 2000), applying a method quite different
from the Dubin-McFadden approach or followed in this article.

In the following section this paper presents an overview of the literature available on
residential energy use with micro-level data and clarifies important contextual issues for
Germany. Section 4.3 introduces the empirical approach, a multinomial logit model and
the data for empirical analysis. Results are presented and discussed in Section 4.4. The
last Section 4.5 provides the conclusions drawn.

4.2 Background

Energy consumption is markedly different from the consumption of any other type of
goods. A household does not require energy per se, but mainly demands services such
as lighting or mobility. Their generation occurs within a household production setting
by using the heating equipment as capital input and fuel as variable inputs. The re-
sulting energy service outputs can be assumed to directly enter a household’s utility
function. This concept of household production has been introduced by Becker (1965)
and Lancaster (1966) and has been frequently considered in the energy literature (e.g.,
Baker et al., 1989; Madlener, 1996). In the short run, a household is typically reluctant
to retrofit these fixed capital inputs, due to the longevity and high cost of the systems.
Temporary or minor fuel price may thus be only a negligible incentive to opt for heating
system change.

Germany’s location in central Europe makes space heating obligatory. The efficiency
standards of German houses and heating systems are relatively high reflecting the in-
creasingly strict energy efficiency policies since the late 1970s (IEA, 2007).3 Germany’s
large size and substantial share of Europe’s total energy consumption make it interesting
and relevant to study energy attitudes and household behaviour.4

Research on residential energy consumption is gaining widespread interest, though
few have studied Germany so far. An extensive, but somewhat dated overview is provided

3Germany has been one of the first movers in imposing energy efficiency and technology standards.
Early German efficiency policies date back to the “Energy conservation act” (EnEG) of 1976 (EnEG,
1976). It was mandatory then for new buildings to meet a standard specified coefficient of heat trans-
mission which was being regularly updated in response to the current technological advancement. The
“Energy saving ordinance”, the successor of the “Energy conservation act”, was enacted in 2002, and
further amended within the context of the ambitious “Integrated energy and climate package” in 2007
(BMU, 2007). Within its framework, the “Energy saving ordinance” obliges a gradual replacement of
night storage heaters, and stricter retrofitting obligations for residential buildings. Energy efficiency re-
quirements will be progressively raised – on average by 30% until 2012. The complementary 700 million
Euro “Modernization program” supports modernization with investment grants or preferential loans.
The package emphasizes the diffusion of renewable heat, its targeted share of heat consumption is 14%
in 2020 (from 5.0% in 2005). Use of renewable heat will be obligatory for new buildings which should
no longer rely on fossil fuels heating systems in the long run (2020/2030).

4Germany’s share of total EU-27 final energy consumption was 19.2% in 2003 (year of empirical
analysis)(Eurostat, 2008).
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by Madlener (1996). Most often the focus is on an aggregate perspective, based on time-
series data and methods.5 The derivation of uniform price and income elasticities is,
however, a drawback of this approach. Such results are often perceived as unsatisfactory
when heterogeneity of consumer behaviour or preferences is prevalent (Baker et al.,
1989). Therefore, to highlight the behaviour variation across different household groups,
researchers in the recent decades have preferred micro data approaches.

In their pioneer work, Dubin and McFadden (1984) endogenize the choice of ap-
pliance stock when modelling the energy demand. They follow a two-stage set-up to
analyse electricity demand in the US. In stage one they apply a discrete choice model for
factors influencing the selection of either gas or electric heating appliances, followed by
a continuous regression of the conditional energy demand on explanatory variables like
household size. Hereby, they avoid the potential (endogeneity) bias resulting from unob-
served factors determining both the appliance choice and its intensity of use. Dubin and
McFadden (1984) model the discrete choice problem as a function of appliance-specific
attributes like up-front costs. Such an analysis requires extensive information on, for
instance, the age, efficiency standard or at least the capital and operation costs of all the
alternatives at the time of installation. Data meeting these requirements are, however,
usually not available and therefore this study as well as many others have to refrain from
following this set-up with appliance-specific attributes (e.g., Nesbakken, 1999; Liao and
Chang, 2002).6

Further household-level studies in the wake of this discrete-continuous method were
proposed by Yoo et al. (2007) for Korea, by Liao and Chang (2002) and Mansur et al.
(2008) for the US, and Nesbakken (1999) and Vaage (2000) for Norway.7 All rely on
household-specific variables to explain the choice of appliances. Notably, Vaage (2000)
and Mansur et al. (2008) are two of the few to include several fuel types and also their
combinations.

Baker et al. (1989) apply a different method with household micro data, a two stage
budgeting framework. They model the allocation of UK consumers’ budget on, first,
energy consumption and other goods and, second, on gas and electricity conditional on
the durable appliance stock. Their findings refute the concept of uniform price and
income elasticities. The income elasticities for both fuels are found to be positive at
the mean of the data, but negative for around one-third of the sample. The own price

5Most studies consider electricity demand, mainly due to superior data availability and quality. Wi-
thin the group of aggregate studies, Germany has only been studied within a multi-country context to
my knowledge. For a recent study refer to Narayan et al. (2007).

6Own Internet searches have been conducted to provide some indication on costs in Germany. Infor-
mation primarily relates to comparing oil versus gas heating system. Oil and gas have very similar fixed
and installation costs: appliance costs are about 5 000 euros and installation plus connection or storage
tanks amount for further 1 000 euros. Gas is a cheaper option in terms of operation and maintenance as
it is a cleaner burning fuel. Residential fuel oil and natural gas prices vary across regions and are linked
to each other. These costs are current, but this pattern has been fairly stable over the last two decades.

7Yoo et al. (2007), however, uses a logit model to control for sample selection bias due to non-response.
Note also the contribution from Newell and Pizer (2008) who apply this method on the energy demand
of commercial buildings and Farsi et al. (2007) who model fuel choice for Indian households.
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elasticities likewise vary across household subgroups, with the highest price sensitivity
for gas obtained for households with young children or lower income.

Studies on residential energy behaviour for Germany are rare, and moreover investi-
gate the continuous energy demand and fail to address the determinants of the appliance
stock. An early study for West Germany in 1988 is by Schuler et al. (2000). It disen-
tangles the effect of household characteristics from technical or building factors on the
consumption of different energy types. The expected energy use of a building class is
computed conditional on building type or age class and energy factors of the building
class. This predicted consumption is then related to household-level variables like family
size. Results show a negligible effect for most of the latter variables, with only income
and household size exerting a small, though significant, influence.

In a more recent paper for Germany, Rehdanz (2007) uses the same data source, the
Socio-Economic Panel, as this study does, however tackling a different research question.
It analyses the (short run) conditional demand (measured by energy expenditure) trea-
ting the stock of heating appliances as given. Results provide intuitive inferences; ceteris
paribus, households with either many or elderly members show more energy consump-
tion, as well as households living in relatively old buildings. Income elasticities are found
to be positive, though interestingly, not significant for east Germany. There is evidence
for a strong effect of the heating type on expenditure, with the oil heating system in
particular being associated with low energy expenditures. The heating technology en-
ters via a dummy in the demand equation, an approach challenged, as also Vaage (2000)
notes, where unobserved heterogeneity influences both the appliance choice and energy
demand.

Remarkably, all these studies have either used a sample of the full population, i.e.
owners and renters (Liao and Chang, 2002; Vaage, 2000; Nesbakken, 1999; Baker et al.,
1989) or a subsample of owners (Baker and Blundell, 1991; Hausman, 1979). In addition
not all of the analyses using a sample with both owners and renters control for the
ownership status (e.g., Nesbakken, 1999; Vaage, 2000). This article is the first to present
results for a discrete choice model when both a sample of owners and renters, and a
sample of owners alone are used.8 It is an issue of special interest for Germany. The
German housing situation is, indeed, in some respects unusual. First, the ownership rate
is low – about 50% in 2002 (compared to 60% in the EU-15, Bazyl, 2009). The housing
policies and regulation are favourable for renters; rents, for instance, are freely negotiated
at the beginning of the rental period, but rent controls apply afterwards. Second, social
housing can be provided by any investor (house owner, private companies, cooperatives,
etc.). After the period of subsidized interest rates has expired (after about 40 years),
dwellings can be offered on the free market. Social housing is, however, on the decline
– currently only roughly 6% of all flats are within the scheme. Last, the overall housing

8Rehdanz (2007) analyses conditional energy demand also separately for a sample of owner and for
a sample of renters in Germany. Different from the present work it is not a model considering the
technology choice, but only the energy consumption.
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market has been rather stagnant over the last decade and characterized by excess supply
due to the housing boom after reunification.

4.3 Model and data

4.3.1 Model description

The empirical analysis applies a discrete choice framework to analyse the determinants
of the space heating type applied by a household. A household faces a set of unordered
alternatives – the heating technologies – which serves as the dependent variable in the
analysis.9

Unordered choice models can be motivated by a random utility framework (Mad-
dala and Flores-Lagunes, 2003). A household i, i=1 . . . n, chooses from a finite set of
alternatives, j=1 . . . m. The utility of alternative j is

Uij = β′jxi + εij ,

where xi are the explanatory variables like income, βj unknown coefficients, and εij

the error term. Household i is observed to have chosen alternative j, when the utility
from alternative j is the highest of all the alternatives. The multinomial logit model
(MNL) arises when the explanatory variables are characteristics of the households, as
for example income, and errors are specified as independently and identically distributed
according to the type I extreme value distribution.10

The probability of household i choosing heating appliance j is given by

Prob(Appliancej) = Pij =
exp(β′jxi)

1 +
∑J

k=1 exp(β
′
kxi)

for j=1,2,. . . ,J,

Care is needed in interpreting coefficients in non-linear models as the MNL. Magnitude
as well as sign of a coefficient cannot be interpreted directly as the marginal effect of
a variable xi on the dependent variable, the probability Pij . The marginal effect of a
change in variable xi is in fact

∂Pij
∂xi

= Pij [βj −
J∑
k=0

Pikβk]

It is evident that the marginal effect does not depend only on the coefficient estimate βj
itself, but also on all the other coefficient estimates and variables.

9The data include information only on the heating system type currently installed. Similar to Baker
and Blundell (1991) “choice” is thus understood as ownership or availability, rather than the actual
purchase decision. In line with prior contributions, such as Vaage (2000) or Newell and Pizer (2008), the
combinations “oil and solid” or “gas and solid” heating are assumed to represent a unique category and
not a combination of two other categories.

10A related, though from a modeling perspective, not identical, research question is to explore how
choice-specific attributes influence the selection of a heating appliance. As discussed before, data meeting
these requirements are not available.
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As it is well-known, an important assumption of the MNL is the independence from
irrelevant alternatives (IIA); it states that the ratio of the probabilities for choosing any
two alternatives is independent of the presence of any other alternative. A Hausman test
can be used to examine the validity of this assumption (Hausman and McFadden, 1984).
Its concept is that if the IIA holds true in a sample, then omitting an irrelevant subset
of alternatives will not alter the remaining parameters in a statistically significant way.

4.3.2 Data description

The empirical analysis is based on household-level data from the German Socio-Economic
Panel (SOEP) for the year 2003.11 The SOEP is a representative longitudinal dataset
comprising annual surveys since 1984; it covers issues like earnings, employment history,
family composition, and living conditions (for an overview see Wagner et al., 2007).
Importantly, the 2003 survey has a topical module detailing household energy behaviours.
It classifies the current technology for space heating, warm water generation, cooking or
lighting, as well as the energy expenditures for the particular purpose and technology.12

Home ownership status of a household is an important influence on residential energy
demand. Previous studies have defined their sample differently in this regard. Some
studies as Hausman (1979) or Baker and Blundell (1991) restrict their sample to include
only owners. Reasons are case-specific such as data availability (Hausman, 1979) or
reflect the concept that only owners are actually able to choose their heating technology.
However, Baker et al. (1989), Liao and Chang (2002), Nesbakken (1999) or Vaage (2000)
include both owners and renters. It can be argued that unobserved factors influencing
the tenure chosen also influence the selection of heating technology and accordingly both
types need to be included. When a household seeks to rent a home, the heating type
available in the dwelling of interest can be supposed to also influence the decision-making
process. In that sense, a household not only actively decides to rent a particular home,
but also consciously decides on the heating facility attached to that unit.

This paper is the first to present evidence based on both groups. It allows for an
examination of the similarities and differences across these population groups. In the
first part of the empirical analysis, all renters and flat owners are excluded from the
sample. A flat owner in an apartment block shares the heating facility with others and
therefore cannot be supposed to be able to choose the heating type solely on its own.
Therefore, apart from renters, also flat owners have been excluded. The share of the
owners within the (whole) sample is 54.1%. About 57.7% of this group own a detached

11To obtain all relevant variables for the year 2003, information from prior waves was used to construct
the dwelling type variable. The type of dwelling is declared by a household only in its first interview
or whenever it has moved. Note also that the data exclude households in student halls, homes for the
elderly, hospitals, military bases or farms.

12In accordance with the housing demand literature (e.g., Borsch-Supan et al., 2001; Bazyl, 2009), the
consumption of housing – or of space heating in this analysis – can not be meaningfully approximated
by the purchase of the capital good alone, but rather represents an investment that regularly supplies
housing or heating services. The research question thus rather relates to which appliances are in use,
than on the actual purchase.
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Table 4.1 Variable descriptions and summary statistics; sample of house owners

Variable Description Summary statistics

Dependent variable Share
Space heating type:

Oil Owner of oil heating only 0.358
Gas Owner of gas heating only 0.445
Electric Owner of electric heating only 0.040
District Owner of district heating only 0.014
Solid Owner of solid fuel heating only 0.022
Oil Solid Owner of oil and solid fuel heating 0.077
Gas Solid Owner of gas and solid fuel heating 0.045

Explanatory variables Mean SD

Household level
Inc Net income of household (in thousand euros) 38.581 23.936
Mem Number of household members 2.751 1.213
Child 1 if small child present 0.067 0.250
College 1 if household head has college education or higher 0.288 0.453

Dwelling attributes

Yr48 1 if house built before 1948 0.288 0.453
Yr71 1 if house built in 1949–1971 0.251 0.434
Yr90 1 if house built 1972–1990 (base) 0.308 0.462
Yr03 1 if house built 1991 and later 0.153 0.360
Detached 1 if dwelling located in a detached house (base) 0.680 0.467
Row 1 if dwelling located in a row house 0.320 0.467
Ren 1 if heating retrofitted within last year 0.028 0.165

Regional level

East 1 if household located in east Germany 0.206 0.405
Rural 1 if household located in rural areas 0.131 0.338

Observations 3295

house, 27.0% a row house, and 15.2% a flat. The latter, as described above, are excluded
from the subsample of owners. Table 4.1 reports summary statistics of the sample of
house owners and Table 4.4 of the full population sample (see Appendix 4.A). The
subsequent discussion of variables and descriptive statistics relates only to the sample
of house owners.13

The majority of the owner-occupied houses, about 95.0% in the sample, have a
central or a self-contained central heating installed. Different types including combina-
tions of systems, are observed as follows: households using exclusively gas-fired (44.5%),
oil (35.8%), district (1.4%), electric (4.0%) or solid fuel-fired heating systems (2.2%)
(Table 4.1). In addition, multiple heating systems exist, predominantly the combination
oil and solid heating (7.7%) and gas and solid heating (4.5%). The dependent variable
is hence the space heating mode as categorized by these seven types.14 In line with prior

13In the sample no households occupying dwellings within a social housing scheme are observed.
14Due to only a very small number of observations the category “other heating type” and categories

representing other combinations of heating types from those discussed above have been omitted from the
analysis. Note also that the survey requests households for the type of appliance used for the purpose
of space heating; it may nevertheless occur that respondents classify open fire places within the solid,
“oil and solid” or “gas and solid” category though they are usually not installed for heating purposes,
but for lifestyle or amenity reasons. With rising fuel prices – especially relative to the price of firewood
or briquette – German households are increasingly purchasing wood stoves over the recent years. These
devices are specifically installed to flexibly complement the regular oil or gas heating systems and to
save the fuel costs of the latter. The solid and the dual heating modes are therefore assumed to have a
heating purpose.
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research, like Vaage (2000) or Newell and Pizer (2008), these multiple heating modes
are explicitly included. Section 4.4 will also examine the validity of this categorization
of the dependent variable.

