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ABSTRACT 

This research addresses three important problems on China’s energy transition: 

performance, possibilities and pathways. That is, what is the pattern between energy 

transition and economic growth? To what extent can traditional energy be substituted by 

modern energy? What are the causes of China’s energy transition? The three questions 

are addressed in this thesis through three papers. The findings suggest a positive 

prospect on China’s energy transition. With continuous economic growth, especially an 

increase in capital intensity, China’s energy transition would move towards cleaner and 

decarbonisation of energy mix as well as the possibility of interfuel substitution would 

increase; thus, China’s energy transition becomes easier. 

Chapter 2 analyses the pattern of China’s energy transition by investigating the 

relationship between China’s energy transition and economic growth using provincial 

panel data from 2000 to 2012. We measure energy transition as the share of low-carbon 

energy consumption in total energy mix and adopt GDP per capita as an indicator of 

economic growth. We also control for price, policy, natural endowment, technological 

and institutional effects. We estimate both static and dynamic models at national level 

and sectoral levels. Four sectors are included: industry, agriculture, service and 

residential sectors. The static models are Ordinary Least Square (OLS), Fama-MacBeth, 

and Fixed Effect (FE) models while the dynamic models are the difference and system 

Generalized Method of Moments (GMM). Our results indicate a U curve relationship 

between energy transition and economic growth at national level. The turning point is 

around 20,000 Yuan based on 2010 price. At sectoral level, we find an inverted U curve 

relationship between energy transition and economic growth in residential sector based 

on 2015 comparable GDP per capita, all eastern provinces have crossed the turning 

point. We also find a positive and significant association between energy transition and 

price, natural gas endowment, policy and technological effects. 

Chapter 3 considers if energy transition is possible for China. This study employs the 

Normalized Quadratic (NQ) cost function and expenditure function to investigate the 

interfuel substitutability at national and sectoral levels (industry, agriculture, service and 

residential) based on provincial panel data from 2000 to 2012. This is a departure from 
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past empirical studies that have mainly employed the translog cost function and often 

fail to impose global theoretical regularity conditions. Our analyses impose global 

curvature on the NQ function to avoid unrealistic parameter and elasticity estimates. A 

nonlinear system of share equations is estimated using the Iterative Feasible 

Generalized Nonlinear Least Square (IFGNLS) approach and both the Allen-Uzawa and 

Morishima elasticities of substitution are computed. We find the four main types of 

energies—coal, oil, gas and electricity—are overall substitutable. The national level 

interfuel Morishima elasticities of substitution are found to be less elastic than those at 

sectoral levels. We find that with ascending the energy ladder, a move from traditional 

energy to modern energy (coal-oil→oil-gas→gas-electricity), the Morishima elasticities 

of substitution are getting more elastic from pair to pair, which implies energy transition 

between fuels is becoming easier. Overall, the Morishima elasticities of substitution of 

the industrial sector are larger than those of the service sector; and those of the service 

sector are larger than those in the agricultural sector. Considering the direction of price 

change in Morishima elasticities calculation, we find that Morishima elasticities caused 

by modern energy price change are larger than that caused by traditional energy price 

change. These suggest that the future energy transition in China is bright, and would 

come at a lower social cost, especially when the relative price of modern energy is 

falling. 

Chapter 4 investigates the main cause for China’s energy transition. That is, what are 

the future policy implications to promote energy transition in China? This paper 

examines the causality between energy transition and capital intensity by analysing 

China’s national level time series data from 1978 to 2015. An energy transition 

indicator is measured by the relative share of modern energy to traditional energy 

production and capital intensity is measured by the capital-labour ratio of the economy. 

The Granger causality test shows that capital intensity causes energy transition but not 

vice versa. The Johansen cointegration test shows that a long-run relationship exists 

between energy transition and capital intensity. We use the vector error-correction 

model (VECM) to obtain the long-run and short-run effects of capital intensity on 

energy transition. The results show that the long-run equilibrium relationship and short-

run dynamic effects between the two variables are both significant. The impulse-

response function shows that capital intensity indeed has a long-run effect on energy 

transition and the adjustment period is around five years. We explain China’s energy 
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transition due to capital deepening and the biased technical change to capital intensive 

modern energy. Policy guided investment, subsidy in energy price and stimulating 

capital accumulation all played an essential role in the past decades of transition. The 

future energy transition policy design should pay more attention to the condition of 

capital and labour in the economy and the government should continue to emphasise 

investment and facilitation of modern energy.  

Overall, the three studies provide an optimistic outlook of China’s energy transition: the 

transition is occurring and at an accelerating rate. With continuous economic growth, 

and capital deepening, China will inevitably shift from traditional to modern energy and 

decarbonise its energy mix. This process will become easier with time.   
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Chapter 1  Introduction 

1.1 Overview 

Every step of progress in human society is impossible without energy. A country’s 

energy transition is a journey along a development path. Energy transition and 

economic growth are inseparable. China’s energy transition has occurred over centuries, 

but it is only recently that it has come to the fore. The nature and causes of energy 

transition are critical research questions in economics, particularly, for a large economy 

like China’s that has obligations to curb greenhouse gas emissions under the 2016 Paris 

Agreement. However, as Grübler (2012, p. 9) pointed out: ‘by and large the literature 

focuses on industrialized countries, hardly covering the (ongoing) energy transitions in 

emerging economies, which remains an important area for future research’ To get a 

deep appreciation on this issue, this thesis will analyse the performance, possibility and 

pathway of China’s energy transition.    

China is the most populous country in the world and recently became the world’s 

largest energy consumer. In 2016, China consumed 3,546 Million tons of coal 3.5 times 

that of the world’s second coal consumer India; it also emitted 8,796 Million tons of 

carbon dioxide, 1.7 times that of the world’s second emitter the United States.1 Since 

the reform and open-door policy was launched in 1978, China has grown rapidly with 

an average rate of 9.6 per cent per year for nearly 40 years, which is so-called ‘Chinese 

growth Miracle’ (Yao, 2014). Rapid growth requires energy growth and tends to lead to 

some environmental problems. Manso and Fernandez-Muro (2008) summarized the 

relation between China’s energy transition and economic growth resulting from changes 

in industrial specialization, the development of transportation system, and new social 

patterns due to urbanization and changing consumption habits.  

