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Summary 

As an influential development paradigm, sustainable development has gained broad 
support from various governments and organizations at regional, national and global 
levels. It is a process involving many important dimensions and its study requires efforts 
from researchers from all the disciplines of natural and social sciences. In this thesis, we 
focus on energy efficiency, a key element in the pursuit of sustainable development. 
The dynamics of energy efficiency is an evolutionary process that involves industries, 
technologies and institutions. Therefore, it requires a wide range of policies, aimed at 
both macro and micro levels. It is of primary importance to have a careful economic 
study of all the detailed processes that are involved in the policy-relevant areas. Nu-
merous programs, funds, facilities related to energy efficiency have been implemented 
so far and are still ongoing. In the study of energy efficiency, many policy-relevant areas 
that require numerous research and financial inputs and careful empirical analysis are 
involved. Due to data availability and the feasibility of this study to be effectively con-
ducted, as an early step, we narrow down our research at micro and macro levels to the 
following aspects: energy consumption and energy efficiency at sectoral and country 
levels, aggregate vehicle energy efficiency (regional level) and the technologies related 
to energy efficiency in the fields of power station, ICT in buildings and vehicles. We 
hope that our results can shed light on the relevant policies and studies in the future. 

Using large datasets, this dissertation provides a comprehensive narrative of how ener-
gy efficiency and the technologies related to energy efficiency evolve over time. We 
develop a new analytical framework and several measures for crucial factors affecting 
energy consumption and energy efficiency in trade at sectoral and country levels. Based 
on big data of individual vehicles and their owners, we design an empirical statistical 
approach to estimate regional aggregate vehicle energy efficiency that is formed by the 
technological characteristics and collective behaviors of micro-agents (e.g., purchase 
and usage of vehicles and migration), and describe the life cycle and restructuring of the 
vehicle population. Also, we identify the technological trajectories of technologies re-
lated to energy efficiency, and develop some measures for whether a country can be 
classified as an incumbent country or a latecomer country, and for how much a country 
contributes to technological development. The approaches used in this dissertation that 
build aggregate or macro measures on the basis of detailed and micro large datasets 
are of great value for the study of economic, industrial and scientific evolution. The 
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optimal path method in this dissertation based on the patent citation networks may 
inspire studies in any other technological fields, and enable policymakers as well as 
investors to monitor technological development and discover business opportunities. 
The precise empirical evidence provided by this dissertation can assist policymakers in 
finding tailored solutions to the real world problems. 

In Chapter 2 we review the decomposition techniques commonly used in energy and 
environmental economics, and propose a new decomposition method in the input-
output framework to identify crucial factors affecting the growth of energy consump-
tion and energy efficiency. We take into account trade relations and intermediate in-
puts in production that are mostly neglected by traditional methods. Unlike prior stud-
ies, we develop two perspectives: energy directly used for production or household 
consumption purposes, and energy embodied in the products consumed by economies 
and households. We also apply the analysis to all the major economies and sectors in 
the world. The results show that energy consumption increases caused by economic 
development can be roughly offset by reducing the energy intensity and lowering ener-
gy intensity is the overwhelming factor behind the decline in aggregate energy intensity 
in most economies, while trade in intermediate inputs has a small effect in changing 
energy consumption. We also find that the gaps of energy intensity between economies 
tend to narrow down and the relationship between energy intensity and GDP per capita 
is strictly decreasing. 

The methods used in Chapter 3 are developed based on firm productivity literature and 
convergence analysis in development economics. We particularly focus on vehicles, a 
typical durable product consuming energy. By tracking every vehicle, we estimate re-
gional aggregate vehicle energy efficiency based on the usage and energy efficiency of 
every individual vehicle. By doing so, we do not have the issues of heterogeneity and 
representative agent. We also estimate the entry effect of new vehicles, the realloca-
tion of energy efficiency vehicles and the Ergodic distribution of aggregate vehicle ener-
gy efficiency. Additionally we check the socio-economic factors affecting the distribu-
tion of vehicles over locations and vehicle exit event. The availability of the big data 
makes this paper one of first few papers estimating regional energy efficiency for vehi-
cles. Our results confirm the importance of structural change in the vehicle population, 
the convergence of aggregate vehicle energy efficiency between municipalities and the 
crucial role of socio-economic factors in shaping vehicle distribution. 

In Chapter 4, using up-to-date bibliographical and citation information of patents from 
the European Patent Office, we study the technological evolution of three fields on 
energy efficiency classified by the OECD ENV-TECH list: power station, ICT in buildings 
and vehicles. We construct patent citation datasets for these fields, and identify the 
optimal technological paths by maximizing total search pair count (SPC) weights in the 
citation networks. We also develop new measures to evaluate countries' role (incum-



Summary 

13 

bent or latecomer) and contribution in these fields. The results show that latecomer 
countries tend to contribute less to the main technological trajectories in the fields of 
energy efficiency, while those counties with large bested interests in the dominant 
technological trajectories are also the ones that contribute more. This paper is an early 
attempt of quantifying technological development of the OECD ENV-TECH list. The 
methods used in this chapter can be applied to any other fields. 
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1.1 MOTIVATION 

Can economic development be sustainable over time? How can sustainable develop-
ment be achieved through efforts from governments and civil societies? In a narrow 
sense, these questions are of fundamental importance for those economists who study 
economic growth in major fields of economics such as development economics, macro-
economics, and international economics and there is a large and influential literature on 
the determinants of economic growth.1 Also, these questions remain central for poli-
cymakers; the answers are crucial for designing development policies and strategies. 
Since the 1990s the idea of sustainable development has gained broad support from a 
wide range of governments and organizations at regional, national and global levels, 
and without a doubt, become the new development paradigm (Lele, 1991), famous 
examples including the United Nations Millennium Development Goals (MDGs) (United 
Nations, 2000) and more recently, the United Nations Sustainable Development Goals 
(SDGs) (United Nations, 2015). Given this background, the aim of this thesis is to pro-
vide thorough economic analyses and contribute to the literature as well as policymak-
ing on sustainable development, on the basis of large datasets. Sustainable develop-
ment is a dynamic process that involves lots of critical dimensions.2 Analyzing all the 
aspects of sustainable development, however, goes beyond the scope of this work. This 
thesis focuses more particularly on energy efficiency and the related technology aspect. 

Over the past few years, energy efficiency has been given an increasing attention and 
embraced as a key element of sustainable development because of concerns about 
global climate change (Jaffe & Kerr, 2015; Jaffe & Stavins, 1994a; Patterson, 1996), well-
known examples including the EU 2020 Strategy (European Commission, 2010) and the 
United Nations SDGs. To see the importance of the issues of energy efficiency, the fol-
lowing simple examples are helpful. 

Figure 1.1 below shows the global GDP per capita (ppp, constant 2011 international US 
dollars) and the global energy efficiency, measured as the amount of primary energy 
consumption per unit of GDP (ppp, constant 2011 international US dollars) over the 
period 1990 – 2015. It is evident that overall the global GDP per capita has increased 
greatly (rising from around 9000 US dollars in 1990 to about 14600 US dollars in 2015), 
while the global energy efficiency has been improved a lot in the face of large increases 

                                                                 
1 For example, saving rate and population growth emphasized by the Solow model (Mankiw, Romer, & Weil, 
1992), social infrastructure like institutions and government policies (Acemoglu, Johnson, & Robinson, 2001; 
R. E. Hall & Jones, 1999), the effect of geographical endowments through institutions (Easterly & Levine, 
2003), corruption (Mauro, 1995), social capital (Knack & Keefer, 1997), financial development (King & Levine, 
1993), trade (Frankel & Romer, 1999), FDI and absorptive capability of the advanced technologies 
(Borensztein, De Gregorio, & Lee, 1998), the endogenous growth models including the stock of human capital 
(Romer, 1990) and technological innovation (Aghion & Howitt, 1992) (see Verspagen (1992) for a discussion). 
2 Lele (1991) summarizes the semantics of sustainable development concept that includes sustaining econom-
ic growth and achieving ecological and social sustainability. 
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in production scale and population that consume energy,3 since the energy needed for 
producing one unit of GDP has kept decreasing. Figure 1.2 presents a similar empirical 
pattern for global CO2 emission intensity, measured by the amount of CO2 emissions in 
creating one unit of GDP, since most CO2 emissions are generated from energy con-
sumption. These two figures show the achievements in the pursuit of sustainable de-
velopment. One possible explanation for these phenomena is the directed technological 
change and innovation toward clean inputs with relevant policy interventions 
(Acemoglu, Aghion, Bursztyn, & Hemous, 2012). 

Figure 1.3, in contrast, shows a challenge for sustainable development. It plots the 
share of global fossil fuel energy consumption in the total energy consumption and GDP 
per capita (constant 2010 US dollars) over 1960 – 2015. Overall the world heavily relies 
on the unrenewable fossil fuels: their share in the total energy consumption is above 
80% most of the time. The share sharply dropped from about 95% to 85% between the 
late 1960s and the early 1970s. However, it shows that beginning in the late 1970s the 
share decreased more slowly than before, and beginning in the 2000s, the share began 
to increase again. The fossil fuels’ share in 2013 (81.2%) is very close to the share in 
1982. If the growing trend continues and the heavy dependency on fossil fuels remains 
in the future, the prospect of sustainable development would be greatly challenged. 

The energy efficiency significantly varies across countries. Figure 1.4 provides an empir-
ical fact of energy efficiency by income group over 1990 – 2012.4 It is evident that alt-
hough there is a tendency for the energy intensity to fall in all the income groups, there 
is still a large discrepancy between different income groups. The high income econo-
mies are the most energy efficient, below the world level. The energy intensity of the 
lower middle income economies is slightly smaller than the world level in general. The 
low income economies and the upper middle income economies that have the largest 
share in global population, however, perform worse than the world level in all the years 
in terms of energy efficiency. The huge gap between the least developed economies 
and more advanced economies remains. 

Also, the dynamics of energy consumption behave very differently across sectors. Figure 
1.5 plots the CO2 emissions from combustion of fuels (as a proxy for energy consump-
tion) for selected sectors over 1960 – 2013. The two largest CO2 emission sources are 
manufacturing and construction, and transport. The share of CO2 emissions from 
manufacturing and construction has declined significantly since 1960, but began to 
                                                                 
3 Over the same time period, the global GDP in 2015 has increased by about 130% compared to that in 1990, 
and the global population has doubled as well, growing from about 3 billion in 1990 to more than 7 billion in 
2015. 
4 The income group criteria are defined by the World Bank as follows: low income economies are those in 
which 2015 GNI per capita was US dollars 1025 or less; lower middle income economies are those in which 
2015 GNI per capita was between US dollars 1026 and US dollars 4035; upper middle income economies are 
those in which 2015 GNI per capita was between US dollars 4036 and US dollars 12475; high income econo-
mies are those in which 2015 GNI per capita was US dollars 12476 or more. 
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increase again in the years 2000s to the 1990 level. The share of CO2 emissions from 
transport has not fluctuated very much and has seen a small increase at the end of the 
period. A steep decrease is found in the share for residential buildings and commercial 
and public services, while the share for other sectors has been quite flat over the entire 
period. 

The examples illustrated above document a variety of critical issues of sustainable de-
velopment where energy efficiency is given a great attention. Although the aggregate 
statistics at the world level indicate a promising prospect of sustainable development 
that involves increasing energy efficiency, the further empirical investigations on the 
structure of global energy consumption and different types of countries and sectors 
clearly show the challenges of high dependency of fossil fuels and large discrepancies 
across countries and sectors. They suggest that sustainable development is a process 
that involves a wide range of dimensions and that tailored strategies or policies corre-
sponding to these dimensions are strongly needed. However, there is a lack of data-
driven and micro-founded studies of those detailed processes that are hidden in the 
aggregate dynamics. 

This thesis therefore wants to fill this gap by providing rigorous and precise studies that 
are built on detailed information at both micro and macro levels using large datasets. 
Although there are many other fascinating aspects in the process of sustainable devel-
opment, we pay a special attention to energy efficiency and the technologies involved, 
not only because of a concern of data availability as well as financial and time con-
straints, but also because energy is one of the most important inputs of economic activ-
ities. Furthermore, technological change and policy instruments can play central roles in 
the improvement of energy efficiency (Acemoglu et al., 2012; Allcott & Mullainathan, 
2010; Jaffe, Newell, & Stavins, 2002). As a result, the dynamics of energy efficiency can 
reflect the evolution of technology in relevant fields and provide useful recipes for the 
design of development policies and strategies. We develop several statistical approach-
es and analytical frameworks on the basis of large datasets to answer the following 
fundamental research questions: 

(1) How do the aggregate energy consumption, aggregate energy efficiency and 
technologies related to energy efficiency evolve as time progresses? 

(2) What are the driving factors that affect the growth of aggregate energy con-
sumption and aggregate energy efficiency across sectors, regions and econo-
mies? How do countries perform in the technological fields related to energy ef-
ficiency? 

The aggregate energy consumption and aggregate energy efficiency in the first research 
question refer to these variables at the regional, sectoral and country levels. Unlike 
most prior studies on energy issues that use the aggregate data directly, in this thesis, 
we present a series of statistical methods that rigorously “construct” the aggregate 
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variables of interest over time and their growth using big data on (1) transactions be-
tween various sectors and economies, and (2) technological characteristics and behav-
iors of micro-agents. On the other hand, we are also interested in the evolution of tech-
nology related to energy efficiency. To measure scientific and technological develop-
ment, R&D expenditure is commonly used but using this indicator would lead to sys-
tematic measurement problems (Adams & Griliches, 1996; Griliches, 1988). A more 
suitable indicator of measuring technology is patent (Griliches, 1990)5, in particular for 
climate- or environment-related technologies (Haščič & Migotto, 2015; Haščič, Silva, & 
Johnstone, 2015). The citations built on patents can be a very useful measure of the 
“importance” of patents, for example, in terms of market value (B. H. Hall, Jaffe, & 
Trajtenberg, 2005), which on the other hand implies that the value of a certain patent 
varies and can be precisely assessed. Additionally, patent citations, in fact, are a collec-
tion of complex and noisy signals of the presence of knowledge spillovers (Jaffe, 
Trajtenberg, & Fogarty, 2000).  Consequently, in this work we make use of the newly 
developed big data on patents and employ an optimization technique for citation net-
works, mainly based on the literature (J. S. Liu & Lu, 2012; J. S. Liu, Lu, Lu, & Lin, 2013; 
Verspagen, 2007). By doing so we successfully identify the most important or valuable 
patents and their citation relations from large and complex citation networks, which we 
define as technological trajectories, a notion used by (Dosi, 1982, 1988). 

The purpose of the first research question is not to precisely forecast or predict the 
variables of interest in the future, but to better describe the historical and current dy-
namics, investigate crucial empirical patterns, and eventually lead to a comprehensive 
aggregate level of surveillance on critical indicators closely related to sustainable devel-
opment. Quantifying the dynamics of aggregate energy consumption and aggregate 
energy efficiency further enables us to derive the proper expressions of their growth, 
which would be of great importance to have an in-depth understanding of the mecha-
nism that leads to the dynamics at different levels, such as the following question: What 
are the driving factors that lead to differentials across sectors, regions and economies? 
Additionally, the analysis is helpful to answer the following related questions: Do re-
gions and economies perform very differently in terms of energy consumption and 
energy efficiency? If so, is there a tendency for these gaps between regions and econ-
omies to narrow over time? To answer these questions, we adopt well-developed 
econometric methods (Barro, 1991; Barro & SalaiMartin, 1991, 1992) and the distribu-
tion approach (Quah, 1993a, 1993b, 1996, 1997) from the research of convergence in 
development economics. Identifying the technological trajectories of energy efficiency 
technologies also allows us to understand countries’ profiles in the relevant technologi-
cal fields of interest, since the patent records we use have rich biographical and register 

                                                                 
5 In addition, Keller (2004) presents three widely used indirect approaches to measure technology: (1) inputs 
(R&D), (2) outputs (patents), and (3) the effect of technology (higher productivity). In this thesis, the output 
approach is the preferred one. 
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information. To do that we carefully analyze the patents related to the technological 
trajectories through citations, and design several measures for (1) whether a country 
can be classified as an incumbent or a latecomer country, (2) how much a country con-
tributes to the technological development in the fields under research, and (3) how 
much a country is interested in the relevant technological fields. 
 

 
Figure 1.1 Global energy intensity and GDP per capita, 1990 – 2015 
Source: World Development Indicators, the World Bank. 

 

 
Figure 1.2 Global CO2 emission intensity and GPD per capita, 1990 – 2015 
Source: World Development Indicators, the World Bank. 
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Figure 1.3 Global share of fossil fuel energy consumption and GDP per capita, 1960 – 2015 
Source: World Development Indicators, the World Bank. Note that fossil fuel comprises coal, oil, petroleum, 
and natural gas products. 

 
Figure 1.4 Energy intensity by income group, 1990 – 2012 
Source: World Development Indicators, the World Bank. 
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Figure 1.5 Selected sectors’ shares of CO2 emissions, 1960 – 2013 
Source: World Development Indicators, the World Bank. Note that CO2 emissions from other sectors contain 
the emissions from commercial / institutional activities, residential, agriculture / forestry, fishing and other 
emissions not specified elsewhere that are included in the IPCC Source. 

1.2 ECONOMIC DEVELOPMENT AND ENVIRONMENTAL SUSTAINABILITY6 

The previous section has clearly outlined several stylized facts: hidden in the improve-
ment of global energy efficiency, the performance in terms of energy efficiency signifi-
cantly differs across sectors and income groups and the world still heavily relies on fossil 
fuels. Sustainable development not only means sustaining economic growth, but also 
achieving environmental sustainability. If the current stylized facts would persist in the 
future, the sustainable development targets would be fundamentally challenged and 
economic growth might be restricted under increasing resource constraints. The initial 
motivation of this thesis implies the basic relationship between economic development 
and environmental quality. Such a relationship has been heatedly debated in the litera-
ture. One of the most popular debates focuses on the link between income per capita 
and environmental quality at per capita level, i.e. the Environmental Kuznets Curve 
(EKC), an extension of Kuznets Curve. Dinda (2004) comprehensively reviews most in-
fluential theoretical developments and empirical studies concerning EKC. According to 
the EKC hypothesis, the environmental quality deteriorates in the early stage of devel-
opment with the increase in income per capita, and then environmental quality starts 
                                                                 
6 This section is based on Chapter 2 “Energy Consumption, Energy Intensity and Economic Development 
between 1995 and 2009: A Structural Decomposition Approach”. Part of Chapter 2 has been published in the 
UNIDO Inclusive and Sustainable Development Working Paper Series (see Zhong (2015)) and included in the 
UNIDO Industrial Development Report (2015). 
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improving when income per capita reaches a certain level or a turning point. Intuitively, 
the EKC is an inverted U-shaped curve. One possible explanation of EKC is that people in 
less developed countries value material well-being (together with economic growth) 
over environmental quality, which leads to the consequence that environmental deteri-
oration is regarded as an acceptable side effect in the early stage of economic devel-
opment. When the living standard is sufficiently high (reflected by the increase in in-
come per capita), people pay a greater attention to environmental amenities, which 
requires new regulations, policies and institutions for the protection of environment 
(Arrow et al., 1995). Dinda (2004) summarizes an alternative explanation that the pro-
gress of economic development leads to structural transformation: from agrarian econ-
omy to industrial economy to service economy (deindustrialization). 

The pioneering work of Selden and Song (1994)  substantiates the existence of the EKC 
and forecasts the increase in global emissions to study the link between four air pollu-
tants and GDP per capita, based on the EKC hypothesis and a multi-national panel anal-
ysis. Grossman and Krueger (1995) empirically estimated the threshold per capita in-
come of US dollars 8000 for several environmental indicators, demonstrating that eco-
nomic growth would bring improvements in environmental quality once this threshold 
is met. A theoretical explanation for this is that in a static growth model in which a so-
cial planner chooses the technologies, the EKC makes sense as dirty technologies are 
used below the turning point while clean ones are applied once the threshold has been 
reached (Stokey, 1998). Also, this model suggests policies instruments such as a pollu-
tion tax and voucher system are useful to achieve the optimal utility of representative 
households in a single economy context. In addition, Copeland and Taylor (2004) pre-
sent a model that can generate an EKC but under several strict assumptions such as 
neutral growth and a particular assumption on preferences. 

One strand of literature has been questioning the existence of the EKC, typical examples 
including (Stern, 2004; Stern, Common, & Barbier, 1996). Many studies find that the 
environment – development relationship is ambiguous, or that environmental quality is 
likely to continue to degrade. Copeland and Taylor (2004) review both theatrical and 
empirical work on the EKC and they are skeptical about the existence of a simple and 
predicable EKC. Holtzeakin and Selden (1995) focus on the global CO2 emissions and 
economic growth and find that the global emissions growth will continue because out-
put and population will grow more rapidly in low income countries. De Bruyn, van den 
Bergh, and Opschoor (1998) discover that the time patterns of some emissions positive-
ly correlate with economic growth and that the reduction in emissions is a result of 
technological change. Stern and Common (2001) use a more globally representative 
dataset to explore the sulphur emissions-income per capita relationship and find that 
(1) the relationship is monotonic instead of inverted U-shaped, and (2) changes in emis-
sions are time trend-related rather than income per capita-related. Moreover, many 
critics focus on the parametric econometric specifications employed by prior studies, 
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which might be problematic for estimation (Millimet, List, & Stengos, 2003), and devel-
op semi-parametric or nonparametric approaches, for example, flexible semi-
parametric linear regression (Millimet et al., 2003), nonparametric kernel estimation 
with panel data (Azomahou, Laisney, & Van, 2006) and the quantile fixed effect regres-
sion technique (Flores, Flores-Lagunes, & Kapetanakis, 2014), pointing out that previous 
empirical findings about the EKC are extremely sensitive to parametric model specifica-
tions and that we are probably being too optimistic about the environmental quality 
improvements that can be achieved as income grows over time. More importantly, 
Andreoni and Levinson (2001) present a theoretical static model with micro-
foundations to study the environment – income relationship with a focus on technolo-
gy. They ascertain that the reduction at per capita level of those pollutants following an 
inverted U-shaped relationship with income depends on increasing returns to scale in 
emission reduction technologies only. In other words, economic growth alone is not the 
solution to environmental deterioration. In fact, the environment-income relationship is 
not necessarily inverted U-shaped: it can assume an entirely different shape, depending 
on technology. 

There might be a risk that policymakers erroneously interpret such an inverted U-
shaped relationship as prioritizing economic growth over the environment, i.e., to 
“grow first, and then clean up” (Dasgupta, Laplante, Wang, & Wheeler, 2002). If envi-
ronmental deterioration is viewed as an acceptable side effect in the early stage of 
development, there is a risk that developing countries that use lax environmental regu-
lations to attract FDI may end up with attracting less competitive firms (Dowell, Hart, & 
Yeung, 2000).7 Modern industrial societies which heavily rely on fossil fuels are con-
stantly generating new types of emissions, resulting in an increase of environmental 
risks. For example, the EKC hypothesis say nothing about the system-wide consequenc-
es that reductions in a certain pollutant in one country may be associated with increas-
es in some other pollutants in the same country or even across countries (Arrow et al., 
1995). Many influential theoretical or empirical studies on the EKC neglect the role of 
international trade (Copeland & Taylor, 2004) and lots of institutional reforms and regu-
lation concerning the environment ignore international and intergenerational conse-
quences (Arrow et al., 1995). Moreover, according to growth theory, continuous im-
provements in technology, especially in those that increase input efficiency (e.g., ener-
gy) are likely to help the global economy overcome limitations to growth in the face of 
scarce and unrenewable resources (Grossman & Helpman, 1994). More recently, Ace-
moglu et al. (2012) extend the notion of  directed technological change (Acemoglu, 
2002) into a growth model containing environmental constraints. They theoretically 
prove that sustainable development, a process in which directed technological change 

                                                                 
7 The developing countries that want to take advantage of lax environment regulations or standards are called 
“pollution havens”. Eskeland and Harrison (2003) provide another related study on four developing countries 
showing that foreign firms in these four host countries are more energy efficient. 
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towards clean inputs can play a crucial role, can be achieved if inputs are sufficiently 
substitutable. Further, their findings suggest that policy instruments (e.g., taxes and 
subsidies) should be intentionally designed (as soon as possible) to support innovations 
in clean inputs, because delay in invention would end up with a longer transition period 
and slow growth. 

This section has reviewed the theoretical and empirical literature concerning the envi-
ronment – development relationship and the related debates. In this thesis we empiri-
cally test this relationship. In Chapter 2, after obtaining the aggregate energy efficiency 
(both demand side and supply side) at the country level, we examine the relationship 
between economic development (as measured by GDP per capita) and energy efficiency 
by employing the Multilevel Mixed-Effect technique (MME) to estimate Grossman and 
Krueger (1995)’s classic specification. We therefore confirm a strictly decreasing rela-
tionship on both demand side and supply side. In Chapter 3 we are interested in the 
consumer market of energy-using durables. We test a wider range of socio-economic 
factors (e.g., household income and unemployment rate) that are associated with the 
distribution of vehicles, and the vehicles’ staying or exiting decision. 

1.3 ENERGY EFFICIENCY PARADOX AND TECHNOLOGY 

The section above has reviewed the literature related to the environment – develop-
ment relationship. It shows that both technology and policy play a crucial role. This 
section will focus on the technology aspect: the issues in technology diffusion and tran-
sition, the causes of energy efficiency gap and potential policy options. This work pays 
attention to the product life cycle of vehicles (Chapter 3). Instead of exploring the fac-
tors affecting technology diffusion, this thesis empirically assesses the contributions to 
the aggregate energy efficiency due to the introduction of new products (technologies) 
and the substitution of old ones. In Chapter 4, we manage to quantify the most im-
portant patents and their citation relations (technological trajectories) in three fields of 
interest: energy generation, vehicles and ICT in buildings. 

Energy efficiency, in a narrow sense, can be viewed as a special productivity, since en-
ergy is one of the key inputs in economic activities.8 The most natural measure of ener-
gy efficiency is the ratio between useful (or desirable) output and energy input. 
Patterson (1996) provides a relatively well-rounded classification of energy efficiency, 
including: scientific indicator, economic-scientific indicator and pure economic indica-
tor. Scientific indicator is usually described in the physical or thermodynamic sense: 

                                                                 
8 Roughly, energy used in the production and household can be distinguished as fossil fuels and renewable 
energy based on concerns of environmental sustainability, or can be disaggregated into primary energy (for 
example, oil, coal, natural gas, solar energy, wind power and so on), and secondary energy that is generated 
from primary energy, such as electricity. 
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ratio between useful output (e.g., ton, enthalpy and kilometer) and input measured by 
thermodynamic unit. The economic – scientific indicator uses monetary value and sum 
of enthalpy to measure useful output and input respectively. The pure economic indica-
tor applies monetary measures for both inputs and outputs. Energy efficiency, however, 
is a more generalized concept than productivity, because energy is not only used in the 
production process, but also consumed by non-production units such as vehicles, com-
mercial and residential buildings. In describing the dynamics of energy efficiency, this 
work carefully takes into account the role of energy consumed by households in the 
entire economy system and pays a special attention to the energy efficiency of vehicles. 

However, even though there are plenty of energy efficient technologies available in the 
market, they are not widely used by market agents like firms and consumers. In other 
words, the diffusion and adoption of energy efficient products are slow. For example, 
the market share of electric cars is very small (as shown in Chapter 3). More formally, 
this phenomenon is called energy efficiency gap or energy efficiency paradox which 
refers to the difference between the optimal level of energy efficiency and the actual 
level.9 Numerous academic studies have already documented this issue (Allcott & 
Greenstone, 2012; Backlund, Thollander, Palm, & Ottosson, 2012; Brown, 2001; 
DeCanio, 1998; Gillingham, Newell, & Palmer, 2009; Gillingham & Palmer, 2014; Jaffe, 
Newell, & Stavins, 2005; Jaffe & Stavins, 1994a, 1994b, 1994c). Then the question be-
comes how to define the optimal level. According to a most widely cited academic arti-
cle by Jaffe and Stavins (1994a), there are five various dimensions of optimal level of 
energy efficiency: (1) narrow social optimum, which can be achieved under perfect 
market, (2) true social optimum, which can be obtained by justifying environmental 
externalities after reaching narrow social optimum, (3) economist’s economic potential, 
which can be achieved by eliminating market failures for energy efficient technologies, 
(4) technologist’s economic potential that is based on economist’s economic potential, 
requires low discount rates and homogeneity of market agents, and (5) hypothetical 
potential which can be achieved by eliminating either market failures or market barri-
ers. Furthermore, Backlund et al. (2012) propose a different optimal energy efficiency 
that includes energy management practice, and demonstrate that the energy efficiency 
potential is greater than if only the technological aspect is considered. 

Of course, the diffusion of a new technology is generally gradual and the transition 
process is hindered by technical, economic and institutional barriers (Kemp & Soete, 
1992). It is of great importance to distinguish between incremental and radical innova-
tions, because radical innovations are crucial for economic growth, especially for 
changes in trend growth (Fagerberg & Verspagen, 2002), while decentralized market 
structure and difficulties in forecasting technological developments can restrict techno-

                                                                 
9 For instance, according to UNIDO (2012), if current best practice technologies are adopted, energy efficiency 
gains can roughly yield US dollars 65 billion in developed countries and US dollars 165 billion in developing 
countries, which are approximately 23% of total annual industrial energy costs. 
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logical advance (Bresnahan & Trajtenberg, 1995). In a technological catching-up con-
text, Triulzi (2015) summarizes three key general features that make technological 
change complex: uncertainty, interactions and path-dependence. In their focus on the 
choice between sticking current technology and switching to a better one, Jovanovic 
and Nyarko (1996) illustrate a theoretical model with micro-foundation, in which a 
switch of technologies would reduce the agent’s expertise (the bigger the technological 
leap, the larger the loss in expertise). Consequently, the loss in expertise as well as the 
prospect of productivity drop prevents the agent from adopting a better but less famil-
iar technology as quickly as he or she might (that is, “overtaking”). 

Table 1.1 Market and behavioral failures related to energy efficiency and potential policy responses 

Causes of energy efficiency gap Potential policy options 

Market failures Energy market failures Environmental externalities Emission pricing (tax, cap-
and-trade) 

Average-cost electricity pricing Real-time pricing; market 
pricing 

Energy security Energy taxation; strategic 
reserves 

Capital market failures Liquidity constraints Financing; loan programs 

Innovation market 
failures10 

R&D spillovers R&D tax credits; public 
funding 

Learning-by-doing spillovers Incentives for early market 
adoption 

Information problems Lack of information; asymmetric 
information 

Information programs 

Principal-agent problems 

Learning-by-using 

Behavioural  
failures 

Prospect theory, bounded rationality, Heuristic decision-
making 

Education; information; 
product standards 

Nonstandard preferences, nonstandard beliefs and 
nonstandard decision-making 

Source: this table is cited and revised from Gillingham et al. (2009) and Gillingham and Palmer (2014). 

Specially, in the field of energy efficiency, many articles focus on the reasons for energy 
efficiency gap. A classical explanation by Jaffe and Stavins (1994a) is that there are three 
kinds of influencing factors: market failure, market barriers and discount rates.11 
                                                                 
10 As summarized by Gillingham et al. (2009), R&D spillovers and learning-by-doing spillovers may cause 
underinvestment in energy efficient technology. Since knowledge is a public good, both types of spillovers 
would lower the benefits of the firms that do R&D and the costs for others that are not involved in R&D 
activities without compensation. In addition, using a new energy efficient technology would produce 
knowledge about the technology (learning-by-using) and the knowledge may be accessible to others. Accord-
ingly, the early users may have fewer incentives to adopt the new technology. 
11 Using data on both purchase and utilization of air conditioning equipment, Hausman (1979) demonstrates 
that consumers apply a relatively high implicit discount rate when doing trade off capital costs and expected 
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DeCanio (1998) pays attention to the bureaucratic and organizational barriers, for ex-
ample, the barriers to the access to capital. Kemp, Schot, and Hoogma (1998) provide a 
relatively well-rounded overview of relevant factors, such as technology limitation, 
government policy, cultural and psychological factors, demand factors (e.g., consumer 
preference, risk aversion and willingness to pay), supply side production factors (e.g., 
low incentives), infrastructure and maintenance (e.g., initial costs and sunk investment), 
and undesirable social and environmental effects of new technologies. Allcott and 
Greenstone (2012) state two types of market failures, which are, energy use externali-
ties and investment inefficiencies (e.g., imperfect information). Two recent studies 
(Gillingham et al., 2009; Gillingham & Palmer, 2014) comprehensively review extensive 
literature on energy efficiency gap and summarize the developments in this field, as 
shown in Table 1.1. In addition to market failures that are commonly addressed in prior 
studies, they provide a review of the causes of energy efficiency gap from a behavioral 
failure perspective, such as bounded rationality. Recently, using a novel identification 
strategy and high quality microdata on the U.S. secondhand vehicle market, Sallee, 
West, and Fan (2016) have provided some evidence that consumers fully recognize the 
value of the fuel economy. This finding is quite inspiring. Also, Table 1.1 presents several 
potential policy responses to the relevant causes of energy efficiency gap. In reality 
various causes might jointly lead to energy efficiency gap, depending on dynamic local 
circumstances, and accordingly the corresponding policy response might be a package 
mixed with different policy options. Table 1.1 reflects the complexity of the issue of 
energy efficiency gap. Though this work does not discuss any specific causes of energy 
efficiency gap or optimal policies, Table 1.1 provides a very useful guidance for further 
studies. 

1.4 POLICIES AND INITIATIVES ON ENERGY EFFICIENCY: AN OVERVIEW 

The focus of this section is on policy in a general sense that applies to a wide range of 
governments and organizations, including government policies, programs, funds, facili-
ties and mechanisms. Unlike the previous section that shows general policy options 
corresponding to various causes of energy efficiency gap, this section provides an ex-
tensive review of recent policy efforts concerning energy efficiency that have been 
actually implemented (e.g., partners, regions or countries of implementation, 
timeframe, targets, cost and revenue, main services, etc.). Also, this section reviews 
some findings and debates in the literature relevant to specific policy implementation. 
Note that the policy may not necessarily lead to the desirable outcomes as expected. 
More importantly, in an evolutionary view, policy implementation is not the end of 

                                                                                                                                                             
operating costs (related to energy efficiency). The efficiency gap can be illustrated by the difference between 
the market discount rate and the consumer’s implicit discount rate. 
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policymaking. It is an ongoing and dynamic process: the effective policies that are cur-
rently implemented should also be updated to fit the changing circumstances (locally 
and globally). Though the design of specific optimal policy options is beyond the scope 
of this thesis, the methodological contributions and findings developed in this thesis can 
provide useful insights to assist policymakers in either designing or updating appropri-
ate policies, for example, more precisely assessing the aggregate energy efficiency dy-
namics based on transactions across sectors and economies (demand side and supply 
side, Chapter 2), linking regional aggregate energy efficiency in the consumer market to 
technological characteristics, product life cycle and collective individual behaviors 
(Chapter 3) and quantifying technological trajectories and promising technological fields 
(Chapter 4). Moreover, the review of incumbent policies and literature is very useful for 
the policy implications of this thesis. In the literature the crucial role of government in 
technological change (in particular in the fields of environment and energy efficiency) 
has been extensively documented. Newell, Jaffe, and Stavins (1999) augment the 
Hicks’s induced innovation hypothesis by introducing government regulations and find 
evidence that both energy prices and government regulations have affected the energy 
efficiency of energy-using durables such as air conditioners and gas water heaters and 
the direction of innovation.12 Jaffe et al. (2002) present an overview of the theoretical 
and empirical advances of the relations between policy and technological change. By 
generalizing the notion of directed technical change (Acemoglu, 2002), Acemoglu et al. 
(2012) show that directed innovation towards clean inputs requires optimal policy in-
struments such as carbon tax and research subsidy. 

There is a very large literature investigating potential policy options concerning energy 
efficiency (Fischer & Newell, 2008; Gillingham, Newell, & Palmer, 2006; Gillingham et 
al., 2009; Gillingham & Palmer, 2014; Hassett & Metcalf, 1995; Jaffe & Palmer, 1997; 
Jaffe, Peterson, Portney, & Stavins, 1995; Jaffe & Stavins, 1994b, 1995). As illustrated in 
Table 1.1, Gillingham et al. (2009) extensively review the literature in this field and 
summarize relevant tailored policy options. In fact, R&D subsidy is the most widely used 
way of policy intervention (Allcott & Mullainathan, 2010; Kemp et al., 1998) and gov-
ernments have invested a lot in energy efficient technology related R&D. Recent data 
on energy technology related R&D provided by International Energy Agency (IEA) show 
that 29 IEA countries have spent about US dollars 200.9 billion on energy technology 
related R&D over 2000 to 2013, which were mainly provided by governments. However, 
R&D related policy intervention is the second-best approach (Allcott & Greenstone, 
2012) and there is something more that policy can do: (1) policymakers should pay 
more attention to those policies or programs which have higher potential impacts on 
market agents’ behaviors; (2) governments should provide market incentives and in-
formation disclosure (Allcott & Mullainathan, 2010). 

                                                                 
12 However, there is still a sizable portion of autonomous improvements in energy efficiency. 
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The implementation of policy that aims to promote energy efficiency is costly. Jaffe et 
al. (1995) propose several critical aspects of measuring environmental regulation, main-
ly including the on-budget costs of administering (e.g., monitoring and enforcing) the 
policies and regulations, the costs associated with regulatory compliance, other direct 
costs (such as legal and transaction costs, the effect of refocused management atten-
tion and the risk of disrupted production) the transition costs of economies responding 
to regulatory changes, potential substantial social impacts on jobs and economic securi-
ty, and potential “negative costs” (the additional benefits such as productivity gains and 
innovation-simulating effects). Arrow et al. (1996) emphasize the important role of 
benefit-cost analysis in the legislative and regulatory policymaking process related to 
the environment. Daily et al. (2000) suggest that ecosystems can be viewed as capital 
assets and the wisely designed valuation methods are useful for policymaking regarding 
the environment. Allcott and Greenstone (2012) show a series of policies, regulations or 
government programs that are actually implemented in the United States, as shown in 
Table 1.2. Also, they provide the information of cost and revenue of these policies. 
Some policies are very costly. For example, US dollars 10 billion annual incremental cost 
has been spent on the Corporate Average Fuel Economy Standards since 1978.13 Still, 
for some regulations (e.g., Residential and Commercial Building Codes), the actual cost 
is unknown, especially under the measurement framework suggested by Jaffe et al. 
(1995). 

On the other hand, it is very difficult to precisely evaluate the actual benefits or impacts 
due to the implemented policies and programs. Variable credibility and unobserved 
factors like hidden costs and benefits make it too difficult to empirically access the 
magnitude of energy efficiency. Considering the facts that lots of resources have been 
invested while many previous studies have been done at aggregate level employing 
normal econometric techniques, new econometric methods such as randomized con-
trolled trials and quasi-experimental techniques should be applied to investigate im-
pacts of energy efficiency related policies or programs on heterogeneous types of con-
sumers (Allcott & Greenstone, 2012). Currently, relatively less is known at the micro 
level. A recent research project (Allcott, 2011) applies a method called randomized 
natural field experiments to collect a very large sample of data across the United States 
(in total 600000 households in the treatment and control group), investigate the conse-
quences of a series of energy efficiency improving programs on households’ energy 
consumption behaviors, and obtains some crucial findings: (1) on average such pro-
grams can only reduce 2% of the energy consumption; (2) non-price interventions can 
have similar effects with short-run increase in electricity price, changing consumers’ 
behavior effectively, but require less program costs; and (3) heterogeneity of  consum-
ers (for example, consumers with different social norms) cannot be ignored because 

                                                                 
13 Due to the 1973 oil crisis, the U.S. established the Energy Policy and Conservation Act of 1975 and since 
then a series of crucial energy efficiency related policies have been implemented. 
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they significantly respond to such programs. Similarly, Ayres, Raseman, and Shih (2013) 
conducted two field experiments on a sample of about 75000 households in the United 
States, to explore impacts of two energy saving related programs (the difference be-
tween them is information disclosure: whether the program provides a household en-
ergy consumption information of its nearby neighbors) and confirm the importance of 
information disclosure in terms of reducing energy usage. Unlike the studies using ran-
domized experiments or quasi-experimental methods, this thesis approaches the heter-
ogeneity issue by using large datasets. 

Table 1.2 Selected U.S. energy efficiency related policies 

Policy Period Cost & Revenue 

Corporate Average Fuel Economy 
Standards 

1978-Present US dollars 10 billion annual 
incremental cost 

Federal Hybrid Vehicle Tax Credit 2006-2010 US dollars 426 million annual credit 

Gas Guzzler Tax 1980-Present US dollars 200 million annual revenues 

Federal Appliance energy Efficiency 
Standards 

1990-Present US dollars 2.9 billion annual 
incremental cost 

Residential and Commercial Building 
Codes 

1978-Present Unknown 

Electricity Demand-Side Management 
Programs 

1978-Present US dollars 3.6 billion annual cost 

Weatherization Assistance Program 1976-Present US dollars 250 million annual cost 

2009 Economic Stimulus 2009-2011 US dollars 17 billion in total 

Source: own elaboration based on Allcott and Greenstone (2012). 

In recent years, energy efficiency has gained great support and has been recognized as 
a key element in the design of development policies and strategies across governments 
and international organizations. UNDESA (2012) provides an overview of government 
policies or initiatives relevant to energy efficiency, as shown in Table 1.3. Specifically, in 
2005 the Chinese government legislated on promoting renewable energy and later after 
the legislation, a series of policies were created (Wang, Yin, & Li, 2010). For example, 
the Mid- and Long-Term Plan for Renewable Energy Development was established in 
2007. According to these policy documents, the share of renewable energy consump-
tion in total energy consumption should be increased by 20% by 2020. When the Re-
newable Energy Law was established in 2005, renewable energy accounted for around 
7.1% in energy consumption in China. The consequences of these policies are impres-
sive. For instance, wind power capacity installation grew at the rate of over 200% every 
year over the period 2006 to 2008 without interruption. The European Union, as a 
whole institution, made its early step towards improving energy efficiency in 2006 
through the “Energy Services Directive” (ESD), aiming at reducing energy usage at the 
rate of 9% by 2016 in EU’s non-trading part (Backlund et al., 2012). Similarly, the 
European Commission (2010) announced energy efficiency as one of its policy priorities, 
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and aimed at improving 20% energy efficiency by 2020, also known as the “EU 20-20-20 
Strategy”. The expected benefits of the EU 20-20-20 Strategy are quite attractive: if it 
was well implemented, EU countries could spend EUR 60 billion less in importing fossil 
fuels such as oil and natural gas by 2020, adding an additional 0.6% to 0.8% GDP gains, 
and create around 600000 to 1 million new jobs in the EU. At the international level, 
cooperation between governments and organizations on the environment and energy 
efficiency has made a great progress14, through the 1997 Kyoto Protocol and the 2016 
Paris Agreement for example. Concerning technologies related to the environment and 
energy efficiency, the OECD has recently proposed a list of patents that contribute to 
environment protection, titled as “Search Strategies for the Identification of Selected 
Environment-Related Technologies” (ENV-TECH) (Haščič & Migotto, 2015). Specifically, 
in this work, we successfully quantify the technological trajectories for the energy effi-
ciency technologies listed in the OECD ENV-TECH list. Moreover, in the field of interna-
tional trade, the OECD and APEC have proposed their lists of environmental goods 
(Steenblik, 2005; Sugathan, 2013).15 Under the WTO framework, however, the negotia-
tion of a widely accepted list of environmental goods is still ongoing. 

Table 1.3 Selected policy documents related to energy efficiency 

Organization / country Name 

United Nations (2015) Transforming our World: The 2030 Agenda for Sustainable Development 

European Commission 
(2010) 

Europe 2020: A European strategy for smart, sustainable and inclusive growth 

Federal Democratic 
Republic of Ethiopia (2011) 

Ethiopia’s Climate - Resilient Green Economy 

The Government of UK 
(2011) 

Enabling the Transition to a Green Economy: Government and business working 
together  

French Republic (2010) National Sustainable Development Strategy: Towards a Green & Fair Economy 

Republic of Korea (2009) Road to Our Future: Green Growth  

Statistics Netherlands 
(2009) 

Green Growth in the Netherlands 

UNCTAD (2010) Promoting poles of clean growth to foster the transition to a more sustainable 
economy 

The State Council of the 
People's Republic of China 
(2011) 

China's 12th five-year plan 

Source: own elaboration based on UNDESA (2012). 