Factors at different levels can be hypothesized to influence the heating type applied.
First, the characteristics of the dwelling like its age may necessitate specific technologies,
for instance preclude the use of oil heating for restricted storage availability. Household
characteristics imply certain lifestyles and tastes regarding amenity or safety, and im-
portantly, determine the affordability of a heating system. Lastly, regional variables are
introduced to control for differences between east and west Germany or rural and urban
areas.

Two sets of housing attributes are provided by the SOEP: building type and construc-
tion era, each reported in categories. Hence the exact age of a house is not known, but
only in which era it has been constructed. Housing types are as follows: detached houses
Detached, the base category, and row houses Row. Their shares are 68.0% and 32.0%,
respectively. Four vintage classes can be distinguished: construction before 1948, bet-
ween 1949 and 1971, between 1972 and 1990, the base category, or from 1991 onward.
Most houses were built between 1972 and 1990 (30.8%) and the least in the most recent
period, 1991–2003 (15.3%). Construction period may also serve as a proxy for insulation
standard of a house (Schuler et al., 2000). The insulation standard of the building shell
affects the heat requirement and is consequently an important determinant of which
heating type is best suited for the dwelling. Note that the last category starts the year
after reunification. It also covers the period of tighter efficiency regulation imposed for
new buildings (Blesl et al., 2007). Housing types and construction period are far more
refined than in other empirical studies; for example Vaage (2000) only distinguishes
between buildings from before and after 1975.

Apart from the close technical link between building and heating, socio-economic
effects need to be properly accounted for. The number of household members, Mem,
accounts for size effects. Child indicates the presence of children under six (six being
the school age) and is intended to proxy, for instance, the higher comfort levels required
and time spent in the home by families with small children. Educational attainment is
proxied by College which denotes if the household head has a completed college education
or higher (about 28.8%). Higher education may be associated with higher environmental
awareness, and in particular, a better ability to properly gauge costs. One can also
argue in line with the household production theory that costs of “home production”
of energy increase with the larger opportunity costs of well-educated households. The
time-consuming preparation of fuel wood and operation of wood stoves is accordingly
less favourable for this group. Last, income is a very important characteristic governing
household behaviour in general. Here the net income of all household members, Inc, is
used. Average household income (in 1 000 euros) is 38.6, with – as can be expected – a
large standard deviation (S.D.: 23.9).

Unfortunately, no information was readily available on installation costs, regional
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fuel prices or network access to match the household data or at least complement the
discussion with insights about the dynamics or regional aspects of these issues. Likewise
information on the age of the heating system, insulation standard or other energetic
variables is lacking. At least a variable denoting if the heating system has been renova-
ted within the last year is made available by the SOEP. The variable is a proxy for the
relatively young age or recent technical standard of the system, but also for household
attitudes such as environmental or cost awareness. Correlation with the household in-
come is however low (0.027), indicating that the financial situation may not be a relevant
constraint for retrofits. Nonetheless, renovation rate is not very high – about 2.8% have
renovated the heating system recently.

Regional variables account for the divide between west and east Germany (the latter
covering the area of the former German Democratic Republic (GDR)), for example
the different national city-planning policies or energy policies before reunification.15 It
is further meaningful to control if a household is located in a rural area. Obtaining
firewood in such areas is typically much easier and cheaper while the access to gas or
district heat is often low. Due to larger houses or plots storage capacity for fuels like
oil, wood or briquette is in addition less constrained. In the sample 13.1% of households
are settled more than 60 kilometers away from the nearest major city center, as denoted
by Rural.16 Overall, this study comprises a broad set of variables and disposes of fairly
recent data compared to previous empirical studies (e.g., Mansur et al., 2008).17

4.4 Results and discussion

In the following first the results for house owners and then for the full sample with
owners and renters are presented using marginal effects. Marginal effects are more
straightforward to interpret as they show how a one unit change in one of the regressors
affects the predicted probability of being in one category leaving the other variables
constant. Marginal effects are computed by averaging the individual marginal effect

15A caveat applies here: the analysis of the regional effects between east and west would greatly benefit
from the inclusion of interaction effects – for between location in east Germany and the vintage class.
However, the correct estimation and interpretation of interaction effects raises substantial challenges in
non-linear models. Following Ai and Norton (2003), size and sign of interaction effects are not correctly
computed by packages such as Stata or SPSS and are therefore typically misrepresented in many articles.
Only a module, inteff, for computing interaction effects in binary, but not for MNL models is available.
Considering this, the analysis unfortunately needs to abstain from using interaction effects.

16These regional variables reflect climatic differences only to a small degree. A more refined regional
classification up to the community or even single house level should be followed to account for micro-
climatic conditions, like intensity of solar exposure, which strongly determine the heating requirements of
a building. Such detail is beyond the scope of the data. Other studies such as Vaage (2000) or Rehdanz
(2007) do not use such detailed data either.

17All non-percentage continuous variables have been transformed in logs to enter the regressions.
Several alternative model specifications have been examined and tested to obtain robust results. Age,
gender and marital status, which are commonly used in the housing literature (e.g., Bazyl, 2009), were
not significant. Inclusion of number of rooms or floor size has each posed multicollinearity problems due
to high correlation with the number of household members. Model fit and selection has been – among
others – investigated with information criteria such as Akaike’s information criteria, see Long and Freese
(2006).
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across all observations (Greene, 2000; Bartus, 2005). To correctly interpret estimates,
recall that the base group for the dwelling categorical dummies are buildings from the
era 1972 to 1990 and detached houses.18

4.4.1 Results for sample with house owners

Dwelling attributes: The empirical evidence in Table 4.2 overall supports dwelling
attributes as an important determinant of the space heating technology. One exception
is electric heating. Here, neither vintage class nor house type significantly affects the
probability of applying such a type of heating. This can be explained by the specific
properties of electric heating, it is the most flexible category within the study as it
requires only a power network connection, and does not depend on the building for
either space for boilers or storage. Vaage (2000), in contrast, identifies a high preference
for electric heating in apartment blocks and new (post-1975) buildings in Norway. This
may also be related to Norway’s strong hydro power which was intensively developed
from the 1960s on. Very cheap electricity may have also favoured a switch to electric
panel heaters then.

Turning to the other heating system categories, the period of construction is found to
significantly affect the probability for some, but not all, appliance categories.19 Oil and
gas heaters display an over the times changing likelihood of application. For a household
in a pre-1949 house, the probability to own an oil heater is by 0.082 lower than for an
otherwise equivalent household, whereas the probability for a gas heater is by 0.075
higher. In those times oil heating systems were not common yet and the house design
was not geared toward the requirements of oil heaters as for instance storage space.
During the era 1949–1971 oil heaters were then favoured – compared to the base period
1972–1990. This shift could be related to the oil crises of the 1970s; having experienced
fluctuations in oil prices and concerns of reliability of supply could have negatively
affected the choice of an oil-fired heater. A similar observation and interpretation was
made by Vaage (2000). Despite tighter insulation requirements and obligations on the
efficiency standard of heater, living in a modern building does not significantly affect the
heating mode which is used. However, this is partly attenuated by the strong impact of
retrofits, since, as will be discussed below, at least a strong shift toward gas is evident
in buildings with a modernized system.

Turning to the house types, it is found that a gas is a more attractive option for
row houses compared to detached houses (M.E. 0.189) and the opposite is found for the
oil-fired category (M.E. −0.133). Location in row houses makes it also less likely that

18In some cases, interpretation is complemented by relative risk ratios (rrr) to illustrate the interrela-
tionship among the different heating equipments. The rrr is obtained by exponentiating a coefficient; it
illustrates how a unitary change in an explanatory variable influences the risk of falling in an outcome
group j compared to the risk of falling in the referent group m. The full set of coefficient and rrr estimates
are available as supplementary material in Appendix 4.A.

19Joint significance of the dwelling variables across categories is not rejected χ2(24) = 273.37. The
Wald test likewise does not reject the significance of each variable separately. Detailed test statistics are
available upon request.
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solid or “oil and solid” will be the preferred mode of heating, possibly because this house
type is typically found as settlements of row houses. The inclination of combining fuels
– as with“oil and solid” and “gas and solid” – was also low then. Distance between
neighbouring houses is low and the nuisance from odours and particle pollutants may
pose a problem. Similarly, plot size and consequently storage for oil, wood or briquettes
is limited.

The variable for renovation reflects the structural features of the house, such as its
energetic standard, and also the household’s behavioural attitude - for instance envi-
ronmental awareness or preference for amenity. It is strongly statistically significant
and shows a large and diverging effect on the major categories oil and gas. Households
with a renovated heating system are more prone to use gas than their non-renovated
counterparts (M.E. 0.127), whereas the opposite is the case for an oil-fired system (M.E.
−0.150).20

Household-level variables: Household-level variables account for systematic socio-
economic differences in the demand for heating technologies across households. Income
significantly affects the probability for a gas, oil, solid, and “oil and solid” system. Its in-
fluence is positive on gas, but negative on the aforementioned space heating technologies.
Intuitively, richer households tend to avoid the solid or “oil and solid” heating systems
which corroborates findings from earlier studies (e.g., Vaage, 2000). All these income-
related effects are not particularly large, the largest is found for gas (M.E. 0.065).21

The current study as well as most other studies, for instance Vaage (2000) or Ya-
masaki and Tominaga (1997), tend to confirm an important role of household size and
composition for the mode of heating applied. An additional household member, all else
equal, raises the probability for solid heating and the dual systems “oil and solid” by
0.023 and 0.031, respectively. An explanation may be the flexibility of these solid fuel
based types. Stoves are easily installed and, because of their small scale, are much less
expensive than major changes or even new installations of oil or gas heating facilities.
They offer the option to flexibly adjust the main space heating mode, for example to
heat an additional or a rarely used room when the family size changes.22 Family size on
the contrary, negatively affects the gas mode (M.E. −0.067). Additional insight can be
gained by considering the family composition. Both gas and “gas and solid” tend to be
applied when young children are present, possibly due to the convenience of gas and the
flexibility of the dual mode. Electric heating on the other hand is negatively related to
both large households and small children. It is obviously favourable for small households
whose homes are occupied for less hours during the days and require less heating due to
smaller floor size. It is also a relatively flexible mode of heating, but its high operating

20In relative risk terms, considering two identical households, a retrofit would make it about 2.4 times
more likely to apply gas over oil heating (see Table 4.5). This figure is computed by simply inverting
the rrr of 0.428 reported in Table 4.5 for oil compared to gas heating.

21Interestingly, there is no significant or just a negative effect seen regarding dual heating categories.
The supposition that these types are merely a luxury or lifestyle option, for example as open fireplaces,
is not affirmed by a positive marginal effect of Inc here.

22The flexibility of multiple heating modes is also noted by Newell and Pizer (2008).
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Table 4.2 Marginal effects on probability heating type; sample of house owners

Oil Gas Electric Solid District Oil Solid Gas Solid

M.E. M.E. M.E. M.E. M.E. M.E. M.E.

Inc −0.037∗∗ 0.065∗∗∗ 0.000 −0.024∗∗∗ 0.006 −0.024∗∗ 0.013
(−1.96) (3.38) (0.04) (−3.43) (1.28) (−2.22) (1.59)

Mem −0.019 −0.067∗∗∗ −0.020∗∗ 0.023∗∗∗ 0.001 0.031∗∗ 0.012
(0.91) (−3.06) (−2.23) (3.14) (0.27) (2.56) (1.25)

Child −0.094∗∗∗ 0.074∗∗ −0.028∗∗∗ −0.000 0.001 0.014 0.032∗

(−2.84) (2.05) (−2.89) (0.01) (0.15) (0.71) (1.70)
College −0.011 0.064∗∗∗ −0.018∗∗∗ −0.015∗∗∗ −0.000 −0.020∗∗ 0.001

(−0.52) (3.02) (−2.82) (−3.80) (−0.01) (−1.99) (0.07)
Yr48 −0.082∗∗∗ 0.075∗∗∗ 0.005 0.012 −0.003 −0.020∗∗ 0.013

(−3.97) (3.21) (0.45) (1.39) (−0.44) (−1.99) (1.13)
Yr71 0.043∗ −0.005 0.001 0.006 0.014 −0.041∗∗∗ −0.017∗∗

(1.92) (−0.20) (0.09) (0.62) (1.51) (−4.97) (−2.09)
Yr03 −0.179 0.218 −0.009 −0.024 0.011 −0.025 0.009

(−0.00) (0.00) (−0.00) (−0.00) (0.00) (−0.00) (0.00)
Row −0.133∗∗∗ 0.189∗∗∗ −0.004 −0.012∗∗∗ 0.024∗∗∗ −0.069∗∗∗ 0.005

(−8.31) (10.13) (−0.58) (−3.09) (3.15) (−12.95) (0.62)
Ren −0.150∗∗∗ 0.127∗∗ 0.007 −0.010 −0.005 0.004 0.028

(−3.56) (2.50) (0.29) (−0.88) (−0.51) (0.12) (1.05)
East −0.060∗∗∗ 0.083∗∗∗ 0.003 0.019∗∗ 0.001 −0.047∗∗∗ 0.002

(−2.84) (3.60) (0.27) (2.20) (0.10) (−6.16) (0.22)
Rural −0.017 −0.062∗∗ 0.007 0.011 −0.008∗ 0.070∗∗∗ −0.000

(−0.69) (−2.54) (0.62) (1.34) (−1.90) (3.99) (−0.01)

Observations 3295

Notes: Respective z-statistics are given in parentheses below.
∗ denotes significance level of 10%, ∗∗ 5%, ∗∗∗ 1%.
Marginal effects (M.E.) are computed by averaging the individual marginal effect across all observations.

costs may impede its use in families.

Finally, the results reveal education as a relevant socio-economic influence on the
space heating selection. Higher educated households tend to pick the gas (M.E. 0.064)
option. On the other hand there is a negative relation between educational attainment
and solid, electric or “oil and solid” systems. It can be supposed that the cost of
“home production” of energy by a solid-fuel based mode is relatively high due to the
larger opportunity costs of a well-educated households. Again, following the household
production theory (see Becker, 1965), one can also explain the fairly high propensity
for gas among the well-educated households with the relative ease of these technologies.
Fewer inspections and long-term contracts with suppliers make gas less time-intensive
than other modes of residential space heat generation.

Regional-level variables: Apart from the east-west divide specific to Germany,
particularly rural location may offer valuable insight for the application of heating modes.
Combining oil and solid systems can be an attractive option for rural households as it
may be cheaper and less cumbersome to obtain firewood there (M.E. 0.070). Local air
quality and emission standard regulations are less strict and storage space is typically less
constrained. The variable Rural does, however, not significantly influence the mode solid
or “gas and solid”, suggesting that the effect from the rural divide is less pronounced
or clear-cut than observed with the “oil and solid” type. Inadequate access to gas
networks may serve a role here. Use of district heat is less likely in rural areas (M.E.
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−0.008), reflecting that power stations are typically settled close to cities or industrial
agglomerations.

The application of heating technologies differs between east and west Germany. A
household in west Germany tends not to use an oil heater (M.E. −0.060), whereas in
east Germany gas is a more likely option (M.E. 0.083). The latter phenomenon is found
although east Germans have a lower average income and – as discussed before – the
likelihood of selecting gas is increasing with household income. The influence of East on
solid heating is further significantly positive (M.E. 0.019).