An emerging consensus is that the world needs a significant change in energy 

consumption to meet greenhouse gas abatement targets established by the Paris Accord. 

A majority of Chinese economists and policymakers recognise that the past 

                                                           
1 Sources: Global Energy Statistical Yearbook 2017 https://yearbook.enerdata.net/ 2017b. Global Energy Statistical 

Yearbook  

 

https://yearbook.enerdata.net/
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development model is unsustainable and China needs a rapid energy transition to switch 

to a sustainable development trajectory (Chi, 2010). Quoting the influential Chinese 

economist Angang Hu (2006).2  

‘The traditional development strategies of industrialised countries all present two 

distinct features whether in Europe, the United States or Japan, despite their 

differing national and development conditions. One is that high-speed growth is 

sustained by high consumption of resources (especially non-renewable 

resources); the other is that the high-speed growth is stimulated by high 

consumption of the means of subsistence. We call this a traditional development 

model. In view of China’s conditions, it is impossible for China to realise 

modernisation by following the traditional model.’  

The new model of development calls for upgrading industry system, constructing a 

resource-conserving and environment-friendly society and promoting an innovation 

economy. But achieving this requires a deep understanding of the transition of China’s 

energy system. Although research on China’s energy transition has increased in recent 

years, this issue has not been fully addressed. Based on Thomson Reuters search results, 

there are few economic papers directly addressing China’s energy transition and most of 

these papers were published after 2010.  

As a major part of its energy transition, China has introduced policies that aim to 

decarbonise its energy mix, which requires a significant change of energy structure. The 

government made the commitment that by 2020 non-fossil energy will account for 15 

per cent of its total primary energy consumption, and CO2 emission per unit of GDP 

will be 40-45 per cent lower than in 2005. It is stipulated in the Outline of the twelfth 

Five-Year Plan (2011-2015) for National Economic and Social Development that by 

2015 non-fossil energy will rise to 11.4 per cent in the national total primary energy 

consumption, energy consumption per unit of GDP will fall by 16 per cent relative to 

2010, and CO2 emission per unit of GDP by 17 per cent relative to 2010. Meanwhile, 

China’s economic growth will decouple from energy consumption to some extent. A 

more ambitious goal is that by 2030 the share of non-fossil energy in energy mix will 

account for 20 per cent and natural gas for 15 per cent. Indeed, China is gaining 

                                                           
2 Sources: https://www.chinadialogue.net/article/show/single/en/135-Green-development-the-inevitable-choice-for-

China-part-two  

https://www.chinadialogue.net/article/show/single/en/135-Green-development-the-inevitable-choice-for-China-part-two
https://www.chinadialogue.net/article/show/single/en/135-Green-development-the-inevitable-choice-for-China-part-two
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increasing share in world’s clean energy consumption and power generation capacity. In 

2016, China accounted for 28.9 per cent of hydro power, 19.9 per cent of solar power, 

25.1 per cent of wind power and 13.1 per cent of geothermal and biomass in the world,3 

playing a dominant role in renewable energies. China is also a global leader in nuclear 

energy. In 2016, it had the fourth largest nuclear power capacity in the world, operating 

35 nuclear reactors with total capacity of 33,632 MW. The future target for the country 

is to achieve a nuclear power capacity of 58,000 MW by 2020 and 150,000MW by 

2030.4 This suggests a significant energy transition from carbon-intensive non-

renewable energy to low-carbon and renewable energy. 

A key feature in the grand energy transition is the rapid increase in energy demand, due 

to rapid industrialization and growing household living standards. Thus, this grand 

transition is likely to take a different pattern from that observed in other developed 

economies. First, the process of industrialization in China has not been completed and 

energy demand is likely to continue increasing for the foreseeable future. Second, 

China’s energy resources are dominated by coal, which indicates that traditional energy 

will continue to play a vital role in its energy economy. Third, pollution, both 

greenhouse gas and air pollution, from the consumption of traditional ‘dirty’ energy is a 

big concern and urgently needs to be addressed through energy transition policies. 

Therefore, the patterns and causes of China’s energy transition are at the core of policy 

discussions and economic research. This is the major focus of this thesis.  

1.2 Definition 

The definition of energy transition is broad. In the United States, energy transition is 

considered as the reduction in dependence on hydrocarbons from the Middle East 

(Perthuis & Jouvet, 2015, p. 152). In Europe, energy transition is considered from a 

historical perspective and the aims are primarily related to dealing with climate change 

(Grübler, 2012; Kander, Malanima, & Warde, 2014; Kander & Stern, 2014; Stern & 

Kander, 2012). In emerging countries, energy transition is primarily aimed at ensuring 

energy supply and energy security for industrialization. Grübler (2004) defines energy 

transition from three perspectives—growth in energy use quantities, changing energy 

                                                           
3 Sources: https://www.bp.com/content/dam/bp/en/corporate/pdf/energy-economics/statistical-review-2017/bp-

statistical-review-of-world-energy-2017-full-report.pdf (BP, 2017) 
4 Sources: ibid. 

https://www.bp.com/content/dam/bp/en/corporate/pdf/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-full-report.pdf
https://www.bp.com/content/dam/bp/en/corporate/pdf/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-full-report.pdf
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structure and changing energy quality. Drawing on Smil (2010) work, he defines energy 

transition as a complex system consisting of three interrelated components—a specific 

mix of types of primary energies, the energy transformation/storage/distribution chains 

and pastern of energy consumption. 

In this thesis, the principle concept is energy transition and is linked to economic 

growth. Smil (2010, p. 10) in his seminal book states: 

‘Industrialization brought a radical change in the composition of national energy 

use as coal mining, metallurgy, and heavy machinery sectors became eventually 

the leading consumers of energy, followed by light manufactures and rapidly 

expanding land and sea transportation. Subsequently, modern energy use has 

seen a steady decline of industrial and agricultural consumption and increasing 

claims of transportation and household sectors.’  