                                                                 
14 However, such an international cooperation may have negative impacts. Babiker (2005) finds evidence that 
due to the 1997 Kyoto Protocol, there is a significant relocation of energy-intensive industries away from 
OECD countries, which leads to higher actual global emissions. A careful evaluation of relevant policies and 
initiatives is needed. 
15 These two lists contain different environmental goods. Steenblik (2005) and Sugathan (2013) provide a 
comparison between the two lists. 
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In the United Nations system, energy efficiency has been given an increased level of 
attention, which indicates a change in development strategies. In the Millennium De-
velopment Goals (United Nations, 2000), energy efficiency was actually not declared as 
a goal, while in the newer Sustainable Development Goals (United Nations, 2015), ener-
gy efficiency is explicitly identified as a target in Goals 7, 8, 9, 11 and 12, as illustrated in 
Table 1.4 below. Note that energy efficiency is not only a target set in Goal 7 (affordable 
and clean energy), but also generalized into the goals about decent job, infrastructure, 
industrialization, cities and human settlements, and consumption and production. Like-
wise, across numerous international organizations, lots of resources and policy efforts 
have focused on energy efficiency. Table 1.5 lists some selected global programs, funds, 
facilities and mechanisms related to energy efficiency. Among these diverse programs, 
various international partners are involved and the common services are capacity build-
ing (e.g., advisory services and technical assistance) and finance. As stated above, how-
ever, the actual costs and the impacts (or benefits) of these programs may be very diffi-
cult to estimate. The international cooperation also plays a key role in these programs. 

Table 1.4 Energy Efficiency in the United Nations Sustainable Development Goals (SDGs) 

Sustainable Development Goal Target 

Goal 7: Affordable and clean energy. Ensure 
access to affordable, reliable, sustainable and 
modern energy for all. 

Target 7.3 
By 2030, double the global rate of improvement in energy 
efficiency. 
Target 7.a 
By 2030, enhance international cooperation to facilitate 
access to clean energy research and technology, including 
renewable energy, energy efficiency and advanced and 
cleaner fossil-fuel technology, and promote investment in 
energy infrastructure and clean energy technology. 

Goal 8: Decent work and economic growth. 
Promote sustained, inclusive and sustainable 
economic growth, full and productive 
employment and decent work for all. 

Target 8.4 
Improve progressively, through 2030, global resource 
efficiency in consumption and production and endeavor to 
decouple economic growth from environmental 
degradation. 

Goal 9: Industry, innovation and infrastructure. 
Build resilient infrastructure, promote inclusive 
and sustainable industrialization and foster 
innovation. 

Target 9.4 
By 2030, upgrade infrastructure and retrofit industries to 
make them sustainable, with increased resource-use 
efficiency and greater adoption of clean and 
environmentally sound technologies and industrial 
processes, with all countries taking action in accordance 
with their respective capabilities. 

Goal 11: Sustainable cities and communities. 
Make cities and human settlements inclusive, 
safe, resilient and sustainable. 

Target 11.b 
By 2020, substantially increase the number of cities and 
human settlements adopting and implementing integrated 
policies and plans towards inclusion, resource efficiency, 
mitigation and adaptation to climate change, resilience to 
disasters, and develop and implement. 
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Sustainable Development Goal Target 

Goal 12: Responsible consumption and 
production.  Ensure sustainable consumption 
and production patterns. 

Target 12.2 
By 2030, achieve the sustainable management and efficient 
use of natural resources. 
Target 12.c 
Rationalize inefficient fossil-fuel subsidies that encourage 
wasteful consumption by removing market distortions. 

Source: own elaboration based on United Nations (2015)16. 

Table 1.5 Selected global programs, funds, facilities and mechanisms related to energy efficiency 

Name Main Partner Service Timeframe 

Green Economy Imitative UNEP Capacity building (advisory 
services and technical 
assistance) and research 

2008 – ongoing 

Green Economy Joint 
Programme 

UNDP, UNEP, UNDESA,  
the Government of 
Netherlands 

Capacity building (technical 
assistance), information 
exchange / awareness raising 
and research 

The first phase in 
2012 and the second 
phase for 2013 – 
2014 

Low-Emission Capacity 
Building Programme 

UNDP, European 
Commission, the 
Government of Germany 
and the Government of 
Australia 

Capacity building (advisory 
services and technical 
assistance), knowledge 
management 

2011 – 2015 

Green Industry Initiative UNIDO Capacity building, awareness 
raising / knowledge 
management and research 

2010 – ongoing 

Green Jobs Initiative and 
Green Jobs Programme 

ILO, UNEP, ITUC and IOE Capacity building (advisory 
services, technical assistance 
and training), knowledge 
management 

2012 – 2015 

Joint Commitment to 
Sustainable Transport 

Multilateral Development 
Banks 

Capacity building and finance 2012 – 2022 

Clean Energy Programme Asian Development Bank Finance, matching services and 
technology transfer 

1995 – ongoing 

Energy Sector 
Management Assistance 
Program 

World Bank Capacity building (technical 
assistance, toolkits and best 
practice), information 
exchange and research 

1983 – ongoing 

Sustainable Energy For All UN Framework for action, 
information exchange 

2011 – ongoing 

                                                                 
16 See also United Nations Sustainable Development Knowledge Platform. 
Available at https://sustainabledevelopment.un.org/sdgs 
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Name Main Partner Service Timeframe 

10-Year Framework of 
Programmes on 
Sustainable Consumption 
and Production 

UNEP and other UN 
agencies 

Capacity building (technical 
assistance, advisory services), 
finance, technology transfer, 
information services 
(information exchange, 
knowledge management) 

2012 – ongoing 

OECD Green Growth 
Programme 

OECD Capacity building (technical 
assistance, advisory services, 
tools/best practice), research 

2011 – ongoing 

Global Environment Facility 
(GEF) 

GEF agencies: World Bank, 
UNDP, UNEP, ADB, AfDB, 
EBRD, FAO, IADB, IFAD, 
UNIDO 

Finance 1991 – ongoing 

Special Climate Change 
Fund 

UNFCCC and GEF agencies Finance 2006 – ongoing 

Strategic Priority for 
Adaptation 

GEF agencies Finance 2004 – 2010 

Clean Technology Fund World Bank and Multilateral 
Development Banks 

Finance and capacity building 2008 – ongoing 

Strategic Climate Fund 

The Pilot Program for 
Climate Resilience 

Program for Scaling-Up 
Renewable Energy in Low 
Income Countries 

Global Energy Efficiency 
and Renewable Energy 
Fund 

EU Finance 2008 – ongoing 

Source: own elaboration based on UNDESA (2013). 

1.5 THESIS OUTLINE 

Sustainable development is a process involving many important dimensions and its 
study requires efforts from researchers from all the disciplines of natural and social 
sciences. As economists, we believe that energy efficiency is a key element in the pur-
suit of sustainable development, while its dynamics is an evolutionary process that 
involves industries, technologies and institutions. Therefore, it requires a wide range of 
policies, aimed at both macro and micro levels. It is of primary importance to have a 
careful economic study of all the detailed processes that are involved in the policy-
relevant areas. As shown in the sections above, numerous programs, funds, facilities 
related to energy efficiency have been implemented and are still ongoing. As an early 
step, we narrow down our research at micro and macro levels to energy in trade (sec-
toral and country levels), aggregate vehicle energy efficiency (regional level) and the 
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technologies related to energy efficiency in the fields of power station, ICT in buildings 
and vehicles. We hope that our results can shed light on the relevant policies and stud-
ies in the future. 

Using large datasets, this dissertation provides a comprehensive narrative of how ener-
gy efficiency and the technologies related to energy efficiency evolve. We develop a 
new analytical framework and several measures for crucial factors affecting energy 
consumption and energy efficiency in trade at sectoral and country levels. Based on big 
data, we design an empirical statistical approach to estimate regional aggregate vehicle 
energy efficiency that is formed by the technological characteristics and collective be-
haviors of micro-agents, and describe the life cycle and restructuring of the vehicle 
population. Also, we identify the technological trajectories of technologies related to 
energy efficiency, and develop some measures for whether a country can be classified 
as an incumbent country or a latecomer country, and for how much a country contrib-
utes to technological development. The approaches used in this dissertation that build 
aggregate or macro measures on the basis of detailed and micro large datasets are of 
great value for the study of economic, industrial and scientific evolution. The optimal 
path method in this dissertation based on the patent citation networks may inspire 
studies in any other technological fields, and enable policymakers as well as investors to 
monitor technological development and discover business opportunities. The precise 
empirical evidence provided by this dissertation can assist policymakers in finding tai-
lored solutions to the real world problems. The outline of this thesis is as follows. 

Chapter 2 reviews the decomposition techniques commonly used in energy and envi-
ronmental economics, and proposes a new decomposition method in the input-output 
framework to identify crucial factors affecting the growth of energy consumption and 
energy efficiency. We take into account trade relations and intermediate inputs in pro-
duction that are mostly neglected by traditional methods. Unlike prior studies, we de-
velop two perspectives: energy directly used for production or household consumption 
purposes, and energy embodied in the products consumed by economies and house-
holds. We also apply the analysis to all the major economies and sectors in the world. 

The methods used in Chapter 3 are developed based on firm productivity literature and 
convergence analysis in development economics. We particularly focus on vehicles, a 
typical durable product consuming energy. By tracking every vehicle, we estimate re-
gional aggregate vehicle energy efficiency based on the usage and energy efficiency of 
every individual vehicle. By doing so, we do not have the issues of heterogeneity and 
representative agent. We also estimate the entry effect of new vehicles, the realloca-
tion of energy efficiency vehicles and the Ergodic distribution of aggregate vehicle ener-
gy efficiency. The availability of the big data makes this paper one of first few papers 
estimating regional energy efficiency for vehicles. 
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In Chapter 4, using up-to-date bibliographical and citation information of patents from 
the European Patent Office, we study the technological evolution of three fields on 
energy efficiency classified by the OECD ENV-TECH list: power station, ICT in buildings 
and vehicles. We construct patent citation datasets for these fields, and identify the 
optimal technological paths by maximizing total search pair count (SPC) weights in the 
citation networks. We also develop new measures to evaluate countries' role (incum-
bent or latecomer) and contribution in these fields. This paper is an early attempt of 
quantifying technological development of the OECD ENV-TECH list. The methods used in 
this chapter can be applied to any other fields. 
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Chapter 2 

Energy Consumption, Energy Intensity and 
Economic Development between 1995 and 

2009: A Structural Decomposition Approach 
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Abstract: Using over 68 million data points from the World Input-Output Database 
(WIOD) over 1995 to 2009 in both current prices and previous years’ prices, this article 
(1) quantitatively assesses six influencing factors at economy level and five factors at 
sectoral level that cause dynamics of aggregate energy consumption and aggregate 
energy intensity across 35 sectors and 41 major economies in the world by employing 
structural decomposition techniques and chain mechanism for deflating; (2) analyzes 
the convergence of energy intensity at economy level, and (3) applies Multilevel Mixed-
Effect model (MME) to investigate the relationship between energy intensity and eco-
nomic development. At economy level the main findings both on supply side and de-
mand side include (1) compensation effect in energy consumption caused by energy 
intensity change and final demand change; (2) small trade effect in intermediate inputs 
in energy consumption; (3) the crucial role of reducing energy intensity within sectors 
through energy efficiency related technological change in the pursuit of sustainable 
development; (4) convergence trend of energy intensity; and (5) strictly decreasing 
relationship between energy intensity and GDP per capita. At sectoral level, the com-
pensation effect in energy consumption decompositions, the small trade effect in in-
termediate inputs, and the crucial role of intensity effect within sectors still hold. Policy 
implications and further studies are briefly discussed. 
 
Keywords: Structural Decomposition Analysis, Energy Consumption, Energy Intensity, 
Convergence, Multilevel Mixed-Effect Model. 
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2.1 INTRODUCTION 

The major part of global energy consumption is unrenewable fossil fuel. The continu-
ously increasing global demand for energy, especially in developing countries, implies 
that the world at large faces challenges with respect to sustainable development. For 
instance, China’s use of primary energy noticeably rose by over 109% between 1995 
and 200917. The increasingly large amount of energy consumption has already brought 
environmental pressures on societies across the world. Energy efficiency, which is wide-
ly considered to be the solution to problems caused by growing energy consumption, 
has been generally promoted in policy documents (European Commission, 2010; 
UNIDO, 2012). Applying best practice technologies to industries can not only yield 23% 
energy savings from US dollars 1 trillion global annual industrial energy costs, but can 
also significantly reduce CO2 emissions and fossil fuel dependence, and lead to produc-
tivity gains, new employment, better health and working conditions (UN-Energy, 2009; 
UNIDO, 2012). 

Some remarkable efforts have been made already. In 2005 the Chinese government 
introduced legislation on promoting renewable energy. In the same year the U.S. Energy 
Policy Act of 2005 was signed into law. The European Commission (2010) announced 
energy efficiency as one of its policy priorities, and aimed at improving by 20% energy 
efficiency by 2020. But such policies are not the end in themselves: they should be wise-
ly implemented and updated in the long run. Two questions are therefore of great im-
portance and interest in policy making and updating: (1) what are the influencing fac-
tors that drive the dynamics of energy consumption and energy efficiency differentials 
across various economies and sectors? (2) What are the relationships between energy 
intensity and economic development? 

The latter of these questions poses a fundamental dilemma in development. The pro-
spect of developing the less-developed economies in the world promises to provide 
access to material well-being to important parts of the global population, who have 
been denied decent living standards so far. The well-known examples include the Unit-
ed Nations Millennium Development Goals and Sustainable Development Goals (United 
Nations, 2000, 2015). However, if the basic relationship between energy consumption 
and material well-being that we observe in the world today would persist, developing 
the less-developed world also implies a trend in energy demand that is unsustainable, 
given the global energy supplies and the context of greenhouse gasses and climate 
change. 

The current paper wants to contribute to analyzing this dilemma by outlining the salient 
trends, over the last decade and a half, in the interconnection between development 
(interpreted here in a narrow context, i.e., growth of average living standards in a coun-
                                                                 
17 Source: the World Input-Output Database (WIOD). 
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try) and energy consumption. The backward-looking perspective is not intended to be 
used for extrapolation, or prediction of future trends for any specific economy or sec-
tor. Instead, the analysis looks at past trends in order to identify which trend-breaks are 
necessary for policymakers to focus on. Thus, we ask what the main drivers in the 
trends of energy consumption are, and what they would imply for a scenario in which 
material well-being in the global economy would become more equally distributed. 

In outlining trends in energy consumption (and energy efficiency), one may take two 
different perspectives about where energy use should be attributed. One perspective, 
which is easiest to apply given the way in which international statistics are collected, is 
to allocate energy use to production. In this view, energy use is attributed to the coun-
try where energy is actually used, either in the production of goods and services, or 
directly by end-users (consumers). The other perspective is to allocate energy use em-
bedded in the products consumed by countries and households. This is a perspective 
that is taken in the calculation of so-called “energy footprints”, which is similar to the 
concept of emissions embodied in trade (Hertwich & Peters, 2009; Kanemoto, Lenzen, 
Peters, Moran, & Geschke, 2012; Kanemoto, Moran, Lenzen, & Geschke, 2014; 
Wiedmann, Lenzen, Turner, & Barrett, 2007; Xu & Dietzenbacher, 2014). Here, it does 
not matter where a good is produced, and hence where the energy is actually used, but 
instead it matters where the goods (or services) that use energy are consumed. A sim-
ple example illustrates the difference between these two perspectives: because China 
has become “the factory of the world”, it seems likely that an important part of the 
energy that is used in manufacturing in China actually leaves a footprint in many other 
countries, to which China exports consumer goods. These two perspectives are similar 
to the production- and consumption-based accounting in CO2 emissions presented by 
Chang (2013). Figure 2.3 summarizes these two perspectives. 

The distinction is captured here by distinguishing between supply side energy consump-
tion and demand side energy consumption. Supply side energy consumption is defined 
as the energy used for production purposes and consumed directly by households (pro-
duction-based accounting); and demand side energy consumption stands for the energy 
embodied in the products consumed by economies and households (consumption-
based accounting). An example of selected economies is shown in Figure 2.1. Although 
China’s supply side energy consumption started to accelerate in 2001 and had already 
overtaken that of the EU and USA, China still consumed much less energy on the de-
mand side. Accordingly, if any of the two sides was neglected, the findings might be 
adversely misleading to policy making. 
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Figure 2.1 Supply side and demand side energy consumption for selected economies, 1995-2009 

 
The approach chosen here to identify trends in energy consumption and energy effi-
ciency is structural decomposition analysis (SDA). Numerous studies have been done, 
choosing decomposition methods to derivate several determinants of energy consump-
tion or energy intensity through simple algebraic transformations, such as the 69 stud-
ies summarized by N. Liu and Ang (2007), but there are mainly four limitations in the 
research of this field. (1) Lots of studies employing Index Decomposition Analysis (IDA) 
are generally based on final gross outputs which means that they do not consider in-
termediate inputs in production. Trade relations between economies and sectors have 
been mostly neglected. (2) Structural decomposition methods are not unique, and de-
composition results might vary significantly in different methods (Dietzenbacher & Los, 
1998). (3) Lots of structural decomposition studies on energy or emissions focus on a 
specific country, for example Australia (Wood & Lenzen, 2009), Brazil (Machado, 
Schaeffer, & Worrell, 2001), the UK (Wiedmann et al., 2010), China (Guan, Hubacek, 
Weber, Peters, & Reiner, 2008) and the U.S. (Weber, 2009), while relatively less is 
known across economies and sectors and at the global level18, probably due to data 
constraint. (4) Relatively fewer studies are carried out to explore both supply side and 
demand side. Fortunately, the World Input-Output Database (WIOD) collecting a huge 
mass of cross-sector and cross-economy transaction data in both intermediate inputs 
and final demand has been opened to the public since 2012. More importantly, WIOD 

                                                                 
18 Recently, Xu and Dietzenbacher (2014) provide a structural decomposition study of emissions embodied in 
trade for 40 major economies in the world. 
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covers energy consumption data across economies and sectors as well. That makes it 
possible to analyze big data in the input-output analysis framework. 

Consequently, this article attempts to quantitatively explore the influencing factors 
which cause energy consumption and intensity differentials across economies and sec-
tors in input-output analysis framework, and investigate the relationships between 
energy intensity and economic development, using the World Bank database and the 
WIOD data over the years 1995 – 2009. This article is structured as follows. The first 
section is an introduction. Then second section discusses some major studies on meas-
urement issues, the Environmental Kuznets Curve and main decomposition techniques, 
and the third section presents the details about data source, decomposition approaches 
in input-output analysis framework and Multilevel Mixed-Effect models (MME). Decom-
position results and econometric analysis results are shown in the fourth section. Lastly, 
a brief summary and some policy implications are discussed in the fifth section. 

2.2 LITERATURE REVIEW 

2.2.1 Energy consumption and energy intensity 

Energy, in a general sense, is one of the key inputs of a production process. Specifically, 
it has various physical forms such as fossil fuels (including petroleum, coal, natural gas, 
et al.) and renewable energy (e.g., solar energy, wind power, biomass, hydropower, 
geothermal power and so on). Simply, similar to the concept of productivity, energy 
efficiency can be viewed as the relationship between output of production and energy 
input. A useful indicator of energy efficiency is called “energy intensity” (energy input 
per unit of gross outputs), which is generally used by international organizations such as 
UNIDO and the International Energy Agency (IEA) and administrative departments such 
as the U.S. Energy Information Administration (EIA). Upadhyaya (2010) applies a fixed-
year index approach to calculate energy intensity indicators, combining UNIDO and IEA 
databases. 

Due to the measurement consideration, there are some differences between physical 
and economic calculation methods (Jaffe & Stavins, 1994a; Patterson, 1996). Based on 
the original concept of energy efficiency, Patterson (1996) provides a relatively well-
rounded classification, disaggregating it into three dimensions: scientific indicator, eco-
nomic-scientific indicator and pure economic indicator. The scientific indicator is usually 
described in the physical or thermodynamic sense: it is the ratio between useful output 
(e.g., ton, enthalpy and kilometer) and input measured by thermodynamic unit. The 
economic-scientific indicator uses market value and the sum of enthalpy to measure 
useful outputs and energy inputs respectively. The pure economic indicator uses market 
values to measure inputs and outputs. 



Energy Consumption, Energy Intensity and Economic Development 

55 

However, there are two limitations in both economic and scientific indicators. First, as 
addressed by Patterson (1996), the scientific indicator can provide more stable or ob-
jective measurement: the calculation of energy efficiency in terms of physical or ther-
modynamic unit can remain the same regardless of time and location while there are 
usually some problems such as currency comparison, consumer preference or pricing 
when using market value. Second, the scientific indicator views all forms of energy in 
the same way, no matter what it actually is (e.g., petroleum or electricity), while in an 
economic sense, they are different. Accordingly, it is quite likely that there is a problem 
of inconsistency when employing various indicators to do empirical analysis. 

In this article, we have chosen the economic-scientific indicator, because (1) it might be 
the only feasible way to calculate the sum of different categories of energy as men-
tioned above, since energy inputs can be measured in the same stable physical unit; (2) 
it is too difficult and costly to collect monetary data of energy inputs across economies 
over time due to imperfect information (e.g., energy pricing); and (3) it can link the 
physical flows to the monetary flows. In fact, in many databases such as the WIOD and 
EIA databases, energy irrespective of sources is usually recorded in the physical unit. 

2.2.2 Environmental Kuznets Curve and the role of technology 

In academia the relationship between economic development and environmental quali-
ty has been heatedly discussed. One of the most influential debates focuses on the 
relationship between income per capita and the environmental quality at per capita 
level, which is the Environmental Kuznets Curve (EKC). In general, EKC assumes that at 
the early stage of development, the environmental quality degrades with the increase 
in income per capita, while the environmental quality starts getting enhanced when the 
income per capita reaches a certain level or a turning point. The important pioneering 
work was done by Selden and Song (1994) who confirmed the existence of the EKC and 
forecasted the growth of global emissions based on the EKC by using multi-national 
panel analysis to study the relationships between four air pollutants and GDP per capita. 
Later Grossman and Krueger (1995) show an inverted-U-shaped EKC and empirically 
estimate the threshold income per capita of US dollars 8000 for various environmental 
indicators which means that economic growth would subsequently bring improvements 
in environmental quality after reaching this threshold. A theoretical explanation is that 
in a static growth model where social planner chooses technologies, the EKC is reason-
able, if only dirty technology can be used below the turning point and clean technology 
can be used when the threshold is reached (Stokey, 1998). 

More recent studies question the existence of the EKC, however, which implies that the 
environmental quality is likely to continuously degrade. De Bruyn et al. (1998) argue 
that the time patterns of some emissions positively correlate with economic growth and 
that the reduction in emissions is a result of technological change. Stern and Common 
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(2001) use a more globally representative dataset to explore the sulfur emissions-
income per capita relationship and find that (1) the relationship is monotonic instead of 
inverted-U-shaped, and (2) changes in emissions are time trend related rather than 
income per capita related. Many critiques focus on the parametric econometric specifi-
cations employed by prior studies which might be problematic in estimation (Millimet et 
al., 2003) and develop some semi-parametric or nonparametric approaches, for exam-
ple, flexible semi-parametric linear regression (Millimet et al., 2003), the nonparametric 
kernel estimation with panel data (Azomahou et al., 2006) and the quantile fixed effect 
regression technique (Flores et al., 2014), pointing out that previous empirical findings 
about the EKC are significantly sensitive to parametric model specifications and we are 
probably too optimistic about the improvement in environmental quality as income 
grows over time. 

More importantly, Andreoni and Levinson (2001) present a theoretical static model with 
micro-foundations to study the environment-income relationship with a focus on tech-
nology. They strictly prove that for those pollutants following the inverted-U-shaped 
relationship with income, its reduction at per capita level depends on the increasing 
returns to scale in the technologies reducing emissions only. In other words, economic 
growth alone is not the solution to environmental deterioration. In fact, the environ-
ment-income relationship does not necessarily need to be inverted-U-shaped: it can 
take a totally different form if the technology differs. 

The main reason for reviewing the literature on the EKC is to show that the EKC proba-
bly does not globally exist even that it holds in some cases, and that the important mat-
ter behind the environment-income relationship is the technology. There might be a 
danger that such an inverted-U-shaped relationship would be wrongly interpreted as 
priority between economic growth and environment by some policymakers-“grow first, 
and then clean up” (Dasgupta et al., 2002). The modern industrial societies that heavily 
rely on fossil fuels are constantly generating new types of emissions which results in 
increasing environmental risks. Additionally, on the basis of growth theory, continuous 
improvements in technology, especially in the ones increasing input efficiency (e.g., 
energy) are the best chance for the global economy to overcome limits to growth in the 
face of scarce and unrenewable resources (Grossman & Helpman, 1994). More recent-
ly, Acemoglu et al. (2012) theoretically point out the primary importance of directed 
technological change by developing a growth model with environmental constraints, 
and suggest that policy instruments (e.g., tax and subsidy) should be purposefully de-
signed to support innovations toward clean inputs to achieve sustainable growth. All in 
all, it is necessary to promote new development initiatives with a special focus on tech-
nology and innovation. 

The literature on the EKC suggests that technology needs to be seriously taken into 
account behind the environment-income relationship. This article in fact employs a 
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backward-looking perspective that tries to empirically explore the historical dynamics of 
energy consumption and energy intensity. Specifically, the relative change of the varia-
ble of interest over a period is decomposed into several influencing factors with an 
attention to technology. The section below presents a brief literature review. 

2.2.3 Major decomposition techniques 

Economic (e.g., GDP growth, value added), environmental (e.g., energy use, energy 
intensity, gas emissions) and employment (e.g., labor productivity) variables are often 
broken down into several driving forces of causing the dynamics of these variables. 
There are basically three major decomposition techniques, that is, the production func-
tion based econometric method, Index Decomposition Analysis (IDA) and Structural 
Decomposition Analysis (SDA). 

2.2.3.1 Production function based econometric method 
The production function based econometric method describes the emissions (e.g., the 
total emissions of sulfur) by using a Cobb-Douglas function with various inputs and 
technology (Stern, 2002, 2006). By deriving the per capita version of the Cobb-Douglas 
function, the changes in the emissions can be decomposed into changes in input mix, 
output mix, scale, and the state of technological change. Such an econometric decom-
position specification can be estimated by panel data techniques, taking into account 
the country and time effects simultaneously. The following emissions production func-
tion is developed by Stern (2002): 

, = ( , , , , , ) 

Where (∙) is a Cobb-Douglas form function which imposes non-negativity on the de-
pendent variable,  is total emissions of sulfur, ,  represents a vector of outputs (for 
example, agriculture, manufacturing and services) in Country  in the year ,  denotes 
inputs, and  stands for the level of technology. 

On the basis of the emissions production function above, emissions per capita can be 
decomposed into five components, i.e., gross outputs per capita, technology-effects of 
emissions specific technical progress, technology-effects of overall technical progress, 
output mix and input mix (Stern, 2002). 

2.2.3.2 Index Decomposition Analysis (IDA) 
IDA has been generally used by previous studies (Ang & Lee, 1996; Farla, Blok, & 
Schipper, 1997; Steenhof, 2006; Worrell, Price, Martin, Farla, & Schaeffer, 1997; Zhang, 
2003). Proposed by Boyd, Hanson, and Sterner (1988), Ang and Lee (1994) and Ang 
(2005), the basic equation of index decomposition can be obtained through simple 
algebraic identity transformation as follows (assuming there are n sectors): 
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=  ∑ =  ∑              (1) 

Where E is the gross energy consumption and Y is the total value added. 

Let E  and E  denote gross energy consumption in the year 0 and t, then ΔE  =E −E . Take the derivative with respect to the time. Equation (1) can be transformed to: =  +  +  +          (2) 

Where ΔE  is change in energy consumption due to changes in energy intensities; ΔE  is the change in energy consumption due to structural changes; ΔE  is the 
change in energy consumption due to a change in aggregate production; R is the resid-
ual term. 

Plenty of index methods have been skillfully developed to describe the difference terms 
in Equation (2), such as Laspeyres approach of using base year weights, Paasche’s ap-
proach of using terminal year weights, and Marshall-Edgeworth’s approach of using 
mean value of base and terminal year weights (Hoekstra & Van den Bergh, 2002). Spe-
cifically, Ang and Lee (1994) provide two general index decomposition formulas for 
energy consumption, i.e., parametric Divisia methods 1 and 2 (PDM 1 and PDM 2). By 
changing the parameters in PDM 1 and PDM 2, five various methods for estimating 
difference terms in Equation (2) are proposed: Laspeyres-based PDM 1 (LAS-PDM 1), 
simple average PDM 1 (AVE-PDM 1), Laspeyres-based PDM 2 (LAS-PDM 2), simple aver-
age PDM 2 (AVE-PDM 2), and adaptive weighting parametric Divisia method (AWT-
PDM). 

As discussed above, the index decomposition methods are not unique. Most IDA studies 
follow the basic relationship of Equation (2), but it has an obvious disadvantage that 
there is an unexplained residual term. Zhang (2003) proposes a non-residual method by 
redefining of  and  in Equation (2)19: =  ∑ ( , , −  , , ) = ∑ , − , ,          (3) =  ∑ ( , , −  , , ) =  ∑ ,  ( , −  , )         (4) 

Where Q  and Q  represent aggregate production in the industrial sector in the year 0 
and t; S ,  and S ,  are the i-th sector’s share of aggregate production in the year 0 and t; I ,  and I ,  are the i-th sector’s energy intensity in the year 0 and t. 

                                                                 
19 Adding Equation (3) and (4), we obtain: +  +  =  ( − ) ∑ , , +  ∑ , − , , +  ∑ ,  ( , −  , ) =  − ∑ , , + ∑ , , =  − + =  . 
Then the residual term is eliminated. 
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Using 29 industrial sectors for China in the 1990s and the non-residual index decompo-
sition method, Zhang (2003) points out that change in energy intensity is the only major 
reason for causing decline in industrial energy use. But China lowered its primary energy 
use by 4% in 2000 compared to 1996 while nearly doubled energy use from 2002 to 
2009, making China the second-largest energy user and the largest greenhouse emitter. 
In both periods the role of structural change became more important (Kahrl, Roland-
Holst, & Zilberman, 2013; Sinton & Fridley, 2000), for example, with heavy industry 
growth (mainly construction and equipment investment) due to the country’s invest-
ment-dominated growth model, and closing down of factories. 

However, even when the non-residual method is applied, using only aggregate data at 
the sector level, intermediate inputs in production and consumption in final demand 
have been neglected in IDA: energy consumption embodied in trade cannot be as-
sessed. 

2.2.3.3 Structural Decomposition Analysis (SDA) 
For SDA, the basic idea of performing decompositions is still the same. The key 
difference is that SDA performs the decompositions with a data intensive matrix form 
dataset. In this sense, SDA can be viewed as an extension of IDA in the context of linear 
algebra. In the input-output framework, the gross outputs of a sector are consumed in 
two ways: intermediate inputs and final demand. The input-output dataset is a matrix 
that contains trade transaction information between any pair of sectors within the 
same economy and across economies. The number of data points of input-output 
dataset can be extremely large. Supposing there are m economies in the world and 
each economy has n sectors and k final demands, the total number of data points for 
one period only is (m n + mkn). 

Miller and Blair (1985) offer a rather well-rounded instruction about how to carry out 
energy related or environmental SDA. Specifically, Wiedmann et al. (2007) give a de-
tailed review about six newly developed input-output models that use more sophisti-
cated cross-sector and –economic data, to investigate environmental impacts embod-
ied in trade activities.  

There are some typical country-specific studies. Using the U.S. data for 1997 and 2002, 
Weber (2009) confirms the “compensation effect” in the U.S. energy usage and flows: 
energy demand driven by rising population and household consumption would be offset 
by structural change. Using Brazilian trade data for 1995 (inflows and outflows 
specified), Machado et al. (2001) employ SDA to calculate energy use and carbon 
embodied in the international trade and argue that (1) Brazil is a net exporter of energy 
and carbon; and (2) export is a more crucial contributor of energy use and carbon 
emissions. In the case of China, other researchers decompose carbon dioxide emissions 
instead of energy consumption, pointing out that (1) rapid carbon dioxide emissions 
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result from economic growth and structural change and improvement in energy 
efficiency can offset them (Han & Chatterjee, 1997), using nine selected countries’ data 
from 1972 to 1990; but (2) specifically using data for China from 1982 to 2002, energy 
efficiency gains are not sufficient enough to stabilize future emissions from China, if 
energy consumption patterns converge on the current level of the U.S. (Guan et al., 
2008). Unlike other SDA studies employing absolute change approach, Dietzenbacher, 
Hoen, and Los (2000) choose to decompose the relative change in the study of labor 
productivity dynamics in six Western European countries. Compared to absolute change 
approach, it would be more convenient to compare different economies or sectors that 
have large differences through calculating relative change. 

Although both IDA and SDA usually need historical data for only two periods, the main 
difference between them might be the type of data they use (Hoekstra & Van den 
Bergh, 2002). IDA only needs the aggregate data at the sector level, such as gross ener-
gy consumption and total outputs, while SDA requires the intensive data from Input-
Output (IO) tables in the form of a matrix, which is a very high requirement. Statistical 
bureaus of many countries do not collect data for IO tables annually, or do not collect 
data in the form of IO tables, though SDA based on the Input-Output model has been 
proven to be a very useful tool for years (Rose & Chen, 1991). In the vast literature of 
decomposition studies, consequently, it seems that IDA has been used more widely. 
Ang and Zhang (2000) conduct a survey and found out 109 studies applying IDA but only 
15 studies applying SDA. Recently, Voigt, De Cian, Schymura, and Verdolini (2014) apply 
IDA techniques to input-output data. Specifically in the area of energy consumption and 
energy intensity decompositions, N. Liu and Ang (2007) summarize 69 IDA papers in-
cluding 336 sets of decomposition results. Additionally, Hoekstra and Van den Bergh 
(2002) provide a brief table listing 27 SDA studies applied to physical flows. 

The input-output framework can describe the global economy in a perfectly reasonable 
way catching the trade interactions between sectors, but it is extremely expensive and 
time-consuming to construct the datasets, and sometimes that is even impossible 
because of data unavailability. For quite a long time the input-output dataset modeling 
the whole world did not exist. In recent years, tremendous efforts have been achieved. 
The World Input-Output Database (WIOD) at the University of Groningen has been 
constructed for years, authorizing free access to extremely intensive input-output data 
and environmental data including monetary and physical flows. Other commonly used 
input-output tables include Eora and GTAP. Recently, Xu and Dietzenbacher (2014) 
performed a structural decomposition analysis of emissions embodied in trade for 40 
economies in the World Input-Output Database (WIOD), decomposing the dynamics of 
emissions into 10 factors with a special attention to the effects at home country and 
abroad. 
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This article employs the Structural Decomposition Analysis to approach the first 
research question. The reasons are the following. First, in the context of globalization, 
international fragmentation of production is increasingly expanding, so that sectors 
within the same economy and across various economies are closely connected to each 
other through trade networks which leads to many influencing impacts such as 
technological change, production substitution, and production specialization based on 
labor and income level (Timmer, Erumban, Los, Stehrer, & de Vries, 2014). The growing 
international trade also stimulates the development of production offshoring resulting 
in shared gains for all the domestic factors (Grossman & Rossi-Hansberg, 2008). Such 
trade activities can only be included in the input-output dataset and taken into account 
by using the structural decomposition approach. Second, the production function based 
econometric method requires a very strong assumption on the Cobb-Douglas form of 
production function. Accordingly, in order to have a comprehensive understanding of 
energy consumption dynamics for both supply side and demand side, integrating 
changes in productivity, trade structure in both intermediate inputs and final demand, 
efficiency, and economic development, the Structural Decomposition Analysis (SDA) 
seems to be a more suitable method. In fact, it has been proven as a useful tool and 
standard method in energy related studies (Hoekstra & Van den Bergh, 2002; Rose & 
Casler, 1996; Weber, 2009). 

This article employs the Structural Decomposition Analysis (SDA) to approach the first 
research question and decomposes the dynamics of relative changes in energy 
consumption and energy intensity by economy (40 major economies in the world, the 
whole world, EU and EU Enalrgement countries) and by sector (35 sectors, primary 
industry, manufacturing, services, and in particular, manufacturing subgroups by 
technological level). The parametric approach on the basis of Grossman and Krueger 
(1995)’s model specification is used to answer the second research question. 

2.3 METHODOLOGY 

2.3.1 Data 

This article employs the Structural Decomposition Analysis (SDA) that requires multi-
regional input-output (MRIO) tables. Currently three MRIO databases are commonly 
used: Eora (Lenzen, Kanemoto, Moran, & Geschke, 2012; Lenzen, Moran, Kanemoto, & 
Geschke, 2013), GTAP (Andrew & Peters, 2013) and the World Input-Output Database 
(Dietzenbacher, Los, Stehrer, Timmer, & de Vries, 2013). However, there is a lack of 
consistency between these MRIO databases because of the different approaches that 
are used to produce them, which would lead to different computing results when the 
same structural decomposition models are employed. Owen, Steen-Olsen, Barrett, 
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Wiedmann, and Lenzen (2014) find that for most regions covered in the databases, 
GTAP and WIOD can produce similar results. Since WIOD also provides the previous 
years’ prices version of the input-output tables that are needed for deflating monetary 
values, the data source used in this article is WIOD. 

Funded by the European Commission, WIOD20 is the first public input-output database 
that aims to provide researchers with a large-scale time-series information source to 
analyze the cross-industry and transnational trade relations, environment related 
changes and socio-economic development21 (Timmer, 2012). In order to describe the 
global economy, WIOD collects official input-output data for 40 economies across the 
world22, including 27 EU member states, 13 other major economies in the world and 
employs a model to simulate the rest of the world (Dietzenbacher et al., 2013). Each 
economy listed in WIOD has 35 sectors, though some of the sectors might have 0 out-
put. These sectors can be aggregated into primary industry, manufacturing and services. 
Manufacturing sectors in particular can be grouped into three categories: low-tech 
manufacturing, medium/low-tech manufacturing and medium/high-tech manufacturing 
on the basis of their technological levels. Appendix 2.1 provides a full list of all the 
economies, sectors, industries and manufacturing subgroups covered in WIOD. 

WIOD is more than a database containing input-output tables. It provides information 
about environmental and socio-economic development as well. The table below illus-
trates all the main components in WIOD. 
 
The World Input-Output 
Database (WIOD) 

The World Input-Output Tables (WIOT), including current prices version and 
previous years’ prices version 

National Input-Output Tables 

Socio-Economic Accounts 

Environmental Accounts, including data for energy consumption, emissions, 
land use, water use and material use 

Source: the World Input-Output Database (WIOD). 

Specifically, this article uses: (1) cross-industry and transnational expenditure data (in 
current prices) from the World Input-Output Tables (WIOT) over the year 1995 to 2009, 
which have 35301000 data points in total23; and (2) the World Input-Output tables (in 
previous years’ prices) over 1996 to 2009, containing 32947600 data points. Conse-

                                                                 
20 The World Input-Output Database (WIOD): http://www.wiod.org/database/index.htm 
21 The updated version of the World Input-Output (IO) tables covers the year 2010 and 2011. However, the 
Socio-Economic Accounts and Environmental Accounts only cover years from 1995 to 2009. 
22 Note that the 41th economy is the rest of the world (RoW). 
23 For each year in WIOT, in intermediate inputs there are 41 economies and each of them has 35 sectors. 
Accordingly, there are 41*35*41*35 = 2059225 data points; each economy’s final demand is disaggregated 
into 5 categories, which means there are 41*35*41*5 = 294175 data points. Then the world IO tables for a 
single year contain 2353400 data points. 
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quently, 68248600 data points in the World Input-Output tables are used. The data 
structure of WIOT for a single year is shown in Figure 2.2 for illustration purpose. 

 

Trade transaction 
matrix (in US$) 

Buyer (intermediate inputs, 1435 columns)  Buyer (final demand, 205 columns) 

Sector 1 in 
Economy 1 

… Sector 35 in 
Economy 1 

… Sector 35 in 
Economy 41 

Final Demand 
1 of Economy 
1 

… Final 
Demand 5 of 
Economy 1 

… Final 
Demand 5 of 
Economy 41 

Seller 
(1435 
rows) 

Sector 1 in 
Economy 1 

          

…           

Sector 35 in 
Economy 1 

          

…           

Sector 35 in 
Economy 41 

          

Figure 2.2 WIOT data structure for a single year 

 
Correspondingly, the gross energy consumption data from 1995 to 2009 for each sector 
(35 economic sectors and 1 household sector) and economy are available in the WIOD 
Environmental Accounts, which contain 265680 data points24. In the WIOD Environmen-
tal Accounts, 27 categories25 of energy by source including 12 kinds of primary energy 
and 15 kinds of secondary energy are listed. Since secondary energy is produced from 
primary energy, to avoid the problem of double counting, only the gross energy con-
sumption which is the sum of all the categories of primary energy is used. Since every 
category of primary energy is measured in the same physical unit (TJ), they can be add-
ed up. 

GDP and GDP per capita data (ppp, constant 2005 US dollar) for 39 economies26 over 
1995 and 2009 are available in the World Development Indicators of the World Bank. 

2.3.2 Supply side and demand side 

Following the concepts of supply side and demand side energy consumption, if the 
trade transaction matrix illustrated in Figure 2.2 can be transformed into an energy 
transaction matrix by using WIOD Environmental Accounts, intuitionally, supply side and 
demand side energy consumption can be viewed as the row sum and the column sum 
of such an energy transaction matrix respectively, as shown in Figure 2.3. 
                                                                 
24 For each economy in a single year, there are 12 kinds of primary energy, 35 economic sectors and 1 house-
hold sector, which means 36*12=432 data points. 
25 Primary energy refers to HCOAL, BCOAL, CRUDE, NATGAS, HEATPROD, NUCLEAR, HYDRO, GEOTHERM, 
SOLAR, WIND, OTHRENEW, and OTHSOURC. Secondary energy contains COKE, DIESEL, GASOLINE, JETFUEL, 
LFO, HFO, NAPHTA, OTHPETRO, OTHGAS, WASTE, BIOGASOL, BIODIESEL, BIOGAS, ELECTR, and LOSS. 
26 Taiwan and RoW are not applicable in the World Development Indicators. 
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Similarly, supply side and demand side energy intensity are defined as the ratio of sup-
ply energy consumption and gross outputs of an economy, and the ratio of demand side 
energy consumption and gross outputs consumed by the economy respectively. 
 
Energy transaction matrix 
(in TJ) 

Buyer (41 columns)  

Economy 1 … Economy 41 

Seller (41 rows) Economy 1    Supply side energy 
consumption: row sum …    

Economy 41    

 Demand side energy consumption: column 
sum 

 

Figure 2.3 Energy transaction matrix structure for a single year 

2.3.3 Decomposition approaches 

2.3.3.1 Structural decomposition of energy consumption at economy level 
Following the basic input-output equations and linear algebra notations (Miller & Blair, 
1985), , the scalar of energy consumption can be simply written as: = +                (5) 
Where: e′ = [e , ⋯ , e ], which is a vector of sectors’ energy inputs (TJ) per US dollar of gross 
outputs or total emissions (tonnes) per US dollar of gross outputs. Note that WIOT con-
tains 41 economies and each of them has 35 sectors. 

 is the Leontief inverse matrix (1435*1435 square matrix), defined as = ( − ) .  
is a1435*1435 identity matrix and  denotes the matrix of intermediate inputs per unit 
of gross outputs (1435*1435 matrix), that is, the technical coefficient matrix, defined as = ∗ ( ) . Matrix  is the intermediate inputs matrix in WIOT (1435*1435 matrix). x stands for the diagonal matrix of , the vector of sectors’ gross outputs, x′ =[x , ⋯ , x ]. f′ = [f , ⋯ , f ], where  indicates the total outputs of the − ℎ sector spent on 
final demand ( = 1, 2, ⋯ , 1435). H = [H , ⋯ H , ] where  stands for the primary energy consumed by households in 
the − ℎ economy ( = 1, 2, ⋯ , 41). 

 is a 1*41 column summation vector where every element is 1. 

Let 0 and 1 denote two consecutive years respectively. Then the relative change of 
energy consumption in the year 0 and 1 is: 
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=              (6) 

If one year is fixed and the other year is changed, Equation (6) could be decomposed 
into four various factors by using “Control Variable Method”, in order to estimate the 

impacts of , ,  and  on , which is: =  ∗ ∗ ∗          (7) 

Where  on the left means the scalar of relative change of energy consumption be-

tween the year 0 and 1; the first component on the right stands for the change of ener-
gy consumption due to change in energy intensity vector e; the second component 
represents the change of energy consumption due to change in Leontief inverse matrix, 
that is, the production structure; the third component shows the change of energy 
consumption due to change in final demand; and the last component is the change of 
energy consumption due to change in energy consumed in households. 

The structural decompositions are not unique (Dietzenbacher & Los, 1998; Miller & 
Blair, 1985), Equation (7) shows the first decomposition method. The second decompo-
sition method will be illustrated later. 