To further inquire the east-west differences, Figure 4.1 left panel, plots how the
predicted probabilities of either gas or oil are affected by (discrete) changes in income.
Gas is clearly more likely applied in east Germany across all income levels corroborating
the marginal effect of East. Both east and west Germany are characterized by the same
pattern – with rising household income the probability of gas increases, whereas the
inverse relation is found for oil.23

.2
.4

.6

P
ro

ba
bi

lit
y 

us
in

g 
he

at
in

g 
m

od
e

0 50 100

Household income (thsd. Euros)

East: Oil West: Oil

East: Gas West: Gas

Effect of household income

.2
.4

.6

P
ro

ba
bi

lit
y 

us
in

g 
he

at
in

g 
m

od
e

1 2 3 4 5

Number household member

East: Oil West: Oil

East: Gas West: Gas

Effect of household size

Figure 4.1 Probability heating technology in east and west Germany; sample of house
owners, heating technology gas, oil

These differences may be linked to the historic development of Germany. The GDR
actively promoted district heating for new buildings, mostly based on power stations fired
with domestic lignite, and city gas, produced by gasification of the lignite. Also many old
buildings were heated with lignite or firewood. The oil imports flowing in from the USSR
were primarily allocated to the industry or sold for foreign currency; therefore, within the
energy strategy, minimizing its usage for heating was actively promoted (Hansen, 1996).
After reunification the district heating infrastructure was maintained, but replacing town
gas with natural gas. The types of space heating applied in east Germany (still) resemble
patterns induced by GDR policies.

23The right panel illustrates how the predicted probabilities respond to variation in household size.
The response to changes in household size is clearly similar in east and west Germany, the use of oil is
positively related to household size and the inverse relation holds for gas. We see that the gap between
the probability for oil and gas is getting smaller for large households; in west Germany the likelihood of
oil exceeds that for gas beyond four members.
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To examine robustness and quality of the empirical approach, several tests were per-
formed. First, the Hausman test does not provide any conflicting evidence; the IIA
assumption is not rejected for the sample. Moreover, the categorization of heating tech-
nologies is tested to see if the model quality would improve from rearranging categories.
For instance, it could be hypothesized that a dual category like “oil and solid” could
be simply matched to the mode “oil heating”. If any such two categories are effectively
indistinguishable, combining them into one group will enhance the model quality (Long
and Freese, 2006). This property is tested by re-estimating a restricted model where two
outcomes have been merged and then employing an LR-test between the full and restric-
ted model. All possible recombinations have been tested; no indication for rearranging
categories is found.24

4.4.2 Results for sample with owners and renters

This section will discuss the results from the analysis of the sample containing renters
and owners of houses or flats. It can help to clarify if significantly different factors
determine the use of heating technology among these population groups.

Dwelling attributes: The vintage classes have a more distinctive influence than
in the owner sample. First, a shift to gas heating in modern buildings is evident. The
marginal effect of Yr03 is large and positive for gas (M.E. 0.234), but negative for oil
(M.E. −0.150). Gas-fired systems have been attractive in all eras compared to the base
period.25 On the other hand, in buildings with recent construction date, the installation
of the of an “oil and solid”, solid or electric heating system is rather less likely (Table 4.3).

In the case of house owners a “shift” to gas was only evident when retrofitting had
occurred, but the effect of modern building (Yr03 ) was insignificant for each technology
(Section 4.4.1). The inclination to opt for gas is a first step to lower carbon dioxide
emissions in the residential sector but certainly not sufficient to reach the German climate
and energy policy targets. Second, in line with intuition, the solid heating type is more
likely in houses built before 1948. Last, district heating has been of low popularity
during all eras relative to the base period, reflecting that the district heat system has
been intensively expanded during the base period 1972 to 1990 with most of it taking
place in the GDR. Results associated with renovation resemble those from the owner
sample with gas as the likely heating mode in homes with recently refurbished heating
systems (M.E. 0.153).

The analysis introduces an additional dwelling type Apt for dwellings that are part
of a multi-unit facility. Living in such a building – compared with a detached house –
implies a low likelihood for an oil system (M.E. −0.166). The probability of applying
district heat is, as can be expected, rather high (M.E. 0.243).

24Due to the large number of test statistics, these test results are not included in the study. They are
available upon request.

25The relative risk of an oil compared to a gas heater is significantly below unity before 1948 (Yr48
rrr: 0.521) and in the era after 1991 (Yr03 rrr: 0.324, Table 4.6).
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Table 4.3 Marginal effects on probability heating type; sample with all households

Oil Gas Electric Solid District Oil Solid Gas Solid

M.E. M.E. M.E. M.E. M.E. M.E. M.E.

Inc −0.030∗∗ 0.062∗∗∗ −0.005 −0.020∗∗∗ 0.002 −0.014∗∗∗ 0.006
(−2.53) (4.77) (−0.95) (−4.87) (0.21) (−2.70) (1.32)

Owner 0.025∗ −0.011 −0.013∗∗ −0.012∗∗∗ −0.047∗∗∗ 0.034∗∗∗ 0.024∗∗∗

(1.70) (−0.71) (−2.35) (−3.88) (−5.76) (3.49) (2.88)
Mem −0.010 −0.034∗∗ −0.03 0.016∗∗∗ 0.004 0.016∗∗∗ 0.010∗∗

(−0.79) (−2.36) (−0.52) (3.92) (0.53) (2.77) (2.11)
Child −0.018 0.025 −0.018∗∗ −0.007 −0.005 0.007 0.016∗

(−0.79) (1.03) (−2.19) (−1.41) (−0.35) (0.70) (1.76)
College −0.002 0.040∗∗∗ −0.009∗ −0.011∗∗∗ 0.010 −0.010∗∗ 0.002

(−0.13) (2.69) (−1.67) (−3.89) (−1.19) (−1.96) (0.50)
Yr48 −0.087∗∗∗ 0.169∗∗∗ 0.012 0.019∗∗ −0.113∗∗∗ −0.008 0.009

(−6.77) (10.58) (1.55) (2.53) (−23.46) (−1.56) (1.49)
Yr71 0.002 0.045∗∗∗ 0.005 0.011 −0.036∗∗∗ −0.019∗∗∗ −0.008∗

(0.11) (2.87) (0.67) (1.45) (−5.15) (−4.34) (−1.76)
Yr03 −0.150∗∗∗ 0.234∗∗∗ −0.016∗∗ −0.017∗∗∗ −0.043∗∗∗ −0.012∗∗ 0.004

(−11.19) (13.16) (−2.39) (−9.65) (−4.99) (−2.23) (0.60)
Row −0.144∗∗∗ 0.039 −0.016∗∗∗ −0.007∗∗ 0.160∗∗∗ −0.033∗∗∗ 0.001

(−12.61) (1.59) (−3.27) (−2.45) (5.54) (−12.35) (0.24)
Apt −0.166∗∗∗ 0.037 −0.015∗∗∗ −0.031∗∗∗ 0.243∗∗∗ −0.049∗∗∗ −0.018∗∗∗

(−11.90) (1.46) (−2.88) (−10.23) (7.59) (−13.64) (−6.43)
Ren −0.098∗∗∗ 0.153∗∗∗ −0.007 −0.013∗∗ −0.047∗ −0.001 0.012

(−3.02) (3.71) (−0.44) (−2.13) (−1.78) (−0.07) (0.91)
East −0.164∗∗∗ 0.010 −0.016∗∗∗ 0.020∗∗∗ 0.169∗∗∗ −0.024∗∗∗ 0.005

(−15.85) (0.68) (−3.27) (3.54) (14.83) (−6.40) (1.00)
Rural 0.039∗∗ −0.026 0.005 0.005 −0.059∗∗∗ 0.035∗∗∗ 0.002

(2.21) (−1.41) (0.62) (0.96) (−6.80) (4.05) (0.26)

Notes: Z-statistics are given in parentheses below.
∗ denotes significance of 10%, ∗∗ 5% and ∗∗∗ 1%.
Marginal effects (M.E.) are computed by averaging the individual marginal effects across all observations.

The effects of type Row are parallel to those from the owner sample – oil, solid and
their combination are not likely heating technologies in row houses compared to the
detached house type. Intuitively, a system with solid fuels is relatively more attractive
or easier to apply in detached houses, for example due to storage capacity. Dwelling
variables influence the electric heating category – unlike in the sample of house owners
(Section 4.4.1); both the dummy variables Apt and Row decrease the probability for
electric heating. Finally, the major category gas is not found to be significantly affected
by any dwelling type.

Household-level variables: The results of the socio-economic variables are largely
in agreement to those obtained in the owner case. As before, with rising household
income gas heating tends to be applied, whereas the reverse link is found for oil, solid or
“oil and solid”. The findings also underpin the positive association between household
size and the multiple heating modes. A higher educated household is likewise more likely
to apply gas, whereas electric, “oil and solid”, and solid are in turn less likely (Table 4.3).

Family composition plays a smaller role compared to the owner sample. The presence
of small children only affects the electric and “gas and solid” mode, with a comparable
influence as observed for the owner sample.26

In line with previous studies using a sample of owners and renters (e.g., Liao and

26A Wald test also indicated the non-significance of Child (χ2(6) : 10.211).
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Chang, 2002), a dummy for the ownership status has been added. It may proxy for
some of the unobservables related to the tenure or heating type decision (Baker et al.,
1989). Home owners appear to find the oil and the multiple fuel options relatively more
attractive.27 The usage of multiple heating systems is an interesting phenomenon; it
enables households to flexibly switch or complement heating types whenever relative
fuel prices are favourable for either (Reilly and Shankle, 1988). Wood or coal stoves
can serve as a sufficient heating option in moderately cold times or as a supplementary
heating for unusually cold times. District heat is predominantly applied by renters; a
plausible result as renters typically live in multi-unit facilities relying on district heat.

Regional-level variables: The east-west differences are more prevalent than for
the sample with house owners. Marginal effects imply that east German households are
clearly less likely to use oil for heating – this result is remarkably stronger for the full
sample (M.E. −0.164 compared to −0.060, see Tables 4.2 and 4.3).

Figure 4.2, left panel, shows how the predicted probabilities of applying an oil or gas
heating respond to discrete changes in income in east and west Germany. The response of
these technologies to income parallels that of the other sample (Section 4.4.1). The gas-
oil probability differences are overall larger than in the owner case. The most important
difference regarding the role of household size is that the response to the latter is quite
weak. Comparing the findings from the two samples, it appears that for house owners
size effects are indeed more influential in determining which of the two technologies is
applied.
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Figure 4.2 Probability heating technology in east and west Germany; sample with all
households, heating technology gas, oil

East also raises the probability for a district heating system (M.E. 0.169). The high
tendency for district heat among renters is shaping this strong marginal effect in the full
sample. It may reflect the intensive support of the GDR for these networks. The effect

27The evidence from the rrr supports this, a self-owned dwelling is 4.6 times more likely to be heated
by a gas-solid combination than by gas only (Table 4.6). The combination of oil and solid heating is
about 4.1 times more likely than gas heating only.
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of rural location is largely in accordance with prior results.28

The evidence from the different samples provides valuable insights.29 First, it could
be shown that socio-economic factors, particularly income, have a comparable influence
in each sample. Further, dwelling features have a more straightforward effect in the full
population sample. Recent renovation and – at least in the sample with all households –
modern buildings have a strong effect on the heating mode, of which gas stands out as a
very likely heating type. It appears that modern self-owned buildings are different from
those for renting purposes, as we do not observe this effect with recently built owner-
occupied buildings. Planning and construction of, in particular, rental buildings have
increasingly become subject to energy efficiency considerations after 1991, but have also
become eligible to special support and loans in this era which may have also influenced
the mode of heating installed in this distinctive way mentioned above. In both samples,
the regional location affects households in a similar way, but the size of its effect may
in some cases be stronger, as for instance between east and west Germany. Key insight
drawn from this comparison is that larger-sized effects prevail in some cases, but overall
no major diverging or conflicting evidence between the two household groups exist. The
argument that owners are different per se with the power to determine their heating
mode and therefore need to be solely included in such kind of empirical analyses of
energy behaviour may be relevant, but the results from this study do not support this
claim.

4.5 Conclusions

Apart from climate change and environmental concerns, the fluctuating fuel prices have
renewed and intensified the interest in the efficient use of energy. Energy consumption
also poses social questions; price changes, disruptions of supply, for instance of natural
gas, or fuel poverty adversely affect a society as a whole. To understand energy behaviour
and to identify population groups most likely to be affected, empirical analyses at the
micro level are important and can also serve as a basis for tentative conclusions for policy
design.

The present study fills an important research gap in analysing the determinants of
heating technology applied by German households. It is motivated by the property of
the space heating technology as a crucial and especially long-lived determinant of resi-
dential energy consumption. A multinomial logit approach is chosen to explore which
socio-economic, regional or building characteristics influence the likelihood for choosing
a certain heating type. The article advances the literature by being the first to present

28Rural location does not significantly influence solid or “gas and solid” heating, but only the combi-
nation of solid and oil heating modes. This partly attenuates the hypothesis that rural households are
more likely to use solid fuels. However, renters continue to encounter the problem of limited storage
space which presumably explains the non-significance of the solid and “gas and solid” mode.

29As with the sample of owners, tests for recombination of categories and the Hausman test do not
provide any conflicting evidence with the chosen approach.
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evidence on whether the influence of such characteristics varies between the whole po-
pulation of owners and renters or the group of house owners.

The empirical analyses demonstrate the importance of a household’s socio-economic
characteristics as well as the type of building and region he is living in as determinants of
the space heating technology applied. It moreover finds that the space heating technology
appears to be largely driven by similar influences across the two population groups of,
first, all households and, second, house owners. This is in particular supported by the
similar role of socio-economic factors. Some differences, however, prevail with regard to
the other factors. The building features, for instance construction period, are found to
be a stronger determinant of the heating type in the sample with all households than
in the one including house owners only. The influence of regional location – particularly
between east and west – is similar in both samples in terms of the direction of influence,
however the size of its influence is mostly larger in the sample of owners and renters.

It is shown that differences between income groups do not exert a strong impact on
which type of heating technology is applied. The minor role that income provides no
insights as to which income group should be specifically targeted with monetary incen-
tives like investment grants. Education also plays a role in shaping residential energy
consumption behaviour, therefore promoting consumer information and education cam-
paigns about the environmental strength and weaknesses of different heating technology
can be meaningful.

Certain households in the study apply solid fuel systems or dual heating modes. Fos-
tering renewable heat is an important cornerstone within the energy policies of many
countries. Based on these households’ familiarity (and possibly affinity) with solid fuel
based systems, a realistic strategy to employ would be to specifically address these hou-
seholds and offer incentives for a change over to, for example, wood pellet systems. A
limitation of the study is that it could not account for the influence of capital costs nor
consider renewable energy technologies like pellet burners. Its approach could, howe-
ver, be extended to include such elements once more detailed and recent data become
available. In addition, surveys assessing the relative importance of technology attributes
such as safety and installation and appliance costs can shed more light on the formation
of preferences for heating technologies.

Differences can also be recognized at the regional level. Policies aimed at reducing
energy consumption or lowering its carbon intensity should be more tailored to suit the
heterogeneity of households, in particular considering the regional variety. Germany is
a federal country, thus delegating the effective design and implementation of policies
and instruments to the federal states, the Länder, or municipalities can be a meaningful
strategy. The local level is more suited to carefully account for the specific situation
and is likely to be more successful to reach the ambitious targets vital for a sustainable
energy future.