Energy transition in this thesis is defined as the structural change of energy mix. Thus, 

the terms, ‘energy transition’, ‘energy structure’ and ‘energy mix’ are used 

interchangeably. In the following chapters, I examine the following aspects of energy 

transition. Specifically, Chapter 2 considers the proportional change of energy; Chapter 

3 investigates the relationship between different types of energy within the energy mix; 

Chapter 4 examines the relative proportional changes of two energies. 

1.3 Research problem and objectives 

The aim of this research is to answer some important questions on China’s energy 

transition. I confine them to three key problems: performance, possibility and pathway. 

The phenomenon describes the pattern of China’s energy transition; the possibility 

problem is to sort out what is the nature of China’s energy transition; the pathway 

problem is to sort out what are the causes of China’s energy transition. As suggested by 

Lin (2014, p. 7) “my colleagues in economics should return to Adam Smith, but not to 

Smith's point of view in the Wealth of Nations, but to Smith's approach, that is, 

problem, the nature and causes of a phenomenon”. 

Chapter 2 analyses the pattern of China’s energy transition. It investigates the following 

questions: what is the relationship between energy transition and economic growth? 

Does energy transition occur within sectors, regionally or nationally? Those questions 
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are examined by quantifying the relationship between energy transition and GDP per 

capita in Chapter 2.  

Chapter 3 considers if energy transition is possible for China? The research questions 

investigated are: what is the interrelation between different types of energy within a 

formed energy mix? Does such interrelation vary across different pairs of fuels? 

Alternatively, does such interrelation vary across different sectors?  

If it is possible, the prospect of energy transition is promising; otherwise, the social cost 

of policy intervention to push through a grand transition would be much higher than we 

expected. The research questions are addressed by estimating and computing the 

interfuel elasticities of substitution for different fuels at national and sectoral levels. 

Estimation is done using the Normalized Quadratic (NQ) cost and expenditure functions 

and Allen-Uzawa and Morishima elasticities of substitution are computed.  

Chapter 4, based on the findings from Chapter 2 and Chapter 3, addresses the following 

research question: what are the main causes for China’s energy transition? That is, what 

is the explanation for the past energy transition and what are the policy implications for 

the future energy transition in China? Is energy transition in line with the condition of 

factor endowments given the level of development? Those questions are addressed by 

empirical investigating the correlation and causality of energy transition and capital 

intensity.  

 

1.4 Contribution to the scholarship 

This thesis contributes to the literature on China’s energy transition by: 

• Quantifying the relationship between China’s energy transition and economic 

growth. (Chapter 2) 

• Computing China’s interfuel elasticities of substitution at national and sectoral 

levels using the Normalized Quadratic cost and expenditure functions while 

imposing global curvature (Chapter 2)  
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• Revealing that the difficulty of energy transition is decreasing with ascending 

the energy ladder at a national level (Chapter 3) 

• Revealing that the difficulty of energy transition is decreasing with increased 

sectoral capital (Chapter 3) 

• Finding that the energy transition is linearly dependent on the capital intensity 

and Granger caused by capital deepening (Chapter 4) 

1.5 Organization of the thesis 

The remainder of this thesis is organized as follows: Chapter 2, Chapter 3 and Chapter 4 

present three research papers that cover three research questions addressed in the thesis. 

These chapters are written as stand-alone papers. Chapter 5 is the conclusion and policy 

implications.  
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Chapter 2 China’s Energy Transition and Economic 

Growth: A National and Sectoral Analyses  

Abstract 

This paper investigates the relationship between China’s energy transition and 

economic growth using provincial panel data from 2000 to 2012. We measure energy 

transition as the share of low-carbon energy consumption in the total energy mix and 

adopt per capita GDP as an indicator of economic growth. Some control variables such 

as the effects of price, policy, natural endowment, technology and institution, are taken 

into consideration. Both static and dynamic models at national and sectoral levels are 

estimated; the four sectors included are industry, agriculture, service and residential. 

Static models include ordinary least square (OLS), Fama–MacBeth and fixed effect 

(FE) models while the dynamic models are the difference and system generalized 

method of moments (GMM) estimators. We find a U-curve relationship between energy 

transition and economic growth at the national level; the turning point appears at around 

20,000 Yuan, based on 2010 prices. At the sectoral level, we find an inverted U-curve 

relationship between energy transition and economic growth. Based on 2015 

comparable per capita GDP, all eastern provinces have passed the turning point. Price, 

natural gas endowment, policy and technology are found to significantly influence 

China’s energy transition.  

 

Keywords: Energy transition, Economic growth, EKC, Energy ladder, Carbon lock-in 
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2.1 Introduction 

This paper analyses the performance of China’s energy transition in the past decades. 

Energy transition is the shift from high-carbon to low-carbon energy at national and 

sectoral levels. China’s energy transition is of interest because of its effect on the world 

environment and economy. China is undergoing rapid industrialisation and economic 

growth. Its energy transition has been characterised by a significant increase in energy 

consumption (Crompton & Wu, 2005) and production (Wang, 2011), and a decrease in 

energy intensity (Ma & Stern, 2008; Wu, 2012). However, an analysis of the pattern of 

China’s changing energy mix on its economic growth is still missing in the literature, at 

both national and sectoral levels. The energy transition has occurred in the context of 

economic growth, which is linked to changing economic activities across all provinces, 

but at different levels. In this research, we consider what is the proportional change in 

total energy consumption with respect to growth in per capita GDP.  

China’s energy transition has occurred in line with its economic and structural 

transformation from an agrarian economy to an industrialised and then a post-

industrialised nation (that is, a service-oriented economy). This transition can be 

characterised as moving from carbonisation to decarbonisation in the context of carbon 

components. The first move was driven mainly by the increasing scale of 

industrialisation, and the second by the unrenewable nature of fossil fuel and its 

negative impact on the environment. In addition, factors such as improved technological 

processes, increasing incomes and institutional improvement have influenced the 

change to a different energy mix. 