On the basis of Dietzenbacher et al. (2000)’s approach to further decompose the matrix 
, matrix  becomes: = ( − ∗° )        (8) 

Where: A∗ indicates a 1435*1435 matrix of aggregate intermediate inputs per unit of gross 
outputs by sector by economy, formally defined as ∀ r: [A∗]   =  ∑ A   , for trade 
flows from Sector  in Economy  to Sector  in Economy  ( , = 1, 2, ⋯ , 35;  , =1, 2, ⋯ , 41). Mathematically, A∗ = ∗ A. Here the matrix  is an aggregation 
matrix (1435*1435 matrix) constructed as follows27: 
For the value in Row  Column  ( , = 1, 2, ⋯ , 1435), 

                                                                 
27 The formation of matrix  is shown below: 
 Sector 1 of 

Economy 1 
Sector 2 of 
Economy 1 

…… Sector 1 of 
Economy 2 

…… 

Sector 1 of 
Economy 1 

1 0 …… 1 …… 

Sector 2 of 
Economy 1 

0 1 …… 0 …… 

…… …… …… …… …… …… 
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, = 1,  ℎ           ;0, ℎ .                                                                                                                               

Note that here  denotes the sector in Economy  ( = 1,2, ⋯ ,41). A  is a 1435*1435 matrix of trade coefficients in intermediate inputs, which is formally 
defined as [A ]   =  A   /[A∗]   . Then A =  A∗°A ; ° denotes the Hadamard product. 

Moreover,  can be further decomposed into: =         (9) 

Where: 

 is the structural coefficient matrix in final demand (1435*41 matrix), where s ,  de-
notes the share of Sector n in the total final demand of Economy m 
(n = 1, 2, ⋯ , 1435;  m = 1, 2, ⋯ , 41). C is a vector of economies’ total final demand (41*1 vector). 

Substituting Equation (8) and Equation (9) into Equation (7) yields: =  ∗ ∗ °∗ ° ∗ ∗ °∗ ° ∗ ∗ ∗
       (10) 

The structural decomposition equations are not unique. Equation (10) only shows one 
of the possibilities. In fact, if the subscripts are reversed simultaneously for components 
which are identical in both numerator and denominator, Equation (10) still definitely 
holds, as shown below: =  ∗ ∗ °∗ ° ∗ ∗ °∗ ° ∗ ∗ ∗

      (11) 

For simplicity Equation (10) and Equation (11) are viewed as products of six factors 
which are expressed as follows respectively: = ∏ (  → )      (12) 

and = ∏ (  → )       (13) 

Where  →   and  →  indicate factor  between the year 0 and 1 ob-
tained by using the first and the second decomposition method respectively ( =1, 2, 3, 4, 5  6), which are shown in the table below: 
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Structural decomposition of energy consumption at economy level 

The first decomposition method The second decomposition method  1 → = ++   1 → = ++  

 2 → = ( − ∗ ° ) +( − ∗ ° ) +   2 → = ( − ∗ ° ) +( − ∗ ° ) +  

 3 → = ( − ∗ ° ) +( − ∗ ° ) +   3 → = ( − ∗ ° ) +( − ∗ ° ) +  

 4 → = ++   4 → = ++  

 5 → = ++   5 → = ++  

 6 → = ++   6 → = ++  

2.3.3.2 Structural decomposition of energy intensity at economy level 
Following the same notations, the relative change of aggregate energy intensity be-
tween the year 0 and 1 is: 

=  ∗                 (14) 

Where  is a 1*1435 column summation vector where every element is 1, so that  
becomes a scalar. 

Note that the gross outputs = . Then Equation (14) becomes: 

= ∗ ∗ ∗ ∗  ∗            (15) 

Where the component on the left is the scalar of relative change of energy intensity 
between the year 0 and 1; on the right side, the first component in brackets indicates 
the change of energy intensity due to change in energy intensity within the sectors; the 
second component in brackets suggests the change of energy intensity due to change in 
Leontief inverse matrix (production structure); the third component in brackets implies 
the change of energy intensity due to change in final demand, and the last component 
is the change of energy intensity due to change in energy consumed in households. 

Equation (15) shows the first decomposition method. By introducing ∗, ,  and , 
and rearranging polynomial components, two versions of decomposition equations can 
be obtained: 

= ∏ (  → ) = ∏ (  → )           (16) 
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Note that:  →  and  →  denote factor  between the year 0 and 1 
based on the first and the second decomposition method ( = 1, 2, 3, 4, 5  6). Spe-
cifically, they are: 

Structural decomposition of energy intensity at economy level 

The first decomposition method The second decomposition method  1 → = ++   1 → = ++   2 → = ( ∗ ° )( ∗ ° ) ∗ ( ∗ ° )( ∗ ° )    2 → = ( ∗ ° )( ∗ ° ) ∗ ( ∗ ° )( ∗ ° )    3 → = ( ∗ ° )( ∗ ° ) ∗ ( ∗ ° )( ∗ ° )    3 → = ( ∗ ° )( ∗ ° ) ∗ ( ∗ ° )( ∗ ° )   

 4 → = ++ ∗   4 → = ++ ∗  

 5 → = ++ ∗   5 → = ++ ∗  

 6 → = ++   6 → = ++  

2.3.3.3 Supply side and demand side at economy level 

In order to obtain supply side and demand side decomposition results for each econo-
my, the transposed matrix e′ in Equation (5) would be replaced to the diagonal matrix e, 
and then Equation (5) would be pre-multiplied the economy aggregation matrix  
and the column summation vector  respectively. Then the new expressions for supply 
side and demand side energy consumption go as follows: = ̂( − ∗° ) +         (17) 

and = ̂( − ∗° ) + ′             (18) 

Where  is a vector of economies’ supply side energy consumption (41*1 vector),  
denotes a vector of economies’ demand side energy consumption (1*41 vector), and  
is a column summation vector (1*1435 vector) where every element is 1. Matrix  is 
constructed as follows28: 

For the value in Row  Column  ( = 1, 2, ⋯ ,41;  = 1, 2, ⋯ , 1435), 

                                                                 
28 The formation of matrix  is: 
 Sector 1 of 

Economy 1 
Sector 2 of 
Economy 1 

…… Sector 1 of 
Economy 1 

…… 

Economy 1 1 1 …… 0 …… 
Economy 2 0 0 …… 1 …… 
…… …… …… …… …… …… 
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,= 1,  ℎ           ;0, ℎ .                                                                                                                                          

Note that here  denotes the economy. 

By using Equation (17) and Equation (18), supply side and demand side decomposition 
results can be obtained. To calculate the decompositions for the whole world, a 1*1435 
summation vector could be applied to replace the country aggregation matrix . 
Note that for the whole world, the supply side and the demand side energy consump-
tion and energy intensity are the same. The decompositions for two other specific 
groups of economies, that is, the EU and countries joining the EU after 2004 (EU En-
largement) are calculated as well. For supply side in Equation (17), a 1*1435 aggrega-
tion vector29 would be employed to replace the economy aggregation matrix  and 
the vector  would be changed to energy consumed in households in the EU or EU 
Enlargement. For demand side in Equation (18), the economies’ total final demand 
matrix  would multiply a 41*1 aggregation vector30 and the vector ′ would be 
changed to energy consumed in households in the EU or EU Enlargement as well. 

2.3.3.4 Structural decomposition of energy consumption and energy intensity at sectoral 
level 
Section 2.3.3.1 and Section 2.3.3.2 shows the structural decomposition approaches at 
economy. Following the same logic of decomposition at economy level, the sectoral 
level structural decomposition of energy consumption and energy intensity can be di-
rectly obtained by neglecting matrix  in Equation (5), the energy expenditure in 
households, which yields the following equations and five decomposition factors: 

The energy consumption at sectoral level (35*1 vector), , can be described 
below: = ̂( − ∗° )        (19) 

Where  is the sectoral aggregation matrix which can be constructed as follows31: 

                                                                 
29 The formation of the aggregation vector is similar with economy aggregation matrix: the row header repre-
sents economies and the element is 1 if it is an EU member or EU Enlargement member. 
30 In this vector, the column header reflects the economies. The element is 1 if it is an EU member or EU 
Enlargement member. 
31 The formation of is: 
 Sector 1 of 

Economy 1 
Sector 2 of 
Economy 1 

…… Sector 1 of 
Economy 2 

…… 

Sector 1 1 0 …… 1 …… 
Sector 2 0 1 …… 0 …… 
…… …… …… …… …… …… 
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For the value in Row  and Column  ( = 1, 2, ⋯ , 35; = 1, 2, ⋯ , 1435), 

, = 1,  ℎ          ;0, ℎ .                                                                                                                               

Note that here the  represents the sector of the world. Following the similar logic, the 
aggregation matrices for calculating the results for industrial groups and manufacturing 
subgroups can be constructed. =           (20) 

Structural decomposition of energy consumption at sectoral level 

The first decomposition method The second decomposition method  1 → =   1 → =  

 2 → = ( − ∗ ° )( − ∗ ° )   2 → = ( − ∗ ° )( − ∗ ° )  

 3 → = ( − ∗ ° )( − ∗ ° )   3 → = ( − ∗ ° )( − ∗ ° )  

 4 → =   4 → =  

 5 → =   5 → =  

 
and 

=  ∗        (21) 

Structural decomposition of energy intensity at sectoral level 

The first decomposition method The second decomposition method  1 → =    1 → =    2 → = ( ∗ ° )( ∗ ° ) ∗ ( ∗ ° )( ∗ ° )    2 → = ( ∗ ° )( ∗ ° ) ∗ ( ∗ ° )( ∗ ° )    3 → =  ( ∗ ° )( ∗ ° ) ∗ ( ∗ ° )( ∗ ° )    3 → = ( ∗ ° )( ∗ ° ) ∗ ( ∗ ° )( ∗ ° )    
 4 → = ∗   4 → = ∗  

 5 → = ∗   5 → = ∗  
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2.3.4 Computing procedures 

2.3.4.1 The deflating strategy: chain mechanism 
To eliminate the impacts of inconsistent monetary measurement, ideally, all the time-
series monetary data need to be comparable. The availability of World Input-Output 
Tables in both current prices and previous years’ prices over 1996 to 2009 makes it 
possible by constructing a “chain”, as shown in Equation (22) and Equation (23). The 
basic idea is that for any pair of consecutive years (e.g., the year  and the year + 1), 
current prices version of monetary data for the year  and the previous years’ prices 
version of monetary data for the year + 1 are used in the decompositions.  

Accordingly, applying the “chain mechanism” described above to the structural decom-
position equations, the relative change between 1995 and 2009 can be obtained. Take 
the structural decomposition at economy level as example. 

The structural decomposition of energy consumption at economy level: = ∏ = ∏ ∏  → = ∏ ∏  →      (22) 

Where the components ∏  →  and ∏  →  indicate the 
decomposition factor  between 1995 and 2009 calculated by using the first and the 
second decomposition method respectively ( = 1, 2, 3, 4, 5  6). 

For the structural decompositions of energy intensity at economy level, applying the 
similar computing procedure yields: 

∗ = ∏ = ∏ ∏  → =∏ ∏  →     (23) 

Where x∗   denotes the 2009 gross outputs measured by 1995 US$ and price level; x  is the current prices version of gross output in the year t; x  means the pre-
vious years’ prices version of gross output in the year t + 1; the components ∏ factor i →  and ∏ factor i →  stand for decomposition factor i be-
tween 1995 and 2009 from the first and the second decomposition method respectively 
(i = 1, 2, 3, 4, 5 and 6). 

For the structural decomposition at sectoral level, the chain mechanism still holds. The 
only difference is that at sectoral level, five decomposition factors are obtained instead 
of six factors. 

2.3.4.2 Taking into account results from two methods 
To take into account results from different methods, the average approach is commonly 
used. Since this article chooses the multiplicative form of decomposition equations, the 
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mean value of the log points of factors is employed, as shown below taking the struc-
tural decomposition at economy level as example. = ∑ [ (∏  → ) + (∏  → ) ]         

(24) 
and ∗ = ∑ [ (∏  → ) + (∏  → ) ]     

(25) 
On the basis of Equation (24) and Equation (25), results would be aggregated by econ-
omy, the whole world, EU and EU Enlargement group. Likewise, the five-factor structur-
al decomposition at sectoral level follows the same logic described in Equation (24) and 
Equation (25). The sectoral level results would be aggregated into three industrial 
groups: primary industry, manufacturing and services as well. Specifically, the global 
manufacturing would be aggregated into three technological groups: low-tech manu-
facturing, medium/low-tech manufacturing and medium/high-tech manufacturing. 

2.3.5 Understanding the decomposition factors 

After having done all the tedious identical algebraic transformations illustrated above, 
six factors for structural decompositions at economy level and five factors for structural 
decompositions at sectoral level are finally obtained. More importantly, a comprehen-
sive understanding of the economic meanings behind all the decomposition factors is 
needed. 

Since the multiplicative form of the decompositions is used, both left-hand side compo-

nents  and 
∗

 in Equation (24) and Equation (25) are compared to 1, which 

can be illustrated in the following cases: : > 1:     ℎ   /   2009 ℎ   1995; = 1:  ℎ      1995  2009;                          < 1:     ℎ   /   2009 ℎ   1995.  

and 
 

∗ : > 1:     ℎ   /   2009 ℎ   1995;= 1:  ℎ      2009  1995;                          < 1:     ℎ   /   2009 ℎ   1995.  

Applying these criteria the performance in terms of total primary energy consumption, 
energy intensity by economy, by sector, by industry and by manufacturing technological 
level can be precisely assessed and compared. 
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In both Equation (24) and Equation (25) the right-hand side six decomposition factors 
are similar. The first factor, which is the impact due to changes in the intensity matrix e 
if all the other factors have no variations, is closely related to the energy efficient tech-
nology. The second factor is the impact of the change in A∗, which means the inter-
industry structure (i.e., the change in intermediate inputs within the sectors). The third 
factor illustrates the impact of the change in A , which measures the trade structure in 
intermediate inputs. The forth factor stands for the impact of the change in s, which is 
the structural change in economies’ total final demand. The fifth factor reflects the 
impact of change in C, which is the economies’ total final demand and designed to as-
sess the impact of economic development. The last factor is the impact of change in H, 
which is the energy directly consumed in households. 

For each of the five decomposition factors listed above, similarly, a value larger than 1 
stands for a positive effect of the factor on the right-hand side outcome. The factor with 
a value less than 1 would lower the increases of the outcomes. The closer the value is to 
1, the weaker impact the factor has. By employing such criteria, the influencing factor 
or factors can be clearly identified. 

2.3.6 Convergence analysis of energy intensity at economy level 

On the basis of econometric approaches creatively designed by Barro and SalaiMartin 
(1991) and SalaiMartin (1996), a simple OLS is employed to check the relationship be-
tween relative energy intensity and growth of relative energy intensity for 39 major 
economies in the world, using energy consumption data from WIOD Environmental 
Accounts and GDP data from the World Development Indicators32. The purpose of such 
an empirical examination is to investigate the trends of energy efficiency at economy 
level whether the global economy is becoming increasingly energy efficient or not. Alt-
hough there are some critiques that the standard approach only focuses on the repre-
sentative economies rather than the whole distribution and collapses dynamic charac-
teristics into a series of statistic values, that is, a relative value or growth rate (Quah, 
1993a, 1997),  I would like to start from the standard approach and have a general pic-
ture of the trend of energy intensity at economy level. 

Formally, energy intensity, relative energy intensity (REI) and growth of relative energy 
intensity are:   ( ) =            ( ,   $)              (26)33 

                                                                 
32 Taiwan and RoW are not included in the regression, due to data availability in the World Development 
Indicators. 
33 The total primary energy consumption of the economy includes the primary energy used in economic 
sectors and that consumed in households’ final consumption in the economy. 
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   ( ) =                             (27) ℎ     ( ) =                    (28) 

Note that the energy intensity of the world is a ratio between total primary energy 
consumption of the world and the GDP of the world. Then each economy is compared 
to the world in the same year (the world’s level is 1). Using relative energy intensity as 
the independent variable and its growth as the dependent variable, a significant and 
negative slope in the simple OLS would imply a trend of convergence of energy intensity 
between economies. 

2.3.7 Environmental Kuznets Curve: multilevel mixed-effect model 

Inspired by the Environmental Kuznets Curve, this article explores the relationship be-
tween energy intensity and GDP per capita as well. Following the same definition of 
energy intensity in Section 2.3.6, a panel dataset for 39 economies34 in WIOD over 1995 
and 2009 is constructed using energy consumption data from WIOD Environmental 
Accounts and GDP and GDP per capita data from the World Development Indicators. 

The Multilevel Mixed-Effect model (MME) is employed because there is an economy-
specific trend in energy intensity over time. On the basis of the econometric specifica-
tion developed by Grossman and Krueger (1995), the quadratic term of GDP per capita 
is included in Equation (29) and Equation (30). As illustrated in the literature review, EKC 
is very sensitive to the environmental indicator, parametric technique and model speci-
fication, but I would like to start the analysis using the standard approach. The econo-
metric specifications go as follows: 

For supply side, the MME contains a random slope and a random intercept, log , = + log _ , + [log ( _ , )] + , +, log _ , + ,       (29) 

and for the demand side, the MME contains a random slope only, log , = + log _ , + [log ( _ , )] + , + ,       (30) 

Where ,  and ,  mean supply side and demand side energy intensity of 
Economy  in the year  respectively; _ ,  stands for the GDP per capita (ppp, 
constant 2005 US$) for Economy  in the year ; ,  and ,  are Economy ’s economy-
specific random intercepts for supply side and demand side respectively; ,  is the 
economy-specific random slope for Economy ; ,  and ,  are error terms for Econo-
my  in the year  for supply side and demand side respectively. 
                                                                 
34 Taiwan and RoW are not included. 
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The model selection is an important issue. Different model specifications can lead to 
different results. The econometric specifications above are selected by using the likeli-
hood ratio test on a group of models that have the “nested” structure. For instance, if 
specification  is nested in specification , it means that specification  includes all the 
components in specification  and some additional terms. In this sense, specification  
is one of the “subsets” of specification , as shown in the example below:  : = +   : = + +  

The basic idea of the model selection is in line with the Occam’s razor: a simpler model 
would be selected if the additional random term has a low explanatory power. For sup-
ply side and demand side, the MME model with random intercept only is compared to 
the MME model with random slope and random intercept. Grossman and Krueger 
(1995)’ model specification has an additional cubic term. However, the likelihood ratio 
test did not favor the models with the additional cubic term. All in all, Equation (29) and 
Equation (30) are the optimal specifications for supply side and demand side respective-
ly chosen by likelihood ratio tests. 

2.4 RESULTS 

Equation (17), (18) and (24) are employed to calculate structural decomposition results 
of energy consumption for supply side and demand side. Likewise, Equation (17), (18) 
and (25) are used to calculate structural decomposition results of energy intensity for 
supply side and demand side. Moreover, the aggregation of the whole world, EU and EU 
Enlargement countries are calculated as well. The decomposition results of the EU cov-
er 27 EU members35, and the EU Enlargement countries contain 12 EU states joining the 
EU after 2004 EU Enlargement36. 

2.4.1 Structural decomposition results of energy consumption at economy level 

2.4.1.1 Supply side 
Table 2.1 illustrates the decomposition results of relative change of supply side energy 
consumption of selected major economies in the world. EU members are aggregated 
into “EU” or “EU Enlargement” for comparison purpose. Table 2.9 in Appendix 2.2 pro-
vides full decomposition results including every single EU state. 

                                                                 
35 EU members covered in decompositions: AUT, BEL, BGR, CYP, CZE, DNK, EST, FIN, FRA, DEU, GBR, GRC, 
HUN, IRL, ITA, LVA, LTU, LUX, MLT, NLD, POL, PRT, ROM, SVK, SVN, ESP, and SWE. 
36 EU Enlargement members covered in decompositions: CYP, EST, LVA, LTU, POL, CZE, SVK, HUN, MLT, SVN, 
ROM, and BGR. 
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In table 2.1, Factor 1, the impact of change in energy intensity, is lower than 1 in most 
economies except in Australia, Brazil, Japan, Mexico and Turkey, which implies that due 
to energy efficiency related technological change, most economies have improved their 
energy efficiencies in production significantly. At the world level, the value of Factor 1 is 
0.7898. The four largest improvements can be found in Taiwan (about 65.25%), Main-
land China (about 46.55%), RoW (about 34.85%), and EU Enlargement economies 
(about 31.34%), while in some more developed economies, the improvements are 
much smaller or there is even a decrease in energy efficiency, for example, around 
3.33% in the U.S., 19.07% in the EU, and -14.54% in Japan. The explanation is that in 
developing and transition economies, the starting levels of energy efficiency are very 
low, while through technological change (for example, learning and applying energy 
efficient technologies from developed economies), they might achieve leap frog devel-
opments in energy efficiency. 

Factor 2, the impact of change in inter-industry structure, indicates the changing shares 
of outputs within the sectors. At the world level, as well as in six other economies, the 
value of Factor 2 is larger than 1, which means that in those economies, due to produc-
tion related technological change, sectors consume more intermediate inputs and ex-
pand their production levels, which leads to a positive effect in aggregate energy con-
sumption. The largest improvement is observed in Taiwan (about 54.97%). In some 
developed economies such as Australia, Canada, Japan, and USA, however, Factor 2 
restricts the growth of aggregate energy consumption, but not heavily. 

Factor 3, the impact of change in trade structure in intermediate inputs, is quite dynam-
ic: it is larger than 1 in seven economies and smaller than 1 in the others. This effect is 
quite neutral at the world level. The three largest positive impacts on aggregate energy 
consumption can be found in Taiwan (1.6074), Mainland China (1.1567) and South Ko-
rea (1.1268) which are major players in international trade. 

Factor 4, the impact of change structural coefficient, is larger than 1 in Mainland China, 
India, Indonesia, South Korea, Taiwan and RoW, which implies that the economic sec-
tors from these economies have an increasing share in global economy. In some devel-
oped economies such as Japan, USA and the EU, Factor 4 is smaller than 1, probably 
due to outsourcing.  

Factor 5, the impact of change total final demand, is larger than 1 in all the economies, 
which implies that all the economies consume an increasing number of commodities, 
driving the aggregate energy consumption to increase significantly (that is, using more 
energy in production). At the world level, the value of Factor 5 is 1.5504. The strongest 
effect is observed in China (2.3642) while the smallest effect is in Japan (1.0753). 

Factor 6, the impact of change energy consumed in households, is quite dynamic as 
well. In all the economies, the values of Factor 6 are quite close to 1, which means that 
this factor for all the economies is very small or even neutral. 
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Table 2.1 Structural decomposition of supply side energy consumption of selected economies 

Economy Relative change 
of supply side 
energy use 
between 2009 
and 1995 

Factor 1: 
change in e: 
intensity effect 

Factor 2: 
change in A*: 
inter-industry 
structural effect 

Factor 3: 
change in AT: 
trade effect in 
intermediate 
inputs 

Factor 4: 
change in s: 
structural 
change effect in 
final demand 

Factor 5: 
change in C: 
total final 
demand effect 

Factor 6: 
change in H: 
household 
consumption 
effect 

AUS 1.2054 1.0590 0.9868 0.7835 0.8825 1.6639 1.0026 

BRA 1.5439 1.0735 1.1074 0.9659 0.9298 1.4317 1.0099 

CAN 1.0937 0.7160 0.9795 1.0573 0.9563 1.5366 1.0038 

CHN 2.0936 0.5343 1.2143 1.1567 1.1935 2.3642 0.9888 

IDN 1.4098 0.9417 1.0802 0.9157 1.0099 1.4228 1.0533 

IND 1.9318 0.9088 0.9628 1.0363 1.0766 1.9086 1.0369 

JPN 0.9943 1.1454 0.9303 0.9264 0.9370 1.0753 0.9998 

KOR 1.8218 0.9631 0.9840 1.1268 1.0290 1.6094 1.0301 

MEX 1.2317 1.0603 0.9786 0.9359 0.8099 1.5683 0.9986 

RUS 1.0144 0.8887 0.9638 0.9073 0.8510 1.6005 0.9583 

TUR 1.4681 1.0101 0.8593 0.9846 0.9736 1.6456 1.0722 

TWN 1.7825 0.3475 1.5497 1.6074 1.2549 1.6365 1.0028 

USA 1.0296 0.9667 0.9061 0.9223 0.9067 1.4095 0.9972 

RoW 1.3804 0.6515 1.1917 1.0938 1.0653 1.4360 1.0625 

World 1.2901 0.7898 1.0470 1.0063 0.9870 1.5504 1.0131 

EU 1.0060 0.8093 1.0408 0.9431 0.9230 1.3644 1.0056 

EU 
Enlarge-
ment 

0.9110 0.6866 0.9521 0.9325 0.9753 1.5515 0.9875 

Change of supply side energy use in Table 2.1 indicates the ratio of gross energy con-
sumption between the year 1995 and 2009. If the value is larger than 1, it implies that 
the economy consumed more energy in 2009, compared to the year 1995. Most econ-
omies in Table 2.1 have a value larger than 1, except Japan and EU Enlargement econ-
omies. Among all the economies in Table 2.1, the largest decrease in energy consump-
tion is observed in EU Enlargement economies, around 8.9%, while in Japan, energy 
consumption drops to approximately 0.57%. In the case of EU Enlargement economies, 
values of all the factors except Factor 5 are smaller than 1. 

2.4.1.2 Demand side 
Table 2.2 shows demand side energy decomposition results of selected economies. 
Table 2.10 in Appendix 2.2 provides full results including every single EU state. 
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Table 2.2 Structural decomposition of demand side energy consumption of selected economies 

Economy Relative 
change of 
demand side 
energy use 
between 
2009 and 
1995 

Factor 1: 
change in 
e: intensity 
effect 

Factor 2: 
change in A*: 
inter-
industry 
structural 
effect 

Factor 3: 
change in AT: 
trade effect in 
intermediate 
inputs 

Factor 4: 
change in s: 
structural 
change 
effect in 
final 
demand 

Factor 5: 
change in 
C: total 
final 
demand 
effect 

Factor 6: 
change in H: 
household 
consumption 
effect 

AUS 1.7234 0.9014 0.9994 1.0690 1.0511 1.6982 1.0026 

BRA 1.5164 0.9983 1.1255 1.0102 0.9500 1.3930 1.0096 

CAN 1.2957 0.7422 1.0550 1.0234 0.9979 1.6133 1.0044 

CHN 1.9632 0.5692 1.2544 0.9635 1.0282 2.8076 0.9885 

IDN 1.6823 0.7959 1.2762 1.0263 1.1218 1.3516 1.0643 

IND 1.8699 0.8729 1.0078 0.9721 1.0389 2.0302 1.0367 

JPN 0.9507 0.9464 0.9580 1.0547 1.0034 0.9910 0.9998 

KOR 1.4585 0.8717 1.0388 1.0714 0.9552 1.5253 1.0319 

MEX 1.4251 0.9461 0.9962 1.0344 0.9136 1.6016 0.9990 

RUS 1.0076 0.8952 0.8645 0.9821 0.8316 1.6906 0.9431 

TUR 1.7035 0.8776 0.9674 1.0817 1.0288 1.7168 1.0503 

TWN 1.1615 0.5083 1.3985 0.9745 1.1664 1.4338 1.0027 

USA 1.1263 0.8914 0.9305 1.0255 0.9554 1.3893 0.9975 

RoW 1.3142 0.6825 1.1118 0.9865 1.0137 1.6057 1.0787 

World 1.2901 0.7898 1.0470 1.0063 0.9870 1.5504 1.0131 

EU 1.1148 0.7831 1.0802 1.0043 0.9992 1.3071 1.0047 

EU Enlargement 1.0865 0.7517 1.0368 0.9228 0.9354 1.6340 0.9884 

Factor 1, the impact of change in energy intensity, is much lower than 1 in all the econ-
omies, which means that all the economies consume more energy efficient products, 
probably due to energy efficiency related technological change of the producers. Ac-
cordingly, Factor 1 would cause a strong negative impact on aggregate energy con-
sumption by sector. Specifically, the Factor 1 of Taiwan (0.5083) and Mainland China 
(0.5692) is much lower than the world level (0.7898). 

At the world level, Factor 2 (impact of change inter-industry structure), Factor 3 (impact 
of change trade structure in intermediate inputs) and Factor 4 (impact of change struc-
ture coefficient) have a small fluctuation around 1, which implies a neutral effect. In 
other economies, these three factors are quite dynamic. Interestingly, for major inter-
national trade players such as Mainland China, Taiwan and South Korea, Factor 3 is 
smaller on demand side than on supply side, and specifically the Factor 3 of Mainland 
China and Taiwan would cause a negative impact on demand side energy consumption. 
The reason is that these economies are export-oriented. 
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The value of Factor 5 (impact of change in total final demand) is much higher than 1 in 
all the economies except in Japan, which implies that with the development of society 
and the economy, an increasing number of commodities would be consumed. To satisfy 
the increasing demand, more energy would be used in expanding production. Factor 5 
of China (2.8076) and India (2.0302) is much higher than the world level (1.5504). Simi-
larly, Factor 6, the impact of change in energy consumed in households, is still very 
weak in all the economies. 

2.4.1.3 Basic conclusions 
Interestingly, manufacturing-based developing economies consume more energy on 
supply side than on demand side, as in China and Mexico for example. This is probably 
due to manufacturing outsourcing. The same phenomenon can be observed in some 
manufacturing-based developed economies such as Japan and South Korea. Figure 2.4 
and Figure 2.5 provide a more intuitional illustration of the six factors that affect aggre-
gate energy consumption. After taking log points, all six factors are illustrated in the bar 
chart. 

Compensation Effect 
In both Figure 2.4 and Figure 2.5, Factor 1 and Factor 5 cause two very strong effects on 
aggregate energy consumption in most economies, but in opposite directions: the nega-
tive impact is caused by Factor 1, while Factor 5 significantly and positively contributes 
to the increase in aggregate energy consumption. Officially, this phenomenon is called 
“compensation effect” in this article, which means that the energy conservation due to 
energy efficiency related technological change would be roughly (or partly) offset by the 
energy consumption increase by change in total final demand. A similar finding can be 
found in Weber (2009)’s SDA study of the U.S. energy use37. In other words, as a result 
of socio-economic development, people consume more commodities, which should 
have greatly stimulated the demand for energy in production. But thanks to energy 
efficiency related technological change, the energy consumption does not increase that 
sharply. This demonstrates the importance of improving energy efficiency for sustaina-
ble development. 
 

                                                                 
37 However, in Weber (2009)’s study, the compensation effect is formed by rising population and household 
consumption that drive up energy demand, and structural change within the economy which is related to a 
quickly increasing trade deficit in manufacturing goods. The energy intensity effect is smaller.  
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Figure 2.4 Structural decomposition of supply side energy consumption of selected economies (log points) 

Small Trade Effect 
In Figure 2.4 and Figure 2.5, the effect of change in trade structure in intermediate 
inputs (Factor 3) is found to be relatively much smaller (except in some economies such 
as Australia and Taiwan on supply side). A similar finding can be found in the research 
on labor productivity conducted by Dietzenbacher et al. (2000) as well, but the finding is 
contrary to Weber (2009)’s study on the U.S. indicating that structural change caused 
by a quickly increasing trade deficit in manufacturing good can be explained more in the 
drop of energy demand. In economies such as Australia, Mainland China, South Korea, 
and Taiwan on supply side, the trade effect seems to be much stronger than in other 
economies, while in some other major players in international trade like the U.S. and 
the EU, the trade effect tends to be neutral. At the whole world level, the small trade 
effect is confirmed as well. A possible explanation might be that the demand for those 
energy intensive commodities in intermediate inputs can be satisfied in the domestic 
market, rather than through trade on the international market. 

As shown in both figures, it seems that in relatively more developed economies, the 
aggregate impact of the six factors is weaker than that in developing economies: intui-
tionally, the bar representing the developed economy is significantly “shorter” than the 
one indicating the developing economy (for example, the EU and EU Enlargement, Main-
land China, Japan, South Korea, and the U.S.)38. Such a phenomenon is reasonable: con-
sidering the fact that Factor 1 and Factor 5 are the two major factors in most economies, 
the starting levels of energy efficiency and socio-economic development in developed 
economies are much higher than those in developing economies. Consequently, the 
improvements of energy efficiency and final demand in developed economies would be 

                                                                 
38 There are several exceptions, such as Brazil and India. 
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relatively limited in the scalar sense. This might suggest the catching-up development of 
developing economies in energy efficiency and final demand consumption. 

Additionally, as illustrated in Table 2.9, Table 2.10,Figure 2.16 and Figure 2.17 in Appen-
dix 2.2, for every single EU member, the catching-up development of relatively less 
developed EU economies (e.g., countries joining the EU after 2004 Enlargement) is 
found as well. Factor 5 is still the main driving force of increasing energy consumption, 
while Factor 1 becomes weaker. A compensation effect can be found in 10 out of 27 EU 
members on supply side and in 21 out of 27 EU members on demand side.  
 

 
Figure 2.5 Structural decomposition of demand side energy consumption of selected economies (log points) 

2.4.2 Structural decomposition results of energy intensity at economy level 

2.4.2.1 Supply side 
Table 2.3 shows the supply side energy intensity decomposition results and Figure 2.6 
illustrates a bar chart of six factors (in log points). Aggregation results for the world, EU 
and EU Enlargement are listed for comparison purpose. The relative change of supply 
side aggregate energy intensity is lower than 1 in almost all the economies except in  
Brazil where the total supply side energy intensity increased by about 3.71% between 
1995 and 2009. In all the other economies, the catching-up development of energy 
efficiency only exists in a part of developing economies (e.g., Mainland China) and tran-
sition economies (e.g., Russia and EU Enlargement economies). Developed economies 
such as Australia, Canada, USA and EU perform better than the world level (0.8130). 

Factor 1, the impact of change in energy intensity within sectors is smaller than 1 in 12 
out of 17 economies, and is the strongest negative in 7 out of 17 economies. Due to 
energy efficiency related technological change, energy intensity within sectors has been 
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greatly improved and become the most crucial factor: one unit of energy can be used to 
produce more outputs. A key finding is that the catching-up development in supply side 
energy intensity exists in some developing and transition economies. For example, 
economies such as Taiwan (0.3475), Mainland China (0.5343), RoW (0.6515) and EU 
Enlargement economies (0.6866) have a considerably strong Factor 1, which is much 
stronger in major developed economies such as the U.S. (0.9667), EU (0.8093), Japan 
(1.1454) and the world level (0.7898). 

Factor 2, the impact of change in inter-industry structure, affects the aggregate energy 
intensity negatively in most economies except in Brazil, China, Indonesia, Taiwan, and 
RoW. At the world level, this factor is very weak (0.9920). The explanation might be that 
responding to the great growth of commodities consumption in final demand, the direct 
effect of production related technological change is to expand the scale of production 
where most products are produced, which might lead to a faster growth of energy de-
mand in production in products’ home countries. This factor is much stronger in econ-
omies such as Russia, Turkey and Taiwan. 

Table 2.3: Structural decomposition of supply side energy intensity of selected economies 

Economy Relative change 
of supply side 
energy intensity 
between 2009 
and 1995 

Factor 1: 
change in e: 
intensity effect 

Factor 2: 
change in A*: 
inter-industry 
structural effect 

Factor 3: 
change in AT: 
trade effect in 
intermediate 
inputs 

Factor 4: 
change in s: 
structural 
change effect in 
final demand 

Factor 5: 
change in C: 
total final 
demand effect 

Factor 6: 
change in H: 
household 
consumption 
effect 

AUS 0.7627 1.0590 0.9172 0.8525 0.9426 0.9747 1.0026 

BRA 1.0371 1.0735 1.0190 0.9905 0.9499 0.9976 1.0099 

CAN 0.6668 0.7160 0.9528 1.0203 0.9978 0.9566 1.0038 

CHN 0.4199 0.5343 1.0748 0.9621 0.9440 0.8144 0.9888 

IDN 0.8671 0.9417 1.0328 0.9032 1.0026 0.9347 1.0533 

IND 0.7600 0.9088 0.9617 1.0183 1.0271 0.8019 1.0369 

JPN 0.9861 1.1454 0.9172 0.9666 0.9767 0.9945 0.9998 

KOR 0.8740 0.9631 0.9450 0.9773 0.9514 1.0025 1.0301 

MEX 0.7675 1.0603 0.9688 0.9289 0.8192 0.9832 0.9986 

RUS 0.6006 0.8887 0.8419 0.9797 0.9523 0.8978 0.9583 

TUR 0.6285 1.0101 0.7819 0.8842 0.9138 0.9186 1.0722 

TWN 0.9161 0.3475 1.4487 1.3884 1.2665 1.0321 1.0028 

USA 0.7467 0.9667 0.8852 0.9555 0.9299 0.9849 0.9972 

RoW 0.7001 0.6515 1.0677 1.0597 1.0613 0.8422 1.0625 

World 0.8130 0.7898 0.9920 1.0040 0.9903 1.0302 1.0131 

EU 0.7328 0.8093 0.9808 0.9634 0.9521 1.0009 1.0056 

EU 
Enlarge-
ment 

0.4919 0.6866 0.9001 0.9041 0.9501 0.9384 0.9875 
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In regard to the other four factors, generally they have much weaker impacts on total 
supply side energy intensity. At the world level, they have a tiny fluctuation around the 
value 1 (Factor 3: 1.0040, Factor 4: 0.9903, Factor 5: 1.0302, and Factor 6: 1.0131). 
Similar findings can be found in developed economies such as Japan, USA and EU. 

In Table 2.11 and Figure 2.18 in Appendix 2.2, full structural decomposition results of 
energy intensity for every single EU member state are illustrated. In the EU, the total 
supply side energy intensity was lowered in all the EU states except in Italy where it 
slightly increased by 0.19% in 2009. In 18 EU states Factor 1 contributes to a decline in 
total supply side energy intensity, and in 13 EU states Factor 1 is the strongest negative 
factor. 
 

 
Figure 2.6 Structural decomposition of supply side energy intensity of selected economies (log points) 

2.4.2.2 Demand side 
Table 2.4 and Figure 2.7 show the decomposition results for demand side energy inten-
sity. Likewise, the aggregation results for the world, EU and EU Enlargement are provid-
ed. Generally, the total demand side energy intensity declined in 2009 in almost all the 
listed economies except in Indonesia where a small increase (0.53%) is observed. At the 
world level, it decreased by 17.3% in 2009 compared to the 1995 level. Both developed 
and developing economies perform better than the world level (e.g., Mainland China: 
56.71%, USA: 21.32%, EU: 19.71%). The EU Enlargement economies perform much 
better than the EU level. The result implies that less energy intensive products are con-
sumed. 

Factor 1, the impact of change in energy intensity within sectors is lower than 1 in all 
the economies, and it is the strongest negative factor in 11 out 17 economies. At the 
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world level, the value of Factor 1 is 0.7898, and two economies with strong Factor 1 are 
found in Taiwan (0.5083) and Mainland China (0.5692). 

Factor 2, the impact of change in inter-industry structure, tends to be quite strong in 
some economies such as Indonesia, Russia, Taiwan and USA, while it is relatively weaker 
in the other economies. Similarly, Factor 3, Factor 4, Factor 5 and Factor 6 seem to 
cause a small fluctuation in total demand side energy intensity in general. At the world 
level, these five factors are very close to 1. However, there are some exceptions. For 
instance, Factor 4 is quite strong in Russia and Taiwan and Factor 5 has a powerful neg-
ative impact in Mainland China and India. 

Table 2.4 Structural decomposition of demand side energy intensity of selected economies 

Economy Relative change 
of demand side 
energy intensity 
between 2009 
and 1995 

Factor 1: 
change in e: 
intensity 
effect 

Factor 2: 
change in A*: 
inter-industry 
structural 
effect 

Factor 3: 
change in AT: 
trade effect in 
intermediate 
inputs 

Factor 4: 
change in s: 
structural 
change effect in 
final demand 

Factor 5: 
change in C: 
total final 
demand 
effect 

Factor 6: 
change in H: 
household 
consumption 
effect 

AUS 0.9578 0.9014 0.9637 1.0647 1.0532 0.9807 1.0026 

BRA 0.9816 0.9983 1.0335 1.0080 0.9473 0.9870 1.0096 

CAN 0.7092 0.7422 0.9897 1.0210 0.9746 0.9660 1.0044 

CHN 0.4329 0.5692 1.0545 0.9763 0.9812 0.7616 0.9885 

IDN 1.0053 0.7959 1.1383 1.0248 1.1084 0.9179 1.0643 

IND 0.6938 0.8729 0.9795 0.9698 1.0190 0.7920 1.0367 

JPN 0.9694 0.9464 0.9420 1.0540 1.0317 1.0001 0.9998 

KOR 0.8966 0.8717 0.9630 1.0643 0.9900 0.9823 1.0319 

MEX 0.8090 0.9461 0.9625 1.0252 0.8872 0.9778 0.9990 

RUS 0.4782 0.8952 0.7987 0.9790 0.8333 0.8693 0.9431 

TUR 0.7794 0.8776 0.8329 1.0773 1.0160 0.9276 1.0503 

TWN 0.8578 0.5083 1.3798 0.9720 1.2586 0.9972 1.0027 

USA 0.7868 0.8914 0.9104 1.0223 0.9677 0.9825 0.9975 

RoW 0.6496 0.6825 1.0323 0.9796 1.0064 0.8670 1.0787 

World 0.8130 0.7898 0.9920 1.0040 0.9903 1.0302 1.0131 

EU 0.8029 0.7831 1.0167 1.0022 1.0015 0.9999 1.0047 

EU 
Enlarge-
ment 

0.5486 0.7517 0.9239 0.9254 0.9255 0.9330 0.9884 
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Figure 2.7 Structural decomposition of demand side energy intensity of selected economies (log points) 

 
Table 2.12 and Figure 2.19 in Appendix 2.2 show decomposition results for every single 
EU member. The total demand side energy intensity declined in all the EU countries in 
2009 compared to the 1995 level. Factor 1 causes a negative impact in all the EU coun-
tries except in Hungary. Specifically, Factor 1 is the most powerful negative factor in 20 
EU countries. Factor 2, Factor 3 and Factor 4 seem to be much stronger in EU countries. 

2.4.2.3 Convergence analysis 
Following the definitions shown in Equation (26), (27) and (28), simple OLS is employed 
to check whether economies would converge on the world level39 for supply side and 
demand side using initial relative energy intensity as the independent variable and the 
growth of relative energy intensity as the dependent variable. Table 2.15 and Table 2.16 
in Appendix 2.3 show full regression results. Both slopes in OLS are negative and signifi-
cant at 1% level. 

For supply side, = −0.2109 ∗ + 0.1563 + ;     = 0.4029 

                                                          (-4.79)                                               (3.05)                

For demand side, = −0.3057 ∗ + 0.3391 + ;   = 0.5260 

                                                        (-6.32)                                               (6.19) 

                                                                 
39 The world level is 1. 

-1.0 -0.5 0.0 0.5 1.0

AUS
BRA
CAN
CHN
IDN
IND
JPN

KOR
MEX
RUS
TUR

TWN
USA

RoW
World

EU
EU Enlargement

log factor 1: change in energy
intensity in sectors

log factor 2: change in A star

log factor 3: change in A trade

log factor 4: change in structural
coefficient

log factor 5: change in total f inal
demand

log factor 6: change in energy
consumed in households



Chapter 2 

86 

 
Figure 2.8 Convergence analysis for supply side relative energy intensity 

 

 
Figure 2.9 Convergence analysis for demand side relative energy intensity 

 
As shown in Figure 2.8 and Figure 2.9, developed economies perform much better in 
energy efficiency. The significant negative slope implies that there is a tendency for 
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developed and developing economies’ energy intensities to converge on a certain level. 
Probably the reason is the energy efficient technology transfer and diffusion from de-
veloped economies to developing economies through international trade, so that the 
energy intensity gap between developed and developing economies can be narrowed. 

2.4.3 Structural decomposition results at sectoral level 

Equation (20) aims to decompose the relative changes of energy consumption over 
1995 to 2009. Equation (21) is used for the decompositions of energy intensity from 
1995 to 2009. Table 2.5 below is a collective illustration of decomposition results of 
energy consumption and energy intensity by aggregated industry and by manufacturing 
technological level. In Table 2.5, the product of five decomposition factors in principle 
should be equal to the relative change between 1995 and 2009, but there is a very 
small error in computing. Appendix 2.2 shows a more detailed version of decomposition 
results by sector listed in WIOD.  

Table 2.5 Structural decomposition results of energy consumption and energy intensity, 1995 – 2009 

 Relative 
change 
between 
2009 and 
1995 

Factor 1: 
change in 

: intensity 
effect 

Factor 2: 
change in ∗: inter-
industry 
structural 
effect 

Factor 3: 
change in : 
trade effect in 
intermediate 
inputs 

Factor 4: 
change in 

: 
structural 
change 
effect in 
final 
demand 

Factor 5: 
change in 

: total 
final 
demand 
effect 

Energy 
consumption 
decomposition 

Total 
manufacturing 

1.2209 0.7733 0.9953 1.0093 0.9744 1.6129 

Low-tech 
manufacturing 

1.1431 0.7691 0.9424 1.0145 0.9215 1.6870 

Medium/low-tech 
manufacturing 

1.2242 0.7809 0.9954 1.0083 0.9748 1.6024 

Medium/high-tech 
manufacturing 

1.2471 0.7027 1.0353 1.0173 1.0109 1.6668 

Primary industry 1.3682 0.8385 1.1705 0.8751 0.9372 1.6996 

Services 1.4619 0.7472 1.1375 1.0150 1.0052 1.6859 

Energy intensity 
decomposition 

Total 
manufacturing 

0.7641 0.7733 0.9688 0.9969 0.9990 1.0242 

Low-tech 
manufacturing 

0.8572 0.7691 0.9790 1.0072 1.0440 1.0827 

Medium/low-tech 
manufacturing 

0.8103 0.7809 1.0149 0.9967 1.0200 1.0056 

Medium/high-tech 
manufacturing 

0.6596 0.7027 0.9341 1.0007 0.9495 1.0575 

Primary industry 0.8051 0.8385 1.0532 0.8601 1.0627 0.9974 

Services 0.9296 0.7472 1.0691 1.0186 0.9872 1.1573 
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Instead of going into too much detail of some specific sectors, however, this article pays 
more attention to results at aggregated industry level, because such aggregated results 
can provide important information about some common patterns shared by those sec-
tors with similar characteristics. More crucially, this article specially focuses on the 
technological level of the manufacturing sectors, due to the key role that technology 
plays in development. 