The current study expands the literature on residential energy use by taking a closer
look at the relation of tenure type (treated as exogenous) and heating technology but
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there is further work needed. To address this in a more holistic manner, empirical studies
disentangling the drivers of tenure choice and heating appliances are methodological
valuable extensions and may provide meaningful guidance for design of residential energy
schemes and housing policy.
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4.A. APPENDIX – SUPPLEMENTARY MATERIAL

4.A Appendix – Supplementary material

Table 4.4 Variable descriptions and summary statistics; sample with all households

Variable Description Summary statistics

Dependent variable Share
Space heating type:

Oil Owner of oil heating only 0.302
Gas Owner of gas heating only 0.449
Electric Owner of electric heating only 0.043
District Owner of district heating only 0.125
Solid Owner of solid fuel heating only 0.018
Oil Solid Owner of oil and solid fuel heating 0.039
Gas Solid Owner of gas and solid fuel heating 0.024

Explanatory variables Mean SD

Household-level
Inc Net income of household (in thousand euros) 31.894 21.370
Own 1 if household owns the dwelling 0.541 0.498
Mem Number of household members 2.435 1.209
Child 1 if small child present 0.065 0.247
College 1 if household head has college education or higher 0.247 0.432

Dwelling attributes

Yr48 1 if house built before 1948 0.282 0.450
Yr71 1 if house built in 1949–1971 0.300 0.458
Yr90 1 if house built 1972–1990 (base) 0.282 0.450
Yr03 1 if house built 1991 and later 0.136 0.343
Detached 1 if dwelling located in a detached house (base) 0.372 0.483
Row 1 if dwelling located in a row house 0.186 0.389
Apt 1 if dwelling is located in an apartment building 0.441 0.497
Ren 1 if heating retrofitted within last year 0.020 0.139

Regional level

East 1 if household located in east Germany 0.246 0.430
Rural 1 if household located in rural areas 0.112 0.315

Observations 7182
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Chapter 5

Household Energy Consumption

in Europe: Empirical Results

from German and Italian

Household Data

5.1 Introduction

The residential sector is one of the four main end uses of energy apart from transport,
industry, and the commercial sector. It accounts for about 20% of final energy consump-
tion in the OECD (IEA, 2006). Residential energy consumption has attracted much
attention, in particular in relation to efficient use of energy and its benefit for climate
change. Using less energy and in a more efficient way contributes not only to limiting
carbon emissions and air pollutants, but is also important in terms of energy security
and equity issues. The potential for energy conservation in the residential sector is large
and can often be achieved at low costs. Recognizing this, energy efficiency is ranking
high on the energy policy agenda of many governments. The EU, for instance, has en-
dorsed the objective of cutting EU energy consumption by 20% by 2020 – equivalent to
780 million tonnes of carbon dioxide – and has given energy efficiency in buildings high
priority (EC, 2009a).

The benefits of energy efficiency are largely undisputed, nonetheless the diffusion of
energy efficient technologies and behaviour appears to be too low, a phenomenon coined
as the “energy efficiency gap” (Stavins et al., 2004). Much is still to be learned on
energy technology adoption and energy consumption and how it varies across households.
Empirical studies using individual household data are important in this respect. Such
studies can focus on socio-economic characteristics and account for the heterogeneity of
households. It is also necessary to consider an essential characteristic of energy services
such as space heating: energy services are produced with a capital input, the appliance,
and fuel as an input to this production process (e.g., Filippini and Pachauri, 2002). The
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5.1. INTRODUCTION

turnover of the capital stock is only gradual due to the long service life of appliances
(two to four decades) and buildings (up to 100 years or more). Residential energy use
is hence characterized by “inertia” due to the low capital turnover and persistence of
habits.

The following research questions arise in this context: what are the determinants
of energy consumption and in what way do they differ across households with different
lifestyles and socio-economic background? What is the role played by technologies in
residential energy use? In addition, multinational frameworks and measures, such as
those initiated by the EU, need to take the heterogeneity within and, importantly, across
member states into account. The analysis of these issues calls for the realization of cross-
country studies in a comparative setting.

This article aims to address these research questions by empirically studying the
determinants of residential energy consumption for Italy and Germany. The analysis
focuses on space heating which represents the main end-use of households’ direct energy
consumption (about 80%, IEA, 2009c). It uses survey data on households in Italy and
Germany for the year 2003. Residential energy demand – in particular when endogeni-
zing the role of the energy equipment – has been studied for a limited set of countries
with household data so far (for example the US by Mansur et al. (2008) or Norway by
Vaage (2000)). However, countries differ considerably by the technology used for space
heating – with, for instance, a strong role of district heat in Denmark or Sweden, elec-
tricity in Norway, heating oil in Germany or natural gas in the UK. There is a need for
further studies that expand the scope of countries covered and account for the respective
energy technology profile of these countries.

Our work is also one of the first to conduct the analysis in a comparative setting
using comparable models and data sources.1 We use equivalent microeconometric me-
thods for the estimation of the energy demand, which allows us to present and contrast
insights on factors that govern the adoption of energy technologies and the use of the
latter at the household level in the two countries. The empirical modelling follows a
discrete-continuous model as suggested by Dubin and McFadden (1984); it takes into
consideration the interrelatedness of a household’s adoption of a type of heating system
and – conditional on this choice – on how much heating fuel to consume. Hence, empiri-
cal information on influential factors on both the discrete choice among heating systems,
such as between gas or oil heatings, and the continuous fuel demand are obtained. The
model has, to our knowledge, not been applied for Italy or Germany and furthermore
not in a comparative set-up as in this study.

In the literature empirical analyses of energy demand with household data are less
common than those with aggregate data (an overview is provided by Madlener, 1996).
Studies with household micro data fall into two major groups according to the role taken
by the equipment: one group examines how household energy consumption responds to

1To our knowledge, the only other available cross-country study with household data is the one by
Lenzen et al. (2006). It, however, follows a different approach by applying multivariate analysis.
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price or income changes in the short-run, thereby assuming the equipment to be fixed.
Such studies on energy demand conditional on the appliance stock were conducted for
the UK by Baker et al. (1989) and Meier and Rehdanz (2010); both find strong variation
in energy use across households. Rehdanz (2007) shows for Germany that home owners
have significantly lower heating expenditures and are less vulnerable to price changes.

The second group assumes that both the capital stock and the utilization decision
determine a household’s energy consumption. To account for the endogeneity of the
stock of energy equipment, the literature follows a discrete-continuous model as in the
seminal contribution by Dubin and McFadden (1984). In their study, the first stage in-
volves a discrete choice model for the selection among different types of space and water
heating appliances (electricity or gas). The second stage is a regression of electricity
consumption (the continuous variable) on appliance-specific explanatories like capital
costs or household-specific explanatories like socio-economic variables. Dubin and Mc-
Fadden (1984) show that this approach can avoid the bias resulting from unobserved
factors determining both the appliance choice and its intensity of use. The approach
has been applied in the energy literature only for a limited set of countries so far: Baker
and Blundell (1991) study the gas and electricity demand for heating in the UK. For
the US, Mansur et al. (2008) examine the influence of climate on heating fuel choice
and consumption, and Liao and Chang (2002) investigate the water and space heating
demand of the aged. Davis and Kilian (2008) estimate such a model for the US to sub-
sequently compute the welfare costs of gas price regulation.2 The studies by Nesbakken
(1999) and Vaage (2000) study energy demand in Norway. These cover several heating
technologies and, important in the Norwegian case, combinations thereof (for example
wood and electricity). Both find a high degree of heterogeneity in household charac-
teristics and in the influence of income: income is negligible for the demand for space
heating in Vaage (2000), whereas Nesbakken (1999) shows that, for instance, the price
sensitivity differs strongly across income groups.

Our work on Germany and Italy is standing in line with these discrete-continuous
models. Following the literature, several factors can be expected to explain the energy
technology choice and demand of households. We group these factors into the following
categories – building, socio-economic, location, and price characteristics. Intuitively,
building features such as building age have a close link to the kind of heating appliance
installed and the quantity of energy required to heat a home. Both technology adoption
and energy consumption are, for instance, influenced by households’ preferences for
amenity of a heating system or for indoor comfort. Socio-economic characteristics are
included to account for behavioural and lifestyle aspects. The analysis lastly controls for
effects related to the location of the house – such as between rural and urban location.

The paper is organized as follows. Section 5.2 presents an overview of the characteris-
tics and trends of residential energy use in Italy and Germany as well as on the relevant

2Using the estimates from the discrete-continuous model, they compute a counterfactual scenario
indicating how high gas consumption would have been from 1954 to 2000 if markets had then already
been deregulated.
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policies in these countries. Section 5.3 introduces the empirical model and presents the
data. In Section 5.4 we discuss the results obtained for each country and provide a
brief summary and comparison of these results. Finally, Section 5.5 contains concluding
remarks.

5.2 Background

Households were responsible for energy use of about 302 724 thousands tonnes of oil
equivalent in the EU-27, amounting to a share of 26% of total final energy consumption
(TFC) in the year 2003 (2003 being the year of our analysis) (Eurostat, 2010). It is hence
the third largest sector after transport and industry in terms of energy consumption.
TFC has been growing by about 9.19% between 1990 and 2003 in the EU-27. However,
energy consumption by households has been growing even more strongly, by 15.15%.
The significant contribution of residential energy consumption and its increase over time
underline the importance of studying this sector and also explain the strong political
attention given to energy conservation/efficiency in this sector.

Energy efficiency is a key element of the energy policy at the EU level. It contributes
to the main goals of the EU in this area: energy security, reduction of carbon/GHG
emissions, economic competitiveness as well as energy equity and lowering energy costs
to consumers. The EU is a strong driving force in this policy field. Many member
countries lack a systematic energy efficiency framework and the EU guidelines therefore
play a crucial role in facilitating this. The “Directive on the energy performance of
buildings” is a central EU legislation in this regard (EC, 2002). It mandates energy
certification of new and existing buildings as well as minimum standards for the energy
performance of new buildings and those subject to major renovation. These standards,
however, only apply to buildings with a floor size larger than 1 000 square meters.
Member states are required to define individual minimum standards and implement
measures by 2009.

The “Action plan for energy efficiency” outlines an energy savings potential of 20%
by 2020 in the EU (EC, 2006). It suggests several measures to this end, as for instance
changing the consumer behaviour by education and awareness campaigns. The 20%
target has become part of the “Climate and energy package”, known as the 20-20-20
plan, endorsed by EU leaders in 2007 (EC, 2009a). In contrast to other elements of this
strategic plan – such as the renewable energy target – the energy efficiency target has
not been translated into legislation and is therefore not binding. The “Directive on the
energy performance of buildings” has been amended in 2010 (EC, 2010). It removes the
1 000 square meters threshold of EC (2002); accordingly all buildings now need to meet
the minimum standards. In addition alternative energy systems such as cogeneration
or renewables should be considered for new buildings. As of 2010, serious doubts are
raised about the ability to reach the 20% target of the 20-20-20 plan – absent additional
efforts, reaching 11% appears more likely instead. A revision of the energy efficiency
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action plan is expected at the end of 2010. It is also being intensively debated to make
the 20% efficiency target mandatory (EC, 2009e).

We now turn to some stylized facts and data about residential energy use and the
policy framework in Germany and Italy. Germany’s energy use is quite significant within
Europe. Its share of total final energy consumption of the EU-27 was 19.4% in 2003
(Eurostat, 2010). This corresponds to about 10.2 tonnes of CO2 emissions per capita
(IEA, 2009a). Germany decreased its energy consumption by 0.43% between 1990 and
2003, in contrast to the 9.19% increase for the EU-27 (Eurostat, 2010). Looking at the
final energy consumption by households, a somewhat different picture emerges. Energy
consumption by German households has not been falling, but has been rather increasing
between 1990 and 2003 by around 15.85% – in line with the EU-27 trend of a 15.15%
increase. The residential sector accounted for about 30% of TFC in Germany in 2003; it
was the largest energy-consuming sector, in contrast to the EU-27 where the residential
sector ranked only third (Eurostat, 2010).

Climatic conditions in Germany make space heating a necessity during winter times.
About 76% of the energy use in buildings is allocated to space heating (Schoer et al.,
2007). Similar to other countries, Germany has experienced a rise in the average dwelling
size as well as a decrease in the number of occupants which may explain the increase
in TFC of the residential sector. At the same time, Germany has made progress in
terms of energy conservation measures for buildings. Germany is considered one of the
leading countries in the field of energy efficiency policies (IEA, 2009c). Early efficiency
policies date back to the “Energy saving act“ from 1976 (EnEG, 1976). The act obliges
new buildings to meet up to a specified coefficient of heat transmission which has been
regularly updated to reflect the current state of technology.

Since 2000 the German government has substantially strengthened its legal frame-
work on energy efficiency of buildings and of heating systems. An important element
is the “Energy saving ordinance” (EnEV), enacted in 2002. It sets minimum requi-
rements for insulation of new buildings and those undergoing renovations as well as
efficiency standards for heating systems (BMWi, 2007). In 2005 a new version of the
“Energy saving act” (EnEG) was adopted. It translates the EU’s “Directive on the
energy performance of buildings” (EC, 2002) into national law. Details are laid out in
the supplementary “Energy saving ordinance” – which has been updated and amended
accordingly. The 2007 version introduces a building labelling/certification scheme to
increase transparency in the energy performance of a building and to identify potential
improvements in terms of energy efficiency (BMWi, 2007). In 2009 the ordinance was
amended again. It tightens the efficiency standards of buildings – the maximum primary
energy consumption of new buildings and those undergoing renovation is reduced by a
further 30%.

To accelerate the diffusion of energy efficiency measures and technologies, home
owners are eligible to several support programs. A cornerstone is the “CO2 building
modernization program” that grants subsidies or loans with preferential conditions to
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households. Conditions depend on the carbon dioxide reductions achievable, for instance
standard renovation measures like insulation of roofs receive a 5% subsidy, while up to
30% are possible if the modernization meets up to energy efficiency standards stricter
than those aplying to new buildings. In 2009 funding for this program was two billion
euros. The respective volume of private investments into energy efficiency was about 18
billion euros (BT-Drucks.17/2395, 2010).

A further key element is the expansion of renewable energy for the generation of heat.
A share of 14% in heat generation is set as a target by 2020, starting from a meagre share
of 6% in 2005. In the long-run new buildings should no longer be relying on fossil fuels for
heat generation. Renewable heat is promoted with a feed-in tariff system (“Renewable
energies heat act” (EEWärmeG)) (BMU, 2008). The “Market incentive program” grants
subsidies or access to cheaper loans for investment in renewable heat systems. Recently,
in September 2010, the German government agreed on an energy concept for the period
up to 2050. The overall aim is to cut primary energy consumption by half until 2050.
Energy efficiency in buildings and the residential sector is seen as key to achieve this
goal. The guidelines formulate, first, a reduction in consumption of heat by 20% until
2020 and, second, a doubling of the renovation rate to 2% of the building stock. By 2050,
the stock of buildings is expected to be climate-neutral, i. e. with low heating needs and
provision of heat from renewable sources (BMWi and BMU, 2010).

In 2003 Italy was responsible for 11.2% of total final energy consumption of the EU-
27 and its per capita CO2 emissions were about eight tonnes. The final energy demand
experienced an increase of 21.63% during the period 1990 to 2003 – much stronger than
the EU average of 9.19% in the EU-27. This trend, according to some baseline scenario
projections, is expected to continue in the near future (EC, 2008). The final energy
consumption by households has been increasing by 13.8% in the period 1990–2003, less
than the EU-27 average of 15.15%. The residential sector accounted for almost 23% of
TFC in Italy in 2003. It was the third largest sector in terms of TFC after transport
(33.3%) and industry (38.5%) (Eurostat, 2010).

Italy therefore tries to intervene in this field with different instruments in order to
reverse the trend. The efforts of the Italian policy on energy conservation and efficiency
at the level of the final consumer date back to Law 373/76 from 1976, which introduced
the obligation for dwellings built after 1977 to meet certain parameters of insulation.
However this law, which had the merit of raising the interest towards these issues, is
characterized by several limitations. Law 373/76 has been subsequently almost entirely
repelled by Law 10/91 from 1991, which was already planning the introduction of the
energy certification of buildings. Unfortunately, Law 10/91 has not been fully enforced
due to the lack of certain enforcement provisions that could have helped Italy taking
the lead of energy sustainability policies in the residential sector (Anglani and Ricciardi,
2008).