Tahvonen and Salo (2001) describe a model in which the optimal transition path 

between renewable and non-renewable energy follows a U pattern with respect to 

economic development: 

‘Many of these energy forms are presently in use and have been in use since 

before the industrial revolution. In fact, the transition between renewable and 

non-renewable energy forms may follow a pattern where at an early 

developmental stage economies use mainly renewable energy. Later the share 

of renewable energy declines as the share of fossil fuels increases. However, 
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present development and future predictions suggest that developed economies 

may again move toward renewable energy.’ (Tahvonen & Salo, 2001, p. 1381) 

In their model, energy transition may occur even without policy intervention and can be 

driven by technological change and growth in per capita income. This study investigates 

whether China’s energy transition follows this pattern using national and sectoral levels 

data.   

The study answers this question using three evidence-based theories about energy 

transition: the energy ladder, the environmental Kuznets curve (EKC), and carbon lock-

in. These are all hypothesized theories driven by evidence but findings so far have been 

mixed. The energy ladder predicts a linear time path for energy transition with respect 

to economic growth, while EKC is a nonlinear time path, and carbon lock-in suggests 

that energy transition may be difficult and locked in by path-dependence. This paper 

will test which of these model is most relevant to China’s energy transition.  

The result shows that there is a U-shaped curve between energy transition and economic 

growth at the national level with the turning point occurring around 20,000 Yuan per 

capita in terms of 2010 constant prices, which indicates that not only the pattern of 

China’s energy transition is closer to the EKC prediction, but also the effect of 

economic growth on energy transition performs increasing returns to the scale of 

economy. However, in the residential sector, we find an inverted-U curve between 

energy transition and economic growth with the turning point occurring around 37,000 

Yuan in terms of 2010 constant prices, which suggests that the residential sector energy 

mix would become carbon-intensive once GDP per capita exceeds some thresholds.   

The paper is organized as follows. Section 2.2 discusses the literature on energy 

transition and three hypothesized theories—energy ladder, EKC and carbon lock-in. 

Section 2.3 presents the data. Section 2.4 describes the models and estimation 

procedures which are to be applied. Section 2.5 explains variables and data sources. 

Section 2.6 reports our econometric results. The conclusion and some policy implication 

are in section 2.7.  
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2.2 Literature review 

2.2.1  Energy transition literature 

Grübler (2004) synthesises the basic facts of energy transition into three dimensions: 

growth in consumption; change in quality and change in structure. He defines the 

transition as evolving from solid to liquid to grid energy, in terms of physical forms; 

from non-commercial to commercial energy, from the view of economy; and from a low 

to a high hydrogen–carbon ratio in the context of the carbon components of energy (that 

is to say, decarbonisation). 

Energy transition has been happening for centuries (Gales, Kander, Malanima, & Rubio, 

2007; Kander, Malanima, & Warde, 2013; Smil, 2010); for instance, a transition from 

wood to fossil fuels took place over 200 years ago. Generally speaking, the transition 

from one type of energy to another takes 80 to 400 years (Fouquet, 2010). In the short 

run, a transition can be influenced by the availability of energy, its cost, pollution 

arising from its use and improvements in efficiency arising from economic activity 

(Solomon & Krishna, 2011). Looking at the history of West Europe, Kander et al. 

(2014) show that the share of carbon components in the West European energy system 

has followed an inverted U-curve from 1870 to 2010, with the peak (80%) appearing in 

1940. Its share of coal consumption increased at first, then decrease dafter 1945. Its 

share of oil increased dramatically to reach a peak in 1978 and declined thereafter. In 

contrast, the share of fuelwood followed a U-curve, declining from 70% in 1840 to no 

more than 10% in the 1970s, but increasing again to almost 30% in 2010.  

Globally, Gales et al. (2007) find an inverted U-curve of energy intensity5 for Great 

Britain, the United States, Germany, France, Japan and developing countries from 1984, 

predicted until 2040. Bithas and Kalimeris (2013) surprisingly find that even though 

energy intensity by total GDP decreased in the last century, energy intensity by per 

capita GDP increases all the time, and so argue that per capita GDP is a better indicator 

of energy transition than total GDP. Grübler (2003) captures an inverted U-curve for the 

worldwide share of coal consumption from 1840 to 2020, with the turning point 

occurring around 1920. After that, the share of coal consumption stabilises but the 

                                                           
5 Energy intensity is total energy consumption in heat content divided by GDP in constant prices. 
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relative share of coal relative to other energies significantly decreases (Grübler, 

Nakićenović, & Victor, 1999). These studies reveal a universal pattern of energy 

transition in the world, indicating that coal consumption increased from the time of the 

Industrial Revolution and decreased after World War II.  

Among cross-country studies, Marcotullio and Schulz (2007) find that industrialising 

countries experience more efficient energy transition in growth—starting at a lower per 

capita GDP and transiting at a faster rate than the United States. They account for it by 

the concept of leap-frog development. Their finding is consistent with the study of 

European countries by Grübler (2012), in which he summarises transition to different 

types of fuel as ‘first in, last out; and last in, first out’ (p.12). Grübler (2012) 

emphasises that such energy transition is underpinned by technological change, but 

technological change may also lead to another problem, the self-perpetuating inertia of 

fossil technology use, so that energy transition may be blocked in by some traditional 

energies (Arthur, 1989). Whether technological change promotes energy transition or 

locks energy in some high-carbon energy trajectory has not yet been determined, and 

better understanding of this phenomenon is needed.  

In China, Ma and Stern (2008) find that energy intensity by total GDP decreased from 

1980 to 2003. Palazuelos and Garcia (2008) account for China’s energy transition by 

the high rate of economic growth, expansion of transport, and urbanisation. These 

studies imply that China’s energy transition should be in line with economic growth, but 

the exact pattern is still unclear.  