2.4.3.1 Performance: energy consumption and energy intensity at sectoral level 
This section summarizes the performance in terms of energy consumption and energy 
intensity by aggregated industry and by manufacturing technological level between 
1995 and 2009, on the basis of the decomposition results presented in Table 2.5. Figure 
2.10 below compares the performance results in a more intuitional way. 
 

 
Figure 2.10 Performance in energy consumption and energy intensity from 1995 to 2009 

 
As shown in Figure 2.10, the largest increase in energy consumption is found in services, 
that is, by 46.19% compared to 1995. While the smallest increase in energy consump-
tion is in manufacturing, by 22.09% in 2009 compared to 1995. In primary industry, the 
energy consumption grew by 36.83% in 2009, which is between the levels of manufac-
turing and services. For the performance in energy intensity, the changes in all the in-
dustries were below 1 in 2009, which means that the energy efficiency had improved. 
Interestingly, the same pattern still holds: the best improvement in energy efficiency 
has been achieved in manufacturing, which corresponds to a 23.59% decrease in energy 
intensity. Relatively, the least improved industry is services, which shows a 7.04% de-
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crease in energy intensity. The explanation for such phenomena is the following. On the 
one hand, due to structural changes caused by economic development, economic re-
sources have been continuously shifted to services from the other industries, leading to 
an increasingly large economic scale in services which requires a growing amount of 
energy. On the other hand, relatively, manufacturing is more technologically intensive, 
and technological change and innovation play a more crucial role in manufacturing. For 
example, energy efficient technologies are much easier to be applied in manufacturing. 

Specifically, Figure 2.10 presents the performance of three subgroups of manufacturing 
classified on the basis of technological level, that is, low-tech manufacturing, medi-
um/low-tech manufacturing and medium/high-tech manufacturing. Interestingly, the 
change of energy consumption in the low-tech manufacturing is the smallest: a 14.13% 
increase in energy consumption. The largest increase in energy consumption is found in 
the medium/high-tech manufacturing (24.71%), and the medium/low-tech manufactur-
ing has a very high level of energy consumption growth (22.42%) as well. Without sur-
prise, the medium/high-tech manufacturing has the largest improvement in energy 
efficiency. A possible explanation is the industrial upgrading, which leads to resources 
shifting to technologically superior subgroups from low-tech manufacturing. 

2.4.3.2 Structural decomposition of energy consumption at sectoral level 
Based on the structural decomposition results in Table 2.5, this section provides a more 
straightforward way of visualization to illustrate all the factors’ effects by transferring 
them into log points, as shown in Figure 2.11. In this section, the outcome variable is 
energy consumption. 
 

 
Figure 2.11 Structural decomposition of energy consumption at sectoral level from 1995 to 2009 

Common pattern 
There are several crucial findings which are consistent with the findings at economy 
level. First, for every aggregated industry and for every manufacturing subgroups classi-
fied by technological level, the most influencing decomposition factor contributing 
positively to increasing energy consumption, is factor 5, the impact due to changes in 
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economies’ total final demand. A persuasive explanation is that with the improvement 
in living standard as well as the increasing number of global population, the demand for 
agricultural, manufacturing products and services has been greatly stimulated, resulting 
in increasing economic scales in the sectors. Reasonably, more energy inputs need to be 
consumed in the production process. For energy decompositions, the strongest factor 5 
is found in primary industry (1.6996) and low-tech manufacturing among manufacturing 
subgroups (1.6870). 

Second, for aggregated industry and manufacturing subgroups, the overwhelmingly 
factor that contributes to the reduction in energy consumption is factor 1, the impact 
caused by changes in energy intensity. This factor is closely related to energy efficient 
technologies. Due to the innovation, diffusion and application of such types of technol-
ogies, the energy inputs consumed to obtain one unit of gross outputs have been signif-
icantly lowered, thus slowing down the growth of energy consumption. Specifically, the 
strongest factor 1 in energy consumption decomposition for aggregated industry is the 
services (0.7472), and for manufacturing subgroups is medium/high-tech (0.7027). 
Clearly, technology plays a significant role in lowering the increases in energy consump-
tion, especially in technologically intensive sectors. 

Third, the other decomposition factors seem to have a less influencing or even a neutral 
effect in shaping the dynamics of energy consumption. For aggregated industries, factor 
2, the impact due to changes in inter-industry structure, is relatively stronger in primary 
industry and services, causing increase in energy consumption. Probably it means that 
driven by increasing market demand, market agents in both of the industries have sig-
nificantly improved their productivity which leads to expansions in energy related pro-
duction or businesses. Specifically, for primary industry, both of factor 3 (the impact due 
to changes in trade structure in intermediate inputs) and factor 4 (the impact due to 
structural changes in economies’ total final demand) are detrimental to the growth of 
energy consumption, which probably implies that less energy intensive inputs have 
been consumed through trade in the production process of primary industry, and in the 
final demand the market shares of this industry have shifted to the other industries. For 
manufacturing subgroups, perhaps due to industrial upgrading, market shares of low-
tech manufacturing have shrunk, as shown by the factor 4 in decompositions of energy 
consumption. 

More interestingly, in every aggregated industry and manufacturing subgroups, factor 1 
and factor 5 affect the dynamics of energy consumption in the opposite direction-factor 
1 is always the factor leading to the declines of outcome variables and factor 5 is the 
contrary one. Accordingly, the energy consumption caused by factor 5 can be partially 
or largely offset by factor 1. Consequently, though the energy consumption had in-
creased, they could have increased by a much greater percentage. Empirically, the 
compensation effect persuasively illustrates how it is possible to achieve sustainable 
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development – reducing energy intensity. This section shows that the compensation 
effect still holds at sectoral level in the decompositions of energy consumption. 

2.4.3.3 Structural decomposition of energy intensity at sectoral level 
We can zoom in on the dynamics of energy intensity by decomposing the relative 
changes during the period under research, to have a deeper understanding about cru-
cial factors affecting the dynamics, since we are especially interested in technological 
factors related to energy efficiency. Table 2.5 also provides decomposition results of 
energy intensity from 1995 to 2009 by employing Equation (21). In this section, the 
outcome variable is energy intensity or total emission intensity. Similarly, the log point 
version of both bar charts is illustrated in Figure 2.12 below. 

The most important finding is that in structural decompositions of energy intensity the 
overwhelmingly factor is factor 1, that is, the impact due to changes in intensity within 
economic sectors, which means that energy efficiency improving technological change 
happening within sectors is the driving factor of reducing energy intensity. Specifically, 
the factor 1 of medium/high-tech manufacturing is the strongest one compared to the 
other manufacturing subgroups and aggregated industries in terms of magnitude. 

Factor 3, the trade effect in intermediate inputs, still plays a role in reducing the energy 
intensity of primary industry. Such a finding is consistent with what we discussed in 
Section 2.4.3.2, namely that because of changes in consumers’ preference and product 
substitution, less energy intensive inputs are consumed through trade for production 
purpose in primary industry. 

Factor 5, the economies’ total final demand effect, causes an increase in energy intensi-
ty for almost all the categories except for primary industry. But the impact of the factor 
5 in primary industry is very weak (about 0.9974), which only causes a small fluctuation 
on the outcomes. 
 

 
Figure 2.12 Structural decomposition of energy intensity at sectoral level from 1995 to 2009 
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2.4.4 Multilevel Mixed-Effect Model 

Multilevel Mixed-Effect regression results on energy intensity and GDP per capita for 
supply side and demand side are shown in Table 2.5. The predictions of the regression 
models for supply side and demand side are illustrated in Figure 2.13. The coefficients 
of all the independent variables are significant while the signs are contrary to each oth-
er for supply side and demand side. Figure 2.13 shows that the model predictions can fit 
the original data quite well and there seems to be a decreasing relationship between 
energy intensity and GDP per capita. 

Figure 2.14 and Figure 2.15 provide further information about the fixed portions of the 
two models. For supply side, the prediction of the fixed portion of the model is a 
downward sloping curve40 with the GDP per capita ranging between US dollar 1416.986 
and US dollar 74021.45 over 1995 to 2009. For demand side, fixed portion of the model 
is predicted to a strictly decreasing curve until it reaches its minimum at the stationary 
point 35600999.24. Since this number is not a reasonable value for GDP per capita, the 
strictly decreasing relationship is confirmed. The explanation would be that with eco-
nomic development, a growing number of resources can be invested in energy efficien-
cy related R&D and energy efficient technology adoption.  

Table 2.6 Multilevel mixed-effect model results for supply side and demand side 

 Supply Side Demand Side 

Number of observations 574 580 

Number of groups (group variable: economy) 39 39 

Dependent variable log ,  log ,  

Independent variable log _ ,  2.2247** 
(0.8196) 

-0.8890*** 
(0.2329) (log _ , )  -0.1634*** 

(0.0444) 
0.0256** 
(0.0125) 

Constant -18.1273*** 
(3.7706) 

-5.435859*** 
(1.0824) 

Random-effects 
parameters 

Sd(log _ , ) 0.1315 
(0.0150) 

 

Sd(constant) 4.66e-11 
(1.49e-07) 

0.3293 
(0.0383) 

Sd(residual) 0.2715 
(0.0083) 

0.0751 
(0.0022) 

Log likelihood -178.9815 568.5664 

Wald chi2 143.73*** 476.37*** 

Chibar2 1358.33*** 1290.69*** 

                                                                 
40 In fact, on the whole positive horizontal axis, the curve is a skew inverted-U-shaped curve with a peak at the 
stationary point 902. This cannot be confirmed, since no energy consumption data at this level of GDP per 
capita are available. 
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Note that: (1) *, ** and *** denote for significance level at 10%, 5% and 1% respectively; (2) Std. Err. is in the 
brackets; (3) In panel regression, the coefficient of  (log _ , )  is -0.1366 and 0.0246 for supply side 
and demand side, respectively. The coefficient of log _ ,  is 1.7274 and -0.8631 for supply side and 
demand side, respectively. The conclusion still holds. 

 
Figure 2.13 Predictions of multilevel mixed-effect model for supply side and demand side energy intensity 

 

 
Figure 2.14 Supply side energy intensity and GDP per capita-prediction of fixed portion 
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Figure 2.15 Demand side energy intensity and GDP per capita-prediction of fixed portion 

 
In Figure 2.13, a similar downward pattern can be found among different economies on 
both supply side and demand side. When energy inefficient economies reach the same 
economic development stage as energy efficient economies, although the difference in 
energy intensity between the two types of economies still exists, the magnitude of the 
difference decreases, which is consistent with the results of convergence analysis. Spe-
cifically, energy inefficient economies (usually developing economies) contribute more 
to improving the energy efficiency of the world. 

Both Figure 2.14 and Figure 2.15 clearly reflect two crucial findings. (1) With economic 
development, energy intensity declines on both supply side and demand side, which 
implies that not only production but also consumption becomes more energy efficient. 
The direct reason probably is energy efficiency related technological change. (2) How-
ever, the improvement of energy efficiency considerably varies along different econom-
ic development stages. Mathematically, the tangent slopes of both curves become 
increasingly smaller in magnitude. At the early stage of economic development, the 
improvement of energy efficiency is bigger than that at the later stages, which is in line 
with the findings from energy intensity decompositions. This accordingly implies that 
economic policy should match the country’s economic development stage. 

2.5 CONCLUSIONS 

This article has not only demonstrated that structural decomposition analysis is a very 
useful and powerful analytical tool to be applied to complex and extremely data inten-
sive research of integrating energy issues and economic systems, but also has illustrated 
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an alternative relative change decomposition approach benefiting from the recent 
availability of the World Input-Output Database (WIOD). Additionally, as a complement 
to current research, this method is not only a recent application of the input-output 
model, but also can be viewed as a data mining technique discovering new knowledge 
in special matrix form dataset. The method in this article can be applied to further stud-
ies relating to gas emissions as well. 

For the constantly discussed issue of development, more importantly, this article has 
provided some positive outcomes. It has been widely argued that developing countries 
cannot reach the stage of development that is comparable to that of developed coun-
tries. The logic behind this pessimistic assertion is that given the larger population in 
developing countries and the greatly higher energy consumption per capita in devel-
oped countries, there is no enough energy on the earth to support the highly developed 
stage of development of developing countries. A world where people in developing 
countries would live at the American or the European living standard is beyond imagina-
tion, given the serious environmental problems we are currently facing. However, this 
article argues that (1) due to the compensation effect, the growth in energy consump-
tion on both supply side and demand side has been greatly slowed down, and (2) supply 
side and demand side energy intensity empirically decline with the growth of GDP per 
capita. The solution might be to: reduce energy intensity, especially the energy intensity 
within sectors, and to achieve improvement of energy efficiency through technology 
diffusion. 

More comprehensively, using mass data from WIOD from the year 1995 to 2009 cover-
ing 35 economic sectors and 41 major economies across the world, this article decom-
posed the relative changes of the aggregate energy consumption and aggregate energy 
intensity at economy level into six influencing factors: energy intensity effect, inter-
industry structure effect, inter-industry trade effect, structural change effect, total final 
demand effect and household expenditure effect. At sectoral level, the first five decom-
position factors are obtained. At economy level several crucial findings on both supply 
side and demand side were mined and acquired from data: (1) Compensation effect in 
aggregate energy consumption change, illustrating the phenomenon that energy con-
sumption driven by changing total final demand was roughly (or partly) offset by nega-
tive energy intensity effect. A similar finding is confirmed in the study of the U.S. econ-
omy (Weber, 2009). (2) The trade structure effect in intermediate inputs was relatively 
small in shaping changes of energy consumption, similar to the finding of Dietzenbacher 
et al. (2000). (3) “Catching-up” features can be found among some economies in energy 
consumption and energy intensity decompositions. (4) For the energy intensity decom-
position, lowering energy intensity within sectors is the overwhelming factor contrib-
uting to the decline in aggregate energy intensity in most economies. (5) Economies’ 
energy intensities tend to converge on the world level. (6) A strictly decreasing relation-
ship between energy intensity and GDP per capita was confirmed. At sectoral level, the 
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compensation effect in energy consumption decompositions, small trade effect in in-
termediate inputs and the overwhelming role of intensity effect in energy intensity 
decompositions still hold. 

As regards some additional policy implications, since the energy intensity effect is the 
major influencing factor that lowers both aggregate energy consumption and aggregate 
energy intensity, policymakers, especially those in developing countries, would find it 
beneficial to implement energy efficiency related technological change through policy 
efforts, in order to obtain sustainable socio-economic development. Policies aiming at 
promoting energy efficiency technologies and matching the stage of economic devel-
opment should be preferred. It is necessary to clarify that designing and implementing 
such policies does not necessarily mean to fully allay the concern or worry about devel-
opment. It might be the most reasonable and practical solution, since the world would 
consume much more energy without such policies. Moreover, as suggested by the 
structural decomposition results at sectoral level, the performance in energy consump-
tion and energy intensity can shed some light on the design of industrial policy. Com-
pared to primary industry and services, the increase in energy consumption in manufac-
turing is the smallest, probably due to the relatively larger decline in energy intensity. 
This finding implies a paradigm for development that can inspire new industrial devel-
opment initiatives: in the context of structural change dynamics, the key for achieving 
economic sustainability is to slow down the growth of manufacturing energy consump-
tion through technological change, given the fact that the manufacturing industry con-
tributes the most to global energy consumption. For manufacturing subgroups, the 
medium/low-tech manufacturing industry should be given more attention when design-
ing industrial policies, because it has the second largest growth in energy consumption 
compared to the other manufacturing subgroups, higher than the level of total manu-
facturing, but shows less improvements in energy efficiency than the level of total man-
ufacturing. Accordingly, policies in favor of technological change toward higher efficien-
cy in medium/low-tech manufacturing would be preferable. 

The decompositions in this paper are based on the period 1995 – 2009. It would be 
useful to extend the decomposition analysis to several different periods because some 
other crucial factors (e.g., financial incentives) can influence the dynamics of energy 
efficiency. For example, during the period 1995 – 2002 the global oil price remained 
relatively stable, while during the period 2002 – 2009 the oil price rose gradually to a 
much higher level. The rapid increases in energy prices may lead to faster changes in 
the energy efficiency within sectors. The relationship between trade and energy effi-
ciency is probably more complex than the decomposition factor shown in this paper. 
New energy efficiency technologies may affect the other factors in the decomposition 
(e.g., the impact of trade). It is possible that the direct effect of trade is small, but the 
indirect effect is large. Further research is needed. Moreover, the energy efficiency gap, 
meaning the difference between cost-minimizing level of energy efficiency and the 
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actual level (Allcott & Greenstone, 2012), still generally exists. Current evidence from 
empirical studies suggests market or non-market reasons such as hidden benefits, tech-
nological uncertainty, slow returns to investment, market barriers, bureaucratic barri-
ers, search and transition cost, and imperfect information to explain it (Allcott & 
Greenstone, 2012; DeCanio & Watkins, 1998; Jaffe & Stavins, 1994a; Kemp et al., 1998). 
That implies that such energy efficiency improving policies should be carefully designed 
into a combination of various policy instruments to overcome these obstacles; and 
stricter econometric analyses paying a special attention to causal relationship instead of 
normal statistical correlation should be more widely performed to evaluate policy im-
pacts. 
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APPENDIX 2.1 DEFINITIONS OF ECONOMIES AND SECTORS IN WIOD 

Table 2.7 List of economies in WIOD 

Abbreviation of the Economy Economy  Abbreviation of the Economy Economy 

AUS Australia KOR Korea 

AUT Austria LVA Latvia 

BEL Belgium LTU Lithuania 

BRA Brazil LUX Luxembourg 

BGR Bulgaria MLT Malta 

CAN Canada MEX Mexico 

CHN China NLD Netherlands 

CYP Cyprus POL Poland 

CZE Czech Republic PRT Portugal 

DNK Denmark ROU Romania 

EST Estonia RUS Russia 

FIN Finland SVK Slovak Republic 

FRA France SVN Slovenia 

DEU Germany ESP Spain 

GRC Greece SWE Sweden 

HUN Hungary TWN Taiwan 

IND India TUR Turkey 

IDN Indonesia GBR United Kingdom 

IRL Ireland USA United States 

ITA Italy RoW Rest of the World 

JPN Japan 
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Table 2.8 List of sectors in WIOD; industry and manufacturing technological level classifications 

Sector Industry Description 

1 Primary industry Agriculture, Hunting, Forestry and Fishing 

2 Mining and Quarrying 

3 Manufacturing Low-tech Food, Beverages and Tobacco 

4 Low-tech Textiles and Textile Products 

5 Low-tech Leather, Leather and Footwear 

6 Low-tech Wood and Products of Wood and Cork 

7 Low-tech Pulp, Paper, Paper Printing and Publishing 

8 Medium/ 
low-tech 

Coke, Refined Petroleum and Nuclear Fuel 

9 Medium/ 
high-tech 

Chemicals and Chemical Products 

10 Medium/ 
low-tech 

Rubber and Plastics 

11 Medium/ 
low-tech 

Other Non-Metallic Mineral 

12 Medium/ 
low-tech 

Basic Metals and Fabricated Metal 

13 Medium/ 
high-tech 

Machinery, Nec 

14 Medium/ 
high-tech 

Electrical and Optical Equipment 

15 Medium/ 
high-tech 

Transport Equipment 

16 Low-tech Manufacturing, Nec; Recycling 

17 Services Electricity, Gas and Water Supply 

18 Construction 

19 Sale, Maintenance and Repair of Motor Vehicles and Motorcycles; Retail 
Sale of Fuel 

20 Wholesale Trade and Commission Trade, Except of Motor Vehicles and 
Motorcycles 

21 Retail Trade, Except of Motor Vehicles and Motorcycles; Repair of 
Household Goods 

22 Hotels and Restaurants 

23 Inland Transport 

24 Water Transport 

25 Air Transport 

26 Other Supporting and Auxiliary Transport Activities; Activities of Travel 
Agencies 

27 Post and Telecommunications 

28 Financial Intermediation 

29 Real Estate Activities 
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Sector Industry Description 

30 Renting of M&Eq and Other Business Activities 

31 Public Admin and Defence; Compulsory Social Security 

32 Education 

33 Health and Social Work 

34 Other Community, Social and Personal Services 

35 Private Households with Employed Persons 
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APPENDIX 2.2 FULL DECOMPOSITION RESULTS  

Table 2.9 Full structural decomposition results of supply side energy consumption in the EU 

Economy Relative 
change of 
supply side 
energy use 
between 
2009 and 
1995 

Factor 1: 
change in e: 
intensity 
effect 

Factor 2: 
change in A*: 
inter-industry 
structural 
effect 

Factor 3: 
change in AT: 
trade effect in 
intermediate 
inputs 

Factor 4: 
change in s: 
structural 
change effect 
in final 
demand 

Factor 5: 
change in C: 
total final 
demand 
effect 

Factor 6: 
change in H: 
household 
consumption 
effect 

AUT 1.1251 0.7691 1.1448 1.0402 0.9650 1.2643 1.0068 

BEL 1.1240 0.8867 1.1125 0.8375 0.9903 1.3700 1.0028 

BGR 0.7651 0.2438 1.9278 0.9808 1.1117 1.4958 0.9981 

CYP 0.1130 0.2678 1.0714 0.3084 0.4967 1.4861 1.7299 

CZE 0.9621 0.8985 0.8409 0.8909 0.9881 1.4433 1.0023 

DEU 0.9642 0.7325 1.1182 0.9907 0.9731 1.2220 0.9993 

DNK 0.9600 0.9978 1.1258 0.8045 0.7786 1.3220 1.0321 

ESP 1.2057 0.6247 1.2973 0.9964 0.9795 1.4944 1.0201 

EST 1.0479 1.1727 0.7106 1.0195 0.7776 1.5932 0.9957 

FIN 1.2116 1.0026 0.9455 0.9715 0.9229 1.3990 1.0190 

FRA 1.0289 0.6501 1.0648 1.0928 0.9924 1.3427 1.0208 

GBR 0.8949 0.9431 0.9908 0.8686 0.7990 1.3853 0.9962 

GRC 1.2165 0.8173 0.9043 0.9305 1.0888 1.6106 1.0086 

HUN 0.9371 1.2495 0.9074 0.8010 0.7704 1.3530 0.9899 

IRL 1.2739 0.4501 1.2814 1.2017 1.1714 1.5496 1.0124 

ITA 1.1587 1.4607 0.8991 0.8439 0.8034 1.2682 1.0261 

LTU 1.4880 1.2118 0.8727 0.9594 0.9131 1.6510 0.9729 

LUX 1.6891 1.1216 1.0496 1.0153 1.0304 1.3531 1.0136 

LVA 0.9795 1.5948 0.9716 0.9424 0.4858 1.4453 0.9548 

MLT        

NLD 0.9605 0.8419 1.1191 0.8723 0.8775 1.3444 0.9907 

POL 0.9267 0.5614 0.9547 1.0596 1.0642 1.6009 0.9578 

PRT 1.1008 1.0840 1.1792 0.7738 0.8390 1.3094 1.0130 

ROM 0.7371 0.6214 0.8991 0.7732 0.9905 1.6940 1.0169 

SVK 1.0007 0.9653 0.7100 0.9213 0.9548 1.6364 1.0144 

SVN 1.0459 0.8651 0.9913 0.9498 0.8506 1.4469 1.0434 

SWE 0.9733 0.7965 1.0067 0.9512 0.9312 1.3556 1.0109 

Note that results for Malta are missing due to data availability. 
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Figure 2.16 Structural decomposition of supply side energy consumption in the EU (log points) 
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Table 2.10 Full structural decomposition results of demand side energy consumption in the EU 

Economy Relative 
change of 
demand side 
energy use 
between 
2009 and 
1995 

Factor 1: 
change in e: 
intensity 
effect 

Factor 2: 
change in A*: 
inter-industry 
structural 
effect 

Factor 3: 
change in AT: 
trade effect in 
intermediate 
inputs 

Factor 4: 
change in s: 
structural 
change effect 
in final 
demand 

Factor 5: 
change in C: 
total final 
demand 
effect 

Factor 6: 
change in H: 
household 
consumption 
effect 

AUT 1.0743 0.7487 1.1573 0.9854 1.0515 1.1910 1.0046 

BEL 1.1888 0.7884 1.1579 1.0461 0.9704 1.2789 1.0031 

BGR 0.9087 0.4047 2.1342 0.7570 0.9512 1.4627 0.9990 

CYP 0.9701 0.7460 1.1476 0.8683 0.7896 1.6109 1.0260 

CZE 1.0792 0.8673 0.9226 0.9248 0.9809 1.4817 1.0034 

DEU 0.9250 0.7282 1.0898 1.0140 1.0440 1.1020 0.9993 

DNK 1.2054 0.7688 1.1794 1.0424 1.0384 1.2036 1.0204 

ESP 1.4224 0.6812 1.2627 1.0227 1.0608 1.5006 1.0158 

EST 1.1288 0.9995 0.9042 0.8930 0.8112 1.7270 0.9984 

FIN 1.1883 0.8769 1.0646 0.9858 0.9317 1.3604 1.0187 

FRA 1.2070 0.7667 1.1397 0.9718 1.0673 1.3099 1.0167 

GBR 1.0631 0.7898 0.9644 1.0709 0.9627 1.3542 0.9996 

GRC 1.5524 0.7785 1.0210 1.0653 1.1299 1.6133 1.0057 

HUN 1.0386 1.0362 1.0428 0.9323 0.7932 1.3119 0.9909 

IRL 1.8493 0.7029 1.2322 1.0448 1.1742 1.7308 1.0055 

ITA 1.1638 1.0256 1.0280 1.0178 0.9042 1.1775 1.0186 

LTU 1.1445 0.8730 0.8979 0.9587 0.8307 1.8670 0.9818 

LUX 1.4057 0.7984 1.1572 1.0313 0.9543 1.5350 1.0071 

LVA 1.1850 1.1568 1.1667 0.9068 0.5854 1.6990 0.9734 

MLT 1.3756 0.8100 1.2816 0.9384 1.0668 1.3237 1.0000 

NLD 1.1272 0.7919 1.0981 1.0220 0.9845 1.3045 0.9876 

POL 1.1241 0.6555 1.0527 0.9605 1.0308 1.7215 0.9558 

PRT 1.2651 0.8472 1.2935 0.9200 0.9812 1.2669 1.0094 

ROM 0.9781 0.6706 0.9313 0.8665 0.9760 1.8141 1.0206 

SVK 1.2676 0.9428 0.8551 0.9372 0.8606 1.9133 1.0187 

SVN 1.3547 0.8442 1.0846 1.0030 0.9731 1.4822 1.0227 

SWE 0.9839 0.7738 1.0127 1.0438 0.9572 1.2436 1.0105 
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Figure 2.17 Structural decomposition of demand side energy consumption in the EU (log points) 
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Table 2.11 Full structural decomposition results of supply side energy intensity in the EU 

Economy Relative 
change of 
supply side 
energy 
intensity 
between 
2009 and 
1995 

Factor 1: 
change in e: 
intensity 
effect 

Factor 2: 
change in A*: 
inter-industry 
structural 
effect 

Factor 3: 
change in AT: 
trade effect in 
intermediate 
inputs 

Factor 4: 
change in s: 
structural 
change effect 
in final 
demand 

Factor 5: 
change in C: 
total final 
demand 
effect 

Factor 6: 
change in H: 
household 
consumption 
effect 

AUT 0.7736 0.7691 1.0571 1.0030 0.9675 0.9740 1.0068 

BEL 0.8390 0.8867 1.0450 0.8903 1.0224 0.9920 1.0028 

BGR 0.4772 0.2438 1.3691 1.1287 1.2868 0.9861 0.9981 

CYP 0.0591 0.2678 0.9156 0.2883 0.5217 0.9262 1.7299 

CZE 0.5441 0.8985 0.7662 0.8754 0.9422 0.9559 1.0023 

DEU 0.7873 0.7325 1.0707 1.0118 1.0073 0.9856 0.9993 

DNK 0.7192 0.9978 1.0175 0.8410 0.8235 0.9912 1.0321 

ESP 0.7755 0.6247 1.1669 1.0250 1.0228 0.9948 1.0201 

EST 0.5467 1.1727 0.6360 0.9640 0.8148 0.9373 0.9957 

FIN 0.7822 1.0026 0.8889 0.9470 0.9388 0.9687 1.0190 

FRA 0.7168 0.6501 1.0352 1.0708 0.9961 0.9782 1.0208 

GBR 0.6394 0.9431 0.9209 0.9182 0.8289 0.9711 0.9962 

GRC 0.8143 0.8173 0.9241 0.9424 1.1531 0.9837 1.0086 

HUN 0.5813 1.2495 0.8237 0.8082 0.7537 0.9366 0.9899 

IRL 0.5568 0.4501 1.1637 0.9925 1.1141 0.9496 1.0124 

ITA 1.0019 1.4607 0.8339 0.9143 0.8770 0.9997 1.0261 

LTU 0.8606 1.2118 0.8669 0.9443 0.9826 0.9075 0.9729 

LUX 0.6784 1.1216 0.9340 0.8731 0.9377 0.7803 1.0136 

LVA 0.5342 1.5941 0.8307 0.9567 0.5510 0.8007 0.9548 

MLT        

NLD 0.6928 0.8419 1.0459 0.9145 0.8947 0.9706 0.9907 

POL 0.4505 0.5614 0.9499 0.9700 1.0051 0.9046 0.9578 

PRT 0.8368 1.0840 1.0776 0.7703 0.9282 0.9892 1.0130 

ROM 0.4267 0.6214 0.8645 0.8242 1.0462 0.9058 1.0169 

SVK 0.4969 0.9653 0.7337 0.8712 0.8489 0.9352 1.0144 

SVN 0.6572 0.8651 0.9447 0.9437 0.8475 0.9637 1.0434 

SWE 0.7201 0.7965 0.9694 0.9685 0.9603 0.9919 1.0109 

Note that results for Malta are missing due to data availability. 
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Figure 2.18 Structural decomposition of supply side energy intensity in the EU (log points) 
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Table 2.12 Full structural decomposition results of demand side energy intensity in the EU 

Economy Relative change 
of demand side 
energy intensity 
between 2009 
and 1995 

Factor 1: 
change in e: 
intensity effect 

Factor 2: 
change in A*: 
inter-industry 
structural effect 

Factor 3: 
change in AT: 
trade effect in 
intermediate 
inputs 

Factor 4: 
change in s: 
structural 
change effect in 
final demand 

Factor 5: 
change in C: 
total final 
demand effect 

Factor 6: 
change in H: 
household 
consumption 
effect 

AUT 0.8141 0.7487 1.0649 0.9819 1.0518 0.9843 1.0046 

BEL 0.8566 0.7884 1.0835 1.0447 0.9713 0.9852 1.0031 

BGR 0.4067 0.4047 1.4120 0.7667 0.9607 0.9673 0.9990 

CYP 0.5313 0.7460 0.9665 0.8724 0.8251 0.9979 1.0260 

CZE 0.6156 0.8673 0.8109 0.9301 0.9851 0.9521 1.0034 

DEU 0.8162 0.7282 1.0649 1.0093 1.0513 0.9927 0.9993 

DNK 0.8986 0.7688 1.0645 1.0412 1.0504 0.9840 1.0204 

ESP 0.8499 0.6812 1.1317 1.0218 1.0745 0.9885 1.0158 

EST 0.5181 0.9995 0.7824 0.8871 0.8223 0.9095 0.9984 

FIN 0.7616 0.8769 0.9645 0.9805 0.9209 0.9789 1.0187 

FRA 0.8539 0.7667 1.0969 0.9702 1.0470 0.9830 1.0167 

GBR 0.7185 0.7898 0.9156 1.0665 0.9647 0.9660 0.9996 

GRC 0.9309 0.7785 1.0167 1.0620 1.1116 0.9904 1.0057 

HUN 0.6671 1.0362 0.8973 0.9380 0.8111 0.9518 0.9909 

IRL 0.8787 0.7029 1.0563 1.0468 1.1641 0.9657 1.0055 

ITA 0.9030 1.0256 0.9411 1.0186 0.9128 0.9879 1.0186 

LTU 0.5145 0.8730 0.8148 0.9562 0.8076 0.9538 0.9818 

LUX 0.7923 0.7984 1.0318 1.0286 0.9598 0.9675 1.0071 

LVA 0.4764 1.1568 0.9335 0.9056 0.5824 0.8593 0.9734 

MLT 0.9302 0.8100 1.1141 0.9368 1.1003 1.0000 1.0000 

NLD 0.7953 0.7919 1.0289 1.0203 0.9974 0.9712 0.9876 

POL 0.5246 0.6555 0.9722 0.9591 0.9987 0.8991 0.9558 

PRT 0.9048 0.8472 1.1378 0.9231 1.0177 0.9898 1.0094 

ROM 0.4299 0.6706 0.8556 0.8711 0.9429 0.8937 1.0206 

SVK 0.5779 0.9428 0.8024 0.9469 0.8558 0.9253 1.0187 

SVN 0.8358 0.8442 1.0076 1.0040 0.9782 0.9781 1.0227 

SWE 0.7526 0.7738 0.9769 1.0392 0.9584 0.9893 1.0105 
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Figure 2.19 Structural decomposition of demand side energy intensity in the EU (log points) 
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Table 2.13 Full structural decomposition results of energy consumption at sectoral level, 1995 to 2009 

Sector Relative change 
between 2009 
and 1995 

Factor 1: change 
in : intensity 
effect 

Factor 2: change 
in ∗: inter-
industry 
structural effect 

Factor 3: change 
in : trade 
effect in 
intermediate 
inputs 

Factor 4: change 
in : structural 
change effect in 
final demand 

Factor 5: change 
in : total final 
demand effect 

1 0.8180 0.5871 0.9267 0.9895 0.8262 1.8388 

2 1.5070 0.9011 1.2170 0.8549 0.9584 1.6772 

3 1.2887 0.7638 1.0573 1.0028 0.8745 1.8196 

4 0.9725 0.5216 0.9610 1.0513 1.0247 1.8010 

5 0.8380 0.5390 0.9753 0.9994 0.8789 1.8147 

6 0.8495 0.6703 0.9034 0.9869 0.8734 1.6277 

7 1.2824 1.0255 0.8386 0.9938 0.9449 1.5880 

8 1.1931 0.8018 0.9922 1.0015 0.9655 1.5510 

9 1.2686 0.7343 1.0156 1.0216 1.0065 1.6543 

10 1.3480 0.7960 1.1411 0.9480 0.9230 1.6961 

11 1.5028 0.7473 0.8741 1.0399 1.0238 2.1610 

12 1.3853 0.5936 1.0549 1.0787 1.0740 1.9096 

13 0.7824 0.3641 1.0975 1.0483 1.0117 1.8463 

14 1.1985 0.5202 1.3896 0.8778 1.1449 1.6497 

15 1.5450 0.7353 1.1054 1.0405 1.0176 1.7952 

16 0.8899 0.5485 0.9555 1.1103 0.9683 1.5791 

17 1.5239 0.7632 1.1489 1.0171 1.0108 1.6905 

18 0.9800 0.4469 1.0292 0.9953 1.0804 1.9812 

19 1.1599 0.8194 1.0268 0.9915 0.9591 1.4497 

20 1.2144 0.6551 1.0834 1.0009 1.0456 1.6351 

21 1.2308 0.9042 1.0002 0.9916 0.9411 1.4584 

22 1.5505 0.7943 1.0619 1.0450 0.9843 1.7872 

23 1.1600 0.7921 0.9956 0.9575 0.9080 1.6918 

24 1.1012 1.5007 0.9858 0.6861 0.6185 1.7543 

25 1.5463 1.0021 0.9598 1.0539 1.0855 1.4054 

26 0.7876 0.4472 1.1394 0.9982 0.9559 1.6199 

27 0.9476 0.3797 1.2560 0.9870 1.2889 1.5618 

28 1.2040 0.6832 1.0803 0.9765 1.0582 1.5788 

29 0.8905 0.4663 1.0671 0.9999 1.0405 1.7202 

30 1.9396 0.8609 1.3430 1.0088 1.0539 1.5779 

31 0.7252 0.5031 0.9930 0.9988 0.9345 1.5551 

32 1.1136 0.6551 1.0512 1.0012 0.9237 1.7487 

33 1.5742 0.8933 1.0305 1.0025 1.0977 1.5539 

34 1.1125 0.7994 1.0096 1.0062 0.8319 1.6469 

35       

Note that results for Sector 35 are not available due to missing data problem. 
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Table 2.14 Full structural decomposition results of energy intensity at sectoral level, 1995 to 2009 

Sector Relative 
change 
between 2009 
and 1995 

Factor 1: 
change in : 
intensity effect 

Factor 2: 
change in ∗: 
inter-industry 
structural 
effect 

Factor 3: change 
in : trade 
effect in 
intermediate 
inputs 

Factor 4: 
change in : 
structural 
change effect 
in final demand 

Factor 5: 
change in : 
total final 
demand effect 

1 0.5810 0.5871 0.9731 0.9777 1.0124 1.0274 

2 0.6879 0.9011 0.8882 0.8355 0.9858 1.0435 

3 0.9236 0.7638 1.0291 0.9994 1.0112 1.1627 

4 0.6930 0.5216 1.0195 1.0231 1.1546 1.1033 

5 0.6243 0.5390 1.0347 0.9797 1.0442 1.0942 

6 0.6704 0.6703 0.9575 0.9753 1.0219 1.0482 

7 1.0766 1.0255 1.0051 0.9894 1.0077 1.0477 

8 0.7666 0.8018 0.9638 0.9910 0.9758 1.0258 

9 0.7913 0.7343 1.0218 1.0038 0.9961 1.0546 

10 0.8453 0.7960 1.1079 0.9289 0.9576 1.0775 

11 1.0458 0.7473 0.9977 1.0302 1.0915 1.2474 

12 0.9375 0.5936 1.0889 1.0675 1.1417 1.1900 

13 0.5011 0.3641 1.0765 1.0366 1.0752 1.1470 

14 0.4167 0.5202 1.0407 0.8492 0.8755 1.0353 

15 0.9982 0.7353 1.0555 1.0393 1.0643 1.1627 

16 0.6927 0.5485 0.9551 1.1165 1.1041 1.0725 

17 0.9331 0.7632 1.0644 1.0087 1.0359 1.0993 

18 0.7076 0.4469 1.0161 0.9975 1.2176 1.2827 

19 0.8773 0.8194 1.0120 1.0041 0.9963 1.0576 

20 0.7614 0.6551 1.0456 1.0054 1.0082 1.0967 

21 0.8848 0.9042 1.0127 0.9941 0.9665 1.0058 

22 1.1216 0.7943 1.0593 1.0447 1.0312 1.2374 

23 0.7829 0.7921 1.0003 0.9590 0.9486 1.0861 

24 0.4615 1.5007 0.7642 0.6921 0.5736 1.0136 

25 1.0986 1.0021 0.9972 1.0572 1.0994 0.9459 

26 0.4888 0.4472 1.0186 1.0060 0.9782 1.0904 

27 0.3590 0.3797 0.9511 0.9909 0.9514 1.0544 

28 0.6572 0.6832 0.9439 0.9816 0.9495 1.0936 

29 0.6245 0.4663 1.0679 1.0030 1.0123 1.2352 

30 0.9967 0.8609 1.0397 1.0218 0.9858 1.1056 

31 0.5067 0.5031 1.0036 0.9997 0.9261 1.0839 

32 0.8032 0.6551 1.0243 1.0012 1.0136 1.1794 

33 0.9770 0.8933 1.0131 1.0021 0.9606 1.1215 

34 0.7757 0.7994 0.9740 1.0094 0.8466 1.1659 

35       

Note that results for Sector 35 are not available due to missing data problem. 
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APPENDIX 2.3 ECONOMETRIC ANALYSIS RESULTS 

Table 2.15 Convergence analysis for supply side relative energy intensity 

 

Table 2.16 Convergence analysis for demand side relative energy intensity 

 

                                                                              

       _cons     .1562715   .0512687     3.05   0.004     .0520809    .2604621

     rei1995    -.2108643   .0440236    -4.79   0.000     -.300331   -.1213976

                                                                              

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

                                                                              

       Total    1.33208856    35  .038059673           Root MSE      =  .15295

                                                       Adj R-squared =  0.3853

    Residual     .79538545    34   .02339369           R-squared     =  0.4029

       Model    .536703108     1  .536703108           Prob > F      =  0.0000

                                                       F(  1,    34) =   22.94

      Source         SS       df       MS              Number of obs =      36

                                                                              

       _cons     .3391131   .0548048     6.19   0.000     .2279639    .4502624

     rei1995    -.3056989   .0483652    -6.32   0.000     -.403788   -.2076097

                                                                              

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

                                                                              

       Total    1.40909644    37  .038083688           Root MSE      =  .13621

                                                       Adj R-squared =  0.5128

    Residual     .66790219    36  .018552839           R-squared     =  0.5260

       Model     .74119425     1   .74119425           Prob > F      =  0.0000

                                                       F(  1,    36) =   39.95

      Source         SS       df       MS              Number of obs =      38
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Table 2.17 Multilevel mixed-effect model for supply side energy intensity 

 
 

Note: LR test is conservative and provided only for reference.

LR test vs. linear regression:       chi2(2) =  1358.33   Prob > chi2 = 0.0000

                                                                              

                sd(Residual)     .2714683   .0083024      .2556739    .2882384

                                                                              

                   sd(_cons)     4.66e-11   1.49e-07             0           .

                sd(lgdp_p~a)     .1315333   .0150239      .1051503    .1645359

id: Independent               

                                                                              

  Random-effects Parameters      Estimate   Std. Err.     [95% Conf. Interval]

                                                                              

                                                                               

        _cons    -18.12729   3.770603    -4.81   0.000    -25.51753   -10.73704

lgdp_percap~2    -.1634633   .0443914    -3.68   0.000    -.2504688   -.0764577

lgdp_percap~a     2.224747    .819569     2.71   0.007     .6184216    3.831073

                                                                               

lsupply_int~y        Coef.   Std. Err.      z    P>|z|     [95% Conf. Interval]

                                                                               

Log likelihood = -178.98149                     Prob > chi2        =    0.0000

                                                Wald chi2(2)       =    143.73

                                                               max =        15

                                                               avg =      14.7

                                                Obs per group: min =         9

Group variable: id                              Number of groups   =        39

Mixed-effects ML regression                     Number of obs      =       574
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Table 2.18 Multilevel mixed-effect model for demand side energy intensity 

 
  
LR test vs. linear regression: chibar2(01) =  1290.69 Prob >= chibar2 = 0.0000

                                                                              

                sd(Residual)     .0750602   .0022859       .070711    .0796769

                                                                              

                   sd(_cons)     .3292811   .0383193       .262126    .4136408

id: Identity                  

                                                                              

  Random-effects Parameters      Estimate   Std. Err.     [95% Conf. Interval]

                                                                              

                                                                               

        _cons    -5.435859   1.082448    -5.02   0.000    -7.557417   -3.314301

lgdp_percap~2     .0255651   .0125283     2.04   0.041     .0010101    .0501201

lgdp_percap~a     -.889046   .2329157    -3.82   0.000    -1.345552   -.4325397

                                                                               

ldemand_int~y        Coef.   Std. Err.      z    P>|z|     [95% Conf. Interval]

                                                                               

Log likelihood =  568.56643                     Prob > chi2        =    0.0000

                                                Wald chi2(2)       =    476.37

                                                               max =        15

                                                               avg =      14.9

                                                Obs per group: min =        10

Group variable: id                              Number of groups   =        39

Mixed-effects ML regression                     Number of obs      =       580
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Chapter 3 

The dynamics of vehicle energy efficiency: 
Evidence from the 

Massachusetts Vehicle Census 
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Abstract: Using a rich quarterly panel dataset containing about 3.9 million vehicles in 
the state of Massachusetts, USA, over the period 2008q1 - 2011q4, this paper is an 
attempt to improve the micro level empirical basis of the study of population-level vehi-
cle energy efficiency, and to provide some evidence that supports policy making related 
to sustainable development with regard to road vehicles. It (1) presents an aggregate 
vehicle energy efficiency indicator (at state and municipality level) by taking into ac-
count vehicle heterogeneity, (2) investigates the contribution of changes in the struc-
ture of the vehicle population that affect aggregate vehicle energy efficiency and its 
growth, with a particular attention to vehicles’ entry and exit, (3) explores the conver-
gence and the Ergodic distribution of aggregate vehicle energy efficiency between mu-
nicipalities, and (4) checks the socio-economic factors affecting the distribution of vehi-
cles over locations, and vehicle exit event. The results confirm the importance of struc-
tural change in the vehicle population, the convergence of aggregate vehicle energy 
efficiency between municipalities and the crucial role of socio-economic factors in shap-
ing vehicle distribution. 
 