The “Directive on the energy performance of buildings” (EC, 2002) has been trans-
posed into national law with Legislative Decree 192/2005 and subsequent integrations
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and arrangements.3 It obliges the provision of the energy certification (or labelling) of
nearly all existing buildings. When buildings are constructed, sold or rented out, an
energy performance certificate is made available to the prospective buyer or tenant. The
main aim of the energy certificate is to increase awareness and knowledge of final consu-
mers on energy efficiency and energy savings issues. Once the scheme gains ground, in
fact, it is expected the certificate to be part of the economic evaluation of consumers
when they reach a decision on buying or renting an apartment or house.

The most relevant domestic cross-sectoral initiative in Italy is the White Certificates
Scheme (D.M. 20/07/2004), aimed at promoting energy efficiency and delivering emis-
sions reductions across all energy end-use sectors. The majority, over 63%, of the white
certificates are focused on the residential sector (IEA, 2009c). At the same time a tax
credit scheme has been introduced in 2007 (and extended up to 2010) aiming to offer
a fiscal incentive for the use of energy efficiency equipments or renewable energy tech-
nologies.4 These incentives are mainly tax breaks – between 36% to 55% depending on
the type of building and measure implemented – recognized in the case of energy mo-
dernization of buildings, installation of photovoltaic cells, solar thermal panels, energy
efficient devices, etc.

Italy and Germany share a common characteristic: households are paying among the
highest prices for gas, heating oil or electricity in the EU. According to Eurostat (2009),
Italian consumers were paying the highest rates for gas over the time period 1997 to
2005. In the year of our analysis, 2003, the price was about 16.77 euros per gigajoule
(GJ) (including taxes) while the price in Germany is lower – it was about 12.13 euros
per GJ. Rates in both countries are hence above the average of the EU members, that
is 11 euros per GJ in 2003. The share of taxes within the gas price is comparably high
in both countries with about 30%.

A similar picture emerges for the delivery of heating oil. Italian households spent
considerably more on oil than consumers in the rest of Europe. The price per litre of
heating oil was 0.88 euros in Italy in 2003 – the highest paid in Europe. For comparison,
a German household paid about half of that, 0.40 euros, in 2003. The European average
in that year was 0.48 euros per litre. Italy is also one of the most expensive countries
in terms of electricity. An Italian family paid about 20 cents per kWh in 2003 while
its German equivalent only about 17 cents. In the case of electricity, both countries are
ranking at the upper scale of the European prices for electricity (Eurostat, 2009).

3National guidelines for the certificate on the energy performance of buildings have been recently
issued with Decree 26 June 2009 (G.U. n. 158 10/7/2009). The national guidelines must be strictly
followed by those regions and autonomous provinces that did not yet develop their own guidelines.

4Budget Law 2007 (L. 244/2007) extended the validity of certain measures already in place and
created new ones with the aim of encouraging energy sustainability.
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5.3 Model and data

5.3.1 Model description

We apply a discrete-continuous model to estimate the household energy demand for
space heating. The method reflects that households do not demand energy per se, but
as an input to their household production process of energy services (Lancaster, 1966;
Filippini and Pachauri, 2002). Energy consumption is accordingly determined by the
stock of appliances as well as the intensity by which these appliances are used.5 The
analysis follows a two stage design: in the first stage a model for the discrete choice
among alternative heating technology options is estimated. The second stage is a model
of energy/fuel demand – the continuous variable – where, basically speaking, results
from stage one are used to correct for the simultaneity of the choice of a technology
and its use. The method has been introduced by Hanemann (1984) and Dubin and
McFadden (1984).6 The model has been applied in several studies so far, for instance by
Nesbakken (1999), Vaage (2000), Davis and Kilian (2008), and by Mansur et al. (2008).
Our presentation of the model draws on Bourguignon et al. (2007) and Mansur et al.
(2008).

A household is supposed to choose a technology j for space heating purposes as well
as the quantity Qj of the respective input/fuel. The utility U∗j from selecting technology
j among a finite set of m alternatives for space heating is

U∗j = βjx+ εj , j = 1 . . .m

where x denotes the set of explanatory variables, βj the unknown coefficients, and
εj the error term. The latter accounts for unobserved characteristics influencing the
selection of technologies, as for instance preference for safety.

The second component is a model of energy demand Qj . For the chosen technology
j the conditional demand for the fuel Qj is as follows

Qj = γjz + uj

z are the explanatory variables influencing the conditional demand for energy (which is
the continuous variable). uj is the error term with expected value E(uj |z, x) = 0 and
variance V (uj |z, x) = σ2.

5In the short run the household can only vary the intensity by which it uses the stock of energy
equipment, but it may adjust the stock in the medium term by replacements of appliances.

6Dubin and McFadden (1984) estimate the final demand for electricity in the US endogenizing the
choice of the appliance stock. Their study uses a two-stage set-up; for the first stage they apply a discrete
choice model for factors influencing the selection of appliances, followed by a continuous regression of
the conditional energy demand on explanatory variables like the household size. Dubin and McFadden
(1984) model the discrete choice problem as a function of household- and appliance-specific attributes
such as capital costs. Other articles such as Mansur et al. (2008) only apply household-level variables as
in our analysis.
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With respect to the technology choice model it can be assumed that the household is
observed to have chosen alternative j when the utility from alternative j is the highest
of all alternatives such that U∗j > U∗k ∀j 6= k. Assume that disturbance εj is identically
and independently distributed across alternatives and households and that it follows the
type I extreme value distribution.7 The probability that alternative j is chosen then
takes the well-known multinomial logit (MNL) form

Prob(Appliancej) = Pj =
exp(xβj)∑m
k=1 exp(xβk)

.

Pj increases monotonically with the systematic utility of alternative j and decreases with
the systematic utility of each of the other alternatives. The parameter vector βj of the
MNL can be obtained by maximum likelihood estimation.8

The parameter vector γj of the continuous model is not as straightforward to esti-
mate. The disturbance term εj of the technology choice model and of the conditional
demand model, uj , may not be independent. The technology selection and the demand
for energy inputs are related decisions; unobservable factors may affect both decisions.
If these unobservables are correlated, least squares estimation of the continuous model
will be inconsistent. The conditional expectation of uj is hence not zero, but a function
of the choice probabilities.

To correct for this endogeneity problem, we follow the approach by Dubin and Mc-
Fadden (1984) and as also used, for instance, by Mansur et al. (2008). A linearly
specified selection correction term enters the continuous demand problem. It is specified
as a consistent estimate of the choice probabilities (that is predicted probabilities from
the discrete choice problem). The coefficient vector γj can be consistently estimated
with least squares from the following model for energy demand Qj

Qj = xjβj + σj

m∑
k 6=j

rj

{
Pkln(Pk)
1− Pk

+ ln(Pj)
}

+ wj

where wj is an independent error term.

The selection correction terms enter the respective demand equation for each fuel.
There are (m− 1) selection terms, one for each of the alternative space heating techno-
logies. The model is estimated with the selmlog command by Bourguignon et al. (2007)
in Stata10.

7This assumption translates into the independence from irrelevant alternatives (IIA) assumption;
it states that the ratio of the probabilities for choosing any two alternatives is independent from the
presence of any other alternative. This assumption can be tested with a Hausman test (Hausman and
McFadden, 1984).

8As it is well-known, since a multinomial logit model is not linear in the parameters, a marginal effect
is not identical to the coefficient estimate, but depends on all other coefficient estimates and variables.
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5.3.2 Data

5.3.2.1 Data for Germany

The household-level data for Germany come from the 2003 wave of the German Socio-
Economic Panel, SOEP.9 The SOEP is a nationally representative longitudinal dataset
whose surveys have been annually conducted since 1984 (for details see e.g., Wagner
et al., 2007). It provides extensive information on the socio-economic characteristics of
a household and its members such as on income, housing situation, employment status,
health, and so forth. The 2003 questionnaire has a special module detailing the energy
use and the energy technologies applied in a household which allows us to model energy
demand in a discrete-continuous framework.

The questionnaire asks a household to list the fuels used for space heating, cooking,
warm water heating, as well as for lighting and other appliances, respectively. It also
reports its spending on each of the fuels: gas, heating oil, electricity, solid fuels, district
heat, solar and “other”. However, it is not asked to disaggregate these expenditures by
the purpose it is used for. We treat the expenditures on fuels as expenditures for the
purpose of space and water heating expenditures – a common approach in the literature
(Rehdanz, 2007; Meier and Rehdanz, 2010). As space heating is the major block within
residential energy spending with about 80% (IEA, 2009c), this simplification may be
justified. As the dependent variable in the continuous demand regression we hence use
annual expenditures for the specific fuel. In our sample households spent on average
4% of their income for space heating – this share is relatively similar for gas or oil. A
description and summary statistics of variables can be found in Table 5.1.

We estimate the continuous demand model only for gas and oil. These are, first,
the most widely used sources for heating and, second, limited availability of adequate
price data for electricity, district heat or solid fuels limits us to these two major fuels
(for details on the price variables see below).10 The discrete choice model includes all
major types of space heating modes. We obtain the space heating category by using
the main fuel reported by a household for space heating. In the case of dual fuel usage
– typically combinations of oil or gas with solid fuels – we sort them according to the
main fuel into the category oil or gas, respectively. This simplification of categories
allows us to include these households in the continuous demand model for oil or gas.11

The dependent variable in the discrete choice model indicates if one of the over 6 000

9Rehdanz (2007) uses this data source for a study of the short-term energy demand of households.
She does not apply a discrete-continuous approach, but models demand conditional on the heating
technology instead.

10Using fuel expenditures as indicative of heating expenditures is in addition less of a concern with oil
or gas than it would be with electricity which is used by many other home appliances such as a washing
machine.

11This is different from an earlier study by Braun (2010) (see also Chapter 4) that estimates a space
heating selection model including dual fuel use. Also note that the heating categories “Solar” and
“Other” have been excluded due to a limited number of observations (below 1%). Further note that in
Germany the share of central and self-contained heating systems is quite high – about 95%.
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households applies one of the following heating technologies: oil (34.49% ), gas (48.09%),
electric (4.10%), district (11.93%) or solid (1.40%) (Table 5.1).

Variables explaining the heating technology selection or fuel consumption are grou-
ped into socio-economic, dwelling, location, and price effects. Socio-economic variables
capture certain lifestyles and tastes regarding amenity or safety of a heating system as
well as the intensity of day-to-day use of space heating. Income, here included as net
income of all household members, determines the affordability of a heating system and
especially its intensity of use, the fuel demand. A key indicator for energy consump-
tion is further the household size as measured by the number of household members.12

A dummy variable controls for differences between home owners and tenants which is
important as the home ownership rate in Germany is relatively low – about 50%. Educa-
tional attainment is proxied by a dummy variable indicating if the household head has a
college or university degree. Jaffe and Stavins (1994), for instance, finds that education
is one channel of influence for the diffusion of efficient technologies.

Two factors are presumed to be largely present at the stage of energy consumption
and are therefore only included in the continuous demand estimation. First, we introduce
a variable that indicates if the household head assesses herself to “behave in a very
environmentally friendly manner” to examine if such a household shows different energy
use patterns than others. Second, O’Doherty et al. (2008) proposed to control for the
length of time a household has been living in its current home supposing that a negative
relation between this variable and energy use prevails. The longer a household is living
in its current home, the more it is getting accustomed to the specific heat conservation
features of its home and adjusts its behaviour accordingly, for instance by operating the
heating equipment in an “optimal” way. We draw on this reasoning and control for this
potential influence.

The features of a building, its energy needs and the energy use of its occupants
are closely linked with each other. This relation is particularly relevant for the heating
system choice, but we also include these variables in the continuous stage. The SOEP
distinguishes dwellings according to their construction era and type. The vintage cate-
gories included are dwellings built until 1948, between 1949 to 1971, 1972 to 1990, and
from 1991 onward. Concerning the dwelling type we differ between detached houses,
row or apartment houses. A limitation of the survey is that further information on the
efficiency standard, costs or other characteristics of the heating system or building are
not collected. However, a variable indicating if the heating system has been renovated
within the last five years is introduced.

We control for location influences at both the discrete and the continuous stage.
These account for the divide between east and west Germany, for example the different
national city planning policies or energy strategies before reunification, and between
urban and rural location.

12We refrain from using a measure for the number of rooms or size of the dwelling as we then encoun-
tered collinearity issues regarding the variable indicating the number of household members.
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Table 5.1 Variable descriptions and summary statistics for German households

Variable Description Summary statistics

Dependent variable Share
Discrete model: space heating type

Oil Oil-fired heating system 0.345
Gas Gas-fired heating system 0.481
District District heating system 0.119
Electric Electric heating system 0.041
Solid Solid fuel heating system 0.014

Continuous model: fuel use Mean SD

Exp Oil Annual expenditures on fuel oil (in thousand euros) 1.024 0.542
Exp Gas Annual expenditures on gas (in thousand euros) 1.030 0.522

Explanatory variables Mean SD

Price information at state level (Land)

Poil Price of fuel oil (euro cents per kWh) 3.643 0.044
Pgas Price of natural gas (euro cents per kWh) 4.530 0.194

Household level

Inc Net income of household (in thousand euros) 32.286 21.020
Own 1 if household owns the dwelling 0.547 0.498
Mem Number of household members 2.463 1.210
College 1 if household head has college education or higher 0.249 0.433
Yrs Res Number of years household is residing in unit 18.660 15.331
Env 1 if household assesses itself to act very environmen-

tally friendly
0.233 0.423

Dwelling attributes

Yr48 1 if house built before 1948 0.277 0.448
Yr71 1 if house built in 1949–1971 0.298 0.458
Yr90 1 if house built in 1972–1990 (base) 0.285 0.452
Yr03 1 if house built in 1991 and later 0.139 0.346
Detached 1 if dwelling located in a detached house (base) 0.374 0.484
Row 1 if dwelling located in a row house 0.189 0.391
Apt 1 if dwelling is located in an apartment building 0.437 0.496
Ren 1 if heating retrofitted within last 5 years 0.096 0.295

Location variables

East 1 if household located in east Germany 0.238 0.426
Rural 1 if household located in rural areas 0.112 0.315

Observations 6738

Notes: Price data stem from Brennstoffspiegel. The remaining variables are taken from the SOEP.

Information on residential prices for fuel oil and natural gas has been made available
by “Brennstoffspiegel”, the journal of the German association of the fuel supply business,
for the year 2003. Prices (euro cents per kWh) are annual averages for 2003 and are
available for each of the German states (Länder).13 Unfortunately, better data such
as on the individual rate paid by households could not be obtained. This phenomenon
has been incurred by other researcher before, for instance by Davis and Kilian (2008).
As prices are only available for the cross-section, we refrain from including these in the
heating system choice model.14

13Price information are available for the delivering of typical household quantities of fuel (3 000 litres
of heating fuel oil and 33 540 kWh of natural gas; fuel oil has been converted to kWh subsequently).
Prices include value-added tax; the natural gas price includes in addition a standing charge. The SOEP
data do not distinguish between Saarland, a small western state (Land), and its neighbouring state
Rhineland-Palatinate. The energy prices for the two states have been calculated as the respective price
average from the two states.

14Current prices can only be considered as a weak proxy for the prices a household faced when the
household actually installed the heating system in the past (Baker and Blundell, 1991). Expectations
about future prices frame the decision on which heating fuel to install. Such expectations may be
proxied by the path of past prices. This is, however, problematic for two reasons: first, inferring the
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It should be noted at the outset that our data are limited in some respects: first, we
only have expenditure data but not consumption in physical units. Second, price data are
not available at the level of the individual household. Some studies have encountered
these issues as well and have shown that expenditure data can be meaningful to use
particularly when income or price elasticties of demand are not the prime objective of
the study (e.g., Rehdanz, 2007; Davis and Kilian, 2008). The strength of our data for
Germany is, however, that the data are fairly recent (data in Davis and Kilian (2008) are
from up to 2000 and in Mansur et al. (2008) even from 1989) and allow to disentangle the
influence of socio-economic and other covariates to a larger detail than earlier studies.