2.2.2  Hypothesized theories 

Three well-documented theories consider the relationship between energy transition and 

economic growth.6 Evidence shows that individuals tend to switch to modern energy as 

income increases. This unidirectional trend of energy transition is called the ‘energy 

ladder’ (Hosier, 2004). The second theory—the environmental Kuznets curve (EKC)—

posits a quadratic relationship between environmental degradation and per capita GDP 

(Stern, Common, & Barbier, 1996). These two theories imply that energy transition is 

correlated with economic growth, but the direction of correlation is ambiguous. A third 

                                                           
6 Economic development and economic growth are interchangeable in this paper. They are measured by per capita 

GDP. 
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theory, called carbon lock-in, states that the energy system may exhibit path-dependent 

attributes that lock it into fossil energy consumption, driven by technological and 

institutional increasing returns to scale (Unruh, 2000). In this regard, energy transition 

will be much slower than is predicted using the level of per capita GDP: that is, the 

transition may be more difficult, and hindered by exogenous factors.  

The energy ladder theory relates energy transition to per capita GDP. It states that the 

transition towards modern energy is driven by rising incomes (Barnes & Floor, 1996, 

1999; Barnes & Qian, 1992; Hosier & Kipondya, 1993; Leach, 1992). Brown (1954) 

initially hypothesised that households will choose efficient and less polluting energy 

and abandon traditional energy as their income rises. Empirical evidence shows that 

countries with higher per capita GDP tend to use higher quality energy (Brown, 1956; 

Burke, 2013; Hosier, 2004). Hosier and Dowd (1987) present evidence from Zimbabwe 

based on survey data and find that fuelwood and kerosene consumption decrease and 

electricity increases as household incomes increase. Hosier (2004) notes that both micro 

and macro data provide evidence of an energy ladder. Heltberg (2004) analyses 

household survey data from eight developing countries and shows that the uptake of 

modern fuels positively relates to per capita income. The energy ladder relates to a 

change in the quantity of energy consumption, rather than structural changes in the 

energy mix. A criticism of this model is that it could be one-sided, providing a snapshot 

of only one segment of a trend. For instance, Masera, Saatkamp, and Kammen (2000, 

pp. 2083-2103) find that in Mexico, people do not switch fuels but adopt multiple fuels, 

because traditional energy is rarely abandoned. Van der Kroon, Brouwer, and van 

Beukering (2013, pp. 504-513) used a meta-analysis to show that the energy ladder is 

not observed in empirical studies; instead, a multiple fuels energy portfolio is the best 

description of energy transition in developing countries, in both urban and rural 

households.  

The EKC theory suggests a U-curve relationship between pollution and per capita GDP. 

According to Stern (2004a), EKC is a hypothesised relationship between energy use, 

economic growth and the environment. It assumes that the environmental impact 

indicator is an inverted U-shaped function against per capita GDP. This can be 

explained by behavioural or preference changes, by institutional, technological, or 

structural changes, and by international reallocation of polluting industries (Kijima, 
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Nishide, & Ohyama, 2010). Andreoni and Levinson (2001) argue that the inverted-U is 

rooted in the increasing return to scale of an economy.  

Grossman and Krueger (1991) were the first to empirically investigate EKC. Their 

study, based on cross-sectional data from 42 countries, finds an inverted U relationship 

between sulphur dioxide and per capita GDP. Several studies have investigated this 

relationship in developed countries (e.g., List and Gallet 1999, Panayotou 1993). Others 

studies have provided supporting evidence in developing economies (Dasgupta, 

Laplante, Wang, & Wheeler, 2002), including China (Wang & Wheeler, 2003; Zhang, 

2000). However, the results in most circumstances are mixed.  

Although most EKC studies are not directly concerned with energy transition, it is 

undeniable that fossil fuel consumption causes pollution. Long-run studies have shown 

that fossil fuel emissions (Schmalensee, Stoker, & Judson, 1998) and the share of coal 

consumption (Grübler, 2012) follow an inverted U-shaped relationship. The EKC model 

may indicate a quadratic relationship between energy transition and economic growth in 

the context of energy mix.  

The carbon lock-in theory generally posits that people’s present fuel choices depend on 

what they have chosen in the past. In this context, the energy transition is path-

dependent. Unruh (2000, p. 817) notes that 

‘some industrial economies have become locked into fossil fuel-based 

technological systems through a path-dependent process driven by 

technological and institutional increasing returns to scale.’ 

The theory suggests that the degree of energy transition depends on some exogenous 

factor such as institution, technology or infrastructure. Arthur (1989) comments that 

carbon lock-in occurs when a carbon intensive technology is scaled-up. Some studies 

show that countries with large fossil fuel reserves tend to change their energy structure 

slowly—a natural endowment effect (Burke, 2010, 2013). Others argue that energy 

transition can be locked into several interrelated factors instead of one alone—say, the 

dominant technology plus policy interventions. They regard energy, technology and 

institution as co-evolutionary systems (Rio & Unruh, 2007). Differing from the energy 

ladder and EKC, the carbon lock-in model says that energy transition may be delayed 
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even if per capita GDP is growing. This is a more pessimistic view of energy transition 

than the other theories suggest and introduces exogenous lock-in factors.  

Each of these three theories provides a different perspective on energy transition. To 

investigate which best explains China’s energy transition, we must first review the data.  

2.3 Stylized facts 

2.3.1  Measures 

China’s energy transition between low-carbon energy and high-carbon energy is 

measured by the share of low-carbon energy in total energy consumption 

 𝑒𝑛𝑒𝑟𝑔𝑦 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 =
∑ 𝜃𝑖𝐸𝑖𝑖

∑ (𝜃𝑖𝐸𝑖 + 𝜃𝑗𝐸𝑗)𝑖,𝑗
 (2-1) 

where E is the quantity of energy consumption, i indicates a source of low-carbon 

energy, and j is a source of high-carbon energy. The term θ represents a conversion 

factors. We use the conversion factors from the China National Bureau of Statistics to 

convert all energy types to the coal equivalent.7  

This paper considers ten types of energy in total: coal, diesel oil, gasoline, kerosene, 

fuel oil, raw oil, liquefied petroleum gas (LPG), natural gas, methane, and non-fossil 

primary electricity, which includes nuclear, hydro, solar and wind as a single unit. Coal 

and oil products are classified as high-carbon energy and other types as low-carbon 

energy. 