Keywords: vehicle level micro data, vehicle energy efficiency dynamics, decomposition, 
reallocation, convergence, socio-economic factors 
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3.1 INTRODUCTION 

Sustainable development is a process involving many dimensions (e.g., efficient use of 
resources and raw materials, energy efficiency increase, CO2 emission reductions, etc.). 
Therefore, it also requires a wide range of policies, covering all those dimensions, e.g., 
the EU 2020 Strategy (European Commission, 2010). This, in turn, requires a careful 
study of the detailed processes that are taking place in in the policy-relevant areas. One 
of those areas is energy efficiency of road vehicles. The energy use of road vehicles 
(broadly speaking, cars and trucks) is substantial. Due to technological change, new 
vehicle models that are more energy efficient are entering the market. But the diffusion 
of new vehicles is a long term process, which involves not only the acquisition of new 
and efficient vehicles, but also vehicle substitution (new vehicles displacing existing 
vehicles) and vehicle migration (inflow or outflow of vehicles from a particular loca-
tion).41 The displaced vehicles, however, do not necessarily exit the vehicle population 
immediately, they may be traded through the second-hand market, and possibly mi-
grate to other places. If this is the case, the increase in energy efficiency at the level of 
the entire vehicle population becomes a function of which vehicles are replaced, and 
what is the energy efficiency of new vehicles. The analysis in this paper aims to contrib-
ute to a better understanding of the nature and timing of vehicle energy efficiency dy-
namics at the vehicle population level, and to find out how this is affected by the life 
cycle of vehicles, including the introduction of new vehicles and the replacement of old 
ones. This will provide policymakers as well as entrepreneurs with a better insight into 
how energy efficiency of road vehicles will change over time. 

The analysis will describe the dynamics of vehicle energy efficiency in the state of Mas-
sachusetts, USA, over the period from 2008 to 2011. By linking vehicle level micro data 
to macro level municipal units, the analysis tries to answer the following questions with 
respect to the evolution of aggregate vehicle energy efficiency (municipality level and 
state level): (i) Does aggregate vehicle energy efficiency in Massachusetts improve as 
time progresses? (ii) What are the driving forces that cause the dynamics of vehicle 
energy efficiency? (iii) Is there a tendency of convergence (or divergence) in vehicle 
energy efficiency for municipalities in Massachusetts? What are the socio-economic 
factors that affect these dynamics? 

These questions reflect several fundamental issues that are relevant for aggregate en-
ergy efficiency of the road vehicle population. First, there is a lack of suitable energy 
performance measurement indicators that are specific for a field in which policy can 
usefully be designed. For example, aggregate energy use per unit of GDP gives a general 
impression of how serious the sustainability pressure is, but it does not provide con-
crete guidance for policies. Indicators specifically designed for (for example) vehicles fill 

                                                                 
41 Upsizing of vehicle population would be observed if there is a net inflow of vehicles. 
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this gap. Second, as a durable consumer product, there is an extremely large number of 
vehicles present in the market (commercial use as well as in households), and changes 
in the composition of this vehicle population can be expected to be slow. Moreover, the 
major fuel source used in the current global vehicle population is still fossil fuels such as 
gasoline and diesel, which bring lots of environmental pressures. Third, and related to 
the previous point, there are important differentials in the levels of energy efficiency 
across vehicles related to vehicle characteristics (e.g., model year, vehicle make, type of 
vehicle, fuel used by the vehicle, etc.) and the way in which the vehicle is used and 
maintained. When new vehicles are diffused through a population, these differences 
will determine aggregate energy efficiency in a complicated way. In particular, when 
different vehicle populations interact, for example through the existence of second-
hand markets, the introduction of new vehicles in one population will also have (indi-
rect) effects on the vehicle energy efficiency in other populations. These dynamics can 
be analyzed by looking at a set of such interacting populations (in our case municipali-
ties) within a larger context (in our case, the state), and analyze how the overall dynam-
ics of energy efficiency evolves (convergence or divergence). Fourth, the dynamics with-
in and between subpopulations of vehicles will be influenced by socio-economic (and 
other) conditions (e.g., income, population, unemployment, etc.), and these factors 
provide an important avenue for policy.  

The data used in the analysis come from the Massachusetts Vehicle Census, a rich vehi-
cle level panel dataset developed by the Metropolitan Area Planning Council of Massa-
chusetts, which makes this paper depart from branch of literature on energy efficiency 
or productivity growth using aggregate data on sectoral or country level.42 The ad-
vantages of using micro data are that (1) it allows to track the location and status of 
almost every vehicle over time in Massachusetts, (2) some interesting questions related 
to heterogeneity can be addressed effectively with micro data only (Bartelsman & 
Doms, 2000), and (3) micro data based methods can produce more plausible estimates 
(Olley & Pakes, 1996).  

Figure 3.1 shows the total number of vehicles in Massachusetts over time. The total 
number of vehicles increased by around 8.18% between 2008q4 and 2011q4, rising 
from about 3.6 million to 3.9 million.43 However, the rapid growth of total vehicles be-
tween 2008q1 and 2008q4 may be the result of the completion of the census dataset, 
and hence may not reflect a real trend. Nevertheless, it is clear that Massachusetts 
underwent significant entry and exit of vehicles. From 2008q4 to 2010q4, there was 
only a 0.58% increase in the total number of vehicles, but as illustrated in Table 3.1, the 
entry and exit of vehicles account for 13.79% and 13.29% of total vehicles in 2010q4 

                                                                 
42 The data in this paper are probably subject to the issues of misreporting of true vehicle efficiency, the so-
called Volkswagen scandal. There is currently no way to avoid this. 
43 The last quarter of both years is selected. According to Figure 3.1, there was a rapid growth of total vehicles 
between 2008q1 and 2008q4, which may be explained by the process of completing the census dataset. 
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respectively. This implies that the restructuring and reallocation of the vehicle popula-
tion probably plays an important role. 
 

 
Figure 3.1 Total number of vehicles in Massachusetts; 2008q1 – 2011q4 

Table 3.1 Summary statistics of vehicles in Massachusetts between 2008q4 and 2010q4 

Category Number of vehicles Share in the total vehicles 

Entering vehicles: newly brought vehicles or vehicles coming 
from other states 

574987 13.79% 

Exiting vehicles: out-of-service vehicles or vehicles moving to 
other states or other countries 

554117 13.29% 

Continuing vehicles: vehicles staying in Massachusetts 3041663 72.93% 

Source: own elaboration. 

As will be shown below, the diversity among vehicles and municipalities is impressive. 
There are high energy efficiency entrants and low energy efficiency exiting vehicles 
(causing net efficiency gains), but also low energy efficiency entrants and high energy 
efficiency exiting vehicles (causing net efficiency losses), municipalities with rapid 
growth of vehicle energy efficiency and municipalities that have small vehicle energy 
efficiency growth or even undergo deterioration in vehicle energy efficiency.  

In order to deal with the diversity of issues and data trends, this paper applies a number 
of empirical methods. First, it applies methods from the study of productivity dynamics 
in firm level micro data to the field of energy efficiency dynamics.44 This will look at 
Miles per Gallon (MPG) at the population level, and how its evolution can be explained 
by changes in the structure of vehicle (sub)population(s). The purpose of this part of the 
analysis is to find an appropriate model that can link micro data to aggregate energy 
efficiency (municipality level and state level), paying particular attention to the hetero-
geneity of vehicles. Two different decomposition approaches are introduced. The first 
decomposes the state level vehicle energy efficiency in each quarter from 2008q1 to 
                                                                 
44 Typical examples include: (Aw, Chen, & Roberts, 2001; Baily, Bartelsman, & Haltiwanger, 2001; Baily, 
Hulten, & Campbell, 1992; Bartelsman & Doms, 2000; Foster, Haltiwanger, & Krizan, 1998, 2006; Olley & 
Pakes, 1996). 
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2011q4 into an unweighted average of vehicle level energy efficiency and a covariance 
between vehicle energy efficiency and the share of miles per day. The second looks at a 
between effect, a within effect, an entry effect and an exit effect that contribute to the 
growth of vehicle energy efficiency at municipal level between 2008q4 and 2010q4.  

A second group of methods used below explores the tendency of movement of the 
aggregate vehicle energy efficiency, i.e., at the municipality level. Here we look at the 
relationship between initial relative vehicle energy efficiency at municipal level and its 
growth rate by performing OLS, nonparametric regression and bootstrapping quantile 
regression, and at a Markov-transition approach that maps the evolution of aggregate 
vehicle energy efficiency distribution. Lastly the socio-economic factors affecting the 
distribution of vehicles and the initially existing vehicle’s staying or exiting decision are 
investigated. 

3.2 LITERATURE REVIEW 

One of the challenges faced in this paper is that there is little literature on the dynamics 
of vehicle energy efficiency in economics or in related areas. In fact, there seems to be 
no suitable indicator that can properly reflect the vehicle energy efficiency at popula-
tion level, while such an aggregate indicator is greatly useful for policymaking regarding 
vehicles, given the extremely large number of vehicles in modern industrial societies 
and their large amount of fossil fuels consumption. A commonly used vehicle level 
technical indicator of a vehicle’s energy efficiency is miles per gallon (MPG). It is also a 
commonly used indicator for producers’ marketing activities. But it turns out to be ex-
tremely difficult to obtain a suitable aggregate indicator of vehicle energy efficiency at 
the population level. The reasons are mainly twofold.  

First, the data availability issue. The classical definition of energy efficiency proposed by 
Patterson (1996) is simply a ratio:          

As a non-production unit, a vehicle does not generate any useful physical output, but 
provides useful services measured by the miles it travels. Generating an aggregate indi-
cator of vehicle energy efficiency for an administrative unit, say, a municipality, requires 
full information about miles and vehicle’s energy consumption in that municipality. Such 
aggregate information is often not available. 

Second, the heterogeneity issue. The aggregation approach mentioned above might not 
be a suitable one even if aggregate information is available, since it does not take into 
account the heterogeneity of vehicles. Following insightful views by Bartelsman and 
Doms (2000) and Basu and Fernald (1997) in firm productivity studies, the complexity of 
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the interactions between the factors correlated with aggregate energy efficiency 
growth, such as consumer behaviors regarding the usage of vehicles, vehicle level MPG, 
and vehicle movement (staying, entering or exiting), calls for a better aggregation 
method and a simple aggregation over all the heterogeneous units works. The preferred 
aggregation method taking into account heterogeneity is a weighted average of vehicle 
level MPG, where the weights are related to the importance of the vehicle, as suggested 
by several crucial studies in the area of productivity (Baily et al., 1992; Bartelsman & 
Doms, 2000; Olley & Pakes, 1996). 

However, applying such an aggregation approach has an even higher requirement for 
the data: it needs big data that cover every vehicle over time. For a long time this has 
not been feasible: given the extremely large number of vehicles, the data collection 
would be greatly expensive and time-consuming and the processing of the data would 
be restricted by the computing ability of the computer. Fortunately, the Massachusetts 
Vehicle Census, one of the few public used databases providing vehicle level micro data, 
has recently been become available. Benefiting from this dataset, this paper aims to fill 
the existing research gap on energy efficiency dynamics based on micro data. 

The methods used here heavily rely on the studies on productivity that use longitudinal 
micro data (LMD), following large numbers of firms over time. As summarized by Foster 
et al. (1998), many studies in this field pay great attention to the reallocation and re-
structuring of inputs and outputs, especially the reallocation due to entry and exit of 
firms, for example, in the U.S. retail trade sector (Foster et al., 2006), in the U.S. manu-
facturing sector (Baily, Bartelsman, & Haltiwanger, 1996; Baily et al., 2001; Baily et al., 
1992; Y. Lee & Mukoyama, 2015; Olley & Pakes, 1996), in the Taiwanese manufacturing 
sector (Aw et al., 2001) and in the Israeli industry (Griliches & Regev, 1995). Moreover, 
using plant level micro data on manufacturing establishments in China, India and the 
U.S., Hsieh and Klenow (2009) estimate the loss of aggregate productivity due to the 
misallocation of resources. 

To some extent energy efficiency can be viewed as a special productivity measure. But 
the nature of vehicles is less complex as compared to the nature of a firm. For example, 
as a production unit, a firm’s productivity growth can be a consequence of complex 
interactions between factors such as worker skills, technological usage, management 
techniques and quality of output (Bartelsman & Doms, 2000). In this respect, the most 
important distinction between a vehicle and a firm is that plant level productivity can be 
estimated following a typical production function incorporating all the key factors and 
using plant level micro data, while this is not the case for a vehicle. The simple non-
production nature of a vehicle restricts the application of many well-established theo-
retical or empirical approaches from productivity studies in this paper. In fact, this pa-
per mostly synthesizes and extends the empirical methods in productivity studies re-
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garding the decomposition of aggregate productivity and its growth. The methodologi-
cal details will be discussed in the next section. 

In addition, there are several crucial studies on the product substitution in the vehicle 
market. Brownstone and Train (1999) generalize the basic choice model to mixed logit 
model that can approximate any product substitution pattern among gas, electric, 
methanol and CNG vehicles with various attributes. Berry, Levinsohn, and Pakes (2004) 
utilize rich micro data on consumers’ choice of vehicles to precisely estimate the de-
mand for differentiated vehicles. Both studies show that micro data are very useful in 
understanding the process of product substitution. These studies require micro data on 
consumers but the data available in the Massachusetts Vehicle Census can only provide 
information on vehicles, not the owner of the vehicle. This implies that the product 
substitution cannot be directly observed and assessed in this dataset45, although it ac-
tually happens. 

3.3 DATA AND METHODOLOGY 

3.3.1 Data description 

The main data source is the Massachusetts Vehicle Census, constructed by the Metro-
politan Area Planning Council of Massachusetts. The census covers the period 2008q1 – 
2011q4 and has a large and statistically representative sample of the heterogeneous 
vehicle population. For the computation of aggregate vehicle energy efficiency at both 
state and municipality levels and its decomposition, the entire dataset is used. For the 
decomposition of the growth of aggregate vehicle energy efficiency, the data for the 
period 2008q4 through 2010q4 are used. The reason is the data quality: in the first 
three quarters in 2008 there is a sharp increase in the vehicle population in the dataset 
(see Figure 3.1), probably due to a catch-up in data collection, while in 2011 a large 
quantity of vehicles’ data on miles per day are missing in the dataset.  

Vehicle energy efficiency is measured by miles per gallon (MPG), a commonly used 
vehicle level technical indicator measuring how many miles a vehicle can travel by con-
suming one gallon of fuel. In the Massachusetts Vehicle Census, two versions of MPG 
indicators are reported: the first is MPG2008 that is based on 2008 EPA ratings, and the 
second one is adjusted MPG that is adjusted to account for deterioration of energy 
efficiency over time and due to usage. In this study adjusted MPG is used as the only 

                                                                 
45 For example, when a new vehicle enters the state (it appears in the dataset), it is unknown whether the 
new vehicle is used to substitute the old one or not. The vehicle entry might be caused by migration of the 
owner. 
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indicator for vehicle energy efficiency46, allowing us to track the performance of indi-
vidual vehicles in energy efficiency over time. In the census the odometer of every indi-
vidual vehicle during the quarter under investigation is recorded twice, so that the av-
erage miles per day that the vehicle travels can be obtained. Certainly there are some 
measurement errors in the dataset. For example, some vehicles’ miles per day are more 
than 1 million. Another issue is related to the number of days covered by two inspec-
tions. For some vehicles the number of days between by two inspections of odometer is 
small but during this short period of time the vehicle is frequently used, which leads to a 
very high average miles per day, say, more than 1000. The high miles per day of some 
vehicles based on a short measurement period may not represent the usage of the 
vehicles in the whole quarter. To reduce the impact of these kinds of problems, the 
study employs a data cleaning strategy in which in each quarter the vehicles are exclud-
ed in the analysis if their miles per day are above the 99% quantile of the state.  

Additionally, the dataset contains information about the municipality where every indi-
vidual vehicle is located in each quarter, which permits us to generate aggregate vehicle 
energy efficiency at municipality level. In addition, some socio-economic data at munic-
ipality level are used in this study, so that the results related to vehicle energy efficiency 
can be linked to socio-economic factors. The mean household income and median 
household income at municipality level in Massachusetts over the period 2008 to 2011 
are extracted from American Community Survey (ACS). Municipality level data for popu-
lation, labor force and unemployment are available from Department of Revenue of 
Massachusetts. 

3.3.2 Aggregate vehicle energy efficiency and its decomposition over the period 
2008q1 – 2011q4 

On the basis of previous studies (Aw et al., 2001; Baily et al., 1992; Olley & Pakes, 1996), 
the relationship between micro level vehicle energy efficiency and aggregate vehicle 
energy efficiency can be described as follows (take municipality level aggregate vehicle 
energy efficiency as example): ln = ∑ , ln ,     (1) 

Where  is a certain municipality’s aggregate vehicle energy efficiency in time ; ,  is the energy efficiency of vehicle i at time , measured by the vehicle’s adjusted 
MPG; ,  is vehicle i's share of miles per day in the municipality at time , defined as , = ,∑ , ; ,  is the vehicle i's miles per day at time . 

                                                                 
46 The adjusted MPG is estimated by employing a formula that includes vehicle age and mileage. See Daly and 
Ó Gallachóir (2011). 
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In this approach, the aggregate vehicle energy efficiency is viewed as a relative share-
weighted average of individual vehicle energy efficiency. Shifts in the shares of miles per 
day from low energy efficiency vehicles to high energy efficiency vehicles will contribute 
positively to the growth of aggregate vehicle energy efficiency. The basic idea behind 
this formulation is to describe two aspects revolving around cross-sectional distribution 
of vehicle energy efficiency: innovation generates new vehicle models and market com-
petition determines the diffusion and adoption of these new vehicle models. On the 
other hand, the market share in terms of sales of a certain vehicle model does not pro-
vide useful information about its usage, while usage of a the vehicle is an indicator as 
important as its technical energy efficiency in shaping the dynamics of aggregate vehicle 
energy efficiency. 

Following the methods by Olley and Pakes (1996) and Aw et al. (2001), the deviation 
between an individual vehicle and the unweighted mean over all the vehicles is derived 
from Equation (1), as shown in the equation below: ln = ∑ , ln , = ∑ ( + ∆ , )(ln + ∆ ln , )  (2) 

where ∆ , = , − , ∆ ln , = ln , − ln , and a bar over the varia-
ble indicates the unweighted mean of the variable at time . 

Then aggregate adjusted MPG (in log) can be written as a sum of an unweighted aver-
age MPG (in log) and a simple covariance term between individual vehicles’ MPG and its 
share of miles per day. The following equation can be obtained47: ln = ln + ∑ ∆ , ∆ ln ,     (3) 

This equation is very useful, because it provides insight into the effects of structural 
change in the vehicle population by separating out micro level indicators from an ag-
gregate one in the time series. The larger the covariance term, the larger the share of 
miles per day that is contributed by higher energy efficiency vehicles and the more 
energy efficient is the vehicle. By employing Equation (3), state level aggregate vehicle 
energy efficiency over the period 2008q1 and 2011q4 is decomposed, in order to gain a 
general picture of the restructuring of vehicles and learn whether the cross-sectional 
reallocation is energy efficiency enhancing over time or not. 

                                                                 
47 This is because ln  = ∑ ln + ∑ ln , − ln + ∑ ln , − + ∑ ∆ , ∆ ln ,   = ln + ∑ ln , − ln + ln ∑ , − + ∑ ∆ , ∆ ln ,   = ln + ∆ , ∆ ln , = ln + ∆ , ∆ ln ,  
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3.3.3 Decomposition of growth of aggregate vehicle energy efficiency between 
2008q4 and 2010q4 

One limitation of Equation (3) is that entry and exit of vehicles across municipalities 
during a period of time are not reflected. According to Table 3.1, however, there is a 
large entry and exit movement between 2008q4 and 2010q4, which motivates an at-
tempt to quantify the important role of the reallocation dynamics in aggregate vehicle 
energy efficiency dynamics. 

In the group of entrants to a certain municipality during a period of time, one may 
roughly find two different sources depending on the status of the vehicle’s initial loca-
tion. One group corresponds to the vehicles that initially exist in other municipalities 
within the same state, including immigration of vehicles from other municipalities (the 
owner moves and takes the vehicle), and vehicles coming from other municipalities 
through the second-hand market. The other source is formed by the vehicles that come 
from outside Massachusetts, either through migration or trade (including the buying of 
brand-new vehicles and second-hand vehicles). Similarly, exiting vehicles from a certain 
municipality can be grouped into two categories, depending on their final locations. If 
the vehicle in end period still stays in Massachusetts, it might migrate or be sold to 
another municipality in Massachusetts. Otherwise the vehicle leaves Massachusetts 
through migration, trade in the second-hand market, or goes out of service. Table 3.2 
below summarizes all the scenarios related to a vehicle’s entry and exit in a certain 
municipality. 

Table 3.2 Entry and exit of vehicles in a certain municipality 

Movement of 
vehicle 

Initially existing in 
Massachusetts 

Source 

Entry Yes Immigration from other municipalities and vehicles brought from 
other municipalities through second-hand market 

No Immigration from other states and vehicles brought from other 
states (including brand-new and second-hand vehicles) 

 
Movement of 
vehicle 

Final location in 
Massachusetts 

Direction 

Exit Yes Migration to other municipalities and vehicles sold to other 
municipality through second-hand market 

No Out of service, migration to other states and vehicles sold to 
other states through second-hand market 

Source: own elaboration 
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The growth of aggregate vehicle energy efficiency between two quarters is approximat-
ed by using the difference term of a logarithm function.48 Taking the first order differ-
ence on both sides of Equation (1) yields the growth of aggregate vehicle energy effi-
ciency between time  and − 1: ∆ ln = ∑ , ln , − ∑ , ln ,    (4) 

Taking into account all the possible scenarios related to a vehicle’s entry and exit illus-
trated in Table 3.2, the following sets of vehicles are introduced: 

: vehicles that stay in the municipality from start to end period (quarter); 

: vehicles that move to the municipality between the start and end quarter. This 
set consists of two subsets: 1, the subset of vehicles that move to the municipality 
from other municipalities in the state, and 2, the subset of vehicles that directly move 
to the municipality from outside the state; 

: a set of vehicles that leave the municipality between the start and end quarter; 
this set can be disaggregated into two subsets: 1, the subsets of vehicles that move to 
other municipalities in the state, and 2, the subset of vehicles that go out of service or 
move to other states (or countries). 

The basic decomposition equation that is used was proposed by Baily et al. (1992), as 
shown below: ∆ ln  = ( , ln , − , ln , )∈ + , ln ,∈− , ln ,∈  

= ( , ln , − , ln , + , ln , − , ln , )∈ + , ln ,∈ − , ln ,∈  

                                                                 
48 According to the definition of derivative, ( ) = lim∆ → ∆ ( )∆ . When ∆  is very small, approximately, ( ) ≈ ∆ ( )∆ . Let ( ) = ln . Then ( ) = (ln ) = ≈ ∆ ( )∆ , that is, ∆(ln ) ≈ ∆ . The growth of  can be 
approximated by the difference of its logarithm function. 
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= ( , − , )ln ,∈ + , (ln , − ln , )∈+ , ln ,∈ − , ln ,∈  

The growth of aggregate vehicle energy efficiency in a certain municipality can be de-
composed into the contributions of the stayers, entrants and exiting vehicles. The sets 

 and  can be further broken down into subsets 1  2, 1  2, 
respectively, that is, ∆ ln  = ( , − , )ln ,∈ + , (ln , − ln , )∈+ , ln ,∈ + , ln ,∈ − , ln ,∈− , ln ,∈  

The contribution of the stayers consists of two elements: the effect due to changes in 
individual vehicles’ shares of miles per day, holding vehicle level MPG constant (or the 
“between effect”, the first term) and the effect due to changes in MPG in each vehicle 
separately (or the “within effect”, the second term). Unlike firm productivity, however, 
the deterioration of a vehicle’s energy efficiency is irreversible, which implies that the 
within effect in the basic decomposition equation is negative. The third term and the 
forth term summarize the contribution of two kinds of entrants. The last two terms 
represent the effects of exiting vehicles. The net entry effect is then defined as the sum 
of the last four terms, all the effects of entering and exiting vehicles, reflecting any dif-
ferences in the shares of miles per day between entering and exiting vehicles and any 
differences in levels of individual vehicles’ MPG. 

One disadvantage of this basic decomposition method is that the weights used in the 
between effect and within effect represent different time periods: the between effect 
uses ending-level vehicle-level MPG as the weight while the within effect uses the start-
ing-level share of a vehicle’s miles per day. As addressed by Foster et al. (1998), the 
between effect used in the basic decomposition method actually captures a covariance 
term as well, which might lead to a bias towards a positive between term and a nega-
tive net entry term in the analysis of firm productivity. They develop a modified version 
compared to Baily et al. (1992) and Baily et al. (1996), by separating out the covariance 
term from the between effect and using the deviations from initial aggregate MPG in 
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the decomposition. This method is extended to the field of vehicle energy efficiency 
dynamics and labeled as Method 2, as shown in Table 3.3. 

In Method 2, the growth of aggregate vehicle energy efficiency is decomposed into 
seven parts. The first three add up to the contribution of stayers to the growth of ag-
gregate vehicle energy efficiency. Compared to the basic decomposition method, the 
components of Method 2 are distinguished as follows. The within term does not 
change: it is weighted by initial shares of miles per day. The between term is weighted 
by the deviation of initial vehicle level MPG (in log points) and initial aggregate MPG (in 
log points). The newly introduced covariance term is measured as a sum of vehicle level 
MPG growth and the vehicle’s share change. The entry and exit effects are weighted by 
end period shares and initial shares, respectively, and revised by using the deviation 
terms between initial vehicle level MPG (in log points) and initial aggregate MPG (in log 
points). 

Some other studies (Aw et al., 2001; Baily et al., 2001; Bartelsman & Wolf, 2014; 
Griliches & Regev, 1995) employ a more elegant decomposition approach that contains 
deviations from average aggregate MPG between start and end periods, instead of 
deviations from initial aggregate MPG. This method is labeled as Method 3, and illus-
trated in Table 3.3. Method 3 is the preferred decomposition approach used in this 
paper. The reasons are the following. First, conceptually Method 2 is more reasonable 
since it separates out the covariance term from between effect, but this method focus-
es on measurement errors (Baily et al., 2001). In fact, as shown later in the state level 
growth decomposition results in this paper, Method 2 generates results that are very 
similar to those from Method 3. Second, using mean values between start and end 
period in Method 3, there is no need to specify initial or ending level weights. 

In Method 3, the growth of aggregate vehicle energy efficiency is decomposed into six 
components, distinguished as follows. The first term is a within effect, that is, the 
changes in stayer’s MPG weighted by the average share of miles per day between start 
and end periods. The second term is a between effect reflecting changes in stayer’s 
share of miles per day, weighted by the deviation of vehicle level average MPG (in log 
points) from average aggregate MPG (in log points). This implies that an increase in the 
share of miles per day can only have a positive impact on the growth of aggregate MPG 
if the vehicle’s average MPG is higher than the average aggregate MPG. In other words, 
increasing usage of high energy efficiency vehicles can positively contribute to the 
growth of aggregate vehicle energy efficiency. Similarly, the entry and exit effects are 
broken down into their subsets of entrants and exiting vehicles, weighted by end period 
and initial period shares respectively. But both entry and exit effects are revised by 
using deviations between vehicle level MPG and average aggregate MPG. The basic idea 
behind such a formulation is that the exit of low energy efficiency vehicles is equivalent 
to the entry of high energy efficiency vehicles in improving aggregate MPG. 
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Method 3 is applied to the decomposition of aggregate vehicle energy efficiency growth 
at municipality level between 2008q4 and 2010q4. For the growth decomposition at the 
whole state level, results are obtained by employing all three methods, as shown in the 
result section.  

Table 3.3 Two alternative methods of decomposition of aggregate vehicle energy efficiency growth 

 Method 2: equation containing 
deviation from initial aggregate MPG  

Method 3: equation containing deviation from average 
aggregate MPG between two quarters 

Main references (Baily et al., 1996; Bartelsman & Doms, 
2000; Foster et al., 1998, 2006) 

(Aw et al., 2001; Baily et al., 2001; Bartelsman & Wolf, 
2014; Christensen, Cummings, & Jorgenson, 1981; 
Griliches & Regev, 1995; Olley & Pakes, 1996) 

Growth of vehicle 
energy efficiency 

∆ ln  ∆ ln  

Factor 1: within effect , (ln , − ln , )∈  ( , + ,2 )(ln , − ln , )∈  

Factor 2: between 
effect 

( , − , )(ln ,∈ − ln ) 

( , − , )∈ (ln , + ln ,2− ln + ln2 ) 

Factor 3: covariance 
term 

( , − , )(ln ,∈ − ln , ) 

 

Factor 4: entry effect 
vehicles coming from 
other municipalities 

, (ln , − ln )∈  , (ln , − ln + ln2 )∈  

Factor 5: entry effect 
due to new vehicles or 
vehicles coming from 
other states 

, (ln , − ln )∈  , (ln , − ln + ln2 )∈  

Factor 6: exit effect 
due to vehicles 
moving to other 
municipalities 

− , (ln , − ln )∈  − , (ln , − ln + ln2 )∈  

Factor 7: exit effect 
due to vehicles 
moving to other states 
or out of service 

− , (ln , − ln )∈  − , (ln , − ln + ln2 )∈  

Source: Own elaboration 

3.3.4 Convergence and transition of aggregate vehicle energy efficiency 

Decompositions break down an effect observed in the entire population, in this case the 
state vehicle population, into different parts, as explained above. But they do not pro-
vide insight into what happens at the subpopulation level, i.e., within municipalities, or 
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what are the underlying factors leading to the observed effects. In order to investigate 
these issues, we apply two other methods. For example, we would like to know whether 
the observed trends in energy efficiency, e.g., a rise or decline at the state level, are 
shared among all subpopulations (municipalities), or not, and why. This is what the 
methods introduced below will address. 

3.3.4.1 Econometric approach 
The primary focus of the analysis in this section is on the dynamic evolution of aggre-
gate vehicle energy efficiency, investigating important features of convergence or di-
vergence in particular, by extending well-established empirical approaches used in 
growth theory, to energy efficiency dynamics. There has been a debate about the ad-
vantages and disadvantages of various empirical methods and recent research effort on 
growth and convergence has been made more towards the laws that generate growth 
distribution rather than on the realizations of growth convergence (Maasoumi, Racine, 
& Stengos, 2007). The purpose of the analysis in this section is to shed light on the fea-
tures or stylized facts about the distribution of aggregate vehicle energy efficiency, 
instead of testing any specific theory. Traditional empirical methods can serve this pur-
pose properly. 

The first empirical specification used in this section is motivated by a series of works on 
examining the relationship between per capita growth rates of countries and starting 
level income per capita (Barro, 1991; Barro & SalaiMartin, 1991, 1992; SalaiMartin, 
1996). Using municipality level aggregate vehicle energy efficiency indicators based on 
vehicle level micro data, a similar empirical strategy is employed to investigate the rela-
tionship between the growth of relative aggregate vehicle energy efficiency and initial 
relative aggregate vehicle energy efficiency49 in a cross section of municipalities in Mas-
sachusetts. Specifically, all the relevant variables are defined as follows:   =         ℎ    =       2011 4  2008 1    2008 1  

The question behind this analysis is whether municipalities with low aggregate vehicle 
energy efficiency tend to improve faster than municipalities with high aggregate vehicle 
energy efficiency, i.e., whether a convergence tendency exists. The relationship be-
tween the growth of relative aggregate vehicle energy efficiency and initial relative 
aggregate vehicle energy efficiency is estimated by using three methods in a cross sec-
tion of municipalities in Massachusetts. The first is the standard ordinary least squares 

                                                                 
49 Relative to the state level aggregate vehicle energy efficiency, measured as MPG. 
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regression (OLS) that estimates the average effect of the independent variable. Howev-
er, the average effect estimated by OLS might not be robust or even be misleading, 
because not all the municipalities’ effects of initial relative aggregate vehicle energy 
efficiency are on the average level and there are some outliers. In this paper the quan-
tile regression technique for cross-sectional data developed by Koenker and Bassett 
(1978) is employed.50 According to Verardi and Croux (2009) and Bartelsman et al. 
(2014), quantile regression can provide two advantages: first, the method is robust to 
certain types of outliers (e.g., the vertical outliers that have outlying values for the cor-
responding error term) and heavy-tailed distributions (see the example of the US wage 
structure provided by Buchinsky (1994)), and second, quantile regression relaxes Gauss-
ian hypotheses on the error terms, compared to classical methods based on least 
squares residuals (Koenker & Bassett, 1982). Note that three types of outliers can influ-
ence the OLS result: vertical outliers, bad leverage points and good leverage points. 
Although Verardi and Croux (2009) present some more effective robust estimators such 
as MM-estimators, this paper chooses quantile regression to look at the effects across 
the conditional distribution. Specifically, this paper follows the idea of the birth weight 
model example provided by Koenker and Hallock (2001): the quantile regression is ap-
plied at various quantiles of the growth of relative aggregate vehicle energy efficiency 
(ranging from 0 to 1), conditional on initial relative aggregate vehicle energy efficiency. 
Standard errors are estimated by using a bootstrapping technique. 

In contrast to the first two estimation methods, as another robustness check, the em-
pirical relationship between the two variables of interest is estimated by using a non-
parametric approach. The main advantage of a nonparametric approach compared to 
parametric methods is that there is no need to assume any a priori parametric specifica-
tion (misspecification of parametric models can lead to misleading results). Recent de-
velopment of nonparametric estimation has extended the analysis to multivariate data 
(Li & Racine, 2007) and recent research on growth has applied nonparametric estima-
tion to convergence analysis (Maasoumi et al., 2007). Specifically, this paper chooses 
kernel regression (using Epanechnikov kernel as the weight function) to investigate the 
relationship between the two variables of interest for a cross section of municipalities.51 

3.3.4.2 Distribution approach 
Standard econometric approaches as outlined above collapse the dynamics of aggre-
gate vehicle energy efficiency into growth rates over the period in a cross-sectional 
structure. In other words, information on the dynamic characteristics is lost. To make 
full use of the whole distribution of the variable of interest and its dynamic behavior 

                                                                 
50 The analysis in this section only uses cross-sectional data. The quantile regression has been extended to 
panel data analysis. See Bartelsman, Dobbelaere, and Peters (2014) for a discussion. 
51 The kernel regression is estimated by using “kernreg1” package in Stata, based on a series works by 
(Salgado-Ugarte, Shimizu, & Taniuchi, 1994, 1996a, 1996b). 
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over time, the transition matrix has been proven to be a very useful tool and has been 
used in the area of productivity distributions (Baily et al., 1992; Bartelsman & Dhrymes, 
1998). Specifically, this paper extends the well-established distribution approach to 
aggregate vehicle energy efficiency distributions based on important works about in-
come distribution literature (Quah, 1993a, 1996, 1997), as shown below. 

The basic data are relative aggregate MPG over the period 2008q1 – 2010q4. All the 
municipalities in Massachusetts are divided into 10 groups on the basis of their relative 
aggregate MPG. The classification bounds are based on the decile of initial relative ag-
gregate MPG, so that all the municipalities in the initial period can be divided into 10 
equal-sized groups (ranging from the lowest aggregate vehicle energy efficiency to the 
highest aggregate vehicle energy efficiency). Let  be the distribution of relative aggre-
gate MPG across municipalities at time . Then the distribution at time + 1 can be 
viewed as a standard first-order autoregression and can be described by the equation 
as follows: = ∗  

Where  is a 10*10 Markov chain transition matrix mapping the distribution at time  
to the distribution at time + 1. The value in cell ( , ) of matrix  represents the 
probability that a municipality in Group  moves to Group  after one quarter, 1 ≤ , ≤ 10, , ∈ ∗. 

Then the future distribution at time +  can be obtained through iteration: =  

Letting the time difference → +∞ yields a likely long run distribution of relative ag-
gregate MPG across municipalities, or the Ergodic distribution. The gap in aggregate 
MPG between municipalities narrows down if lots of municipalities tend to move to the 
group that contains the state level relative aggregate MPG, that is, 1. Polarization would 
occur if lots of municipalities move to distant groups in the Ergodic distribution, for 
example, municipalities distributed in groups with very low and very high relative ag-
gregate MPG. 

3.4 RESULTS 

This section presents results for the decomposition of aggregate vehicle energy effi-
ciency at state level over the period 2008q1 to 2011q4, the decomposition of the 
growth of aggregate vehicle energy efficiency between 2008q4 and 2010q4, and the 
empirical exploration of distribution dynamics and mobility of aggregate vehicle energy 
efficiency. In addition, the relationship between a municipality’s vehicle population and 



The dynamics of vehicle energy efficiency 

133 

socio-economic factors, and the socio-economic factors that affect initially existing 
vehicles staying or exiting decision are investigated. 

3.4.1 Decomposition of aggregate vehicle energy efficiency over the period 
2008q1 – 2011q4 

On the basis of Equation (3) the state level aggregate vehicle energy efficiency (in log 
points, measured as aggregate MPG) is decomposed into a sum of an unweighted aver-
age state level aggregate MPG and a covariance term for the period 2008q1 – 2011q4, 
as illustrated in Table 3.4 and Figure 3.2 below. 

Overall, the shapes of state level aggregate MPG and unweighted average aggregate 
MPG are somehow similar: both of them have a sharp increase in 2008 and a significant 
drop in 2011. One possible explanation is that because of data collection many existing 
vehicles were not included in the dataset in early 2008 as shown by the sharp increase 
in vehicle population in 2008 in Figure 3.1, and the data quality in 2011 is not very good; 
lots of vehicles’ miles per day data are missing. Accordingly there might be some meas-
urement errors in early 2008 and in 2011.  

For the period 2008q4 – 2010q4, with more reliable data, the state level aggregate 
MPG and the unweighted average aggregate MPG show slightly different dynamic pat-
terns. Compared to 2008q4, there is a small increase in the state level aggregate MPG 
in 2010q4, growing from 2.7227 to a peak of 2.7450, while a decline can be observed in 
between the two quarters. This indicates that the state is becoming more efficient in 
terms of vehicle energy efficiency during 2008q4 – 2010q4, but only to a small extent. 
On the other hand, the unweighted average aggregate MPG generally shows a down-
ward trend: reducing to 2.6577 in 2010q4 after reaching its peak in 2009q1. This differ-
ence is certainly caused by the covariance term. 

In general, the covariance term exhibits a cyclical dynamics and it is positive in all the 
quarters. The covariance term consists of two important components: one is the devia-
tion of individual vehicles’ MPG from the unweighted average aggregate MPG and the 
other is the deviation of individual vehicles’ miles per day from the state level average. 
The positive covariance term clearly indicates the reallocation of high energy efficiency 
vehicles: the larger the covariance term, the larger share of miles per day contributed 
by high energy efficiency vehicles and the more energy efficient is the vehicle. The co-
variance term reaches its peak (0.0999) in 2008q2 and sharply decreases to its mini-
mum level (0.0761) in 2009q1. The explanation for this significant decline might be the 
2008 financial crisis that might lower the purchase and usage of high energy efficiency 
vehicles. Between 2008q4 and 2010q4, the unweighted average aggregate MPG shows 
a downward trend, which generally implies the ageing of the vehicle population in Mas-
sachusetts: vehicle energy efficiency is decreasing over time. The state level aggregate 
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MPG increases by about 2.23% during this period due to the reallocation of high energy 
efficiency vehicles. The reallocation effect can be caused by increasing usage of existing 
or entering high energy efficiency vehicles, and equivalently by decreasing usage of 
existing or exiting low energy efficiency vehicles. However, the decomposition of state 
level aggregate MPG cannot provide more detailed information about the reallocation 
effect. Several crucial factors contributing to the growth of aggregate MPG are explored 
in the next section. 

Table 3.4 Decomposition of state level aggregate MPG over the period 2008q1 - 2011q4 

Quarter ln : Log of state level 
aggregate MPG 

ln : Log of unweighted average 
state level aggregate MPG 

∑ ∆ , ∆ ln , : 
covariance term 

2008q1 2.6838 2.5921 0.0916 

2008q2 2.7082 2.6083 0.0999 

2008q3 2.7009 2.6174 0.0835 

2008q4 2.7227 2.6387 0.0840 

2009q1 2.7428 2.6667 0.0761 

2009q2 2.7384 2.6586 0.0798 

2009q3 2.7383 2.6581 0.0802 

2009q4 2.7376 2.6539 0.0837 

2010q1 2.7389 2.6573 0.0817 

2010q2 2.7423 2.6554 0.0869 

2010q3 2.7416 2.6527 0.0889 

2010q4 2.7450 2.6577 0.0874 

2011q1 2.7136 2.6322 0.0814 

2011q2 2.7163 2.6323 0.0840 

2011q3 2.7232 2.6328 0.0904 

2011q4 2.7144 2.6318 0.0826 
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Figure 3.2 Decomposition of state level aggregate MPG over the period 2008q1 - 2011q4 
Source: Own elaboration. 

3.4.2 Decomposition of growth of aggregate vehicle energy efficiency between 
2008q4 and 2010q4 

In this section the results for decomposition of growth of aggregate MPG between 
2008q4 and 2010q4 are presented. Table 3.5 below shows the decomposition results at 
state level. Method 3 is the preferred decomposition method, but the state level results 
based on the other two methods are included in this table for comparison purposes. 

At the state level the subsets 1 and 2 are combined in calculating an aggregate entry 
effect and the subsets 1 and 2 are combined in calculating an aggregate exit effect. 
As shown in Table 3.5, the growth rates of aggregate MPG using three different meth-
ods are the same, and they are very close to the actual growth, 2.26%.52 Method 2 and 
Method 3 generate quite similar results, but they greatly differ from the results calcu-
lated using Method 1, except for the within effect. According to Method 1’s results, the 
state level aggregate MPG is lowered by 8.41% due to decreasing energy efficiency of all 
vehicles, by 3.19% due to the ageing of the vehicle population and by 32.14% due to 
efficiency drain by the exiting of vehicles. But the entry of vehicles contributes to a 
                                                                 
52 There is a very small difference between the growth of aggregate MPG calculated from decomposition and 
the actual growth, since the difference of log points is used as an approximation of the actual growth. 
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much higher efficiency gain, 45.97%, so that overall the aggregate MPG increases by 
2.24% in the end quarter. The reason of such a big difference in the magnitude between 
factors is that weights for different quarters are used. Method 1 does not explicitly 
distinguish effects between high energy efficiency vehicles and low energy efficiency 
vehicles. Logically, lower usage or the exit of low energy efficiency vehicles should im-
prove the aggregate MPG, but in Method 1 they are viewed as equivalent as detri-
mental effects caused by less usage or the exiting of high energy efficiency vehicles. 

Accordingly, Method 2 and Method 3 provide more reasonable revised results that take 
into account different effects due to high and low energy efficiency vehicles. The high 
energy efficiency vehicle in Method 2 is the one whose MPG is higher than the initial 
level aggregate MPG, while in Method 3 the comparison threshold is the average of 
aggregate MPG between initial and ending levels. The conclusion changes between 
Method 2 and Method 3. Method 2 has an additional positive covariance term (0.0020), 
which means that the reallocation effect among staying vehicles contributes only 0.02% 
to the growth of aggregate MPG. The between effect becomes positive: 1.5% in Method 
2 and 1.64% in Method 3, which refers to the increasing usage of high energy efficiency 
vehicles or decreasing usage of low energy efficiency vehicles among the staying vehi-
cles. The within effect reflecting the ageing of the vehicle population is still negative, 
3.19% in Method 2 and 3.09% in Method 3. The positive entry effect, 2.51% in Method 
2 and 2.33% in Method 3, indicates that on average the entering vehicles have high 
energy efficiency, leading to an efficiency gain. Interestingly, compared to Method 1, 
the exit effect becomes positive, 1.22% in Method 2 and 1.35% in Method 3. This find-
ing shows that the exiting vehicles have low energy efficiency. 

Table 3.5 Decomposition of aggregate vehicle energy efficiency at state level between 2008q4 and 2010q4 

 Growth of 
aggregate 
MPG 

Between 
effect: 
change in the 
share of 
miles per day 

Within effect: 
change in the 
vehicles' 
adjusted MPG 

Covariance 
term 
 

Entry effect due to 
vehicles coming 
from other states or 
newly brought 
vehicles 

Exit effect due to 
out of service or 
vehicles moving 
to other states 

Method 1 0.0224 -0.0841 -0.0319  0.4597 -0.3214 

Method 2 0.0224 0.0150 -0.0319 0.0020 0.0251 0.0122 

Method 3 0.0224 0.0164 -0.0309  0.0233 0.0135 

Source: Own elaboration. 
Note that Method 2 has a between term weighted by deviation from initial aggregate MPG and a covariance 
term. Method 3 has a between term weighted by deviation from average over all the vehicles’ MPG between 
two quarters. 