5.3.2.2 Data for Italy

The data for Italy are based on the National Institute of Statistics (Istat) “Survey
on Family Budgets” for the year 2003. It is a comprehensive survey of independent
samples of more than 28 000 households chosen over 482 cities representative of the socio-
economic features of the Italian population. The “Survey on Family Budgets” represents
a useful instrument to describe, analyse, and interpret the expenditure behaviour of
Italian households. The inquiry covers family expenditures over a variety of issues and
provides information on social and economic aspects of living and housing conditions.

The data are collected through two different techniques: a weekly diary registering
the expenditures over certain goods and a face-to-face interview to investigate the main
features of the house as well as to collect information from the last bill for electricity
and natural gas, the expenditures on other fuels (liquefied petroleum gas, kerosene,
diesel oil, coal, and wood), and on centralized heating during the past three months.
Information on income is not provided by the dataset. Therefore, the sum of expenditures
for consumption goods is used as a proxy.15

The questionnaire asks the household head to list the fuel used for space heating and
the kind of heating system applied. With respect to the system type, the sample shows
that about 70% of the Italian households rely on an autonomous heating system, 20%
on a centralized heating system, while the remaining households on single appliances.
In principle, autonomous systems facilitate a careful consideration of heating needs and
therefore encourage energy-efficient behaviour by households. Autonomous heating sys-
tems – which are installed in each dwelling – give the household the flexibility to choose
when to switch on and off the system according to its preferences. However, centra-
lized systems, characterized by a better combustion efficiency, and combined with the
individual accounting of the heat used, would be even more efficient. A central heating
system, instead, is normally installed in the building basement and produces heat for

price expectations a household had at the time of the installation decision from current prices is not
easily possible without further assumptions and validation. Second, this requires further data – for
instance information on the age of the heating system, to know the time of installation/purchase and
historic price data.

15In order to determine a proxy for household income, Istat suggests to sum up all the elements
pertaining final consumption and to exclude insurances, loans etc. that represent investment components
of family expenditures (Grassi, 2003).

114



5.3. MODEL AND DATA

all apartments of the building; households do not have the possibility to autonomously
decide when and how long to heat their apartment. One way to countervail this problem
would be to establish heat cost accounting in each housing unit.

Information is provided on the household expenditure on different kind of fuels.
Similar to the German data, expenditures are not distinguished according to the final
energy use/purpose. Energy consumption is also not reported in physical units. However,
considering that about three quarters of the final energy consumption is used for heating
purposes (Odyssee, 2009), we treat the fuel expenditures as expenditures for the purpose
of space and water heating. According to our sample, the expenditures on gas represent
2.7% of total monthly expenditures of a household. It is an average value; some variation
can be found which also relates to the climatic conditions of the various regions in Italy.
Therefore, this ratio tends be lower in the warm and tepid regions (1.7%) and higher in
cool and cold regions (3.1%).16

Though we have data on the expenditures for each fuel, we limit our analysis in
the continuous demand model to the case of gas. The sample for the other energy
sources is too small to let us conduct adequate and robust estimations. However as gas
is the most widely applied energy source in the Italian residential sector we still account
for the majority of energy use in Italian households. Concerning the second stage –
the continuous demand model – the dependent variable is the monthly expenditure
on natural gas. Unfortunately, in contrast to the German model we could not obtain
adequate price data and for this reason the Italian model does not include price variables.

The heating technology choices for the discrete choice model are grouped into five
categories: oil & liquid fuels, gas networks, gas cylinders & external apparels, solid fuels,
and electricity & solar panels. As households are asked to report the main fuel used,
combinations of options such as between gas and solid fuels are not relevant in the Italian
data. The category solar panels comprises solar PV and solar thermal water heaters.
Table 5.2 reports the shares of these heating systems and other descriptive statistics.
In Italy gas-fired heating systems are the most applied space heating technology – it
accounts for almost 70% of households covered in our sample.

Several explanatory variables are expected to play a role in the choice of a certain
technology and in the final fuel consumption. These variables are grouped into three
categories: socio-economic characteristics, dwelling features, and regional effects. Hou-
sehold characteristics may induce certain choices and behaviours with respect to the the
heating system. We use the sum of the monthly expenditures of a household as a proxy
for income; it is an important measure of affordability and household lifestyle or of the
preferences relating to both the choice of a certain heating technology and its intensity
of use.

The number of household members is used to account for the influence of size on the
energy needs. With respect to the type of family we differentiate between singles and
families. We control for the time a person has been living in the respective dwelling. It

16We are able to to categorize the regions according to climate differences as we will describe below.
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can be supposed that a household undertakes renovation measures when it is moving into
a new home. In the time afterwards, the household is probably less inclined to refurbish
its home. We further distinguish between owners and renters. Italy is characterized by a
high share of owner-occupied dwellings: they account for more than 70% of our sample
(Table 5.2).17

Among the socio-economic characteristics, two factors are included only in the dis-
crete part: the age of the household head and its level of education. The education
variable comprises: a PhD or equivalent level of specialization, master degree, bachelor
degree or high school diploma.

Concerning building features, several explanatory factors are included, especially in
the discrete choice model, considering that the literature supports an interrelatedness
between the dwelling characteristics and the choice of a certain heating technology. The
variable accounting for the age of the building is supposed to play a role for the discrete
choice and the continuous demand model. The dwellings are distinguished according to
the year they have been built into three categories: dwellings built before 1950, from
between 1951 to 1995, and from 1995 onwards. Households in older houses are more
likely to use oil or solid fuels such as coal for heating purposes, given that technologies
relying on these fuels were mostly applied in the past (Bernardini and di Marzio, 2001).
At the same time older houses typically have insufficient thermal insulation, leading to
higher levels of energy consumption. We use a dummy variable to indicate if the house
is isolated from other houses or settlements. This is expected to increase the probability
of choosing certain types of heating technologies such as electricity due to the lack
of gas networks in certain areas. Another dummy variable indicates if extraordinary
maintenance18 measures have been carried out in the apartment/house. This variable
can be interpreted as a proxy for the household’s sensibility towards environmental and
energy savings issues. It is supposed to play a role both in the discrete and the continuous
part of the model.

Concerning the dwelling features, two factors are expected to affect the choice of a
certain heating technology and have been included just in the discrete part. First, we
distinguish different types of buildings according to three categories: detached houses,
apartment buildings, and rural houses. Such buildings differ substantially in size and
number of units to be supplied with space heating which is expected to influence the space
heating technology selection. Second, we account for the technology chosen for water
heating: electric water heater, gas water heater or water heated by the heating system.
A certain degree of interrelatedness between water heating and the space heating system
may exist. If, for example, the installed water heater is independent from the system

17Owners may be more aware of the costs incurred for heating their homes. Another reasoning is
that these households can autonomously decide on the kind of heating technology. Evidence on owner-
renter differences are mixed – as also discussed in (Braun, 2010) and in Chapter 4. Controlling for this
differences remains, however, important in such models of household energy use.

18Extraordinary maintenance includes: internal and external remake, water-heating retrofitting, space-
heating retrofitting, electrical system retrofitting, and replacement of doors, windows or frames.
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Table 5.2 Variable descriptions and summary statistics for Italian households

Variable Description Summary statistics

Dependent variable Share
Discrete model: space heating type

Oil Heating system with oil and other liquid fuels 0.119
Gas Gas-fired heating system 0.694
Gas Cyl Heating system using gas cylinders and other ap-

pliances
0.092

Solid Heating system with coal, wood, coke, and other solid
fuels

0.065

Elec Sol Electricity and solar panels 0.030
Continuous model: fuel use Mean SD

Exp Gas Monthly expenditures on gas (in euros) 52.461 62.988

Explanatory Variables Mean SD

Household level
Inc Household monthly income 2391.381 1847.866
Age65 Household head aged 65 or more 0.327 0.469
Educ High 1 if high level of education 0.366 0.482
Single 1 if single person 0.219 0.414
Mem Number of household members 2.683 1.288
Own 1 if household owns the dwelling 0.770 0.421
Yrs Res Number of years since moving in 20.744 15.830

Dwelling attributes
Yr50 1 if dwelling built before 1950 0.222 0.416
Yr95 1 if dwelling built 1951–1995 0.719 0.449
Yr03 1 if dwelling built after 1995 (base) 0.058 0.235
Isolated 1 if isolated houses 0.063 0.242
Detached 1 if dwelling located in a detached house 0.070 0.255
Apt 1 if dwelling located in an apartment building 0.891 0.312
Rural 1 if dwelling located in a rural house (base) 0.039 0.194
WHeat Elec 1 if electric water heater 0.194 0.396
WHeat Gas 1 if gas water heater 0.235 0.424
WHeat Heatsys 1 if water heated by the heating system (base) 0.571 0.495
Extr Main 1 if extraordinary maintenance 0.065 0.246

Location variables

Warm Regions 1 if household located in warm regions 0.146 0.354
Tepid Regions 1 if household located in tepid regions 0.204 0.403
Cool Regions 1 if household located in cool regions 0.221 0.415
Cold Regions 1 if household located in cold regions (base) 0.428 0.495

Observations 25999

used for space heating, it may be expected that households have a higher probability to
rely on alternative heating technologies such as electricity.

Finally, in order to take into account the effect of weather conditions and other
regional differences, the analysis distinguishes four different groups according to regional
climate characteristics. Following Miniaci et al. (2008), the 20 administrative regions of
Italy have been grouped in four categories.19 These effects are controlled both at the
discrete choice and the continuous level.

19Warm regions: Campania, Sicily, and Sardinia; tepid regions: Liguria, Lazio, Puglia, and Calabria;
cool regions: Tuscany, Umbria, Marche, Abruzzi, Molise, and Basilicata; cold region: Piedmon, Valle
d’Aosta, Lombardy, Trentino Alto Adige, Veneto, Friuli Venezia Giulia, and Emilia Romagna.
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5.4 Results

We model energy demand to obtain deeper insights on the drivers of residential energy
use, in particular with respect to socio-economic factors.20 When selecting the model
specification, we paid particular attention to finding a robust and meaningful model of
energy demand for each country. Obtaining a comparable model specification – with for
instance similar covariates – was only of secondary concern then. Estimation results are
presented separately: we first discuss the discrete technology choice and continuous de-
mand results for Germany which is followed by the Italian results and a short comparison
and summary of results for the two countries.

5.4.1 Results for German households

5.4.1.1 Heating system choice

In the discrete choice model households are facing five different space heating types –
oil-fired, gas-fired, electricity, district heat, and fossil-fuel fired heating facilities. The
marginal effects of factors influencing the probability of applying one of these technologies
are displayed in Table 5.3. Marginal effects are straightforward to interpret as they show
how a one unit change in one of the regressors affects the predicted probability of being
in one category leaving the other variables constant.21

In line with expectations and prior work (for instance, Vaage (2000)), the type of
space heating is sensitive to the influence of several socio-economic factors.22 Household
income is critical for the choice probability of the two major fuels oil and gas: households
with higher income are more likely to pick gas for space heating purposes, whereas the
reverse is the case for oil (and solid fuel). District heating or electric heaters are not
significantly linked to income. Education is also confirmed as a relevant socio-economic
determinant of technology adoption: highly educated households tend to use gas, but
not solid fuels. Gas heaters are a very convenient fuel for heating due to its clean-
burning properties, less frequent inspections, and long-running contracts for piped gas
(Davis and Kilian, 2008). The opposite is the case for solid fuels: operating fossil-
fuel fired heaters is time consuming. Households need to, for instance, chop wood or
regularly provide fuelwood or coal as an input to the heater over the course of a day
– which higher educated households might be not willing to bear due to their higher
opportunity costs. A solid-fuel fired heating system furthermore tends to be applied by
larger households, whereas, interestingly, household size is not significantly related to
the other space heating options.

20In line with earlier studies we use the term energy demand even though prices are not available for
each country and consumption is not recorded in physical units.

21We report the marginal effects as computed by averaging the individual marginal effects (Bartus,
2005). The Hausman test does not provide conflicting evidence with respect to the IIA assumption.

22An earlier work by Braun (2010) is a detailed study on the determinants of space heating selection
for German households (see Chapter 4). Different to the current work, it includes multiple fuel options,
but uses a very similar set of explanatories.
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Table 5.3 Marginal effects, heating system choice Germany

Oil Gas District Electric Solid

M.E. M.E. M.E. M.E. M.E.

Inc −0.052∗∗∗ 0.068∗∗∗ 0.004 −0.005 −0.015∗∗∗

(−4.128) (4.964) (0.475) (−0.847) (−3.786)
Own 0.059∗∗∗ 0.005 −0.045∗∗∗ −0.011∗ −0.008∗∗∗

(3.879) (0.318) (−5.461) (−1.946) (−3.000)
Mem 0.012 −0.022 0.001 −0.003 0.012∗∗∗

(0.894) (−1.554) (0.148) (−0.459) (3.178)
College −0.015 0.043∗∗ −0.011 −0.008 −0.009∗∗∗

(−1.040) (2.842) (−1.369) (−1.331) (−3.801)
Yr48 −0.092∗∗∗ 0.176∗∗∗ −0.110∗∗∗ 0.014∗ 0.012∗∗

(−6.602) (11.132) (−23.187) (1.763) (2.019)
Yr71 −0.010 0.037∗∗ −0.033∗∗∗ 0.004 0.003

(−0.735) (2.327) (−4.695) (0.640) (0.496)
Yr03 −0.167∗∗∗ 0.239∗∗∗ −0.044∗∗∗ −0.014∗∗ −0.014∗∗∗

(−11.589) (13.820) (−5.328) (−2.069) (−9.067)
Row −0.190∗∗∗ 0.031 0.181∗∗∗ −0.018∗∗∗ −0.005∗

(−16.335) (1.141) (5.814) (−3.717) (−1.690)
Apt −0.225∗∗∗ 0.014 0.250∗∗∗ −0.014∗∗ −0.024∗∗∗

(−15.228) (0.481) (6.918) (−2.549) (−8.128)
Ren −0.071∗∗∗ 0.113∗∗∗ −0.026∗∗ −0.011 −0.006∗

(−4.010) (5.754) (−2.301) (−1.614) (−1.674)
East −0.180∗∗∗ 0.015 0.167∗∗∗ −0.016∗∗∗ 0.013∗∗∗

(−15.984) (1.002) (14.098) (−3.272) (2.725)
Rural 0.072∗∗∗ −0.022 −0.059∗∗∗ 0.006 0.004

(3.916) (−1.174) (−6.869) (0.690) (0.872)

Notes: Respective z-statistics are given in parentheses below.
∗ denotes significance level of 10%, ∗∗ 5%, ∗∗∗ 1%.
Marginal effects (M.E.) are computed with margeff in Stata (Bartus, 2005). It
averages the individual marginal effect across observations.

Germany has a a relatively low home ownership rate. It is therefore particularly
relevant to control for the tenure type in such an analysis. We find some differences with
respect to the tenure type: heating systems using oil tend to be used in owner-occupied
dwellings. District heat on the other hand is more likely to be applied by renters. Renters
often live in multi-dwelling buildings that often tend to be heated by district heat. The
renovation variable captures both characteristics of the building and its energy-using
equipment as well as of the household itself, such as willingness to invest in retrofits of
its space heating system. The variable indicating renovation of the heating system is
significant for all heating modes except electricity; dwellings with a recently refurbished
heating system are in particular more likely to be heated by a gas system. This marginal
effect has about twice the size of the income effect. A reverse effect from renovation is
obtained for the probability to apply an oil, solid or district heat system.