All energy quantities are the final consumption by end-users, measured in a heat 

equivalent unit, one million tonnes of coal equivalent (TCE). We split energy 

consumption into four sectors for sectoral level analysis within a province: industry, 

agriculture, residential and service. More details on data descriptions are presented in 

section 2.5. 

                                                           
7 The conversion factor can be found in various versions of China Energy Statistical Yearbook. 



 

15 

 

2.3.2  Patterns 

Figure 2-1 graphs the cross-sectional distribution of energy transition against per capita 

GDP in 1995, 2006 and 2012; the per capita GDP is measured at the 2010 constant 

price.8 The level of energy transition is seen to rise over time. When per capita GDP 

was below 20,000 Yuan, the transition curve followed an inverted U in 1995, but 

changed to a standard U-curve in 2006 when most provinces achieved a per capita GDP 

of nearly 20,000 Yuan, moving towards 40,000 Yuan. The turning point seems to be 

constant at between these amounts. In 2012, most provinces were between 20,000 to 

40,000 Yuan, with some exceeding 40,000 Yuan (Beijing, Tianjin, Shanghai, Jiangsu); 

the relationship between energy transition and per capita GDP shows a linear trend, 

suggesting that energy transition is in line with economic growth. 

 

 
Figure 2-1 Relationship between share of low-carbon energy and GDP per capita (national level) 

 

The sectoral level data are presented in Figure 2-2. The pattern in the industrial sector is 

similar to the national pattern. The residential sector pattern is linear, and growing 

                                                           
8 We use GDP deflator issued by World Bank http://data.worldbank.org.cn/indicator/NY.GDP.DEFL.ZS, based year 

is 2010.2017a. GDP deflator. World Bank.  

N 

http://data.worldbank.org.cn/indicator/NY.GDP.DEFL.ZS
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flatter with time. All curves in the agricultural sector have negative slopes, suggesting a 

negative relationship between energy transition and economic growth. The agricultural 

sector tends to consume high-carbon energy rather than low-carbon energy during 

economic growth. In the service sector, the curves are almost flat, suggesting the energy 

transition in this sector is irrelevant to per capita GDP. We will test all these patterns 

and our speculations empirically in the following sections. 

 
Figure 2-2 Relation between share of low-carbon energy and per capita GDP (sectoral level) 

 

 

 

2.4 Methodology  

2.4.1  Model specification  

Our models are based on China’s provincial panel data and contain both static and 

dynamic models. All models will be applied for national and sectoral level analysis. 

2.4.1.1  Static model 

A full version of static model is constructed as: 
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 𝑡𝑟𝑎𝑛𝑖,𝑡 = 𝛽1(𝑔𝑑𝑝𝑖,𝑡)
2

+ 𝛽2𝑔𝑑𝑝𝑖,𝑡 + 𝜸𝑿𝒊,𝒕 + 𝑢𝑖 + 휀𝑖,𝑡 
 

(2-2) 

 

The dependent variable is the energy transition index defined in equation (2-1) (see 

Section 2.3.1). The independent variables include the linear and quadratic terms of per 

capita GDP, and other control variables are in vector X. All variables are transformed in 

logarithm forms. The coefficients 𝛽1 , 𝛽2 and parameters in vector 𝛄 are to be 

estimated; 𝑖 indicates provinces and 𝑡 indicates years. 𝑢𝑖 is a province-specific 

factor that is time invariant and assumed to be homoscedastic across provinces. 휀𝑖𝑡 is 

the error term, which is an independent and identically distributed random variable over 

provinces and years. 

The quadratic and linear terms of per capita GDP capture the potential correlation 

between energy transition and economic growth. This measures the ‘income effect’ or 

‘development effect’ on energy transition. Per capita GDP determines both the quantity 

and quality of energy consumption, as well as which types of energy end use conversion 

devices are affordable to consumers (Grübler, 2004). Parameters 𝛽1 and 𝛽2 are for 

testing if the pattern corresponds to energy ladder hypothesis (linear relationship) or 

EKC hypothesis (U relationship). If either 𝛽1 or 𝛽2 is significant, the energy 

transition is consistent with the energy ladder’s prediction: that is, energy transition is 

linearly dependent on economic growth. If 𝛽1 is significant but 𝛽2 is not, the energy 

ladder model applies again. If they are both significant, a quadratic relationship between 

energy transition and per capita GDP exists. In this case, the EKC model will be more 

powerful in explaining energy transition. If 𝛽1 and 𝛽2 have different signs, this 

indicates either a U or inverted U-shaped relationship. The turning point is given by 

e
−

𝛽2
2𝛽1. The elasticity between energy transition and per capita GDP is given by 

𝛽1𝑙𝑛𝑔𝑑𝑝 + 𝛽2, which assumes that the marginal effect of economic growth on energy 

transition is not determined by parameters 𝛽1.and 𝛽2 only, but also by changes in the 

economic growth. The quadratic term allows economic growth to have a diminishing or 

increasing effect on energy transition at the margin. 
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The vector X contains all control variables and lock-in effects9. We consider three types 

of lock-in effects: possible technology path-dependence for coal-fired generation, 

institutional barriers and natural endowments. We also control for the prices of all types 

of energy as well as the incentive of policy intervention from local government by a 

proxy for environmental degradation. The detailed summary and interpretation for all 

control variables is presented in Table 2-1. 

The conjecture about lock-in variables is that if any parameter is significantly negative, 

the energy transition curve will shift downwards. This implies that at any specific per 

capita GDP level, the share of low-carbon energy is lower than the corresponding level 

of economic growth it should be at.  

2.4.1.2  Dynamic model 

The current state of energy transition may depend upon past conditions of itself: 

persistence, consumption behaviour formation, partial adjustment, and so forth. 