Another finding based on Method 2 and Method 3 is that the within effect is much 
stronger than the between effect (Method 3) or the between effect and covariance 
term combined (Method 2). This seems somehow pessimistic, because it means that 
among the large number of staying vehicles the deterioration of aggregate vehicle effi-
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ciency caused by the ageing effect is more influential than the improvement due to 
increase of the usage of high energy efficiency vehicles, or reducing the usage of low 
energy efficiency vehicles. Because of efficiency gains provided by both entry effect and 
exit effects, however, the deterioration of aggregate vehicle energy efficiency has been 
offset. In other words, the net entry effect (the sum of entry effect and exit effect) is 
the main driving force of the growth of aggregate MPG. This finding has important poli-
cy implication related to innovation and technological change. 

To have a deeper and more comprehensive understanding of the vehicle energy effi-
ciency dynamics, Method 3 is employed to decompose the growth of aggregate MPG 
between 2008q4 and 2010q4 for 350 municipalities in Massachusetts.53 A summary of 
the decomposition results is shown in Table 3.6 and relevant histograms are shown in 
Figure 3.3. 

Generally the findings at municipality level are consistent with the decomposition at 
state level. The average growth of aggregate MPG over all the 350 municipalities is 
about 2.38% and most municipalities have improved their aggregate MPG during the 
period under research. But there are certainly some outliers in the growth of aggregate 
MPG: the best performing municipality has a surprisingly high growth of aggregate MPG 
(37.65%), but the poorest performing municipality has a 15.63% decline. The standard 
deviation of the growth is 5.01%, much larger than its mean, 2.38%, which means that 
there is a very big difference in the growth across municipalities. This might be indica-
tive of a large regional imbalance of vehicle energy efficiency. The same conclusion can 
be found in the between effect: most municipalities have a positive between effect but 
a large gap exists between the best performing and the poorest performing municipali-
ties (29.37% and -11.09%, respectively). The ageing of the vehicle population leads to a 
significant decline in aggregate MPG in all the municipalities. For most municipalities 
this decline caused by ageing of vehicle population is between -3% and -2%, and 
stronger than the growth contributed by the between effect. On the other hand, most 
municipalities also have a larger net entry effect that can compensate the energy effi-
ciency reduction, which means that the net entry effect is the main contributor of the 
growth of aggregate MPG. Specifically, it is evident that most municipalities actually 
benefit from the efficiency gain brought by vehicles entering due to purchase of new 
vehicles or migration of vehicles (from other municipalities or other states). Interesting-
ly, for most municipalities the strongest factor causing efficiency drain is the exit effect 
due to vehicle’s moving to other municipalities within the state, probably through trade 
or migration. This implies that those vehicles belonging to this category are of high 
energy efficiency. If the vehicle is no longer in Massachusetts (for example, the vehicle 
moves to other states through trade or migration, or the vehicle goes out of service), 

                                                                 
53 There are 351 official municipalities in Massachusetts. But for the municipality Gosnold there are no data 
for calculating the growth of aggregate MPG during the period under research. 
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the exit effect then exhibits an efficiency gain, which implies the exiting of low energy 
efficiency vehicles.  

Table 3.6 Summary of decomposition of growth of aggregate vehicle energy efficiency on municipal level using 
Method 3, 2008q4 – 2010q4 

 25% 
quantile 

50% 
quantile 

75% 
quantile 

Mean Std.dev. Min. Max. 

Growth of aggregate MPG -0.0013 0.0175 0.0427 0.0238 0.0501 -0.1563 0.3765 

Between effect -0.0003 0.0104 0.0266 0.0145 0.0317 -0.1109 0.2937 

Within effect -0.0269 -0.0260 -0.0253 -0.0258 0.0021 -0.0321 0.0000 

Net entry effect 0.0200 0.0331 0.0460 0.0352 0.0332 -0.1063 0.3648 

Entry effect: from other municipalities 0.0069 0.0119 0.0173 0.0125 0.0115 -0.0422 0.0747 

Entry effect: from other states or newly 
brought vehicles 

0.0172 0.0248 0.0300 0.0235 0.0179 -0.1077 0.0901 

Exit effect: to other municipalities -0.0211 -0.0149 -0.0104 -0.0162 0.0150 -0.0801 0.1116 

Exit effect: to other states or out of 
service 

0.0067 0.0123 0.0201 0.0153 0.0225 -0.0334 0.3333 

 
The regional distribution of the growth of aggregate MPG at municipality level between 
2008q4 and 2010q4 is visualized in the map in Figure 3.4. The darker (lighter) the color, 
the higher (lower) is the growth of aggregate MPG. The best performing municipalities 
seem to be distributed across the whole state and the urban areas (for example, the 
greater Boston area and municipalities close to Boston) seem to have an average level 
or below average level growth of aggregate MPG. Thus, Figure 3.4 gives an impression 
of a regional imbalance of vehicle energy efficiency, as previously shown in Table 3.6. It 
is additionally evident that poor performing municipalities (areas with a light color) are 
distributed in most parts of the state and there is a big discrepancy in the growth 
among neighboring municipalities. For example, the best performing and the poorest 
performing municipalities are close to each other in the northwestern part of the state. 
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Figure 3.3 Histogram graphs of decomposition of growth of aggregate vehicle energy efficiency at municipality 
level using Method 3, 2008q4 – 2010q4 
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Figure 3.4 Massachusetts, growth of aggregate vehicle energy efficiency at municipality level between 2008q4 
and 2010q4 
Source: Own elaboration. 

In order to get a better understanding of the variety of experiences at the municipality 
level, the 350 municipalities in Massachusetts are clustered into a much smaller number 
of groups on the basis of the results of the decomposition analysis, and a number of 
socio-economic characteristics of the municipalities. Municipalities that are similar to 
each other, in terms of these variables, are put in the same cluster. By analyzing the 
properties of the clusters, a better understanding of the extent and nature of variety 
between municipalities is obtained.  

Five variables are taken into account in the clustering method: the net entry effect54, 
the between effect, the within effect, the average unemployment rate between 2008 
and 2010, and the average of mean household income between 2008 and 201055. The 
introduction of the last two variables is intended to reflect job market characteristics 
and the living standard in the municipality, respectively. The average of the two varia-
bles between the initial and ending years is used in the analysis. The commonly used 
Ward linkage is chosen to measure the dissimilarity between municipalities in clustering 
method. Then all the 350 municipalities are grouped into three clusters.56 

                                                                 
54 The net entry effect is the sum of two entry effects and two exit effects. 
55 The municipality level unemployment data for 2008 and 2010 are available at the Massachusetts Depart-
ment of Revenue. The municipality’s mean household income data for 2008 and 2010 are taken from Ameri-
can Community Survey (ACS). 
56 The dendrogram of the hierarchical clustering analysis shows it is reasonable to group all the municipalities 
in to three clusters. 
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The mean values of the standardized variables used in cluster analysis are presented by 
cluster in Table 3.7 below. The related Table 3.8 summarizes the mean values of the 
non-standardized version of all the five variables. Figure 3.5 is a visualization of the 
cluster analysis results, where municipalities that belong to the same cluster are labeled 
in the same color and all the three clusters are graphed onto a map of Massachusetts 
by using three colors (orange, green and purple).  

There are several interesting findings that can be gathered from Table 3.8. The average 
within effect, or the ageing of vehicle population, does not significantly vary between 
the three clusters, and hence appears as a general tendency. Municipalities in Cluster 3 
(in orange) have the highest average household income (132206.3 US dollars), the low-
est average unemployment rate (5.47%), the smallest average within effect (-2.72%) as 
well as the lowest average net entry effect (2.72%). This is probably because well-off 
municipalities have fewer incentives to use energy efficient vehicles. Municipalities in 
Cluster 2 (in purple) have a medium level of average household income (83739.51 US 
dollars), but show a high level of average net entry effect (5.5%) and average between 
effect (4.38%), which means a large effect from restructuring of the vehicle population 
and high usage of energy efficient vehicles. Municipalities with the lowest average 
household income (Cluster 1, in green) have the lowest average between effect (only 
0.12%), indicating a low usage of high energy efficiency vehicles, but the average net 
entry effect in Cluster 1 is not so different from that in Cluster 3 (2.85% for Cluster 1 
and 2.72% for Cluster 3). Low income and high unemployment rate probably restrict the 
adoption and usage of (new) energy efficient vehicles. 

In Figure 3.5 a clear geographical pattern is that the eastern part of Massachusetts is 
mainly dominated by municipalities belonging to Cluster 1 and Cluster 3. For example, 
the Boston area belongs to Cluster 1 and it is surrounded by rich municipalities belong-
ing to Cluster 3. This may be explained by counter-urbanization. On the whole, munici-
palities in Cluster 3 with lower average net entry effect and average between effect are 
found more often in the eastern part of the state. As a result, the eastern part of the 
state generally has a lower growth rate of aggregate vehicle energy efficiency. This 
finding is consistent with Figure 3.4 where the eastern part of the map is lighter. 

Table 3.7 Mean value of the five variables used in cluster analysis 

Cluster Standardized net 
entry effect 

Standardized 
between effect 

Standardized within 
effect 

Standardized average 
unemployment rate 
between 2008 and 
2010 

Standardized 
average of the mean 
household income 
between 2008 and 
2010 

1 -0.2017 -0.4197 0.1701 0.1629 -0.4205 

2 0.5974 0.9240 0.3114 0.3829 -0.3146 

3 -0.2421 -0.1628 -0.6672 -0.7295 1.1628 
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Table 3.8 Mean value of the five variables by cluster 

Cluster Average net entry 
effect (%) 

Average between 
effect (%) 

Average within effect 
(%) 

Average 
unemployment rate 
between 2008 and 
2010 (%) 

Average of the mean 
household income 
between 2008 and 
2010 (US$) 

1 0.0285 0.0012 -0.0255 0.0742 80263.5500 

2 0.0550 0.0438 -0.0252 0.0791 83739.5100 

3 0.0272 0.0093 -0.0272 0.0547 132206.3000 

Source: Own elaboration. 

 
Figure 3.5 Massachusetts, municipality clusters based on five factors between 2008 and 2010 
Source: Own elaboration. 

Thus, the hierarchical clustering analysis in this section clearly shows that there are 
certain distributional patterns associated with municipal socio-economic characteristics 
hidden behind the growth decomposition results: reallocation effect and usage of ener-
gy efficient vehicles generally tend to be lower in both very rich and very poor munici-
palities. The growth decomposition results focused on the contributions of micro level 
vehicle related variables, but they cannot tell us whether and how these decomposition 
results differentiate across municipalities with various socio-economic characteristics. In 
fact, the socio-economic characteristics might affect people’s behaviors regarding the 
movement and usage of vehicles, leading to significant differentials in decomposition 
factors across municipalities and then in the growth rates of aggregate MPG.  
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3.4.3 Convergence and transition of aggregate vehicle energy efficiency 

The focus of the analysis now shifts to the mobility and distributional dynamics of mu-
nicipality level aggregate vehicle energy efficiency, in order to obtain further insights 
into the variety of experiences in subpopulations of vehicles. Table 3.6 and Figure 3.4 
show results for the period 2008q4 - 2010q4, during which an imbalanced development 
of aggregate vehicle energy efficiency is found. But the results obtained so far do not 
illustrate how this trend is shared or differs between municipalities. In particular, do the 
effects related to vehicle mobility (between municipalities), as well as the other effects, 
lead to a convergence between municipalities in terms of vehicle energy efficiency, or 
not? 

First, we collapse the dynamic characteristics of MPG at municipality level into a single 
summary statistic, that is, the growth of relative aggregate MPG between the initial and 
end quarter, and then regress this relative growth on the initial level of relative aggre-
gate MPG. The basic idea underlying here is that a tendency for narrowing down the 
gap of MPG between municipalities results if municipalities that have low aggregate 
MPG at the beginning, improve their vehicle energy efficiency faster than the municipal-
ities that are initially energy efficient. Second, once municipalities have been ranked by 
their aggregate MPG relative to the state level, in each quarter, they can be classified 
into quantile groups that have fixed bounds, and a transition matrix can be obtained 
that provides useful information about the long-run dynamics of the distribution. As 
emphasized by Quah (1993a), however, such a steady-state distribution should not be 
interpreted as a precise forecast, since random shocks (for example, sudden change in 
government policy) are not taken into account. 

Table 3.9 shows the results regarding the relationship between the initial level of rela-
tive aggregate MPG and the growth of relative aggregate MPG. The OLS regression in 
Column 1 is the basic estimation of this relationship. Since the average effect of the 
initial level of relative aggregate MPG estimated by OLS is not robust when there are 
outliers in the dataset, quantile regression is employed as a robustness check. Specifi-
cally, the median regression is considered as the counterpart to the OLS. Columns 2 – 4 
in Table 3.9 show the results of quantile regression at 25%, 50% (median) and 75% 
quantiles of the dependent variable. Table 3.9 clearly gives some evidence that sup-
ports the convergence of relative aggregate MPG: the coefficients of the initial level 
relative aggregate MPG are negative and significant at 5% significance level in OLS and 
all three quantile regressions, which implies that municipalities with lower initial level 
relative aggregate MPG tend to have a higher growth of relative aggregate MPG. Inter-
estingly, when the quantile used in the quantile regression (25%, 50% and 75% quantile) 
increases, the coefficient of interest keeps decreasing (-0.3, -0.4653, and -0.6648, re-
spectively). 
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The graphical evidence obtained by using OLS and the nonparametric approach for the 
convergence of relative aggregate MPG is illustrated in Figure 3.6. As in Table 3.9, the 
fitted line estimated by OLS shows a downward sloping trend. As another robustness 
check, the curve estimated by using nonparametric approach (kernel regression) is 
illustrated in Figure 3.6 as well. In general, the curve is downward sloping which indi-
cates that municipalities with a higher initial level of relative aggregate energy efficient 
vehicles have a lower growth rate. In the interval where the relative aggregate MPG is 
below 0.8, there is a big discrepancy in the growth of relative aggregate MPG across 
municipalities, so that the kernel regression curve significantly fluctuates. Among the 
municipalities whose relative aggregate MPG is higher than 0.8, the gap in the growth is 
much smaller and accordingly the kernel regression curve is smoothly downward slop-
ing. To conclude, the finding from the nonparametric approach is consistent with the 
one from OLS, and convergence between municipalities in terms of the energy efficien-
cy of their vehicle populations is observed. 

Table 3.9 The relationship between relative aggregate MPG in 2008q1 and growth of relative aggregate MPG; 
OLS and quantile regression at 25%, 50% and 75% quantile 

Variable OLS Quantile 
regression 25% 

Quantile 
regression 50% 

Quantile 
regression 75% 

Relative aggregate MPG in 2008q1 -0.7442*** 
(0.0505) 

-0.3000*** 
(0.0437) 

-0.4653*** 
(0.0344) 

-0.6648*** 
(0.0498) 

Constant 0.7565*** 
(0.0494) 

0.2773*** 
(0.0427) 

0.4781*** 
(0.0337) 

0.7151*** 
(0.0488) 

Number of observations 350 350 350 350 

Standard errors in parentheses; * p<.05, ** p<.01, *** p<.001 

Source: Own elaboration. 
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Figure 3.6 The relationship between relative aggregate MPG in 2008q1 and growth of relative aggregate MPG; 
OLS and nonparametric approach 
Source: Own elaboration. 

Table 3.9 provides the quantile regression results at three representative quantiles only. 
A more comprehensive and robust examination of the empirical relationship is provided 
by applying bootstrapping quantile regression at various quantile from 0 to 1. Figure 3.7 
below illustrates the graphic results of bootstrapping quantile regression and the OLS as 
a comparison. The horizontal axis represents the quantile of the dependent variable and 
the vertical axis stands for the coefficient of the initial level relative aggregate MPG 
estimated by quantile regression at a given quantile. It is evident that the coefficient 
estimated by quantile regression at any quantile is negative and with the increase in 
quantile used in quantile regression, the coefficient of interest is constantly decreasing 
(i.e., the convergence effect is getting stronger). These findings are consistent with 
Table 3.9 as well. When regressing at low and high quantiles (below 0.2 and above 0.8, 
respectively), there is a sharp decline in the coefficient. The coefficient estimated by 
OLS is roughly similar to the one obtained by quantile regression at 80% quantile. The 
bootstrapping quantile regression results are very robust and provide strong support for 
the convergence hypothesis. Municipalities with low initial aggregate MPG actually 
improve much faster, while those initially energy efficient municipalities experience a 
smaller growth, as compared with the OLS result. 
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Figure 3.7 The relationship between relative aggregate MPG in 2008q1 and growth of relative aggregate MPG; 
OLS and bootstrapping quantile regression 
Source: Own elaboration. 
Notes: The shadow area indicates the 95% confidence intervals of quantile regression; the solid line presents 
coefficients of quantile regression; “---” stands for coefficient estimated by using OLS and “…” marks the 95% 
confidence interval of OLS. The number of bootstrapping replications is 500.  

Turning to the Markov analysis, the municipalities, in each quarter, are grouped into 10 
groups and the group bounds are based on the initial level relative aggregate MPG, as 
shown in Table 3.10 below. Group 1 contains the municipalities whose relative aggre-
gate MPG are smaller than (or equal to) 10% quantile of initial level relative aggregate 
MPG (0.8228), indicating the lowest vehicle energy efficiency group. Group 2 then con-
sists of the municipalities that have a relative aggregate MPG between 10% and 20% 
quantile of the initial level, and so on and so forth. Group 10 is the highest vehicle ener-
gy efficiency group. All 10 groups are then sorted according to the lowest to the highest 
vehicle energy efficiency. Note that only in the initial period, the groups will be equal in 
terms of the number of municipalities. 

Table 3.10 Group bounds based on municipality level relative aggregate vehicle energy efficiency in 2008q1, 
relative to the state level 

Group 1: 0% - 10% quantile, (-∞, 0.8228] Group 6: 50% - 60% quantile, (0.9795, 1.0011] 
Group 2: 10% - 20% quantile, (0.8228, 0.8944] Group 7: 60% - 70% quantile, (1.0011, 1.0363] 
Group 3: 20% - 30% quantile, (0.8944, 0.9314] Group 8: 70% - 80% quantile, (1.0363, 1.0625] 
Group 4: 30% - 40% quantile, (0.9314, 0.9622] Group 9: 80% - 90% quantile, (1.0625, 1.1057] 
Group 5: 40% - 50% quantile, (0.9622, 0.9795] Group 10: 90% - 100% quantile, [1.1057, +∞) 

Source: Own elaboration. 
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Table 3.11 provides the estimated one-period transition matrix of relative aggregate 
MPG over the period 2008q1 – 2011q4. The row header indicates the group of relative 
aggregate MPG in time  and the column header is the group of relative aggregate MPG 
in time + 1. The last row shows the steady-state distribution of municipalities in the 
long run, that is, the Ergodic distribution. The last column shows the total number of 
municipalities in a certain group over the entire period. In the 10*10 one period transi-
tion matrix, the value in ( , ) indicates the probability that a municipality in Group  in 
time  ends in Group  in time + 1, 1 ≤ , ≤ 10 and , ∈ ∗. For example, 0.7765 in 
(1, 1) means the estimated probability that a municipality in Group 1 will still stay in 
Group 1 in the next quarter is 0.7765, while 0.1647 in (1, 2) means the estimated prob-
ability that a municipality in Group 1 will move up to Group 2 in the next quarter is 
0.1647. 

In the 10*10 one period transition matrix the diagonal ranges from 0.5149 to 0.7972, 
which means that more than half municipalities will stay in the same group in the next 
quarter. The municipalities in Group 5 are the most dynamic, showing the lowest persis-
tence of staying in the same group. The group with the highest persistence is found to 
be Group 10 that is the most vehicle energy efficient. In one period, transition munici-
palities have a small probability to move up or move down to neighboring groups (rang-
ing from 0.0706 to 0.2319), but have a very low probability to transit to the groups far 
away from their original groups. For example, municipalities finding themselves in the 
group with the lowest vehicle energy efficiency have a probability of 0.1647 to upgrade 
their vehicle energy efficiency to the second group, but only have a probability of 
0.0235 to be successful in moving up to Group 3; less than 1% of them manage to im-
prove. 

Table 3.11 One period transition matrix of municipality level relative aggregate vehicle energy efficiency; 
relative to the state level; 2008q1 – 2011q4 

 Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9 Group 10 Total 
number 

Group 1 0.7765 0.1647 0.0235 0.0078 0.0078 0.0078 0.0039 0.0039 0.0039 0.0000 255 
Group 2 0.0776 0.7153 0.1624 0.0353 0.0024 0.0024 0.0000 0.0024 0.0000 0.0024 425 
Group 3 0.0137 0.1167 0.6339 0.2014 0.0206 0.0023 0.0092 0.0023 0.0000 0.0000 437 
Group 4 0.0047 0.0187 0.0950 0.6573 0.1573 0.0436 0.0171 0.0031 0.0016 0.0016 642 
Group 5 0.0000 0.0064 0.0170 0.1574 0.5149 0.2319 0.0638 0.0021 0.0043 0.0021 470 
Group 6 0.0000 0.0014 0.0028 0.0408 0.1254 0.6437 0.1704 0.0099 0.0056 0.0000 710 
Group 7 0.0011 0.0011 0.0034 0.0114 0.0182 0.1243 0.7184 0.1060 0.0125 0.0034 877 
Group 8 0.0000 0.0018 0.0000 0.0054 0.0018 0.0054 0.1720 0.6900 0.1147 0.0090 558 
Group 9 0.0000 0.0000 0.0017 0.0017 0.0017 0.0017 0.0202 0.1109 0.7916 0.0706 595 
Group 10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0107 0.0036 0.1886 0.7972 281 
Ergodic 0.0232 0.0475 0.0566 0.1025 0.0814 0.1410 0.2053 0.1311 0.1482 0.0630  

Group 1: 0% - 10% quantile, (-∞, 0.8228], the lowest energy efficiency group; 
Group 10: 90% - 100% quantile, [1.1057, +∞), the highest energy efficiency group. 
Source: Own elaboration. 
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Figure 3.8 provides a comparison between the initial distribution and the Ergodic distri-
bution. According to the grouping criteria all the municipalities are put into 10 equal-
sized groups, so that in the initial distribution each group contains 10% municipalities. In 
the long run steady state, however, the distribution changes significantly and provides 
evidence of improvement in vehicle energy efficiency. The shares of municipalities in 
the three lowest vehicle energy efficiency groups greatly reduce from 10% to around 
5% or much lower than 5%. The largest reduction of the share of municipalities is found 
in Group 1, the lowest vehicle energy efficiency group: the share of municipalities re-
duces to 2.32%. On the other hand, most municipalities concentrate in high vehicle 
energy efficiency groups. In the long run steady state, about 20.53% of total municipali-
ties are in Group 7 whose vehicle energy efficiency is slightly higher than the state aver-
age level.57 About 14.1% municipalities are in Group 6 whose group bounds cover 1, the 
state average level. Convergence mainly takes place in these two groups (6 and 7), i.e., 
this is where most municipalities move. For the higher efficiency Groups 8 and 9, the 
shares of municipalities increase to 13.11% and 14.82%, respectively, while a small 
decline in the share of municipalities is observed in the highest vehicle energy efficiency 
group. Thus, long-run convergence does not seem to be complete. For high vehicle 
energy efficiency groups (Groups 7, 8, 9 and 10 that are absolutely more energy effi-
cient than the state average level), the total share of municipalities is 54.76% in the long 
run steady state. As compared to the total share, 40%, in the initial distribution, it is 
evident that there is an improvement in vehicle energy efficiency since more than half 
of municipalities’ vehicle energy efficiency is higher than the state average level. 
 

 
Figure 3.8 Comparison between initial distribution and Ergodic distribution 
Source: Own elaboration. 

3.4.4 Number of vehicles 

The purpose of this section is to characterize how socio-economic patterns influence 
the distribution of vehicles across municipalities over the entire period. The results can 

                                                                 
57 The state level vehicle energy efficiency is 1. 
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provide useful information to deepen the knowledge regarding the role of socio-
economic factors in shaping the distribution of vehicles. Unlike the cluster analysis em-
ployed in Section 3.4.2 that shows the cross-sectional distribution patterns by collapsing 
the dynamic process into several decomposition factors, the focus of the analysis in this 
section is on the dynamic process of the distribution of vehicles. Following the analysis 
in the previous section that studies the distribution of aggregate vehicle energy effi-
ciency, this section studies the distribution of vehicles measured by the number of vehi-
cles across municipalities. The movement of vehicles across municipalities and states 
(due to migration or trade) causes changes in the distribution of vehicles across munici-
palities, that is, upsizing (due to net inflow of vehicles) or downsizing (due to net out-
flow of vehicles) of the vehicle population at municipality level, which eventually shapes 
the distribution of aggregate (state level) vehicle energy efficiency, as shown in the 
decompositions. 

Panel data over the period 2008 to 2011 are used. The dependent variable is the num-
ber of vehicles in the municipality in 2008q4, 2009q4, 2010q4 and 2011q4.58 Three 
basic socio-economic variables are used as explanatory variables: municipality level 
income (measured by median household income and mean household income), popula-
tion and unemployment rate over 2008 – 2011. The preferred empirical method em-
ployed in this section is the random-effects negative binomial regression, since the 
dependent variable is a count variable. Two commonly used econometric approaches 
allow researchers to deal with count dependent variables, that is, negative binomial 
regression and Poisson regression. The negative binomial regression with panel data is 
used because the mean and variance of the dependent variable are too different, which 
violates the basic assumption of the Poisson regression that requires that the mean and 
variance of the dependent variable are equal. 

Table 3.12 summarizes the regression results. In Model 1 the municipality level mean 
household income is used, while it is replaced with the municipality level median 
household income in Model 2 as a comparison specification. ln _  and ln _  present the 
estimation of  and , respectively, which are parameters used in the regression: the 
assumption of the negative binomial regression is that the inverse of one plus the dis-
persion follows a ( , ) distribution. 
  

                                                                 
58 Because the vehicle census data are recorded quarterly, while the municipality level socio-economic data 
are recorded yearly. 
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Table 3.12 Random-effects negative binomial regression, using number of vehicles as dependent variable, 
2008 – 2011 

 Model 1 Model 2 

Median household income (in logs)  0.4743*** 
(-0.0354) 

Mean household income (in logs) 0.5740*** 
(-0.0464) 

 
 

Population (in logs) 0.9874*** 
(-0.0107) 

1.0049*** 
(-0.0087) 

Unemployment rate -1.7077*** 
(-0.2449) 

-1.4456*** 
(-0.2483) 

Constant -10.9621*** 
(-0.4838) 

-10.0453*** 
(-0.393) 

ln_r 
_cons 

2.8937*** 
(-0.1289) 

3.2830*** 
(-0.1102) 

ln_s 
_cons 

6.7784*** 
(-0.164) 

7.3204*** 
(-0.1347) 

Number of observations 1404 1404 

Number of municipalities 351 351 

Standard errors in parentheses; * p<.05, ** p<.01, *** p<.001 
Source: Own elaboration. 

Both models are significant in the Wald test at 1% significance level (all the p-values < 
1%) and both panel estimators are significantly different from the pooled estimators in 
the likelihood-ratio test (p-values < 0.1%). Population size is the variable that picks up 
the effect of differences in the scale of municipalities. In both models the coefficients of 
income (mean household income and median household income) and population are 
positive while the coefficients of unemployment rate are negative. The results clearly 
show that the municipalities that are richer, more populated and have lower unem-
ployment rates are more likely to have a larger vehicle population. 

3.4.5 Determinants of exit from the state 

Finally, the analysis turns to the factors that determine the exit of vehicles from the 
state population. The results in Sections 3.4.2 and 3.4.4 illustrated some municipality-
level distributional patterns correlated to socio-economic factors, but we do not know 
yet how these socio-economic factors are associated with vehicle level exit or entry. The 
decision of entry or exit, i.e., purchase or sale of a vehicle is the ultimate micro founda-
tion of the aggregate level distributional patterns. Here the analysis focuses on the exit 
vs. stay decision, at the state level, and does not take into account the decision of mov-
ing to other municipalities within the same state. The results are of interest because the 
existing vehicle population is ageing over time, which leads to a decreasing aggregate 
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vehicle energy efficiency, and the second hand market for vehicles can prolong the 
presence of these ageing vehicles in the state population. The crucial point is that the 
consequence of vehicle exiting is an update of population level vehicle energy efficien-
cy.  

The initially existing vehicles are defined as the vehicles that were in Massachusetts 
(that is, in the dataset) in 2008q4.59 The exit event is defined on whether the vehicle is 
in Massachusetts or not in 2010q4. If the initially existing vehicle is still in the state in 
the end quarter, it is classified as a stayer, otherwise it exits. Three municipality charac-
teristics for the year 2008 are used: household income (median household income and 
mean household income), population and unemployment rate. In addition, other con-
trol variables include some vehicle characteristics such as MPG2008, original retail 
price, age, vehicle type dummies, fuel dummies and a dummy for whether the vehicle is 
a commercial vehicle or a passenger vehicle. 

The econometric approach used is probit regression. A value of 1 for the dependent 
variable means that the vehicle is a stayer. The main results are shown in Table 3.13. In 
Models 1 and 3 the mean household income is used, while the income variable is re-
placed by the median household income in Models 2 and 4. Models 1 and 2 only use 
the observations that contain precise municipality information. Models 3 and 4 include 
additional observations that have a 0 in the municipality ID in the end quarter.60 So 
there are more observations used in Models 3 and 4. All the four models are significant 
in the Wald test at 1% significance level (P-values < 1%) and have a high rate of correct 
classification (84.9% and 85.45%). There are two crucial findings. 
  

                                                                 
59 According to Figure 3.1, there is a sharp increase in the total number of vehicles in Massachusetts between 
2008q1 and 2008q4 probably due to data collection. Many vehicles that already existed might enter the 
dataset for the first time in a later quarter. From 2008q4 onwards the total number of vehicles is less fluctu-
ant. Additionally, only yearly data for socio-economic variables are available. 2008q4 is a proper choice of 
initial quarter.  
60 In the dataset if the municipality ID is 0, it means the vehicle is in the state but the location of the vehicle 
cannot be coded using a proper municipality ID. 



Chapter 3 

152 

Table 3.13 Probit regression results for initially existing vehicle’s staying or exiting decision 

Dependent variable: 1 means staying in the state; 0 indicates exiting to other states. 

 Model 1 Model 2 Model 3 Model 4 

Median household income (in logs)  0.0885*** 
(-0.0051) 

 0.0768*** 
(-0.005) 

Mean household income (in logs) 0.0721*** 
(-0.0049) 

 
 

0.0674*** 
(-0.0048) 

 
 

Unemployment rate 0.3307*** 
(-0.0767) 

0.4666*** 
(-0.0761) 

0.3013*** 
(-0.0754) 

0.3627*** 
(-0.0748) 

Population (in logs) -0.0277*** 
(-0.0009) 

-0.0232*** 
(-0.001) 

-0.0301*** 
(-0.0009) 

-0.0266*** 
(-0.001) 

MPG2008 0.0111*** 
(-0.0004) 

0.0112*** 
(-0.0004) 

0.0102*** 
(-0.0004) 

0.0104*** 
(-0.0004) 

Original retail price (in logs) 0.0900*** 
(-0.0044) 

0.0908*** 
(-0.0044) 

0.0953*** 
(-0.0043) 

0.0965*** 
(-0.0043) 

Age -0.0413*** 
(-0.0003) 

-0.0412*** 
(-0.0003) 

-0.0372*** 
(-0.0003) 

-0.0371*** 
(-0.0003) 

Type of vehicles dummies (reference type: car) 

SUV 0.0577*** 
(-0.003) 

0.0581*** 
(-0.003) 

0.0495*** 
(-0.003) 

0.0499*** 
(-0.003) 

Truck 0.1521*** 
(-0.0042) 

0.1524*** 
(-0.0042) 

0.1380*** 
(-0.0041) 

0.1382*** 
(-0.0041) 

Van 0.0666*** 
(-0.004) 

0.0666*** 
(-0.004) 

0.0616*** 
(-0.004) 

0.0616*** 
(-0.004) 

Wagon 0.3570* 
(-0.169) 

0.3577* 
(-0.1691) 

0.3410* 
(-0.1683) 

0.3414* 
(-0.1684) 

Type of fuels dummies (reference type: diesel) 

Flex-fuel 0.0942*** 
(-0.0148) 

0.0943*** 
(-0.0148) 

0.0796*** 
(-0.0146) 

0.0798*** 
(-0.0146) 

Gasoline 0.0698*** 
(-0.0135) 

0.0701*** 
(-0.0135) 

0.0622*** 
(-0.0133) 

0.0627*** 
(-0.0133) 

Other -0.0812 
(-0.0429) 

-0.0805 
(-0.0429) 

-0.1005* 
(-0.0425) 

-0.0998* 
(-0.0425) 

Commercial vehicles dummy 
(1: commercial vehicle; 0: passenger vehicle) 

-0.7168*** 
(-0.0032) 

-0.7159*** 
(-0.0032) 

-0.7251*** 
(-0.0032) 

-0.7243*** 
(-0.0032) 

Constant -0.4011*** 
(-0.0788) 

-0.6360*** 
(-0.0824) 

-0.3475*** 
(-0.0773) 

-0.4936*** 
(-0.0808) 

Number of observations 2676807 2676807 2776368 2776368 

Correctly classified  84.90% 84.90% 85.45% 85.45% 

Standard errors in parentheses; * p<.05, ** p<.01, *** p<.001. Source: Own elaboration. 

All municipality level socio-economic variables are very significant and all four models 
provide consistent results. The coefficient of household income (including median 



The dynamics of vehicle energy efficiency 

153 

household income and mean household income) is positive, which means that the vehi-
cles that are more likely to stay are initially located in rich municipalities. The possible 
explanation is that rich municipalities buy more high-quality vehicles that last longer. 
This is a similar effect to the significant and positive coefficient of the vehicle’s original 
retail price. The coefficient of unemployment rate is positive as well, which means that 
the vehicles initially located in the municipalities with higher unemployment rates have 
a higher possibility of staying in the state. This is reasonable because in the municipali-
ties with high unemployment rates, the prospect of consumer’s well-being is lower, 
which would restrict the trade of vehicles and eventually the update of vehicle popula-
tion. The coefficient of population is negative, indicating that the vehicles located in less 
populated municipalities tend to stay in the state, possibly as an indication of differ-
ences between urban and rural areas. 

The coefficient of MPG2008 is also positive, while the coefficient of vehicle age is signif-
icant and negative. This means that the vehicles that have higher initial energy efficien-
cy, and a more recent model design are more likely to stay in the state. In addition, 
SUVs, trucks, vans and wagons tend to stay in the state as compared to other cars. 
Commercial vehicles are more likely to stay, compared to non-commercial passenger 
vehicles. The vehicles consuming flex-fuel and gasoline tend to be more durable, com-
pared to those using diesel. 

3.5 CONCLUSIONS 

This paper has demonstrated that longitudinal micro data can provide very useful in-
formation for obtaining a more accurate aggregate indicator of population-level vehicle 
energy efficiency, and for answering questions that are related to heterogeneity in the 
vehicle population. As one of the first few studies of energy efficiency built on micro 
level evidence, this paper benefits from the newly released big data from the Massa-
chusetts Vehicle Census that allows researchers to track the energy efficiency and loca-
tion of almost every vehicle in Massachusetts over time. This paper is not only a recent 
application of extending the well-established approaches in productivity dynamics and 
growth theory to the field of energy efficiency dynamics, but also an example of provid-
ing comprehensive information that supports relevant policymaking in a data-intensive 
context. 

For the issues related to energy efficiency and sustainable development, this paper 
provides some evidence that the dynamics of aggregate vehicle energy efficiency in 
Massachusetts are mainly driven by the reallocation of high energy efficiency vehicles. It 
should be pointed out that the analyses in this paper use a relatively short time period 
due to the data availability. Accordingly it is possible that some other important factors 
such as differences in regulations, energy prices and vehicle prices across municipalities 
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and states have affected the results. The data for a longer period would be very useful 
for further research in the future. 

Specifically, the main findings can be summarized as follows. Using the aggregate vehi-
cle energy efficiency based on vehicle level micro data, this paper (1) decomposes the 
state level aggregate vehicle energy efficiency over the entire period into an un-
weighted average and a covariance term between vehicle level energy efficiency and 
share of miles per day; and (2) decomposes the growth of aggregate vehicle energy 
efficiency between 2008q4 and 2010q4 into a between effect, a within effect and a net 
entry effect aggregating two entry effects and two exit effects (at both state level and 
municipality level). The covariance term in the decomposition of time series is found to 
be positive in each quarter in the dataset, indicating that higher (lower) usage is found 
for higher (lower) energy efficiency vehicles. In other words, drivers choose energy 
efficient vehicles when they have to drive a lot. The growth decomposition at both state 
level and municipality level provides a consistent finding that the most important factor 
positively contributing to the growth of aggregate vehicle energy efficiency is the net 
entry effect, the reallocation due to the entering of high energy efficiency vehicles and 
the exiting of low energy efficiency vehicles. 

The decomposition of changes (growth rates) of vehicle efficiency also suggests that the 
reallocation effect among continuing vehicles is important. These results show a posi-
tive between effect at the state level and in most municipalities, which implies more 
(less) miles per day are allocated in high (low) energy efficiency vehicles. The energy 
efficiency growth gain due to changes in consumers’ behaviors, however, is much less 
than the energy efficiency growth loss due to vehicles’ ageing measured by the within 
effect. For instance, at the state level the between effect can only compensate slightly 
more than half of energy efficiency loss caused by the ageing of vehicles. The realloca-
tion due to vehicles’ entering and exiting then fills the energy efficiency gap and leads 
to growth. 

Also, this paper provides an empirical framework to analyze the update process of the 
vehicle (sub)population(s). This is an important determinant of overall energy efficiency: 
as a non-production unit, a vehicle’s energy efficiency decreases as time progresses. Old 
vehicles can be replaced by newer vehicles that have higher energy efficiency. Without 
product substitution, the update process can occur through migration of vehicles, caus-
ing either upsizing or downsizing of the vehicle population. Looking into all of the four 
components of net entry effect, the interesting finding is that besides the two entry 
effects bringing energy efficiency gain, the exit effect can also be positive if inefficient 
vehicles exit the state (going out of service or moving to other states). However, an 
energy efficiency drain can result if high energy efficiency vehicles move. 

In general, the aggregate vehicle energy efficiency at state level shows an upward slop-
ing trend through 2008q4 and 2010q4, but this is only a small effect. A statistical inves-
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tigation of the growth of vehicle energy efficiency and its decomposition at the sub-
state level shows an imbalanced development across municipalities. Rich municipalities 
located in the eastern side of the state tend to have the smallest reallocation effect 
related to vehicle’s entering and exiting. However, various econometric approaches 
provide robust evidence that the gap in aggregate vehicle energy efficiency across mu-
nicipalities tends to narrow down over time and converge to the state average level.  

Finally, further investigation into the role of socio-economic factors in shaping the dis-
tribution of vehicles and the exit event (a vehicle leaving the state) provides several 
interesting findings. We find that vehicles are more likely to be distributed into the 
municipalities that are richer, more populated or have a lower unemployment rate. An 
interesting finding is that the update process of a vehicle population through product 
substitution or migration will take more time if the municipalities are richer, less popu-
lated or have a higher unemployment rate, since the initially existing vehicles in these 
types of municipalities are more likely to stay in the state. 

With regard to policy implications, this paper can help policymakers as well as entre-
preneurs to obtain a better understanding of the life cycle of vehicles: as durable con-
sumer products, existing vehicles decline in energy efficiency and eventually exit. 
Meanwhile new vehicles enter the market and replace old ones. The timing and differ-
ent impacts of this cycle will provide policy opportunities that can improve aggregate 
vehicle energy efficiency. Policymakers should be alert to the fact that benefits due to 
changes in consumers’ behavior of vehicle usage cannot keep pace with the big energy 
efficiency loss caused by the ageing of vehicles. Another fact that all policymakers 
should be aware of is that consumers are actually less rational in terms of fuel economy 
than economic assumptions suggest and they are actually not very sensitive to changes 
in fuel expenditure of the vehicle (Turrentine & Kurani, 2007). The most important con-
tribution to the growth of aggregate vehicle energy efficiency comes from the realloca-
tion due the entering and exiting of a vehicle. This may imply a public finance policy 
scenario (including policy instruments such as tax and subsidy) that can stimulate the 
update of the vehicle population and match specific municipality-related socio-
economic characteristics. Additionally, in the U.S. market the benefits of technological 
change and innovation have been often used to satisfy some specific consumer prefer-
ences regarding the vehicle, such as more power and larger size, but not necessary 
higher energy efficiency (Lutsey & Sperling, 2005). A policy that promotes innovation 
towards vehicle fuel economy would be needed as well. 
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Chapter 4 

The Role of Technological Trajectories in 
Catching-up-based Development: 

An Application to Energy Efficiency 
Technologies 
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Abstract: We argue that the analysis level of a technological trajectory is very suitable to 
analyze the decisions of firms in latecomer countries with regard to the technological 
area that they should focus on. Technological trajectories are the main focal points 
along which technological innovation develops, and they are more detailed than the 
common sectors, such electronics or pharmaceuticals, that are used in the analysis of 
catching-up based growth. We present a collection of methods that have been pro-
posed in the literature to identify technological trajectories. These methods use patent 
citation networks, and are applied to three separate fields in energy efficiency technol-
ogies. We identify the relevant technological trajectories, and analyze how the main 
countries active in these fields can be classified as either latecomer or incumbent coun-
tries. We then present a measure for assessing to what extent patents from a particular 
country contribute to the main technological trajectories in the field, and to what ex-
tent they are derived from these trajectories. We use an explorative regression model 
to establish that latecomer countries tend to contribute to a lesser extent than incum-
bents to the main technological trajectories in the fields under investigation. 

Keywords: technological trajectories, patent citation networks, latecomer innovation 
strategy 
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4.1 INTRODUCTION 

Technology plays a large role in the economic development of nations. For countries 
that lag behind the economic frontier, the assimilation of foreign technological 
knowledge is a potential way to achieve rapid growth, or, in other words, to catch up 
economically (Fagerberg & Godinho, 2004). In all documented historical cases of suc-
cessful catch-up growth, industrialization and technological upgrading have been the 
central process in economic development (Szirmai & Verspagen, 2015). 

While the process of investing in absorption capability necessary for technological 
catch-up has been documented extensively (Fagerberg, Srholec, and Verspagen (2010) 
provide a survey of this literature), there is generally less attention being given to the 
question as to which specific technological choices a country aiming to implement a 
catching-up strategy should make. K. Lee (2013) and K. Lee and Lim (2001) are excep-
tions, as they apply patents statistics to analyze the technological specialization profiles 
of latecomer countries. 

The essence of a latecomer, or catching-up, strategy is that countries that enter a tech-
nological field relatively late can assimilate existing knowledge at a cost that is ultimate-
ly lower than the original cost taken to develop this knowledge. This is partly due to the 
fact that once knowledge has been developed and exists, more or less, in the open, 
information on what works and what does not work is available for followers to use. 

However, catching-up based growth is not pure assimilation of knowledge. It also con-
sists of adapting foreign knowledge to local circumstances, and, with increasing devel-
opment levels, knowledge assimilation gradually changes into knowledge creation. This 
transition from assimilation to creation is the topic of the study in K. Lee (2013), and 
also in the current paper. When this transition happens, latecomer countries that have 
been assimilating knowledge need to make choices about the direction, or technological 
subfield, in which they will invest their creative efforts.  

This choice is heavily influenced by the nature of the knowledge creation process, which 
is the topic of a different literature e.g., (Dosi, 1982). Technological knowledge tends to 
develop along specific trajectories, which can be seen as sequences of interdependent 
and cumulative innovations in small (incremental) steps. The nature of these trajecto-
ries is determined by the economic and other circumstances in the specific market in 
which the trajectory develops. The trajectory in a specific field is the result of joint ef-
forts by multiple firms, and possibly other actors, rather than an individual effort.  

Trajectories emerge after new technological opportunities open up as a breakthrough 
innovation. This is a relatively rare process, which implies that latecomer countries that 
want to enter a specific technological field will generally face a status quo of existing 
trajectories that are dominated by firms from the developed part of the world. The basic 
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choice that these countries face is to either follow the existing trajectory and try to com-
pete with the incumbent firms, for example on the basis of low production costs, or to 
develop technologies in new directions. This is what K. Lee and Lim (2001) call the dis-
tinction between a path-following catch-up strategy and a path creation strategy. Perez 
and Soete (1988) have also addressed this issue, and argue that a path creating strategy 
is most likely to succeed in a period in which breakthrough innovations are unfolding.  

Technological trajectories are hard to quantify, which makes it difficult to use the notion 
in quantitative studies of catching-up growth. For example, the work by K. Lee (2013), 
which is probably the most extensive and detailed study of the process of shifting from 
technological assimilation to technological creation, mainly uses counts of patents by 
economic sector or by technological class as an indicator for the creative potential of 
firms in latecomer countries.  