As also supported by the variable indicating the era of construction, there appears to
be a shift to gas heating in recent times. Gas – in contrast to oil – is likely to be applied
in buildings from before 1971 and buildings after 1991 (relative to the base category
1971 to 1990). Modern buildings, as would be expected, are also less likely to be heated
with solid fuels, electricity, oil or district heat. Solid fuels are “out-dated” as the main
source for heating, though these are important as secondary or auxiliary fuels (Braun,
2010; Reilly and Shankle, 1988). Likewise, district heat and electricity are no longer a

119



CHAPTER 5. HOUSEHOLD ENERGY CONSUMPTION IN EUROPE:
EMPIRICAL RESULTS FROM GERMAN AND ITALIAN HOUSEHOLD DATA

relevant option for newly built homes – district heat was promoted on the territory of
the the GDR in east Germany with network expansion in the 1970s to 1990. Turning
to the building type, results show that in smaller units, as in detached houses, oil, solid
fuels or electricity have a high probability to be used for space heating; district heat,
possibly for the lack of scale effects in such small buildings, is on the other hand more
likely to be used for larger units, in particular for apartment blocks. Gas does not reveal
a significant relation to any of the building types.

There is some evidence for a rural-city and east-west divide in terms of selecting
heating types. As can be expected, district heat is unlikely to be applied in rural areas,
whereas systems with heating oil appear a more likely option for households in these
regions. These households typically have larger homes with sufficient space for storage
tanks, and heating oil can be easily delivered to all regions by truck. Households located
in east Germany seem to “prefer” solid fuels and district heat for space heating. Oil-fired
heaters are likely to be selected by households in west Germany as also electricity is.
One explanation may be the historic development, where the GDR, reliant on USSR oil,
actively inhibited the use of oil for heating purposes and rather allocated it for industry
purposes (Hansen, 1996). At the same time the district heat network was actively
expanded as an alternative option to heating with lignite-fired stoves. These patterns
are to some degree still reflected in the differences regarding space heating technologies
across east and west Germany.

5.4.1.2 Demand for oil and gas

Given the results from the first stage – the model of the adoption of space heating
technologies – we subsequently estimate the conditional demand for gas and fuel oil
(Table 5.4). The model includes the own-price of the respective fuel and the price of the
alternative fuel option. In the case of gas the own-price effect is found to be positive
and about 0.50. A doubling of the gas price would accordingly result in an increase of
energy expenditures by about 50%. This is similar in size to the results in Meier and
Rehdanz (2010) for gas in Great Britain. Some remarks need to be made concerning the
interpretation of these price coefficients: first, the estimation relies on data for energy
expenditures and not for consumption in quantitative terms. Also Davis and Kilian
(2008), Rehdanz (2007), and Meier and Rehdanz (2010) mention this issue/caveat in
their studies applying expenditure data. Second, we only dispose of price data at the
state level, which show low variation, and not data on the tariff paid by the individual
household (on a discussion of these issues see e.g., Baker and Blundell, 1991; Davis and
Kilian, 2008).

Beyond the price “sensitivity”, the responsiveness of energy consumption to income
is of major interest. The demand for gas – as may be expected – increases in household
income; this effect is, however, not found to be significant in the case of oil.23 The same

23In the literature using household data, the estimates for income elasticities vary considerably (a
short overview is found in Table 1 in Nesbakken (1999)). For Norway Nesbakken (1999) estimates long-
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finding is reported for Great Britain in Meier and Rehdanz (2010). A key determinant
of energy use is the size of a household. Intuitively, energy demand is rising with the
number of occupants. As Table 5.4 shows, this effect is stronger in the case of oil than
for gas – opposite to what Meier and Rehdanz (2010) found for Great Britain.

According to our results, the ownership status is not a critical factor for either gas or
oil consumption, but, as discussed in the section before, it is significant in determining
the space heating technology. The previous evidence on the role of tenure type on energy
demand is ambiguous across countries and technologies. Rehdanz (2007) shows in her
study for Germany that home owners have lower heating expenditures, but the study
does not differ between the various technology/fuel options for space heating and does
not follow an approach endogenizing the technology choice as this study. For the US,
ownership is not a significant determinant in Liao and Chang (2002), but Davis and
Kilian (2008) find in a more recent US study that home owners consume significantly
more gas. Meier and Rehdanz (2010) confirm the latter for gas while controlling for
owner-renter differences turns out to be insignificant for oil use in Great Britain.

Our data allow to explore the influence of socio-economic factors which have often not
been covered in previous studies (e.g., Mansur et al., 2008; Davis and Kilian, 2008). As
noted by Allcott and Mullainathan (2010), these factors are receiving increasing conside-
ration in the literature as non-price variables may be as critical to energy consumption
as price effects are. Turning to these socio-economic covariates reveals some interes-
ting findings. Lack of information or education is considered as one barrier to energy
conservation (Gillingham et al., 2009). Accordingly information campaigns or training
are often seen as one way to overcome this. We can at least partly account for this by
controlling for educational attainment. Education turns out to be not significant in ex-
plaining the demand for any of the fuels, however, controlling for the level of education is
important in the discrete technology choice model. Hence information campaigns targe-
ted at the heating technology purchase decision may therefore be a promising approach
to follow.

To shed further light on behavioural aspects, we turn to the variable indicating en-
vironmental awareness. Interestingly, this variable is only marginally correlated with
household income in the sample for Germany (correlation coefficient: −0.06) or edu-
cation (correlation coefficient: −0.01). According to our findings, households that as-
sess themselves to behave in a environmentally friendly manner are not consuming less
energy. As discussed in Allcott and Mullainathan (2010) people often express intention
for environmentally friendly behaviour, but how they actually behave does not reflect
this.24 Two countervailing effects may be at work regarding the influence of the number

run income elasticity to be between 0.15 to 0.28, while Vaage (2000) finds the income elasticity to be
insignificant and close to zero. Davis and Kilian (2008) derive quite substantial differences in income
elasticities in the demand of US households over time: the income elasticity is close to zero for the 1980
cross-section, whereas it is around 1.4 in 1990, and around unity in 2000.

24Self assessment is an intricate survey variable. Interpersonal comparisons are problematic as it is
hard to attach a standard scale to the answers. Keeping this caveat in mind, this study attempts a
first investigation into the role of environmental attitudes. Additional analyses on the formation of
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of years a household is living in that unit. Drawing on O’Doherty et al. (2008), it can
be supposed that the longer a household is living in its home, the more it gets accus-
tomed with the building’s heating requirement, thermostat settings or operation of the
heating appliances so that such learning effects would result in efficient utilization of
energy equipment and lower energy consumption. On the other hand as the members
of a household become older they spent more time at home or show a preference for
higher indoor temperature as also Liao and Chang (2002) observe.25 Our results are
more in line with the latter argument. We find that the longer a household is living in
its dwelling, the higher are its expenditures for either oil or gas.

Apart from the behavioural differences, features of the housing unit are a critical
determinant of the energy requirements of that building and hence energy consumption
of the household living in it. Our estimates imply a mixed influence from the two main
building characteristics – building age and dwelling type – for oil or gas consumption.
The year a house has been constructed is only an important influence in the case of
gas while the dwelling type turns out to be only significant for the consumption of oil.
More precisely, our results display that households living in apartment blocks consume
significantly less oil than those in detached houses. Lower energy consumption in such
larger units can be related to the effect of shared walls, lower heat losses through the
building envelope, and other scale effects (for a similar finding see Davis and Kilian,
2008). Regarding the use of gas, we find that gas consumption is significantly higher
in older buildings, that is buildings from before 1948. Interestingly, this is not the case
for oil consumption. The literature also reaches ambiguous conclusions in this respect.
Davis and Kilian (2008) support a positive relation between gas demand and age of a
building. Mansur et al. (2008) also find this effect for gas, but – as in our case – oil
consumption is not significantly linked to the age of a building.

The effect of retrofits on energy use is ambiguous in our model – similar to what the
literature on the “rebound” effect points out to (e.g., Sorrell et al., 2009). Retrofits can
improve the energetic standard of a house or a heating system, but as energy services
are getting cheaper households may change their behaviour and consume more of those
services hence offsetting some of the energy conservation gains – the rebound effect. The
estimates on the renovation variable may be explained in this light: they are insignificant
for oil and gas; retrofits of the heating system are not “effective” in the sense of reducing
energy consumption.26

Lastly we turn to the factors accounting for location. This set of factors, however,
does significantly relate to demand of either gas or oil: if a household is living in rural

environmental awareness and its effect on energy use are, however, a relevant field for further research.
25The evidence on the relation between age of a household member, usually of the household head,

and heating demand is not clear-cut: a positive link is confirmed by Rehdanz (2007) or Mansur et al.
(2008). Baker et al. (1989), on the other hand, present rather mixed findings – electricity consumption
in households with elderly people is remarkably higher, whereas the effect is insignificant for gas.

26This is only a tentative first examination of this phenomenon. An adequate evaluation and econo-
metric quantification of the effect from retrofits extends beyond the scope of the current study, but is a
fruitful area for further research.
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Table 5.4 Demand estimates for heating end use – Germany
and Italy

Germany Italy

Gas Oil Gas

Poil −0.308 0.931
(−0.380) (0.895)

Pgas 0.551∗∗ 0.209
(1.973) (0.482)

Inc 0.252∗∗∗ −0.022 Inc 0.275∗∗∗

(5.088) (−0.108) (14.352)
Own −0.077 0.103 Own 0.032

(−1.115) (1.180) (1.435)
Mem 0.086∗ 0.141∗∗ Mem 0.092∗∗∗

(1.938) (2.031) (2.786)
College −0.014 −0.026 Single −0.066∗

(−0.285) (−0.187) (−1.745)
Yrs Res 0.042∗∗∗ 0.059∗∗∗ Yrs Res 0.066∗∗∗

(−4.612) (4.693) (6.519)
Env −0.021 −0.007

(−1.173) (−0.273)
Yr48 0.326∗∗∗ −0.271 Yr50 0.156∗∗∗

(3.084) (−0.868) (3.468)
Yr71 0.050 −0.043 Yr95 0.061

(0.896) (−0.512) (1.416)
Yr03 0.114 −0.833 Warm Regions −0.981∗∗∗

(0.897) (−1.257) (−11.697)
Row 0.086 −0.706 Tepid Regions −0.374∗∗∗

(0.713) (−1.252) (−9.881)
Apt −0.108 −0.887∗ Cool Regions −0.094∗∗

(−0.835) (−1.745) (−2.579)
Ren −0.017 −0.307 Extr Main −0.064∗

(−0.228) (−0.941) (−1.795)
East 0.124 −0.485

(−1.327) (−1.092)
Rural 0.009 0.175 Isolated −0.385∗∗

(0.124) (0.991) (−3.746)
Intercept −2.269∗∗ −2.783∗∗ Intercept 1.461∗∗∗

(−2.256) (−2.416) (10.570)
Sel Oil −2.054∗∗∗ − Sel Oil −0.257∗

(−3.183) (−1.795)
Sel Gas − −2.029 Sel Gas −

(−1.061)
Sel District −0.500∗∗ −0.301

(−2.412) (1.211)
Sel Electric 2.868∗∗∗ 1.397 Sel Elec Sol 1.509∗∗∗

(3.065) (0.784) (6.930)
Sel Solid −0.105 0.514 Sel Solid 0.887∗∗∗

(−0.343) (1.195) (4.089)
Sel Gas Cycl −2.146∗∗∗

(−8.179)
R2 0.295 0.275 R2 0.124
Observations 2913 1859 Observations 17252

Notes: Respective z-statistics are given in parentheses below.
∗ denotes significance level of 10%, ∗∗ 5%, ∗∗∗ 1%.
Dependent variable are the expenditures on oil, respectively gas.
All variables except dummies and selection terms enter in logs.
Z-statistics in parentheses below robust standard errors were computed with
bootstrap (1 000 replications).
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or metropolitan areas or if the household is living in east or west Germany does not
significantly change its energy use. This is different from the technology choice results
where an east-west and rural-urban divide could be established (see Section 5.4.1.1).

The model also includes the predicted probability of the other fuels to capture any
correlations between heating fuel choice and energy use (selection correction terms).
Apart from the direct effect of a variable in the continuous demand regression, also
its indirect effect from the first stage technology choice model is hence included. The
selection terms are statistically significant in the gas model, but not for the oil model.
The gas model provides evidence for the existence of unobserved factors influencing
heating system choice and heating demand. It is hence in favour of the two-step approach
followed in order to avoid a simultaneity bias.

5.4.2 Results for Italian households

5.4.2.1 Heating system choice

In the Italian model households face five different types of heating technologies: oil, gas,
gas cylinders & external appliances, solid fuels and, last, electricity & solar panels.27 The
subsequent discussion is based on the marginal effects presented in Table 5.5. Many of
the variables relating to the socio-economic situation and characteristics of a households
are found to be important determinants of the discrete choice among space heating
technologies.

First, the level of income seems to positively affect the choice for the technology
categories gas and oil, while it works in the other direction for solid-fuel systems and
electricity & solar panels.28 The age of the household head is found to be significant for
gas (positive marginal effect) and solid fuels (negative marginal effect). In particular,
an older household head (aged 65 or more) prefers gas to the other options in contrast
to a younger household head. This may be due to the fact that the elderly prefer a
technology that can be easily managed and guarantees a well-heated living space. A
higher level of education of the household head seems to increase the probability of
selecting the gas option; on the other hand it decreases the probability of opting for
solid fuels or gas cylinders for space heating. The reason for this choice can be traced
back to gas being a cleaner form of energy and that it is an easily manageable option
compared to other alternatives. Large households have a lower probability to opt for
gas, while the probability for gas cylinders and solid-fuel fired heaters increases in the
number of household members. With respect to the type of family living in a house,
a single household has a lower probability for a gas-based heating system, while the

27We tested for the IIA assumption with a Hausman test. We find no conflicting evidence.
28Unfortunately the Istat survey fails to distinguish between electric heaters & solar panels, which are

put in the same category. Therefore the effect from income is not easily interpreted: on the one hand
solar panels are quite an expensive investment that low-income households are probably not willing or
able to make. Electric heaters are on the other hand relatively cheap and may therefore be more likely
used by households with lower income.
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Table 5.5 Marginal effects, heating system choice Italy

Oil Gas Gas Cyl Solid Elec Sol

M.E. M.E. M.E. M.E. M.E.