Therefore, we include the lagged term of the dependent variable in the dynamic model: 

 𝑡𝑟𝑎𝑛𝑖,𝑡 = 𝛽0𝑡𝑟𝑎𝑛𝑖,𝑡−1 + 𝛽1(𝑔𝑑𝑝𝑖,𝑡)
2

+ 𝛽2𝑔𝑑𝑝𝑖,𝑡 + 𝜸𝑿𝒊,𝒕 + 𝑢𝑖 + 휀𝑖,𝑡 
 

(2-3) 

 

where 𝛽0 is the parameter of the first-lagged dependent variable and the rate of 

convergence can be expressed as 1 − 𝛽0, which implies the speed of adjustment. If 

𝛽0 = 0, the dependent variable does not depend on the previous period’s state. If 𝛽0 =

1, there is no dynamic adjustment process because the energy transition is in the steady 

state in every period. Given the model dynamics, 
𝜸

1−𝛽0
 captures the long-run effect of X 

on energy transition. Other variables are the same as in (2-3). 

                                                           
9 We compute the correlation matrix for all explanatory variables to see if significant multicollinearity exists. The 

results show that all correlation coefficients are below 0.6.  
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2.4.2  Estimation 

2.4.2.1  Fixed effect 

The fixed effect term 𝑢𝑖 in equations (2-2) and (2-3) captures all unobservable time-

invariant effects across provinces. The fixed effect can result from typical social norms 

regarding energy transition or fuel-consuming patterns within a province. These factors 

will be distributed significantly unevenly within China at provincial level, as there 

exists a distinct feature of development across provinces. If it is true, that is, that 𝑢𝑖 

leads to a correlation between some time-invariant factor and some explanatory 

variables in X, but fixed effect does not impose uncorrelated assumption on a consistent 

estimation, because all time-invariant terms will be eliminated by within transformation. 

The Hausman test result shows the fixed effect model is more appropriate than the 

random effect model.10  

The consistency of the fixed effect estimator will not guarantee efficiency all the time if 

the error term is heteroscedastic or displays autocorrelation or cross-sectional 

dependence. Heteroscedasticity imposes the assumption that provinces at different 

stages of development have the same variation in energy transition. However, if 

provinces at an early stage of industrialisation have greater variations in energy 

transition, presented in Figure 2-1 and Figure 2-2, heteroscedasticity may exist. We 

adopt a modified Wald statistic following Greene (2012, p. 338) to test for potential 

provincewise heteroscedasticity in the residuals of the national level model as well as 

sectoral level models. The null hypothesis is that there is no heteroscedasticity in the 

model. Results can be seen in Appendix1. and all models reject the null hypothesis of 

no heteroscedasticity.  

The residuals may also suffer from autocorrelation. Autocorrelation is not unlikely from 

some persistent unobservable factor—say, people in a particular province might be slow 

to change their energy consumption behaviours. Autocorrelation may also arise if the 

                                                           
10 Differences within time series and between individuals have long been discussed since Baltagi and Griffin (1984) 

in literature. Generally, Panel data involves two types of variation: the differences between provinces (between 

variations) and the differences over time within provinces (within variation). Firstly, we proceed to the Ordinary 

Least-Squares(OLS) estimator, fixed-effect (FE) estimator and random-effect (RE) estimator for model choice. The 

rejection from the likelihood ratio test indicates FE is superior to OLS. Breusch and Pagan Lagrangian multiplier test 

shows that RE estimator is better than OLS too. We finally adopt FE on basis of rejection of Hausman test between 

FE and RE. In this case, RE model is biased. 
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samples are not random over years—if, for example, the statistics bureau repeatedly 

collects data on the same individual. In this case, the estimates are inefficient although 

still unbiased. The Wooldridge test is used for autocorrelation, and the results are in 

Appendix 1. The null hypothesis is no series correlation; and we can see at the 5% level 

that we reject no autocorrelation in all models. Thus, all models for national and sectoral 

level regression have first-order serial correlation. FE under such circumstances is still 

consistent, but inefficient; and standard error estimates are biased. 

We suspect the residuals are correlated within or between provinces. The Wald test on 

the FE model is rejected, indicating provincewise heteroscedasticity exists. We are also 

concerned that provinces may suffer from the problem of spatial dependence, which 

may occur if social norms or psychological behaviour patterns are influenced by 

neighbourhoods. In theory, Hoechle (2007) suggests, this cross-sectional correlation 

may result from the explanatory variables and disturbance terms containing three 

components: an individual specific long-run mean, an autocorrelated common factor, 

and an idiosyncratic forcing term. We conduct the Pesaran test to check this. The null 

hypothesis is that the residuals are cross-sectionally uncorrelated. The Pesaran test 

shows that the residuals in the industry, agricultural and residential sectors present 

cross-sectional dependence, which implies energy transition could be spatially 

correlated in such sectors.  

To ensure valid inferences, we adopt the Driscoll–Kraay FE estimator (Hoechle, 2007) 

for the industrial, agricultural and residential sectors. With this estimator, we can relax 

assumptions by allowing residuals to be correlated both within groups and between 

groups, to take account of spatial correlation in the model. As well, the Driscoll–Kraay 

estimator adjusts the standard error estimates by sequencing cross-sectional averages of 

the moment conditions, which guarantees consistency and independence of cross-

sectional dimension N. We adopt Rogers standard errors (clustered standard errors) to 

compute standard errors for the national level and service sector models (Cameron & 

Miller, 2015). Rogers standard errors allow for residuals that are heteroscedastic and 

correlated within groups but not between groups.  

For robustness and comparison, we also estimate the model using the Fama–MacBeth 

(FMB) and ordinary least squares (OLS). The OLS estimator is biased and inconsistent, 

given that fixed effect exists. The Fama–MacBeth two-step procedure (Fama & 
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MacBeth, 1973) is implemented in two steps: first we estimate cross-sectional 

regression by OLS for each single year; then, we average coefficient estimates from the 

first step using Zellner's seemingly unrelated regression (SUR) estimation. This 

procedure allows us to involve the over-year variation in coefficients. For T→∞, these 

averages will provide consistent estimators for the population. The standard errors are 

computed from the sample standard deviations of estimates coefficients, treating them 

as independent drawings from a common pool. The standard error calculation allows for 

arbitrary cross-sectional correlation and heteroscedasticity in residuals. The Fama–

MacBeth procedure can provide a heteroscedasticity-consistent estimation in the 

absence of serial correlation; but given the existence of serial correlation in this case, we 

adjust it via Newey and West (1987) standard error estimates with a lag length of two 

periods.  