Given the importance of technological trajectories in the development of new 
knowledge, this may not be a very adequate way of measuring technological capabili-
ties. For example, Verspagen (2007) identified distinct technological trajectories in a 
specialized field such as fuel cells, which comprises only one or several detailed techno-
logical classes. If the salient features of knowledge development occur at this level of 
aggregation, it makes sense to incorporate more detail into the analysis than is possible 
with the methods of K. Lee (2013). This is the goal of the current paper. 

The idea of technological trajectories will be elaborated in the next section. This section 
will also formulate a precise research question, which is mainly explorative in nature, 
and which asks which strategy of technological specialization latecomer countries have 
followed in the particular technological fields under investigation. These fields are relat-
ed to energy efficiency. In this paper, we study three cases: the first case is the technol-
ogies for power generation (electricity), the second is the energy efficiency technologies 
related to information and communication technologies (ICT) in buildings, and the third 
is technologies aimed at increasing the energy efficiency of vehicles. 

There is no particular reason for focusing on these specific fields, other than that energy 
technologies and in particular energy efficiency technologies, are very important for 
sustainable development. If technological trajectories are indeed important for deter-
mining the development strategy of latecomer countries, more studies of different tech-
nological fields will be necessary to increase our insights into this question. As technolog-
ical fields differ, so will trajectories, and therefore it is important to analyze a range of 
cases. We look at the current paper as a first step in such a research program, both in 
terms of proposed methods and in terms of deriving some first and preliminary results. 

After discussing the idea of technological trajectories and why they matter for devel-
opment, we discuss our database in Section 4.3. Section 4.4 covers the basic methods 
that we employ, and which are derived from network analysis. Section 4.5 presents our 
results, and Section 4.6 summarizes the argument and draws conclusions.  
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4.2 TECHNOLOGICAL TRAJECTORIES 

Technological and scientific knowledge evolves as a result of research and development 
(R&D), as well as more practical activities such as learning-by-doing or learning-by-
using. R&D is very much a search process, in which the knowledge that a researcher 
already possesses influences the nature of the search effort. In particular, R&D often 
takes the form of a local search process, in which incremental pieces of knowledge are 
added to what already exists, for example because researchers look for improvements 
to existing knowledge. Nevertheless, major breakthroughs that change the direction of 
R&D also occur, although they are not very frequent as compared to incremental im-
provements.  

Various authors, for example, (Dosi, 1982; Sahal, 1981) have contributed to the eco-
nomic history of technology describing these processes of local search combined with 
occasional major breakthroughs. Dosi (1982) used Kuhn (1970) terminology and posited 
the idea of a technological paradigm and, within the paradigm, technological trajecto-
ries. A paradigm corresponds to a major breakthrough in knowledge development, both 
in the sense that it is a radical break with the past, and in terms of its reach, i.e., it af-
fects a wide variety of R&D processes. A technological paradigm is agenda-setting, be-
cause it suggests the direction of R&D efforts, as well we the basic approach that is used 
to solve technological problems. Derived from Kuhn (1970), a paradigm shift becomes 
more likely when an existing paradigm runs into decreasing returns, i.e., when its possi-
bilities for technological improvement dry up.  

A technological trajectory, in Dosi’s terminology, corresponds to Kuhn’s idea of “normal 
science”. It is the “non-radical” development of technology within a paradigm. Multiple 
trajectories will normally exist within a paradigm, corresponding to different uses of the 
basic knowledge of the paradigm. The nature of trajectories is determined by the eco-
nomic environment in which the trajectory develops. This results from the fact that 
researchers, engineers and practitioners respond to economic opportunities or bottle-
necks when they develop the technology.  

An example can illustrate the basic ideas. Steam power technology was a paradigm shift 
compared to water power. It was made possible by the development of the Newcomen 
engine, and later on the separate condenser as invented by James Watt. These inven-
tions opened up a new range of possibilities, which were developed along many differ-
ent trajectories. One of these trajectories was the use of steam power for pumping 
water out of mines. This led to large and bulky steam engines, which were very power-
ful and fuel efficient, for example, the Cornish engine (Nuvolari, 2004, 2006). Another 
trajectory was the use of steam power on trains. These engines were much smaller, 
because they had to be mobile, and as a way to generate more power within a smaller 
size, they developed by increasing steam pressure. As a result, after a period of devel-
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opment, even if the basic technology was identical, steam engines used in mines looked 
completely different from those used on trains.  

Because R&D and technology development in general is a search process, it also runs 
into dead ends, or, more generally, we can say that different development directions 
(trajectories) have different (technological and economic) forms of success. Firms that 
undertake R&D and technology development have to make choices as to where to di-
rect their efforts, i.e., which trajectory to follow. Due to fundamental uncertainty, this is 
a process that is not fully rational, as it is impossible to predict with certainty whether a 
trajectory will become, or remain, successful. The choices that firms make are bounded-
ly rational (Nelson & Winter, 1977), but also influenced by beliefs and culture. But there 
is an important difference between the way in which technological leaders make these 
decisions, as opposed to technological followers (Triulzi, 2015). Technological leaders 
face a larger degree of uncertainty, as they tend to develop technologies that are more 
uncertain. Followers, on the other hand, can benefit from the experience that has been 
accumulated in the trajectory that they are interested in, and therefore the uncertainty 
that they face will generally be lower.  

This uncertainty translates to the level of countries, which can also be characterized as 
technological leaders or followers. Firms in latecomer (following) countries will general-
ly encounter existing technological trajectories when they try to enter a market. They 
can then either try to contribute to the existing technological trajectories, or direct 
efforts away from these, by trying to create new trajectories, or at least new technolog-
ical opportunities.  

Our research question is related to this basic choice. We are interested in the latecomer 
countries that are making the transition from knowledge assimilation to knowledge 
creation, which we measure by counting the number of patents that emerge from a 
particular country, in a particular technological field. Those countries that are contrib-
uting in a significant way to the number of patents in the field, but have been doing so 
only recently, are characterized as the latecomer countries that draw our interest. Being 
able to identify the main technological trajectories in the field in the form of a small set 
of patents, we then ask how the latecomer countries relate to these trajectories. In 
particular, our research question is whether latecomer countries tend to contribute to 
the main technological trajectories at a higher or lower rate than the incumbent coun-
tries in the field.  

The analysis of this research question requires the identification of technological trajec-
tories in the fields under analysis. This task has been undertaken by a number of quali-
tative (historical) and quantitative research methodologies. Patent citation networks 
(Verspagen, 2007) are one way in which the very detailed information in patent docu-
ments can be used to do this. Although a number of technological fields have been 
analyzed using these methods (Fontana, Nuvolari, and Verspagen (2009); Martinelli 
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(2010)), to our knowledge, this method has not been used so far to look at technologi-
cal catching up of developing countries. We explain the method in the next section, and 
then undertake to apply it in Section 4.5. 

4.3 PATENT CITATION NETWORKS61 

The notion of a technological trajectory as outlined above points to technological inno-
vations as sequential and interrelated events that are a selective draw from a large 
space of potential technological development. One way that has been proposed in the 
literature to measure the interrelatedness between innovations is by means of patent 
citations.62 Patent documents contain a detailed description of the patented innovation, 
as well as the name and address of the innovator and the applicant. But most im-
portantly for the present study, patent documents also contain references to previous 
patents, i.e. patent citations. A reference to a previous patent indicates that the 
knowledge in the latter patent was in some way useful and/or relevant for developing 
the new knowledge described in the citing patent. This is exactly the type of interpreta-
tion that allows us to use patent citations as a tool for mapping technological trajecto-
ries. Obviously, a single patent may source knowledge from multiple previous patents. 
Also, citing patents may themselves become cited in the future, so that we will be able 
to map “chains” of ideas as they develop over time. 

The set of patents and the citations between them naturally lend themselves to be 
viewed as a network of ideas and their relatedness. The notion of a technological trajec-
tory suggests that within this network, several main streams (or main paths) of 
knowledge exist that summarize the major developments in the field. It will be the gen-
eral aim of our analysis to describe these main paths of knowledge flows in the datasets 
that we employ. The methodology used to do this draws on Hummon and Doreian 
(1989) and extensions proposed by Verspagen (2007) and J. S. Liu and Lu (2012). 
Hummon and Doreian (1989) analyze the network of citations between scientific publi-
cations on the discovery of DNA. Their aim is to construct a “main path” through this 
network that corresponds to the main flow of ideas in this field as represented in the 
formal publications. This can also be seen as an operationalization of the idea of a tech-
nological trajectory (Verspagen, 2007).  

                                                                 
61 This section draws heavily on Verspagen (2007). 
62 The use of patent data as a technology indicator has a long tradition, but the practice is not, however, 
undisputed. Griliches (1990) provides a survey of the main advantages and disadvantages of using patent 
statistics. Patent statistics are an output indicator of innovation rather than an input indicator (such as R&D 
expenditures). Their main advantage is that patents are available for a rather long period, and provide de-
tailed technological information. The main disadvantages are that simple patent counts do not take into 
account differences in the quality of innovations, that many patents do not lead to innovations (i.e. are not 
applied), and that the propensities to patent an innovation may differ between sectors and firms.  
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The methodology rests on a number of basic concepts from network analysis, which will 
be explained first. We represent a patent citation network as a collection of vertices and 
edges. The vertices (patents) represent pieces of knowledge that depend on each other. 
The edges are connections between them, in this case citations between two patents. 
In the particular case of citation networks, the edges are directed, i.e. they have an 
origin (the cited patent) and a destination (the citing patent).  

We represent the citation network by means of a matrix , in which the element  is 
equal to 1 if patent  cites patent , and zero otherwise. Define the matrix ∗ as the 
symmetric matrix in which the elements are formed by taking the maximum value (in C) 
of below and above diagonal elements. A component in the network  is defined as a 
subset of patents in which for every patent  and , a path from  to  exists in the net-
work represented by ∗. A component represents a subset of the network that is 
somehow connected by a complex set of relations. 

The citation networks that we consider are acyclic, i.e. if a path from  to  exists in , 
no path exists from  to . This follows logically from the nature of a citation: a patent 
can only be cited by patents that are published after itself, but this implies at the same 
time that the original patent cannot cite these later patents. In the network matrix , 
vertices may be distinguished into three categories: sources, sinks and intermediate 
points. Sources are vertices that make no citations, but are cited. Sinks are the opposite: 
they are not cited, but make citations. Intermediate points both cite and are cited.  

The most important idea in Hummon and Doreian (1989) for our purpose is that we can 
use the network structure to say something about the importance of the various indi-
vidual edges (citations) in the network. We use the search path count (SPC) indicator for 
this purpose, following J. S. Liu et al. (2013). For the patent citation , SPC measures 
the number of times that the citation lies on a path from one vertex in the network to 
another vertex in the network. Thus, SPC measures how often one visits a citation if all 
possible paths in the network are traveled.  

Once a measure of the importance of the edges (SPC) is calculated, Hummon and 
Doreian propose to define the “main path” through a network using a heuristic algo-
rithm. Their algorithm uses a local optimization strategy, i.e., when at a particular point 
at a path, it picks the outgoing edge (citation) that maximizes SPC among all outgoing 
ones. As recognized in Verspagen (2007) and J. S. Liu and Lu (2012), such a local search 
strategy does not necessarily lead to a maximum sum of SPC along the entire path. 
Thus, instead of Hummon and Doreian’s original heuristic, we look for the path that 
maximizes the total sum of SPC along all of its edges. Such a path will necessarily go 
from a source to a sink. We call the path that is found using this procedure the top main 
path in the network C. The intuition behind why the top main path is of interest, is that 
it represents the largest flow of ideas in the network.  
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We follow Liu and Lu’s algorithm, but apply it in the way proposed by Verspagen (2007). 
This means that we identify the top main path for a network matrix , where  is 
defined as the subset of  that includes only rows and columns corresponding to pa-
tents dated to a year smaller than or equal to . Hence,  corresponds to the citation 
network that reflects the flow of ideas up to and including the year . The single top 
main path that results for year  is called . We then merge the paths  for all values 
of = , … , , where  is a start year that we will identify below, and  is the last 
year in the dataset. The set of all paths  is called the network of top main paths, and is 
depicted for our networks in Figures 4.8, 4.9 and 4.10. 

As a final step of the analysis, we will take the network of top main paths and attempt 
to identify clusters in it. For this purpose, we will use the VOS algorithm, as proposed by 
Waltman and Van Eck (2013). These clusters will be the main unit of analysis when we 
look at how countries have contributed to the technological trajectory (network of top 
main paths).  

4.4 DATA 

In order to implement the methods explained in the previous section, we will draw on 
data from the EPO Worldwide Patent Statistical Database (PATSTAT, 2014 April version) 
developed by the European Patent Office (EPO). The version of PATSTAT that we use 
contains more than 90 million patent documents from all the leading economies in the 
world63, covering patents since the beginning of the patent system (for some countries 
the records date back to the 1830s). Besides patent bibliographical data, PATSTAT also 
provides a comprehensive and up-to-date patent citation dataset that is based on pa-
tent publication and application documents. Table 4.1 lists the PATSTAT tables used in 
this paper. 

Table 4.1 PATSTAT tables used in the analysis (2014 April version) 

Name of the table Description 

TLS201_APPLN Patent application bibliographical data  

TLS202_APPLN_TITLE Patent application title 

TLS206_PERSON Data on patent applicants and inventors 

TLS207_PERS_APPLN Links between applicants and applications 

TLS211_PAT_PUBLN Patent publication bibliographical data 

TLS_212_CITATION Citation data linking between publications, applications and non-patent literature 

TLS218_DOCDB_FAM Patent family data, based on EPO DOCDB patent family 

TLS224_APPLN_CPC Cooperative Patent Classification (CPC) data  

 
                                                                 
63 See also: https://www.epo.org/searching-for-patents/business/patstat.html 
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The technology fields that will be analyzed below are defined in terms of the Coopera-
tive Patent Classification (CPC), and cover several parts of the recent OECD ENV-TECH 
list, which describes patent search strategies for the identification of selected environ-
ment-related technologies (Haščič & Migotto, 2015). Specifically, this paper chooses 
three kinds of technologies from the OECD list: (1) combustion technologies under the 
CPC class Y02E20 in the section “climate change mitigation technologies related to 
energy generation, transmission and distribution”, (2) energy efficiency technologies 
related to ICT in buildings, under the CPC class Y02B60 in the section “climate change 
mitigation technologies related to buildings”, and (3) energy efficiency technologies 
related to road vehicles, under the CPC class Y02T10 in the section “climate change 
mitigation technologies related to transportation”. The three chosen fields are sub-
classes related to energy efficiency in a larger list that covers a broad range of climate 
change mitigation technologies (Tables 4.2a, 4.2b and 4.2c). The use of CPC codes (or 
any other classification scheme) has the disadvantage that it may exclude relevant 
technologies that are classified under different codes. For example, it is evident that 
other CPC classes in the OECD ENV-TECH are also closely related to energy efficiency, 
for instance, “technologies for an efficient electrical power generation, transmission 
and distribution” under Y02E40, and “architectural or construction elements improving 
the thermal performance of buildings” under Y02B80. Also, there are several efficiency 
related technologies for rail and air transport under the CPC classes Y02T30 and Y02T50 
in the section “climate change mitigation technologies related to transportation”, which 
we also do not include in the analysis. 

Table 4.2a. Climate change mitigation technologies related to energy generation, transmission and distribu-
tion 

Category in OECD ENV-TECH CPC class Used in this paper 

Renewable energy generation Y02E10 No 

Energy generation from fuels of non-fossil origin Y02E50 No 

Combustion technologies with mitigation potential (e.g. using fossil 
fuels, biomass, waste, etc.): technologies for improved output 
efficiency and input efficiency 

Y02E20 Yes 

Nuclear energy Y02E30 No 

Technologies for an efficient electrical power generation, 
transmission and distribution  

Y02E40 No 

Enabling technologies (technologies with potential or indirect 
contribution to emissions mitigation) 

Y02E60 No 

Other energy conversion or management systems reducing GHG 
emissions 

Y02E70 No 
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Table 4.2b. Climate change mitigation technologies related to transportation 

Category in OECD ENV-TECH CPC class Used in 
this paper 

Conventional vehicles (based on internal combustion engine, ICE), including: 
1) integrated approaches (technologies for the improvement of indicated 
efficiency and mechanical efficiency of an ICE, energy recuperation, non-
reciprocating piston engines, varying inlet or exhaust valve operating 
characteristics, engine management system and intelligent control systems); 
2) post-combustion approaches; 
3) fuel substitution 

Y02T 10 / 12 – 18; 
Y02T 10 / 40 – 48; 
Y02T 10 / 50 – 56; 
Y02T 10 / 20 – 26; 
Y02T 10 / 30 – 38 
 

Yes 

Hybrid vehicles Y02T 10 / 62 – 6295 Yes 

Electric vehicles, including electric machine technologies for applications in 
electromobility, energy storage for electromobility; electric energy 
management in electromobility 

Y02T 10 / 64 – 649; 
Y02T 10 / 70 – 7094; 
Y02T 10 / 72 – 7291 

Yes 

Fuel-efficiency improving vehicle design (common to all road vehicles) Y02T 10 / 80 – 86; 
Y02T 10 / 90 – 92 

Yes 

Rail transport Y02T30 No 

Air transport Y02T50 No 

Maritime or waterways transport Y02T70 No 

Enabling technologies in transport Y02T90 No 

Table 4.2c. Climate change mitigation technologies related to buildings 

Category in OECD ENV-TECH CPC class Used in 
this paper 

Integration of renewable energy sources in buildings Y02B10 No 

Energy efficiency in buildings, including energy efficient lighting, heating, ventilation 
or air conditioning, home appliances, elevators, escalators and moving walkways , 
end-user side 

Y02B20 
Y02B30 
Y02B40 
Y02B50 
Y02B70 

No 

Energy efficiency in buildings, including information and communication technologies: 
1) Energy efficient computing: reducing energy-consumption at the single machine 
level, e.g. processors, personal computers, peripheral devices, power supply; 
reducing energy-consumption by means of multiprocessors or multiprocessing based 
techniques, other than acting upon the power supply (e.g. resource allocation, 
scheduling, virtualization, consolidation and load distribution); reducing energy-
consumption in distributed systems (e.g. delegation or migration, resource sharing); 
reducing energy-consumption at software or application level (e.g. compilation, 
installation, feedback, predication, usage patterns, suspending or hibernating, 
performance or eco-modes, information retrieval in databases). 
2) Techniques for reducing energy-consumption in wire-line communication 
networks: using reduced link rate; using subset functionality and by operating in low-
power or sleep mode. 
3) High level techniques for reducing energy-consumption in communication 
networks: by proxying, by energy-aware routing, by signaling and coordination and 
green peer-to-peer. 
4) Techniques for reducing energy-consumption in wireless communication networks. 

Y02B60 
 

Yes 
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Category in OECD ENV-TECH CPC class Used in 
this paper 

Architectural or construction elements improving the thermal performance of 
buildings 

Y02B80 No 

Enabling technologies in buildings Y02B90 No 

Source: own elaboration based on OECD ENV-TECH list (Haščič & Migotto, 2015). 

In choosing a relevant classification, we searched for a group of patents which are rela-
tively strongly connected to each other, either directly or indirectly. The reason is that 
the methods that we will use work within a single component of a larger network, and 
hence a citation network that consists of many components will never identify a com-
mon trajectory for all the components. Including a broad class, like Y02E40, that in-
cludes topics that are only indirectly related to energy efficiency will tend to generate 
more components, which is why we do not include this. The three technology fields 
under investigation are well connected, as will be shown below. 

In constructing our patent citation datasets, the first challenge is to choose a proper 
unit of analysis to deal with the problems of double counting and self-citation in patent 
data. It is very common that a firm patents the same technology with various patent 
authorities (countries) around the world. All the patents reflecting the same technology 
but documented in different patent authorities are recorded in PATSTAT separately 
using different IDs. Also, an invention can be represented in three levels in PATSTAT: 
patent publication, patent application and patent family. The relationship between 
them is shown in Figure 4.1. A patent application may cover multiple patent publica-
tions, but a patent publication can only be linked to a single patent application. A patent 
family is related to multiple patent applications,64 but a patent application cannot be 
included in multiple patent families. The PATSTAT citation dataset is based on publica-
tions and applications, which results in the problem that many citing and cited entities 
actually indicate the same technology, which leads to double counting. 
 

 
Figure 4.1 The relationship between patent publication, patent application and patent family in PATSTAT 
Source: own elaboration. 

The problems of double counting and self-citation (between members of a family) are 
solved by identifying all patent publications and patent applications in the citation da-

                                                                 
64 For example, patent applications authorized in different countries. 
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taset to their corresponding patent families and performing the analysis on patent fami-
lies. The EPO has developed its own DOCDB patent family system, which is what we use, 
where different patent publications and patent applications representing the same 
technology are assigned a unique and stable ID. In the raw dataset, a patent publication 
can cite (1) another patent publication, (2) another patent application, or (3) non-
patent literature. We do not include non-patent literature in our analysis, since it can-
not be linked to any patent application or patent family. For patent citations, , we link all 
the citing and cited patent publications to their corresponding patent applications and 
only use those citation pairs under the CPC classes of interest. Then we link all the ob-
tained citation pairs of patent application to their corresponding DOCDB patent fami-
lies.65 We are then able to identify and remove all the self-citations and duplicated pairs 
in the citation dataset at family level. 

Another problem is related to the timing of a patent family. Unlike patent application in 
the original patent bibliographical documents, DOCDB patent families do not have a 
specific filing date, while the temporal information greatly matters in our analyses. In 
this paper, we use the earliest application filing date (also known as priority date) within 
the same DOCDB patent family as the time indicator of the patent family. In the raw 
dataset, a patent publication cannot cite a patent publication or application earlier than 
itself. If we convert all the patent publications and patent applications into patent fami-
lies, however, some “illogical” pairs where the citing patent family is earlier than the 
cited patent family do exist. For logical consistency, and to keep the network acyclical, 
we do not include these pairs. Also, we delete any citations that lead to cycles in the 
network when two families have the same priority date.  

In the final citation dataset of energy efficiency technology related to energy genera-
tion, 18031 citation pairs formed by 7230 DOCDB patent families from the CPC class 
Y02E20 are found. We will refer to this data set as the power stations dataset. The date 
of cited patent family ranges from 1905 to 2012 and the citing patent family occurs for 
the period 1951 – 2013. For the Y02B60 class, which we will refer to as ICT energy effi-
ciency technologies, the final citation dataset has 45694 citation pairs containing 15495 
DOCDB patent families. The cited patent family exists for the period 1923 – 2012 and 
the citing patent family appears for the period 1947 – 2013. For the Y02T10 class re-
ferred to as vehicle energy efficiency technologies, the final citation dataset is very 
large, containing 483733 citation pairs and 125111 DOCDB patent families. The cited 
patent family and citing patent family exist for the period 1898 – 2012 and the period 
1934 – 2013, respectively. 

                                                                 
65 The source of citation data is the table “TLS_212_CITATION”. The table “TLS211_PAT_PUBLN” contains the 
links between patent publication and patent application. The table “TLS218_DOCDB_FAM” contains the links 
between patent application and DOCDB patent family. 
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The figures below illustrate the development of the citation networks for energy effi-
ciency technology related to energy generation and buildings, respectively.66 Figure 4.2, 
Figure 4.3 and Figure 4.4 show the general evolution of the networks in terms of the 
number of patents (vertices in the networks), also by type of vertex. All three types of 
technologies show similar trends in development. Before 1980s the growth of the cita-
tion networks for all the types of technologies is rather slow: the curves indicating the 
total number of patent families, the number of sources, the number of sinks and the 
number of citation network components are very flat compared to those after the 
1980s.67 After 1980 the development of both types of technologies takes off: all the 
relating curves have steep increases. 

Also, in the early years, citations happen between only a small number of patent fami-
lies, leading to a fragmented nature of the citation network. Figure 4.5, Figure 4.6 and 
Figure 4.7 document the share (in terms of the number of patents involved) of the larg-
est citation network component in the complete networks. The shares for the power 
stations field and ICT energy efficiency field generally remain at a low level (below 60%) 
and fluctuate significantly for the period until 1980. The share for the vehicle energy 
efficiency field, however, has stayed at a high level (above 60%) since 1950s, probably 
because the dataset contains many more patents. For the power stations field, the 
share of the largest citation network component starts to continuously increase from 
1984 onwards and gradually reaches a very high level (from 63% in 1984 to 91% in 
2013). For the ICT energy efficiency field, the share of the largest citation network com-
ponent sharply grows from 67% in 1988 to 92% in 2013. For the vehicle energy efficien-
cy field, the share of the largest citation network component already reaches 90% in 
1978 and smoothly grows to 96% in 2013. The higher this share, the better connected 
the citation network, and the better our analysis will capture general trends in the field. 
We therefore choose 1984, 1988 and 1978 as the start years for the analysis in the next 
section. 
 
 
 

                                                                 
66 To obtain all the basic network statistics, we use the two complete citation datasets to construct sub-
datasets in which all the cited and citing patent families are earlier than or equal to the corresponding year on 
the X axis of the figures. For example, the sub-dataset for 2012 only contains cited and citing patent families 
up to and including 2012. We do this for every year existing in the ranges of the citing patent families. 
67 In the early years all the curves are discontinuous because no patent families are found in some years. 
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Figure 4.2 Development of the citation network for power stations 

 

 
Figure 4.3 Development of the citation network for energy efficiency technologies, ICT in buildings 

 

 
Figure 4.4 Development of the citation network for energy efficiency technologies related to vehicles 
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Figure 4.5 Evolution of the importance of the largest component, power stations citations network 

 

 
Figure 4.6 Evolution of the importance of the largest component, ICT citations network 

 

 
Figure 4.7 Evolution of the importance of the largest component, vehicle energy efficiency citations network 

4.5 RESULTS 

We will separately analyze the three particular groups of technologies in the field of 
energy efficiency that were introduced above. The cases are chosen to provide a certain 
degree of diversity. One case, broadly speaking the technology of power stations and 
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power plants, is a scale-intensive technology that requires large investments to be ap-
plied. The second group of technologies, broadly speaking those that are aimed at in-
creasing energy efficiency for information and communication equipment in buildings 
(e.g., in homes and offices) have a much smaller scale, but the main trajectories are also 
better connected. The third group, broadly speaking those related to energy efficiency 
of road vehicles (including vehicles consuming fossil fuels, hybrid vehicles and electric 
vehicles), is a field with a long history and also requires a large scale of investments. In 
the main trajectories that we will present and analyze below, we find an additional 
small separate group of technologies in the power stations field and the vehicle energy 
efficiency field, while the main trajectories of the ICT energy efficiency field have a sin-
gle component only. 

For each of these technology fields, we will use the methods explained above to identify 
the main paths in the technology field, which we will take as an indication of the most 
important technological trajectories that developed over time. We will start by discuss-
ing these results for the three fields. We will then revert back to the entire patent da-
tasets for the fields (the identified trajectories are a subset) and look at the role of dif-
ferent countries over time.68 We will try to identify leaders (in time) and latecomers, at 
the country level. Finally, we will analyze how individual countries relate to the techno-
logical trajectories (main paths), and what role the timing of the technological efforts 
(i.e., whether they are latecomers or early players) plays a role in this relationship. We 
will use both a forward perspective and a backward perspective. The forward perspec-
tive asks into which parts of the main path a country’s patents feed, while the backward 
perspective asks from which parts of the main path the country’s patents are derived.  

4.5.1 Power stations 

In the dataset for the power station technology 6563 patent families are connected to 
each other by citations (i.e., they form the largest network component) in the final year 
2013. We use this component for our analysis, i.e., we ignore the small number of pa-
tents (roughly 9%) that are outside this component. Table 4.3 shows the number of 
patent families and the age of the patents in this component, by country. We count the 
number of inventors by country, and because a patent family can have more than a 
single inventor, the total number exceeds the number of patents in the sample. We 
include in the analysis only countries that have more than 50 patents (an admittedly 
arbitrary threshold), which yields the countries listed in the table. Together, these coun-
tries account for 55% of all inventors in the sample. Of the remaining 45%, 41%-points 
are inventors for which the country is not listed in the database.69 

                                                                 
68 In this section, when we speak about “patents”, we generally mean “patent families”.  
69 In many cases, the unlisted inventors will be the same ones that are listed in other members of the family, 
hence the problem of unlisted nationalities is less serious than it seems on the basis of the 45%. 
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The US and Germany are the largest countries in this technology field. Together, they 
account for 32% of all patents. The other countries in the table are either European or 
Asian. Many of the Asian countries are characterized as latecomers. This is done on the 
basis of two indicators for the age of the patents from a country. The first indicator is 
the average year of the patents in the country, the other the year of the oldest patent 
in the country. The average is about 1999 for the entire sample, while the earliest pa-
tent is from 1908. Thus, despite the fact that the database goes back more than a cen-
tury, the majority of patents are less than 20 years old. 

The countries that can be characterized as latecomers in terms of industrialization and 
catching-up are Korea, India and China, where the last two are clearly second-tier catch-
ing-up countries. In line with this characterization, their average patent is from 2005 or 
later. The other countries are all early industrializers, although some of them (e.g., Italy, 
Austria) have average patents from years that are close to those of Korea. 

Table 4.3 Number of patents and age for power station technology, by country 

 Average Year Min year Number 

All 1999.2 1908 10254 

United States of America 1999.5 1908 2132 

Germany 1999.4 1962 1120 

Japan 2000.7 1973 614 

Switzerland 2001.0 1960 310 

France 2001.7 1966 304 

United Kingdom 2001.0 1965 232 

Sweden 1997.6 1949 128 

Republic of Korea 2006.0 1996 119 

Italy 2003.5 1968 111 

Canada 2001.8 1976 111 

Netherlands 1998.9 1967 99 

India 2007.6 1992 90 

Finland 1999.4 1981 87 

Austria 2001.8 1952 58 

Israel 1999.1 1978 57 

China 2004.6 1986 56 

Note that this table only contains economies with more than 50 patent families. 

Table 4.4 presents the clusters in the top main paths group of patents in the power 
stations field. There are 214 patents in the top main paths since 1984, which is the year 
in which we start the analysis (this is also the year in which the largest component of 
the citation network becomes substantial). The VOS clustering algorithm that we apply 
divides this group into 13 clusters. The 214 patents are also spread over 2 separate 
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components. Figure 4.8 displays a graph of the network of all top main paths over the 
period 1984 – 2013, including an indication of the clusters. The table also gives an indi-
cation of the age of the patents in a cluster, with minimum, average and maximum year 
of the group of patents in the cluster.  

Table 4.4 Clusters in the top main paths graphs of the power stations field, 1984 – 2013 

Cluster as labeled in figure Description Period (min – average – max) 

Cluster 2 (Core) Gasification of fuel, mainly companies from 
USA and Germany 

1949 – 1979 – 1993 

Cluster 13 (Branch A final path) Oxygen combustion, started by companies 
from USA, France and Norway, last part 
Hitachi (Japan) 

1997 – 2006 – 2013  

Cluster 8 (stable part of Branch B 
final path) 

Combined cycle, mostly companies from 
Japan (Mitsubishi) and USA 

1996 – 2002 – 2010 

Cluster 7 (non-stable part of 
Branch B final path) 

Hybrid fuel and solar, frequency stabilization, 
heating, cooling, moisturization, mostly 
companies from USA 

1994 – 2000 – 2006 

Cluster 12 (non-stable part of 
Branch B final path) 

Cogeneration, mostly companies from Korea 
and Japan 

2001 – 2005 – 2007  

Cluster 4 (early dead end) Load control, combined cycle, mostly 
companies from Japan and USA 

1973 – 1982 – 1990 

Cluster 1 (dead ends) Combined cycle, gasification, mainly 
companies from Germany and USA 

1977 – 1986 – 1992 

Cluster 3 (dead ends) Use of biofuels, using fuel cells, mainly 
companies from USA 

1977 – 1985 – 1994  

Cluster 5 (dead ends) Using waste as fuel, companies from Finland, 
Germany 

1986 – 1992 – 1996  

Cluster 9 (dead ends) Combined cycle, companies from Germany, 
USA 

1996 – 2000 – 2006 

Cluster 6 (mostly fringe) Reducing CO2 emissions, mainly companies 
from USA 

1992 – 1998 – 2006  

Cluster 10 (disconnected dead 
end) 

Fuel burners, combustion, mainly companies 
from USA 

1962 – 1986 – 1996  

Cluster 11 (disconnected dead 
end) 

Oxygen combustion, fuel injection, mainly 
companies from USA and France 

1996 – 2001 – 2005 

Source: own elaboration. 

The technological trajectory in this field shows a dynamic evolution over time. At the 
end of the period, in 2013, the top main path consists of two separate branches and a 
core. But over time, other branches have been present, which disappeared before 
2013. The two final branches are labeled Branch A and Branch B in the table and figure. 
They have clear technological characterizations. Branch A corresponds to a trajectory of 
oxygen combustion, a technique where a higher concentration of oxygen than is found 
in normal air is used to burn fuel. Branch B corresponds to a trajectory of a combined 
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cycle, which means that gas or steam is used twice, at different pressures, to generate 
energy. These two branches emerged around the same time, as shown by the oldest 
age of patents in the clusters (1996 and 1997), but on average the patents in Branch A 
are younger (2006) than in Branch B (2002). The core of the network, which includes 
the single source patent from 1949, includes patents on gasification of fuel. This can be 
considered as the most basic technology in the trajectory, from which all other sub-
branches emerged. The core contains mostly older patents, with an average year equal 
to 1979, i.e., pre-dating the average year of all patents in the sample by a full 20 years. 

Cluster 4 is an early branch that turns into a dead end (by which we mean that it disap-
pears from the top main path before 2013). This branch is present in the network from 
1984 until 1991, but the oldest patent in this cluster is from 1973, and the average year 
of patents in the cluster is 1982, i.e., only slightly (3 years) younger than the core (Clus-
ter 2). Technological topics in Cluster 4 are load control and the combined cycle. 

There are other dead ends, some of which are closely linked to Branch B of the network. 
The latter clusters are indicated as non-stable parts of Branch B, and they comprise the 
clusters 7 and 12. When they appear, these branches are linked to the stable part of 
Branch B. Their technological characterization is different, however, from the patents in 
the stable part of Branch B. In cluster 7, we find technologies that combine solar energy 
with turbines, and in Cluster 12, we find cogeneration technologies (generating electric-
ity and useful heat at the same time). 

Another dead end is formed by clusters 10 and 11, which together from a separate 
component in the network of top main paths (see Figure 4.8). This is a branch that ap-
pears for only three years in the top main path (1996, 2002 and 2006), and which is 
concerned with the combustion process itself, in the form of oxygen combustion, fuel 
injection, and the design of burners. The other dead ends in the network are Clusters 1, 
3, 5 and 9. Cluster 6 contains many patents that do not form a real trajectory over time, 
but which are fringe patents that appear for only one or two years in the network of top 
main paths.  

Besides a coherent technological content, the clusters can also be characterized by the 
country of origin of the companies that are active in them. Many companies, across 
most of the clusters, are from the US, but some clusters are dominated by other coun-
tries. Germany plays an important role in the core cluster, together with the US, which 
is the same in Cluster 1, and Cluster 9. Japanese companies play an important role in 
both branches A and B, as well as in Cluster 12, a non-stable part of Branch B, where 
also Korea plays an important role (and the US is more absent than usual). Finnish com-
panies play an important role Cluster 5, with technologies aimed at using waste from 
the paper industry.   
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4.5.2 ICT energy efficiency in buildings 

The second field considered in this analysis is related to the energy efficiency of infor-
mation and communication equipment in buildings. In fact, it is a collection of two types 
of technologies, that is, computer related technology and wire-line / wireless communi-
cation network, which share the fact that they are used indoors to save energy. The 
total number of patent families in the largest component in this field in 2013 is 14325 
(roughly 7.5% is left out). Table 4.5 shows the number of inventors in patent families by 
country.  

Table 4.5 Number of patents and age for energy efficiency technologies related to ICT in buildings, by country 

 Average Year Min year Number 

All 2004.1 1935 24289 

United States of America 2004.0 1966 6343 

Japan 2003.6 1975 2839 

Republic of Korea 2005.5 1986 1236 

China 2008.0 1992 709 

United Kingdom 2004.5 1966 559 

Taiwan 2006.2 1991 532 

Germany 2004.3 1963 504 

Canada 2005.3 1985 466 

India 2007.2 1996 442 

France 2004.4 1969 362 

Finland 2004.7 1989 344 

Sweden 2004.3 1982 340 

Israel 2005.6 1983 306 

Netherlands 2003.9 1986 296 

Switzerland 2005.1 1993 106 

Singapore 2005.5 1994 91 

Italy 2004.4 1975 64 

Note that this table only contains economies with more than 50 patent families. 

Interestingly, in the ICT energy efficiency field, the performance of latecomer countries 
is quite notable. The US is again the largest country in terms of patents in this field, 
followed by an incumbent country (Japan) and a latecomer country (South Korea). The 
next largest countries are two latecomer countries (China and Taiwan) and an incum-
bent country (the UK). The latest country entering this field is China, with an average 
patent filing year of 2008, while ranking fourth globally in this field in terms of patents. 
The average year in which all the patents were filed is 2004, which is much larger than 
the power stations field, indicating that the ICT energy efficiency field is a young field 
that attracts latecomer countries to participate actively. Besides South Korea, China and 
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Taiwan, we also see India and Singapore as latecomer countries in the table. But also 
some developed economies such as Canada, Israel and Switzerland have relatively late 
years for the average patent. 

Figure 4.9 presents the network of top main paths since 1988. There is only one well-
connected component in this network, while it is evident that the network has two 
directions, one that corresponds to wire-line and wireless communication network, and 
the other to energy saving in computers. We find 10 clusters using the VOS algorithm, 
of which three clusters are in communication network, and the remaining seven in the 
computer part. These two parts share a common origin from the computer part, that is, 
Cluster 3. They develop in a more or less linear fashion, with one founding cluster, a 
number of intermediate clusters and a number of final clusters. 

Table 4.6 Clusters in the top main paths graphs of the ICT energy efficiency field, 1988 – 2013 

Cluster as labeled in figure Description Period (min - average - max) 

Cluster 3 (origin) Power saving / battery management 
devices, mostly companies from USA and 
Japan 

1935 - 1979 - 1993 

Cluster 2 (Radio system and power 
management, old) 

Power saving devices in radio system, 
started by companies from Japan (NEC), 
then followed by companies from USA, 
Finland and Sweden 

1982 - 1993 - 2003 

Cluster 5 (CPU and power 
management) 

Power saving / cooling design for CPU, 
mostly companies from USA 

1990 - 1995 - 2000 

Cluster 1 (Radio system and power 
management) 

Power management for radio system and 
CPU, started by companies from Finland 
(Nokia) and Sweden (Ericsson), mostly 
companies from USA and Japan 

1992 - 1999 - 2003 

Cluster 4 (Wireless system and 
power management) 

Power saving devices for wireless Internet 
system, mostly companies from USA 

1998 - 2004 - 2007 

Cluster 7 (Adaptive power control, 
old) 

Adaptive / dynamic power control, mostly 
companies from USA 

1999 - 2002 - 2003 

Cluster 8 (Dynamic power control for 
CPU) 

Dynamic power control for multicore 
processors, started by companies from 
South Korea (LG) and Taiwan (Asustek), 
mostly companies from USA and Taiwan 

2000 - 2006 - 2011 

Cluster 10 (Optimizing power usage) Optimizing energy consumption; power-
aware thread scheduling for computer, 
mostly companies from USA 

2008 - 2009 - 2010 

Cluster 6 (Power control for monitor 
and memory) 

Power control for monitor and memory 
system, mostly companies from USA and 
South Korea (LG and Samsung) 

1993 - 2000 - 2005 

Cluster 9 (Optimizing power usage) Optimizing power usage, mostly companies 
from USA 

2006 - 2006 - 2007 

Source: own elaboration. 
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The clusters are presented in Table 4.6. Cluster 3, in which patents go back, on average, 
to 1979, is the foundational cluster for the computer part. This cluster is concerned with 
power saving / battery management devices in computers, as used in residential and 
commercial buildings. Cluster 8 and Cluster 10 are the last clusters (state of the art) in 
this part, which deals with more complex dynamic and optimal power control, which 
have applications in computers with multicore processors. In fact, these two clusters 
are quite similar to each other, since Cluster 10, as a divergent branch of Cluster 8, 
develops based on Cluster 8. Interestingly, the original inventors in this field are mostly 
companies from the USA and Japan, and in the intermediate clusters there are several 
European companies such as Nokia from Finland and Ericsson from Sweden, while in 
the more recent clusters (Cluster 6, Cluster 8 and Cluster 10), some companies from 
latecomer countries, for instance, LG and Samsung from South Korea and Asustek from 
Taiwan, are already active inventors. Cluster 5, Cluster 7 and Cluster 9 are dead ends in 
this development, while Cluster 6 is an intermediate stage which includes power control 
for monitor and memory devices. 

The other three clusters, that is, Cluster 1, Cluster 2 and Cluster 4, are related to energy 
consumption in communication systems, which are in fact based on Cluster 3 in the 
computer part. Cluster 2, with patents that on average go back to 1993, is the founda-
tional or the earliest cluster in the communication network part of the graph. This clus-
ter is concerned with power management in the radio system in general. The founda-
tional cluster, becomes a dead end, and through Cluster 1, develops into three clusters 
in the computer part: 6, 7 and 8, which in general deal with power management sys-
tems for CPUs (in particular multicore CPUs), monitor and memory. The final cluster in 
the communication part, Cluster 4 related to power saving devices for wireless Internet 
system, is also a dead end. 

4.5.3 Energy efficiency technologies related to vehicles 

The third case that we will analyze deals with a very large technological field in terms of 
patent families involved and a much more homogenous technology. It focuses on tech-
nologies that can improve emission efficiency and energy efficiency of all the types of 
road vehicles, covering traditional vehicles that consume fossil fuels, electric vehicles 
and hybrid vehicles. In 2013 around 96% of the patent families in this field are included 
in the largest citation network component, that is, 120163 patent families. Because the 
dataset has more observations, we are able to apply a higher threshold of patents to 
include countries in the table, as shown below, and as a result we have more countries. 
The threshold is 100 patents, and in the table we still include the Soviet Union, which 
has 211 patents. In the next section, however, patents from the Soviet Union are left 
out in the econometric analysis. 
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Table 4.7 contains economies with more than 100 patent families. In Table 4.7, the 
largest country, defined as the number of patents held, is Japan (23716 patents) fol-
lowed by four developed incumbent countries: Germany, the USA, France and the UK. 
The top five incumbent countries contribute roughly 44.1% of total patents in this field. 
Among all the countries in the table, there is a significant discrepancy in the number of 
patents held between top three countries (Japan, Germany and the USA, more than 
20000 patents) and the others (below 6500 patents), indicating that this field is much 
dominated by the three incumbent countries. The average patent filing year in this field 
is 1997, which is the smallest in all three technological fields under consideration, show-
ing that this field is relatively “old”. The best performing latecomer country is South 
Korea in the sixth place (2432 patents). The other latecomer countries include China 
(746 patents), Taiwan (414 patents) and India (250 patents). Some developed countries 
such as Finland and Luxembourg also entered this field quite late. 

Table 4.7 Number of patents and age for energy efficiency technologies related to vehicles, by country 

 Average Year Min year Number 

All 1997.1 1898 168401 

Japan 2000.4 1918 23176 

Germany 2000.7 1901 21319 

United States of America 1999.3 1898 20598 

France 1999.9 1902 6452 

United Kingdom 1996.3 1898 2706 

Republic of Korea 2006.8 1980 2432 

Italy 1999.0 1944 1227 

Sweden 2001.6 1910 1172 

Austria 2002.0 1909 1168 

Canada 2000.0 1913 1079 

Switzerland 1987.0 1911 831 

China 2006.3 1985 746 

Netherlands 2000.5 1909 490 

Australia 1997.6 1917 436 

Taiwan 2002.2 1975 414 

Belgium 2001.7 1904 337 

Spain 2000.6 1960 325 

India 2007.5 1974 250 

Russian Federation 2000.6 1911 213 

Soviet Union 1983.6 1962 211 

Finland 2003.2 1917 202 

Denmark 2002.7 1912 190 

Luxembourg 2003.6 1967 146 

Israel 1999.1 1952 112 

Czech Republic 2000.1 1929 110 
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Figure 4.10 illustrates the network of top main paths in this field since 1978. Employing 
the VOS algorithm generates 11 clusters. As in the power stations filed, two separate 
network components are found, one that is a small cluster and concentrated on exhaust 
gas recirculation apparatus, and the other that is much larger and well-connected, in-
cluding 10 clusters.  

Table 4.8 summarizes all 11 clusters in the network of top main paths in this field. The 
small disconnected component (Cluster 1), mainly contains Japanese, German and 
American companies, and stops development in 1979. In the larger network compo-
nent, interestingly, it shows a very different technological development trajectory, 
compared to the other two fields: it has two separate technological origins, the old one 
(Cluster 2) that corresponds to flow control device or fuel injection for internal combus-
tion engine (ICE), started by individual inventors from Germany and followed by Japa-
nese companies, and the new one (Cluster 3) that is related to the ignition system and 
spark timing control for ICE, started by GM from the USA and mostly followed by Ameri-
can and Japanese companies. 