Inc 0.020∗∗∗ 0.025∗∗∗ −0.001 −0.035∗∗∗ −0.009∗∗∗

(5.371) (5.224) (−0.329) (−12.253) (−4.485)
Own −0.002 −0.023∗∗∗ −0.003 0.029∗∗∗ −0.001

(−0.466) (−3.609) (−0.799) (7.048) (−0.369)
Mem −0.001 −0.053∗∗∗ 0.018∗∗∗ 0.033∗∗∗ 0.003

(−0.155) (−5.878) (3.060) (6.470) (0.783)
Single 0.020∗∗ −0.031∗∗ 0.008 −0.002 0.005

(2.087) (−2.695) (1.001) (−0.312) (1.003)
Yrs Res 0.015∗∗∗ −0.006∗∗ −0.008∗∗∗ 0.001 −0.001

(6.089) (−2.087) (−3.803) (0.290) (−0.992)
Age65 −0.005 0.027∗∗∗ −0.005 −0.014∗∗∗ −0.002

(−1.035) (4.335) (−1.283) (−4.908) (−0.778)
Educ High −0.003 0.049∗∗∗ −0.016∗∗∗ −0.034∗∗∗ 0.003

(−0.625) (9.368) (−4.518) (−13.484) (1.038)
Yr50 0.032∗∗ 0.004 −0.026∗∗∗ −0.001 −0.009∗

(2.154) (0.250) (−3.700) (−0.080) (−1.847)
Yr95 0.060∗∗∗ 0.000 −0.035∗∗∗ −0.015∗∗ −0.009∗

(4.514) (0.015) (−5.085) (−2.158) (−1.791)
Detached −0.042∗∗∗ 0.113∗∗∗ −0.030∗∗∗ −0.047∗∗∗ 0.006

(−4.620) (8.429) (−4.628) (−15.680) (0.613)
Apt −0.023∗∗ 0.182∗∗∗ −0.089∗∗∗ −0.085∗∗∗ 0.014∗

(−2.290) (13.481) (−13.140) (−17.769) (1.854)
Warm Regions −0.079∗∗∗ −0.212∗∗∗ 0.237∗∗∗ 0.007 0.047∗∗∗

(−22.226) (−20.772) (20.199) (1.354) (7.843)
Tepid Regions −0.096∗∗∗ 0.001 0.062∗∗∗ 0.009∗∗ 0.023∗∗∗

(−34.864) (0.179) (8.601) (2.132) (4.824)
Cool Regions −0.104∗∗∗ 0.055∗∗∗ 0.026∗∗∗ 0.025∗∗∗ −0.003

(−41.739) (8.227) (3.977) (4.956) (−0.637)
Extr Main −0.006 −0.022∗∗ −0.000 0.023∗∗ 0.005

(−0.825) (−2.055) (−0.033) (3.049) (1.053)
Isolated 0.118∗∗∗ −0.355∗∗∗ 0.170∗∗∗ 0.078∗∗∗ −0.011∗∗∗

(10.168) (−30.002) (14.738) (9.156) (−3.030)
WHeat Elec 0.110∗∗∗ −0.449∗∗∗ 0.062∗∗∗ 0.138∗∗∗ 0.139∗∗∗

(14.556) (−48.085) (8.889) (16.806) (9.773)
WHeat Gas −0.057∗∗∗ −0.024∗∗∗ 0.017∗∗∗ 0.001 0.063∗∗∗

(−15.042) (−3.686) (3.119) (0.204) (6.537)

Notes: Respective z-statistics are given in parentheses below.
∗ denotes significance level of 10%, ∗∗ 5%, ∗∗∗ 1%.
Marginal effects (M.E.) are computed with margeff in Stata (Bartus, 2005). It averages
the individual marginal effect across observations.

opposite is the case for oil. Concerning the tenure type, solid fuels tend to be used by
owners, while gas is preferred by renters.

The length of time a person has been living in a house is positively related to the
choice for oil. This may be explained by considering that if a person has been living
in the dwelling for a longer period of time, the heating technology in use is likely to
be the one available or convenient at the time the household moved in. The use of oil-
fired heating systems was strong during the 1970s and 1980s which further explains the
finding regarding the variable indicating years of residence (Bernardini and di Marzio,
2001).

A similar insight stems from the variable accounting for the era of construction of a
building: households living in older buildings (constructed before 1995) are more likely to
opt for oil. On the other hand, younger buildings, i.e. those from the base category 1995–
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2003, are more likely to apply electricity & solar panels. The use of gas-fired heating
systems is not significantly related to the building age. Regarding the building type,
detached houses and apartments are more likely to rely on gas compared to rural houses
(base category) where other options such as oil, gas cylinders or solid fuels are preferred.
One explanation here may be the flexibility of these types of heating appliances and on
the other hand the lack of access to gas networks in certain areas. Similar to this, a
household living in a dwelling isolated from other houses or settlements is likely to rely
on oil, gas cylinders or solid fuels for heating.

The kind of technology used for water heating also influences the choice of a certain
heating technology. Houses using autonomous electric water heaters instead of a central
heating system have a higher probability to use oil for space heating purposes. On the
other hand, those households that rely on the same system for heating water and space
(that is the base category) have a high probability to choose gas. Basically, having
autonomous water heaters (fed by electricity or gas) instead of an integrated heating
system, increases the probability to opt for alternatives different from gas: that is solid
fuels on the one side and electricity & solar panels on the other one.

Finally, regional variables are supported as relevant determinants for the choice
among space heating technologies. Most of these effects may be interpreted in the
light of the temperature differences and climatic conditions across regions. Households
in relatively warm regions show a tendency towards electricity & solar panels. The
climatic conditions in these warm regions also imply a high potential for PV or solar
heating and electric heaters may suffice as an adequate heating option. In colder regions
(Cool Regions) gas, gas cylinders or solid fuels are a likely option for space heating.
An explanation is that these systems can more easily satisfy the relatively high space
heating needs caused by the cooler climate. Households in the region with the coldest
climate, the base category, have a high probability to use heatings systems with oil.

5.4.2.2 Demand for gas

As mentioned before, we limit the analysis to the case of gas for the Italian model.
Estimation results are shown in Table 5.4. Overall, the set of household characteristics
are found to be an important determinant of the gas consumption in Italy. The sign of
the income parameter in the model is in line with expectations: income has a positive
effect on gas demand, meaning that the more income grows, the less people care about
their expenditures, and the more they also consume energy. Moreover, the magnitude of
the income effect is relatively small, supporting the evidence of previous empirical studies
of energy demand (e.g., Nesbakken, 1999) and the results from the German model. The
family type influences the demand for gas: “single households” are found to consume
less gas than families. In line with this, a similar effect is found for the variable related
to the number of household members. It indicates that the energy use increases with
the number of household members. This is an intuitive finding as one would normally
expect larger households to have more rooms that require heating and accordingly larger
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housing units which raises the energy use. The length of time a person has been living in
a house positively affects gas consumption. As it has already been pointed out before, the
longer a person has been living in the house or apartment, the higher is the probability
that the heating technology is the one installed by the time the person moved in. Such
older technologies are typically less efficient than newer ones, which would accordingly
translate into higher gas consumption levels. An additional effect may also relate to
higher space heating needs of elderly persons. Interestingly, the ownership status is not
found to exert a significant effect on the final energy consumption. Hence there are
no differences in the level of gas consumption of renters or home owners. This finding
corroborates the finding from the German model and some contributions in the literature
(Liao and Chang, 2002).

In line with expectation and the literature, dwelling features are an important deter-
minant of gas demand by households. Dwellings isolated with respect to other residential
settlements spend less on gas compared to other dwellings. However, gas is not a typical
mode of space heating in such houses for instance due to the lack of gas networks in
certain parts of the country. Such a household may instead rely on different technolo-
gies, such as gas cylinders or solid fuels, to heat its homes. Households living in older
dwellings can be expected to consume more gas than those living in more recently built
dwellings. Our estimates support this hypothesis. The level of gas consumption is hi-
gher in buildings from the oldest category. This relates to the increasing awareness for
energy saving issues and attention given to energetic building standards later on. Older
dwellings have less efficient heating appliances and insulation standards which therefore
increases gas consumption in these houses. However, we find not significant difference
in gas demand in very modern houses and those from the period 1951 to 1995. In line
with this the model controls for the effect of extraordinary maintenance on the demand
for gas. Houses that have undergone extraordinary maintenance require less gas than
those that have not kept their equipment and dwelling status updated with the currently
available technologies.29 Interestingly, in the case of Italy we can support renovation as
being effective in reducing gas consumption by households.

Regional influences have a strong and significant effect on the gas consumption by
households. Regional variables can reflect weather and climate conditions that influence
the choice for a certain heating technology as well as the final expenditures on fuels.
Households in cold regions spend more on gas than households in cool regions (coeffi-
cient estimate: −0.94), tepid regions (−0.37) or warm-regions (−0.98). Gas consumption
is accordingly increasing the colder a region is and the higher the need for space hea-
ting accordingly gets. This finding provides some evidence that regional or even local
initiatives and policies may be able to target households with high consumption of gas
and which can be encouraged to employ energy conservation measures or technologies.
Finally, the selection terms are all highly significant, meaning that the discrete choice

29However, it must be pointed out that this variable comprises a wide variety of interventions and not
just thermal insulation or equipment renovation.

127



CHAPTER 5. HOUSEHOLD ENERGY CONSUMPTION IN EUROPE:
EMPIRICAL RESULTS FROM GERMAN AND ITALIAN HOUSEHOLD DATA

model captures a lot of the unobservable features that affect the final demand for gas.

5.4.3 Summary and comparison of the evidence

Germany and Italy are two relatively large countries within the EU. Both have only
limited resources of gas or oil – different from the other European countries which have
been mostly studied in the empirical literature on residential energy demand (for ins-
tance, Norway, US or Great Britain). The profile of energy technologies applied for
space heating is quite different between Italy and Germany: the two main options used
in Germany are gas and oil. In Italy, as for instance in Great Britain, gas is by far the
most important source of energy for space heating.

Concerning the discrete choice model, the German and Italian models outline an
important role for socio-economic factors in the adoption of space heating technologies.
The results reveal income to be a significant influence which is, however, small in magni-
tude. In both countries richer households seem to prefer gas to the other alternatives.
This may indicate a preference toward a safer and more convenient energy source and
may also reflect the ease of installation and operation of gas-fired heating systems. The
results further clearly support an influence of education for technology choice. Education
works in the same direction in Germany and Italy: households with a higher level of edu-
cation tend to opt for gas. When education plays a role in the adoption of technologies, it
can be meaningful to build on this for policy strategies. Dissemination of information or
increasing awareness may be a relevant channel by which households’ technology choices
can be influenced to become more aligned with energy efficiency targets in a country.

Regional effects account for distinct aspects and dimensions of regional differences in
these countries. As these are in a sense unique for these countries – for instance related
to history as in Germany – comparisons are not easily possible. However, the results
clearly underpin that controlling for such differences is important in modelling energy
technology adoption and energy use at the household level. The models deliver mixed
insights into the role of building features. In Italy and Germany oil is typically used
for space heating in relatively old buildings. That is buildings from the 1970s/1980s in
Germany or from before 1995 (Italy). Moreover, these systems are typically applied in
detached (Germany) or rural houses (Italy), i.e. in smaller units which are possibly not
connected to the gas network.

Notwithstanding these several points in common, the two countries show some dis-
parities. The household size has a strong influence on the type of space heating in Italy,
whereas the effect is rather limited in Germany. In Germany an increase in income makes
gas more attractive than oil. In Italy income has a positive marginal effect on both the
likelihood for a gas and for an oil-based system. The renovation variable, interestingly,
has a much stronger effect in the technology choice model for Germany (particularly for
the case of gas) than for Italy.

Comparative insights could only be gained for the consumption of gas. Residential
oil consumption was in addition analysed for Germany, but unfortunately not for Italy
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where data limitations precluded a meaningful analysis. With respect to the continuous
demand for gas, several common characteristics of energy use emerge between the two
countries. First, there is a positive income effect, that is a higher household income
increases the expenditure for gas. The income effect is similar in magnitude – about
0.25 in Germany and 0.27 in Italy (see Table 5.4). Gas consumption is also increasing
with the number of years a household is living in the respective dwelling. Intuitively, the
larger a households is, the higher is the demand for gas. Importantly, gas consumption
is not significantly different between home owners or renters in Italy or Germany.

The effect of building characteristics is straightforward and in line with intuition:
households living in older buildings have significantly higher gas consumption than
others. Results find a weakly significant effect (Italy) or insignificant effect (Germany)
from renovation on the demand for space heating.30 This mixed finding corroborates
the literature that assesses an ambiguous influence from retrofits on energy use (for ins-
tance, Sorrell et al., 2009). Quantifying the effect of retrofits on energy use remains an
interesting and worthwhile topic for further research.

The two countries display many similarities in the gas demand for space heating,
in particular in relation to socio-economic factors. However, one important difference
can be found. In Italy regional differences are playing a significant and strong role for
gas demand, whereas these effects are negligible for Germany.31 Finally, the selection
terms are significant in the gas models for both countries – indicating that a “jointness”
of the decision on a heating technology and the demand for fuel input exists and war-
rants approaches such as the discrete-continuous model to adequately account for this
phenomenon.

To shortly summarize the results derived from the oil demand model for Germany,
some differences between oil and gas demand in Germany arise. The influence of socio-
economic characteristics is similar for both energy sources. However, distinct patterns
prevail regarding the influence of house characteristics – here the building type could
be shown to influence oil demand while the age of a building turns out to be the only
relevant determinant of gas consumption among the set of building characteristics.

5.5 Conclusions

In view of the large size and growth of residential energy use, interest has been revived
in the determinants of energy use in the residential sector. The EU sets ambitious
targets in its 20-20-20 plan (EC, 2006): energy efficiency is to increase by 20% until
2020. However, unless additional measures are taken, the EU is likely to miss this target
by a substantial margin (EC, 2009e). Despite the strong emphasis given to energy

30Note that the Germany variable accounts for retrofit of the heating system only while the Italian
variable covers a variety of modernization measures (see Section 5.3.2).

31Some of the regional differences in the German model may be captured by the price variable which
is available at the Länder level which is an an administrative/political unit. We would have expected
that at least differences between metropolitan areas and the countryside would influence energy demand
as this divide, captured by the variable Rural, is largely unrelated to the Länder level.
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conservation/efficiency, still much can be learned from studying energy consumption in
the residential sector. Empirical studies using individual household data and focusing
on socio-economic aspects of energy use by households can be an important contribution
in this regard. This is particularly the case for cross-country comparisons.

In this study we examine energy use for space heating by households in Italy and
Germany. We use large household data sets and apply equivalent estimation methods
that allow us to study which factors influence energy use and how these effects differ
across the two countries. The role of technology can not be neglected in such studies,
not only for examining issues pertaining to energy conservation/efficiency, but also for
gaining insights into the long-run energy demand of households. Both the technology,
that is the stock of energy equipment, and the utilization of the latter determine a hou-
sehold’s energy demand. The empirical analysis accounts for this and treats the choice
of appliances as endogenous in a Dubin-McFadden type model (Dubin and McFadden,
1984). The analysis hence generates insights on both the adoption of technologies (dis-
crete choice problem) and the demand for fuel inputs.

Italy and Germany are an interesting study case for energy demand as they have a
distinct energy profile and therein differ from countries covered previously in the lite-
rature. In Germany gas and oil-fired heaters are the two major space heating options,
with roughly equal share. In contrast, in Italy there is a much stronger role for gas.
Residential energy demand is increasing in both countries, but in Italy it is growing
more rapidly than in Germany. The countries further differ in structural characteristics
for instance in the home ownership rate which is particularly low in Germany.

The estimation results emphasize an important role of household characteristics for
residential energy use. In many cases these factors have similar effects in the Italian and
German model. Income and education are influential factors for the adoption of space
heating technologies – they are, in particular, positively related to the probability for
gas-fired heating systems. Also for the continuous part of the model, the gas demand
by households, remarkably similar effects of socio-economic characteristics could be as-
sessed. Most of these are in line with expectations, as for instance a positive relation
between gas demand and household income. Remarkably, gas demand does not differ
between renters or owners – which is supported for both countries.

A further interesting result relates to the effect of renovation. Here we find rather
mixed evidence: the influence of renovation is mostly evident at the stage of technology
adoption (in particular so for the German discrete choice model). Renovation may be
effective in reducing gas consumption by households, however, this effect could only
be confirmed for Italy. Results further underpin that accounting for regional effects is
important in models on household energy use. Regional effects are quite influential for
technology selection and gas demand by Italian households. In the German model, gas
consumption is largely unrelated to regional factors, however, regional effects could be
confirmed as important determinants of the technology adoption. In the case of Germany
regional effects are typically indicative of the historical divide between east and west;
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in Italy they relate, among others, to temperature differences between regions. In both
cases the magnitude and significance of regional effects let regional or local policies
appear as a promising strategy to follow.

Last, we could study the demand for two energy sources, oil and gas, for space
heating in the case of Germany. Here we obtain similar findings on the influence of
socio-economic characteristics on the demand for oil and gas. Residential oil – compared
to gas consumption – is, however, explained by different factors when it comes to the
set of building characteristics.

There are several ways by which studies with household microdata can inform policy
design. A well-known problem is the “underinvestment” in energy efficiency technologies
or measures (Stavins et al., 2004). The low rate of renovation is also a cause for concern
for the two countries studied. This phenomenon is an obstacle if we are to encourage
energy-efficient behaviour and the diffusion of energy efficiency technologies. Empirically
investigating the decision of households to invest in energy-efficient modernization of
their homes or heating systems would therefore be a meaningful extension of our work.
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