Table 4.8 Clusters in the top main paths graphs of the vehicle energy efficiency field, 1978 – 2013 

Cluster as labeled in figure Description Period  
(min - average - max) 

Cluster 1 (Separated component, old) Exhaust gas recirculation apparatus, mostly 
companies from Japan (Toyota, Honda and 
Nissan), Germany (Bosch) and USA (Ford) 

1925 – 1969 – 1979 

Cluster 2 (Flow control / fuel injection, 
old origin) 

Flow control device / fuel injection, started by 
individual inventor from Germany, mostly 
companies from Japan (Toyota) 

1923 – 1968 – 1986 

Cluster 3 (Ignition system and timing 
control for ICE, new origin) 

Ignition system / spark timing control / 
knocking control device, started by companies 
from USA (GM), most from USA and Japan 

1958 – 1978 – 1990 

Cluster 5 (Air intake system for ICE) Air intake system for internal combustion 
engine, mostly companies from Japan 
(Mitsubishi, Nissan, Hitachi, Toyota, Yamaha, 
Fuji Heavy Industries), and some companies 
from Germany, Sweden and Taiwan 

1985 – 1993 – 1996 

Cluster 6 (Engine control system, old) Engine control system / ignition timing control 
system / Valve timing, mostly companies from 
Japan (Nissan, Mazda, Toyota, Mitsubishi, 
Denso, Honda and Fuji Heavy industries), and 
some companies from  and USA  

1985 – 1991 – 1999 

Cluster 8 (Direct injection, old) Direct fuel injection for ICE, companies from 
Austria, Germany, France, Belgium and Japan 

1994 – 1998 – 1999 

Cluster 7 (Air and fuel supply system) Combined cycle / direct fuel injection / air and 
fuel supply, most from Japan  and USA, and 
some companies from Germany and Austria 

1994 – 2001 – 2007 

Cluster 4 (Pressure control for ICE, old) Pressure control for a turbocharger / air supply 1981 – 1988 – 1996 
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control / ICE with turbocharger, mostly 
companies from Japan and USA, and some 
companies from Sweden and Germany 

Cluster 9 (Hybrid vehicle control 
system) 

Adaptive control system / ignition timing 
control / control device for hybrid vehicle / 
power output apparatus, mostly companies 
from Japan and USA 

1987 – 1999 – 2005 

Cluster 10 (Valve timing control 
system, old) 

Valve timing control apparatus for engine, 
mostly companies from Japan and USA 

1991 – 1995 – 1999 

Cluster 11 (Engine control and hybrid 
powertrain, new) 

Valve timing control / emission control device / 
hybrid electric powertrain / hybrid 
transmissions, most from USA  (GM, Ford, 
Chrysler) and Germany (Daimler, BMW) 

1999 – 2007 – 2011 

Source: own elaboration. 

Based on the two origins, technologies in this field develop in general into two direc-
tions separately, and finally into several final clusters. The two directions have a com-
mon final cluster (Cluster 6). The clusters based on the old origin (Cluster 2) are Cluster 
5 (air intake system for ICE), Cluster 6 (engine control system), Cluster 7 (air and fuel 
supply system) and Cluster 8 (direct injection). All these clusters are related to vehicles 
consuming fossil fuels and turn out to be dead ends, since the latest final cluster among 
them, Cluster 7, only has patents filed before 2007. The clusters developed from the 
new origin (Cluster 3) include Cluster 4 (pressure control for ICE), Cluster 6 (engine 
control system), Cluster 9 (hybrid vehicle control system), Cluster 10 (valve timing con-
trol system) and Cluster 11 (engine control and hybrid powertrain). Of these clusters, 
two deal with traditional ICE (Cluster 4 and Cluster 6), while the others deal with hybrid 
vehicles or electric vehicles (Cluster 9, Cluster 10 and Cluster 11). The last cluster (state 
of the art) is Cluster 11, and all the others are dead ends in this development. 

The finding that Cluster 11 is the most recent state of the technological development in 
this field is very inspiring, because this cluster mainly deals with engine control and 
electric powertrain for hybrid vehicles. It is evident that in this field the technological 
trend has gradually moved from improving energy efficiency in the traditional ICE to-
ward more environmental friendly hybrid vehicles. Another surprising finding is that the 
largest country in this field, Japan, is not in Cluster 11 which is dominated by companies 
from the USA (GM, Ford and Chrysler) and Germany (Daimler and BMW). This is proba-
bly a result of a strategic technological alliance between these companies: BMW, GM, 
Daimler, and Chrysler formed an alliance called “Global Hybrid Cooperation” in 2005 to 
develop hybrid vehicles. 
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4.5.4 How countries relate to the technological profiles 

We now come to the final stage of the analysis, which consists in investigating the way 
in which countries’ technological efforts (patents) relate to the technological trajecto-
ries that were identified in each of the three fields. To analyze this, we ask, for each 
patent in the dataset (largest component) whether a path exists from that patent to 
one of the patents on the network of top main paths, or vice versa, i.e., from a patent 
on the network of top main paths to any other patent. The first of these perspectives, 
i.e., from a patent to the network of top main paths, is called the forward perspective, 
while the latter (from the network of top main paths to a different patent) is called the 
backward perspective. The forward perspective asks to which part (e.g., Cluster) of the 
trajectories a patent (and its inventor country) contributes, while the backward per-
spective asks from which part (Cluster) it is ultimately derived. 

We are particularly interested in the clusters that appear, in Figure 4.8, Figure 4.9 and 
Figure 4.10, as parts of the network that are present at the end of the period. These 
clusters embody the most recent technological trajectories in their field, and therefore 
are a good reference to assess how latecomer countries relate to the main technologi-
cal trajectory in the fields under investigation. Thus we focus on (1) Clusters 13 and 8 
(Branch A and B) for the power stations field, (2) on Clusters 8 and 10 for the ICT energy 
efficiency field, and (3) on Cluster 11 for the vehicle energy efficiency field. The two 
clusters in the power stations field and those in the ICT energy efficiency field are con-
sidered as separate cases. 

Our main variable of interest for the research question whether latecomer countries 
tend to contribute to the main technological trajectories at a higher or lower rate than 
the incumbent countries in the field, is the forward linkages. It measures whether the 
patents of a country lead into the main technological trajectory. Because latecomer 
countries, by definition, have the majority of their patents concentrated towards the 
end of the period, we measure the forward linkages for the clusters represented the 
recent development of the fields as discussed above. For a particular technological 
trajectory (a certain cluster) and a particular country, the forward linkages variable 
measures the fraction of patents in the entire period that have a forward linkage to at 
least one patent on the technological trajectory. 

We will use this variable as the dependent in a simple regression analysis. The purpose 
is not to estimate a theoretical model aimed at identifying causality, but instead simply 
to explore the nature of the correlations. The main independent variable of interest is 
an indicator for the timing of a country’s technological effort in the field. For this pur-
pose, we use the average year in Table 4.3, Table 4.5 and Table 4.7, from which we 
calculate the difference between 2013 and the average year (2013 is the final year 
found in the dataset). In other words, this variable is designed to reflect how much time 
a particular country has been in the technology field: the larger (smaller) this variable, 
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the more (less) time the country has been in the field, which means that the country is 
an incumbent (a latecomer) country. If this variable has a positive (negative) sign in the 
regression, then latecomer countries tend to have a lower (higher) proportion of their 
total patents with forward linkages to the main technological trajectory. 

We include two main control variables. The first is a measure for the vested interest 
that a country has in the main technological trajectories. We measure this as the back-
ward linkages for all clusters in the relevant fields. For all three technology fields, this is 
the sum of all backward linkages for all clusters in the relevant main technological tra-
jectories. This means that for the two separate clusters that are used as dependent 
variable in the power stations field and the ICT energy efficiency field, this variable is 
identical within a country. The backward linkages indicator is measured over the entire 
period, in order to reflect the entire history of a country in the field. The other control 
variable is the number of patents that a country has, in the entire period. Finally, we 
include intercept dummies for four of the five technology fields, using Cluster 10 in the 
ICT energy efficiency field as the reference group. We express all variables, except the 
four dummies, in natural logs. In the vehicle energy efficiency field, we remove three 
observations that represent the Soviet Union, the German Democratic Republic and 
Czechoslovakia. Also, since some countries’ dependent variable is zero (before taking 
logs), finally the number of observations is 173, including 57 countries. 

In the regression, two estimation methods are employed. The first method (and also the 
basic method) is the ordinary least squares regression (OLS) in which the robust stand-
ard errors are used and clustered by country. The standard OLS method, however, can 
only estimate the average effect of the independent variable that might not be robust 
(or even misleading) if there are some influential outliers in the data. In the three tech-
nology field of interest, however, there is a very large discrepancy across countries 
within the same cluster. Accordingly, the second method, which is the quantile regres-
sion for cross-sectional data proposed by Koenker and Bassett (1978), is used. Although 
quantile regression is only robust to certain types of outliers (e.g., the observations that 
have outlying values for the corresponding error term), it allows us to look at the effects 
across the conditional distribution. Specially, the quantile regression technique is ap-
plied at three representative quantiles of the forward linkages, that is, 25%, 50% (medi-
an) and 75%, conditional on the independent variable and other control variables. The 
median regression is the counterpart to the OLS model. 
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Table 4.9 Regression results for forward linkages 

 OLS Quantile 
regression 25% 

Quantile 
regression 50% 

Quantile 
regression 75% 

Log of (2013 - year) 1.879*** 
(0.218) 

2.321*** 
(0.234) 

1.680*** 
(0.214) 

1.781*** 
(0.221) 

Log of the sum of backward 
linkages over all the years 

0.547** 
(0.173) 

0.590** 
(0.181) 

0.366* 
(0.165) 

0.588*** 
(0.171) 

Log of number of patent families 
for all the years 

-0.0527 
(0.0343) 

0.0221 
(0.0306) 

-0.0584* 
(0.0279) 

-0.0763**  
(0.0289) 

Industry dummies: reference group: ICT_10 

ICT_8 -0.360*** 
(0.0667) 

-0.496** 
(0.166) 

-0.350* 
(0.152) 

-0.278 
(0.157) 

Power_13 -0.600*** 
(0.141) 

-0.693*** 
(0.199) 

-0.485** 
(0.181) 

-0.535**  
(0.188) 

Power_8 -0.581*** 
(0.148) 

-0.794*** 
(0.196) 

-0.485** 
(0.179) 

-0.535**  
(0.185) 

Vehicle_11 -0.903*** 
(0.147) 

-1.150*** 
(0.197) 

-0.748*** 
(0.18) 

-0.863*** 
(0.186) 

Constant -6.277*** 
(0.559) 

-7.869*** 
(0.595) 

-5.659*** 
(0.543) 

-5.714*** 
(0.562) 

N 173 173 173 173 

R-squared 0.5095                   

Standard errors in parentheses; * p<.05, ** p<.01, *** p<.001. 

Table 4.9 presents the regression results. The first column shows the basic OLS result. 
The timing variable and backward linkages are significant. The number of patents is not. 
All four dummies are also significant. The timing variable has a positive sign, which indi-
cates that latecomer countries tend to contribute less, proportionally, to the main tech-
nological trajectories in the field that we analyze. The number of backward linkages also 
has a positive sign, which adds to this effect: those countries with large vested interests 
in the dominant technological trajectories are also the ones with strongest forward link-
ages, i.e., they contribute in the strongest way to the further development of the trajec-
tory. Though it has a negative sign, the insignificance of the number of patents suggests 
that economies of scale do not play a major role, beyond what is already related to the 
backward linkages. All the four cluster specific dummy variables for three technology 
fields are negative, which indicates that forward linkages are smaller in the power station 
field, vehicle energy efficiency field and Cluster 8 of the ICT energy efficiency field than in 
the Cluster 10 of the ICT energy efficiency field. Columns 2, 3 and 4 present the quantile 
regression results at 25%, 50% and 75% quantiles, respectively. They show that the OLS 
results are very robust, since the most important findings from OLS remain the same: (1) 
the coefficients of the timing variable and backward linkages are significant and positive, 
and (2) most coefficients (except one) of the dummies are significant and negative. In the 
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50% and 75% quantile regressions, the number of patents has a significant and negative 
coefficient, which implies that among countries with very high level of forward linkages, 
countries with larger economies of scale tend to have relatively lower forward linkages. 
This is mainly because the countries with extremely high forward linkages (outliers) in 
the dataset are countries with very small economies of scale, for example, small EU 
members such as Lithuania in the vehicle energy efficiency field and small island states 
such as Cayman Islands in the ICT energy efficiency field. These small countries in general 
have a very small number of patents, while they also have several important patents that 
are cited by the main technological trajectories, which leads to very high forward linkag-
es. Overall, all four regressions provide consistent findings. 

What do the results tell us about the technological choices of latecomer countries in the 
technological fields that we analyzed? Latecomer countries tend to contribute less 
(proportionate to their number of patents) to the main technological fields. This could 
be an indication of the technological choices made by the firms in these countries. 
These firms may have assessed that competition is too strong in the dominant techno-
logical trajectory, and hence that it is better to search for new opportunities in a differ-
ent direction. But it may also be a reflection of the technological capabilities of the firms 
in these countries. Citations are also often used as a measure of the quality of a patent 
(K. Lee, 2013). Because only citations can link a patent (forward) to a technological tra-
jectory, receiving few citations will tend to decrease the forward citations. Thus, our 
regressions have little to say about the causal mechanisms behind the observed ten-
dency of a positive relationship between forward linkages and the timing variable.  

4.6 CONCLUSIONS AND DISCUSSION 

This paper has looked at the role of technological trajectories in the dynamics of tech-
nological catch-up. It has focused on a small number of countries that contribute signifi-
cantly, in terms of the number of patents, to technological developments in three fields 
related to energy efficiency: energy efficiency in power stations, energy efficiency relat-
ed to ICT in buildings and energy efficiency technologies related to vehicles. We identi-
fied a number of main technological trajectories in each of these fields, and were able 
to specify which specific technological issues were dealt with in these trajectories, as 
well as which firms were involved. We were also able to put an average date (year) on 
the patents of the countries in the fields, thus enabling us to measure the extent to 
which a country is a latecomer. Our database includes China, South Korea, India, Taiwan 
and Singapore as countries that are traditionally seen as catching-up economies in the 
postwar period, e.g., (Fagerberg & Godinho, 2004).  

Our findings indicate that latecomer countries tend to contribute to the main techno-
logical trajectory in the fields under investigation in a less strong way than incumbent 
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countries. By this we mean that the timing variable of a particular country is correlated 
positively, in both OLS and quantile regression framework, to the forward linkages of 
that country’s patent. The forward linkages measure which fraction of a country’s pa-
tents is linked by forward citations to the recent or the promising clusters of the main 
technological trajectory in the field. This is lower for latecomer countries. This tendency 
is reinforced by the tendency that countries with vested interests in the main techno-
logical trajectory also tend to have higher forward linkages. The vested interests are 
measured by backward linkages, which is a measure for which fraction of a country’s 
patents is linked to the main technological trajectory by backward citations. 

Our results do not tell us anything about the causal mechanisms that can explain the 
observed correlations. Our research question is explorative, and first of all asks whether 
the notion of technological trajectories is relevant for the study of technological capabil-
ities in latecomer countries. This question is answered affirmatively: we are able to 
identify technological trajectories that make sense from a technological point of view, 
and there is a systematic tendency of latecomer countries to be related to these trajec-
tories in a different way than incumbent players. Thus, the concept of technological 
trajectories seems a useful one for studying technological choices in latecomer coun-
tries, as shown in K. Lee (2013). The importance measure for patents is based on cita-
tions. However, the database we use does not contain the economic value of patents. 
Latecomer countries may a different view of the importance of patent. So it is difficult 
to identify whether it is a missed opportunity that the latecomer countries contribute 
less, or it is a rational market choice. Additionally, though this paper is only an applica-
tion to energy efficiency technologies, the analysis can be applied to any technological 
field by following the same concept and methodology, since the big data on patents are 
already available. This would be greatly useful for policymakers and business investors. 
Once policymakers or investors plan to develop a specific technological field where the 
country has a comparative advantage, the analysis based on this paper can provide a 
reasonable and clear guidance for decision-making about which sub-technological fields 
are promising among lots of complex technological trends. 

For this to become a useful research area, we need more research, in at least two 
forms. First, we need more cases, for a wide variety of technological fields. The meth-
ods explored here can be applied, and possibly refined, to different fields in a more or 
less direct fashion. Second, we also need more research, empirical and theoretical, on 
how firms in latecomer countries deal with technological trajectories. For this question, 
patent data alone are probably not enough. Patent data, including citations, can tell us 
many things about the structure of a technological field, but very little about the moti-
vations of firms to search in particular technological directions. In order to understand 
how firms in latecomer countries or in incumbent countries, contribute and relate to 
technological trajectories, this is the key process that we need to analyze. 
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In this thesis, we choose energy efficiency, one of the most important themes in sus-
tainable development and analyze the complex dynamics of energy efficiency across 
sectors, regions and economies. In the study of energy efficiency, many policy-relevant 
areas that require numerous research and financial inputs and careful empirical analysis 
are involved. Due to data availability and the feasibility of this study to be effectively 
conducted, as an early step, we narrow down our research to the following aspects: the 
energy consumption and energy efficiency at sectoral and economy levels, the energy 
efficiency of energy-using durable products as reflected by vehicles and the technolo-
gies related to energy efficiency as measured by patents. To do so, we develop several 
methodological frameworks on the basis of well-documented literature on input-output 
analysis, aggregate productivity, development economics and complex networks to 
explore the evolution of energy efficiency. We then precisely derive the influential fac-
tors that affect the growth of energy efficiency, discover the crucial empirical patterns 
at hand and investigate the long run trends. Moreover, the optimization technique for 
complex networks enables us to identify the most important patents and their citation 
relations for energy efficiency technologies, and more importantly, allows us to rigor-
ously assess countries’ profiles in the technological fields under study: how much does a 
country contribute to the technological development of energy efficiency, and how 
much effort does a country make to develop energy efficiency technologies. In this 
conclusive chapter, we summarize the contributions and main findings of this thesis and 
discuss its policy implications and further research. 
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5.1 SUMMARY, CONTRIBUTIONS AND MAIN FINDINGS 

In the introduction (Chapter 1), we show the potential importance of energy efficiency 
issues by using several simple but useful empirical investigations, present the motiva-
tion and research questions of this thesis, and briefly survey the literature on (1) the 
relationship between economic development and environmental sustainability, (2) the 
role of technology, energy efficiency gap, potential causes and relevant policy options, 
and (3) the national and global strategies, initiatives, programs, funds, facilities, and 
mechanisms that have a special focus on energy efficiency. With energy efficiency be-
coming one of the major themes of sustainable development, national governments, 
civil societies and international organizations are making an increasing policy effort to 
promote energy efficiency. We argue that the policies or strategies with a focus on 
energy efficiency should be properly designed and based on solid empirical evidence 
because market failures as well as behavioral failures may lead to slow improvement of 
energy efficiency. The first and also the most fundamental step, we believe, is to ac-
quire a deep and comprehensive understanding of the evolution of energy efficiency 
and technology across sectors, regions and economies. In particular, we highlight the 
need for constructing aggregate measures that are based on detailed and micro-level 
data. 

This thesis provides a series of contributions to the study of energy efficiency. We sys-
tematically design a set of statistical and econometric methods to (1) assess the factors 
that cause dynamics of aggregate energy consumption and aggregate energy efficiency 
on both demand side and supply side across various sectors and economies (Chapter 2), 
(2) test the convergence trend of energy efficiency and the relationship between energy 
efficiency and economic development at economy level (Chapter 2), (3) describe the 
regional aggregate energy efficiency of road vehicles and the determinants of its growth 
(Chapter 3), (4) investigate the mobility of aggregate vehicle energy efficiency (Chapter 
3), and (5) explore the geographical, social and economic distribution patterns of aggre-
gate vehicle energy efficiency (Chapter 3). Furthermore, in Chapter 4 we develop a 
collection of patent citation network methods to quantify the technological trajectories, 
that is, the most important patents and their citation relations for energy efficiency 
technologies (also called top main paths in this thesis), identify incumbent countries and 
latecomer countries in relevant technological fields related to energy efficiency and 
measure countries’ contributions and efforts in those technological fields of interest. 
The focus and level of analysis in this thesis are diverse and vary from chapter to chap-
ter. Consequently, in developing the results, the data at our disposal in this thesis are 
taken from different sources: trade data between sectors and economies (Chapter 2), 
microdata at vehicle level (Chapter 3) and patent data (Chapter 4). Also, this thesis ben-
efits a lot from recent development of data collection, storage and processing. All the 
datasets used in this thesis are large datasets. The vehicle and patent data provide rich 
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information of the entire population, which makes this thesis depart from previous 
studies that are based on data with limited sample sizes: these data not only provide 
much more detailed information, but also enable us to conduct research that is only 
feasible by using population information. The main findings of each chapter are the 
following. 

To fully understand the salient trends in the interconnections between energy and 
economic development, we begin our analysis in Chapter 2 by employing input-output 
analysis methods (Miller & Blair, 1985) and revising the input-output models of struc-
tural decomposition by Dietzenbacher et al. (2000) that decompose labor productivity. 
The analysis in this chapter is backward-looking by nature, and the main purpose of 
such an analysis is to identify the trends and patterns that are necessary for policymak-
ers to focus on, rather than to present a better prediction or forecast of future trends. 
The revised models are explained in Chapter 2 and provide more rigorous measures of 
the relative changes of aggregate energy consumption and aggregate energy efficiency. 
Unlike prior studies and traditional methods that employ index decomposition tech-
niques directly using aggregate national accounts data, this chapter constructs the ag-
gregate measures of energy consumption and energy efficiency by looking into detailed 
transaction flows across various sectors and economies. More importantly, this chapter 
explicitly distinguishes between two crucial perspectives about where the energy flows 
are attributed: (1) the energy use that is attributed to the processes where production 
actually takes place (i.e., goods and services), or direct household consumption (re-
ferred to supply side energy consumption / energy efficiency in this thesis), and (2) the 
energy use that is embodied in consumption: the goods and services consumed in ei-
ther intermediate production or in direct consumption (defined as demand side energy 
consumption / energy efficiency in this thesis). Our simple empirical evidence for se-
lected major economies in Chapter 2 clearly shows that the energy consumption based 
on these two perspectives significantly differs. Without the detailed information of 
trade between sectors and economies, traditional index decomposition techniques in 
energy economics are unable to analyze the demand side energy footprints and often 
neglect the trade taking place in intermediate production, while Chapter 2 contributes 
to filling this research gap. The existing similar structural decomposition studies of en-
ergy or emissions mostly focus on specific countries or sectors. This chapter develops a 
generalized methodological framework and applies it to an extensive range of major 
economies and sectors. Another related methodological contribution of this chapter is 
that we seriously take into account the measurement issue of monetary data, which is 
rarely found in prior studies. Since energy intensity, energy use (in TJ) per unit of gross 
outputs (in US dollars), is used as the indicator for energy efficiency, the change in the 
value of monetary unit as time progresses may lead to misleading results. We accord-
ingly design a chain mechanism for deflation by jointly using the trade data in both 
current prices and previous years’ prices. Also, since the structural decomposition equa-
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tion is not unique (Dietzenbacher & Los, 1998), we derive two version of decomposition 
equations and obtain final results by using the average log points of the two versions. 

The data we use in Chapter 2 are the newly developed World Input-Output Database 
(WIOD), including the World Input-Output Tables (WIOT) in both current prices and 
previous years’ prices and the Environmental Accounts. We extend the structural de-
composition of labor productivity by Dietzenbacher et al. (2000) into the structural 
decomposition of energy consumption and energy intensity. At economy level, we 
break the relative changes in aggregate energy consumption and aggregate energy 
intensity between 1995 and 2009 into six influencing factors: energy intensity effect, 
inter-industry structure effect, inter-industry trade effect, structural change effect, total 
final demand effect and household expenditure effect. We apply the structural decom-
positions to 40 major economies in the world and two groups of economies (the EU and 
the countries joining the EU in the 2004 enlargement) on both demand side and supply 
side. Also, we apply the analysis to 35 sectors. Additionally, we are particularly interest-
ed in the trends of economy level energy intensity. Once we have obtained the econo-
my level energy intensity, we examine the convergence trend based on the  economet-
ric techniques in development economics (Barro, 1991; Barro & SalaiMartin, 1991, 
1992) and use Multilevel Mixed-Effect model (MME) to investigate the relationship 
between economic development and energy efficiency based on Grossman and Krueger 
(1995)’s specification. There are several crucial findings on both demand side and sup-
ply side. (1) Compensation effect in aggregate energy consumption change, which re-
fers to the empirical pattern that the energy consumption raised by economic devel-
opment (measured by changing total final demand) was roughly (or partly) offset by 
energy intensity effect. (2) Trade structure effect in intermediate inputs was relatively 
small. (3) Some developing economies (e.g., China and India) have larger changes in 
energy consumption and energy intensity. (4) Lowering energy intensity within sectors 
is the overwhelming factor for decline in aggregate energy intensity in most economies. 
(5) The gaps of energy intensity between economies tend to narrow down over time. (6) 
Rather than an inverted-U shaped relationship, the relationship between energy inten-
sity and GDP per capita is strictly decreasing. At sectoral level, the compensation effect 
in energy consumption change, small trade effect in intermediate inputs and the key 
role of intensity effect still hold. 

In Chapter 3, the analysis focuses on the energy efficiency of road vehicles. We are 
interested in vehicles because there exist an extremely large number of vehicles in the 
market, and as a typical energy-using durable manufacturing product, most vehicles still 
consume fossil fuels. The vehicle market is a typical place where the energy efficiency 
gap may occur. However, probably due to data constraint, there lacks a suitable indica-
tor for aggregate vehicle energy efficiency, e.g., at regional level, and little is known 
about how the vehicle energy efficiency of a region changes, while such information is 
of great importance for designing proper policy or strategies. This chapter accordingly 
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contributes to filling this gap by providing a better understanding of the nature and 
timing of vehicle energy efficiency dynamics, and how this is affected by the life cycle of 
vehicles, such as the diffusion of new vehicles and the substitution of the old ones. 
Similar to Chapter 2, this chapter does not aim to predict the vehicle energy efficiency 
or the technological development of any specific vehicle, but tries to comprehensively 
describe the aggregate vehicle energy efficiency. To do so, we propose an empirical 
methodological framework to measure aggregate vehicle energy efficiency and its 
growth, on the basis of well-established literature on aggregate productivity using firm-
level microdata (Aw et al., 2001; Baily et al., 1996, 2001; Baily et al., 1992; Bartelsman & 
Dhrymes, 1998; Bartelsman & Doms, 2000; Bartelsman & Wolf, 2014; Foster et al., 
1998, 2006; Griliches & Regev, 1995; Olley & Pakes, 1996). Note that the approaches 
used in this chapter are not limited to vehicles, but can be applied to the study of ener-
gy efficiency dynamics of other energy-using products. The main data we use in Chapter 
3 are taken from the Massachusetts Vehicle Census over the period 2008q1 – 2011q4, a 
vehicle-level quarterly panel dataset for almost all the vehicles registered in the state of 
Massachusetts, USA. This dataset provides extremely rich information of vehicle charac-
teristics such as retail price, make, model year, type (passenger or commercial), fuel, 
location, theoretical and adjusted Miles per Gallon (MPG), records in the odometer and 
so on. The aggregate indicator we use in Chapter 3 is an average of all the vehicles’ 
energy efficiency weighted by their shares of miles per day. The reason is that in design-
ing the indicator of aggregate vehicle energy efficiency, we notice the difference be-
tween actual energy efficiency and technological energy efficiency: the actual vehicle 
energy efficiency does not only depend on the technological energy efficiency (meas-
ured as adjusted MPG in this chapter), but also is closely related to how frequently the 
vehicle is used. In other words, our finding implies that if energy efficient vehicles are 
used less frequently, the aggregate vehicle energy efficiency may still be low even if 
there are many energy efficient vehicles in the market. The availability of odometer 
information allows us to measure the usage of every individual vehicle (miles the vehi-
cle travels on average every day). Together with the MPG information for the entire 
vehicle population, we are able to employ a simple but useful statistical approach to 
measure aggregate vehicle energy efficiency, without having any additional assump-
tions, representative agents, sampling errors or the issue of heterogeneity in the mod-
els. These are great advantages compared to prior studies using sample data. More 
importantly, the changes in the vehicle population are very complex. The entry of vehi-
cles may be due to migration across regions or the introduction of new vehicle models. 
The energy efficiency of individual vehicles decreases over time because of the ageing 
of vehicle. Old vehicles may be out of service or leave the market through migration or 
second-hand market. Fortunately, the dataset allows us to include all the aspects above 
in a coherent methodological framework by tracking the location of every individual 
vehicle over time. 
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We apply the indicator of aggregate vehicle energy efficiency to the whole state as well 
as to every municipality in Massachusetts, and then conduct two types of decomposi-
tion analyses: (1) decomposing the time series of aggregate vehicle energy efficiency 
into an unweighted average and a covariance term, using the approach proposed by 
Olley and Pakes (1996), and (2) breaking down the growth of aggregate vehicle energy 
efficiency into within effect (changes in individual vehicle’s energy efficiency), between 
effect (changes in the usage of vehicle), entry effect due to entering vehicles and exit 
effect due to exiting vehicles. Similarly, we are particularly interested in the long run 
trends and the distributional patterns of aggregate vehicle energy efficiency. We exam-
ine the convergence trends of aggregate vehicle energy efficiency at municipality level 
by employing a variety of econometric estimations (e.g., OLS, quantile regression, boot-
strapping quantile regression and nonparametric regression) in the classical conver-
gence analysis framework (Barro, 1991; Barro & SalaiMartin, 1991, 1992). In addition to 
that, we adopt the distribution approach (Quah, 1993a, 1993b, 1996, 1997) to calculate 
one-period transition matrix of municipalities’ aggregate vehicle energy efficiency and 
estimate the stable distribution in the long run (Ergodic distribution). Moreover, we use 
a set of methods (clustering analysis, random-effects negative binomial regression and 
probit regression) to investigate the distribution of vehicles over municipalities and the 
socio-economic factors associated with vehicles’ staying or exiting decision. We obtain 
several crucial findings. (1) A positive covariance term is found in every quarter in the 
time series decomposition, meaning that higher (lower) usage is found for higher (low-
er) energy efficiency vehicles. (2) The growth decomposition of aggregate vehicle ener-
gy efficiency shows that the most important factor positively contributing to the growth 
is the net entry effect, which is the reallocation due to the entering of high energy effi-
ciency vehicles and the exiting of low energy efficiency vehicles. The results also show 
that the energy efficiency gain due to changes in consumers’ behavior (between effect) 
is much less than the energy efficiency loss due to vehicle’s ageing (within effect). (3) 
The aggregate vehicle energy efficiency of municipalities tends to converge to the state 
level and this convergence trend is very robust. (4) Vehicles are more likely to be dis-
tributed into municipalities that are richer, more populated or have lower unemploy-
ment rates. The vehicle is more likely to stay in the state if it is initially located in the 
municipalities that are richer, less populated and have higher unemployment rates.  

The analytical focus of Chapter 4 lies on the technologies associated with energy effi-
ciency, because technology plays a key role in the development of energy efficiency. 
The first challenge we are facing is the identification of energy efficiency technologies: 
what are they exactly? We solve this problem by looking into the OECD’s Search Strate-
gies for the Identification of Selected Environment-Related Technologies, that is, the 
OECD ENV-TECH list (Haščič & Migotto, 2015). This list provides a wide range of tech-
nologies related to the environment. We are particularly interested in energy efficiency. 
Consequently, we choose three technological fields from the entire ENV-TECH list: en-
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ergy generation, road vehicles and ICT in buildings. The next challenging issue is how to 
measure technology and technological development. We use patent statistics to meas-
ure technology70 because the patent data can provide much more detailed information 
compared to other approaches. Also, we adopt the patent citation based concept of 
technological trajectories (Dosi, 1982) to measure technological development: they are 
the main focal points along which technological innovation develops. This chapter is 
initially motivated by the recent study of catching-up using patent data (K. Lee, 2013). 
But in K. Lee (2013)’ study, the data source is the NBER patent citation dataset which is 
mainly based on the US patents and not up-to-date. To overcome this limitation and in 
order to have a comprehensive picture of the technological development, our solution 
is quite straightforward: just use all the documented patents in human history. Such big 
data on patents are available in the Worldwide Patent Statistical Database (PATSTAT) 
developed by the European Patent Office (EPO). This database covers patent biblio-
graphical data and up-to-date patent citation based on publications and applications for 
all the leading economies in the world since the beginning of the patent system. As 
constantly found in prior studies using patents, there are serious problems of self-
citation and double counting in the patent dataset. In order to solve these problems, we 
link all the patent publications and patent applications to their corresponding patent 
families and conduct our analysis at the level of patent family, by using the unique EPO 
DOCDB patent IDs. To our knowledge, using patent family may be the best way of ana-
lyzing patent data. 

In developing the results, we successfully construct three patent citation datasets for 
the technological fields of interest using the Cooperative Patent Classification (CPC) 
codes in the OECD ENV-TECH list, in which the citation networks are acyclic and di-
rected.71Although we use a narrow definition of energy efficiency technologies, there is 
still a very large number of patent families in the citation datasets. We think that the 
distinction between radical and incremental innovation is crucial (Fagerberg & 
Verspagen, 2002), and the question is how to identify the most important patents and 
the corresponding citations, that is, the technological trajectories. We employ an opti-
mization technique for complex networks following previous studies (J. S. Liu & Lu, 
2012; J. S. Liu et al., 2013; Verspagen, 2007). To do so, we calculate the Search Path 
Count (SPC) for each citation as the measure of importance.72 The target function there-
fore is a sum of SPC weights of the path from any source to any reachable sink. The 
paths with the maximum sum of SPC weights are exactly the technological trajectories 
we are looking for. We apply this optimization technique to the citation networks for 
different years and successfully obtain the temporal technological trajectories. Fur-

                                                                 
70 The patent statistics are output approach of measuring technology. The other two approaches are R&D 
(inputs) and higher productivity (the effect of technology) (Keller, 2004). 
71 The reason is that the new patents can cite old ones, but not vice versa. 
72 The SPC measures how often one visits a citation if all the possible paths in the networks are travelled. The 
larger the SPC weight, the more important the citation. 
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thermore, we develop a measure to classify incumbent and latecomer counties in the 
technological fields by using the average filing years of patent families. Once the tech-
nological trajectories have been quantified, we are able to identify the recent develop-
ment of the technologies and precisely measure how much a country contributes to the 
technological development (forward linkages, measured by the patents cited by the 
technological trajectories), and how much a country is interested in / makes an effort to 
the technological development (backward linkages, measured by the patents citing the 
technological trajectories). Using OLS and quantile regression, we find that (1) latecom-
er countries tend to contribute less to the main technological trajectories in the fields 
under investigation, and (2) those countries with large vested interests in the dominant 
technological trajectories are also the ones that contribute more. 

5.2 POLICY IMPLICATIONS AND FURTHER RESEARCH 

With regard to policy implications, the theories, methods and findings of this thesis 
offer some profound insights. First, this thesis has demonstrated that with the devel-
opment of large datasets the policy-oriented empirical research can overcome some of 
the limitations shown by prior studies with sample information, and provide more pre-
cise results concerning crucial policy themes. By looking into the detailed processes of 
trade in production and consumption, life cycle of products and technological develop-
ment, this thesis contributes to a better understanding of the dynamics of energy effi-
ciency in various aspects and manages to extract useful patterns hidden in the dynam-
ics, which is of great importance for decision-makers or leaders in civil societies, firms, 
governments, international organizations who want to design strategies or policies that 
better fit the evolution of energy efficiency. Second, as shown in Chapter 1, a very large 
population is living in developing countries, and overall the world still heavily replies on 
fossil fuels. This suggests a fundamental dilemma faced by policymakers. The develop-
ment mission promises to provide access to better material well-being to the large 
population who has been denied decent living standard. If the global heavy dependency 
on fossil fuels would persist, however, the development targets would be greatly chal-
lenged. This thesis presents a possible solution to sustainable development (Chapter 2): 
by reducing energy intensity through technological change (especially the energy inten-
sity within sectors). The policies related to energy efficiency should be properly de-
signed to fit the industry-specific characteristics as industries perform differently in 
terms of energy consumption and energy efficiency. The policies in favor of technologi-
cal change toward higher efficiency in medium/low-tech manufacturing would be pref-
erable. Third, this thesis links aggregate dynamics of energy efficiency to the technolog-
ical characteristics and collective behaviors of millions of micro-agents (Chapter 3). It 
provides profound insights for policymakers that technology, product life cycle as well 
as consumers’ behaviors matter, when assessing the energy efficiency performance of 
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energy-using durable products. The aggregate trends are jointly shaped by the three 
aspects. A smartly-designed policy package that aims to improve the energy efficiency 
of energy-using durables should not neglect any of these aspects if we want to achieve 
the desirable policy outcomes. For example, the policy should include a range of in-
struments that can stimulate the innovation and diffusion of new energy efficient prod-
ucts (e.g., hybrid and electric vehicles), the more efficient substitution of products with 
low energy efficiency and the more effective usage of energy efficient products. The 
policy can be implemented through providing financial incentives, information disclo-
sure and by stimulating as much public involvement as possible. Additionally, policy-
makers should be alert to the fact that benefits due to changes in consumers’ behavior 
of vehicle usage cannot keep pace with the big energy efficiency loss caused by the 
ageing of vehicles. The public finance policy scenario (e.g., tax and subsidy) should stim-
ulate the update of vehicle population and match specific regional socio-economic 
characteristics. Fourth, this thesis extends its concern about micro-agents to technolog-
ical development. Under the context of globalization, knowledge, capital and labor 
move within and across regions and countries. This leads to an incredible expansion of 
technology and the cooperation of innovation (in terms of the number of global patents 
and the complexity of patent citations). Innovation efforts made by numerous micro-
agents (e.g., individuals, research institutes, universities and firms), coupled with uncer-
tainty, shape technological development. For policymakers, however, the difficulty of 
designing proper industrial policies is also significantly increased. For instance, policy-
makers can identify priority industries based on comparative advantages. In developing 
these priority industries, technology matters. The related problem is how to identify the 
most important technologies (or inventions) and the recent development of the tech-
nology in the priority industries given the complexity of patents nowadays. The techno-
logical trajectory analysis in Chapter 4 provides a reasonable and clear guidance about 
which sub-technological fields are promising among lots of complex technological 
trends that both policymakers and entrepreneurs should focus on, even though this 
thesis does not discuss the exact innovation / imitation strategies. A proper policy pack-
age should target the promising sub-technological fields in the priority industries by 
providing financial incentives and information. Fifth, policies with a focus on energy 
efficiency should be integrated: they should target not only the aggregate energy effi-
ciency at the sectoral, regional and economy levels, but also the consumer market and 
innovation. It may not be necessary to have a fully specialized energy efficiency policy 
that is independent from public finance, environmental or innovation policies. But en-
ergy efficiency, as a key policy theme, should be clearly included and addressed in the 
design and implementation of public finance, environmental and innovation policies. 
These policies should be interrelated, support the implementation of each other and 
avoid conflicts of interest. Additionally, policymakers should be aware that the policy 
outcomes may be of little effect or be undesirable because of improper design, market 
failure and behavioral failure, as shown in Chapter 1. The policies that are effective 
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currently may not be useful as time progresses. Continued support and efforts by both 
political authorities and civil societies are strongly needed to maintain and update the 
policies related to energy efficiency. 

This thesis only provides empirical analyses for several aspects in the study of energy 
efficiency. Further studies, either empirical or theoretical, are strongly needed, such as, 
for example, the study of some more energy-using durable products other than vehi-
cles, and the study of any other technological fields. Furthermore, rigorous studies of 
many aspects in sustainable development other than energy efficiency can benefit from 
this work as well. For further research, specifically, the methods used in this thesis are 
very useful. In fact, the input-output approaches used in Chapter 2 can be applied to 
the study of other important aspects related to sustainable development, such as emis-
sions, water and land use. The methodological framework presented in Chapter 3 can 
be used for analyzing other product cycles. The patent citation network analysis and 
optimization technique in Chapter 4 can also be extended to any other technological 
field since the big data on patents are already available. However, the econometric 
analyses used in this thesis, such as, for example, the relationship between economic 
development and aggregate energy intensity (Chapter 2), the socio-economic factors 
associated with vehicles’ distribution over locations and the staying / exiting decision 
(Chapter 3) and the relationships between forward linkages, timing and backward link-
ages (Chapter 4), do not tell us anything about causality. In addition, as shown in Chap-
ter 1, there are currently many policies, strategies, initiatives, programs, funds, facilities 
and mechanisms that aim to improve energy efficiency and require a very large number 
of resources for implementation. Accordingly, further research that can precisely evalu-
ate the actual impacts of these policies or identify causal relationships, i.e., using ran-
domized field experiments and quasi-experimental methods, will be of great im-
portance. 
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In accordance with article 23.5 of the Regulation Governing the Attainment of Doctoral 
Degrees at Maastricht University, this addendum discusses the valorization opportuni-
ties presented by this Ph.D. thesis. 

Sustainable development is a process that involves a wide range of dimensions and 
tailored strategies or policies are strongly needed, but there is a lack of data-driven and 
micro-founded studies of those detailed processes hidden in the aggregate dynamics. 
The focus of this thesis is on energy efficiency, one of the most important themes in 
sustainable development. The fundamental research questions in this dissertation are: 
(1) how do the aggregate energy consumption, aggregate energy efficiency and tech-
nologies related to energy efficiency evolve over time? (2) What are the driven factors 
that affect the growth of aggregate energy consumption and aggregate energy efficien-
cy across sectors, regions and economies? How do countries perform in the technologi-
cal fields related to energy efficiency? To explore the complex dynamics of energy effi-
ciency across sectors, regions and economies, we developed several methodological 
frameworks based on well-documented economic literature from various fields such as 
input-output analysis, aggregate productivity, development economics and complex 
networks.  

Unlike most prior studies on energy issues that use the aggregate data directly, in this 
work, we presented a series of statistical methods that rigorously construct the aggre-
gate variable of interest using large datasets on (1) transactions between various sec-
tors and economies across the world, (2) technological characteristics and behaviors of 
micro-agents (individual vehicles and their owners), and (3) patent related to energy 
efficiency in three fields (power station, ICT in buildings and vehicles). We showed how 
aggregate energy efficiency (sectoral, regional and economy levels) evolves: we precise-
ly derived the influential factors affecting the growth of energy efficiency, discovered 
the crucial empirical patterns and investigated the long run trends. Also, we employed 
optimization technique for complex networks to identify the most important patents 
and their citation relations for energy efficiency technologies and assess countries’ 
profiles in the technological fields under study. 

The theories, methods and findings of this thesis offer some profound insights. First, 
this thesis has shown that the policy-oriented empirical research can greatly benefit 
from the development of large datasets and overcome some limitations of prior studies 
using sample data only and provide more precise results concerning crucial policy 
themes. By looking into the detailed processes of trade in production and consumption, 
life cycle of vehicles and technological development, this thesis provides a better under-
standing of the dynamics of energy efficiency at various levels, which is of great im-
portance for policymakers and experts in relevant fields. Second, the strategies or poli-
cies concerning energy efficiency should better fit the evolution of energy efficiency. 
For instance, since industries perform differently in terms of energy consumption and 
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energy efficiency, the industrial policies in favor of technological change towards higher 
efficiency in medium/low-tech manufacturing would be preferable (Chapter 2). Third, 
this thesis links dynamics of aggregate energy efficiency to the technological character-
istics of millions of individual vehicles and the collective behaviors of their owners (e.g., 
usage of vehicles, purchase of vehicles and migration, etc.). A smartly-designed policy 
package should take into account all of these aspects, for example, providing a range of 
policy instruments to stimulate the innovation and diffusion of new energy efficient 
products, the more efficient substitution of products with low energy efficiency and 
more effective usage of energy efficient products. Also, the policy scenario should 
match specific regional socio-economic characteristics. Fourth, the technological trajec-
tory analysis in Chapter 4 provides a reasonable and clear guidance about which sub-
technological fields are promising among lots of complex technological trends that both 
policymakers and entrepreneurs should focus on. In fact, globalization leads to an in-
credible expansion of technology and the cooperation of innovation, coupled with un-
certainty, which significantly increased the difficulty of designing proper policies and 
strategies. The methods developed in this thesis are relevant beyond the study of ener-
gy efficiency. They can be applied to any other technological fields and commercially 
viable for business strategy and intelligence. 

The target audiences of this dissertation include students, scholars, policymakers and 
experts in the fields of energy studies or studies related to sustainable development, 
business strategists, entrepreneurs, investors, innovators as well as everyone who is 
interested. The methods and findings of this dissertation have been disseminated with a 
wide range of audiences within and beyond academia during the course of this Ph.D. 
dissertation. Chapters 2, 3 and 4 have been presented to academic audiences and policy 
experts in various workshops and international conferences. Also, these three chapters 
have been included in the UNIDO Inclusive and Sustainable Industrial Development 
Working Paper Series. In particular, Chapter 2 has been a background paper for the 
UNIDO Industrial Development Report 2016. 
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