We estimate the fixed effect model for the whole period and for the subperiod after 

2005, to see if the significance level of some variables changed after 2005 when the 

national energy transition initiative was launched. China’s government has made a 

commitment that by 2020 non-fossil energy will account for 15 per cent of total primary 

energy consumption, and that CO2 emission per GDP will be 40–45 per cent lower than 

that in 2005. This is stipulated in the twelfth Five-Year Plan (2011–2015) for National 

Economic and Social Development and calls for a significant energy transition. 

Meanwhile, China’s economic growth will decouple from energy consumption to some 

extent. For the sake of testing this policy effect, we run the superior sample after 2005 

separately. 

2.4.2.2  Generalized method of moments 

The dynamic model might give rise to ‘dynamic panel bias’ Nickell (1981) because the 

lagged dependent variable may be positively correlated with fixed effect so that the 

OLS estimator is inconsistent and overestimates the true autoregressive coefficient 𝛽0. 

Given that the lagged term exists, the FE is inconsistent because the within transformed 

lagged dependent variable is correlated with the within transformed error. Given the 

finite time period T and individuals N, FE underestimates the true autoregressive 

coefficient 𝛽0 (Verbeek, 2012, p. 396).  
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To deal with this potential endogeneity problem, we use the generalised method of 

moments (GMM) to estimate the dynamic model econometrically. This method is 

particularly suitable for a dynamic model with few years and large groups. Anderson 

and Hsiao (1981) propose difference GMM to remove fixed effect by first-difference 

transforming data as follow. 

 ∆𝑡𝑟𝑎𝑛𝑖,𝑡 = 𝛼∆𝑡𝑟𝑎𝑛𝑖,𝑡−1 + 𝛽1∆(𝑔𝑑𝑝𝑖,𝑡)2 + 𝛽2∆𝑔𝑑𝑝𝑖,𝑡 + 𝜸∆𝑿𝒊,𝒕 + ∆휀𝑖,𝑡 (2-4) 

GMM does not require that the error term is independent and identically distributed 

over provinces and years, but the consistency of estimators assumes that 휀𝑖,𝑡 does not 

exhibit autocorrelation.  

Difference GMM still has potential endogeneity problems, since the lagged dependent 

variable is still potentially endogenous with the changes of disturbance by way of 

𝑡𝑟𝑎𝑛𝑖,𝑡−1 in ∆𝑡𝑟𝑎𝑛𝑖,𝑡−1 is correlated with 휀𝑖,𝑡−1 in ∆휀𝑖,𝑡. In addition, some 

predetermined explanatory variables may not strictly exogenous as they are correlated 

with 휀𝑖,𝑡−1. Therefore, we instrument ∆𝑡𝑟𝑎𝑛𝑖,𝑡−1 by 𝑡𝑟𝑎𝑛𝑖,𝑡−2 or further lagged 

terms.  

Arellano and Bond (1991) note that difference GMM does not employ all the necessary 

moment conditions: if some independent variables are not strictly exogenous but are 

predetermined, difference GMM does not always guarantee efficiency estimates by 

applying instrument variables. More important, Blundell and Bond (1998) point out that 

the first difference GMM may suffer from finite sample biases, particularly in a 

situation where the dependent variable shows high persistence: that is, 𝛼 is close to 

one. In other words, past levels convey little information about future changes. In such 

situations, the instruments are weak because they provide very little information on the 

parameters of interest. In this paper, they introduce the system GMM method by 

involving the level equation as a valid instrument. They difference the instruments and 

assume the changes in any instrumental variable are uncorrelated with the time-

invariant effect. System GMM uses moment conditions based on both levels and first-

differences equations, so we can estimate the model maintaining the fixed effect rather 

than removing it by differencing. That is a significant advantage of system GMM, 
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because it avoids losing information by differencing the fixed effect. In this paper, we 

employ both difference and system GMM methods for our dynamic model estimations. 

However, difference and system GMM estimators potentially suffer from ‘too many 

instruments’ in practice, especially when the moment conditions are large relative to the 

sample size (Roodman, 2009). This leads to poor finite sample properties. Although the 

‘too many instruments’ problem does not affect consistency, it can make the estimates 

invalid. The standard errors for GMM estimators tend to be downward biased 

(Windmeijer, 2005). A common rule of thumb in the literature is that the number of 

instruments not exceed the number of groups (Mugera, Langemeier, & Ojede, 2016). 

We test the validity of these instruments using the Sargan (1958) and Hansen (1982) 

tests of over-identifying restrictions. The null hypothesis of the Sargan test is that the 

instruments are uncorrelated with error terms, and therefore are valid. The Hansen test 

is used to test the null hypothesis that the over-identifying restrictions are valid. We also 

use the Arrelano–Bond test to check higher-order serial correlation.  

To obtain efficient standard errors, we use Windmeijer’s (2005) two-step correction 

approach to compute standard errors in a finite sample, as he suggests that the two steps 

the perform better than cluster-robust one-step, with lower bias and higher accuracy.  

2.5 Variables and data 

The summary and description of variables are presented in Table 2-1. Besides the key 

variables of interest described above, in this section we will describe other control 

variables in modelling, and illustrate data sources.  

2.5.1  Control variables 

2.5.1.1  Price effect 

We include prices for each type of energy, as these will influence energy adoption, so 

energy price regulation will be a potential policy lock-in factor for energy transition. 

China’s reform and economic transition is characterised by marketisation and 

deregulation, which has transformed from a central planning economy to a market 

economy; the energy sector is no exception. Energy prices cannot be used as a market 
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signal unless the industry is deregulated. China’s energy prices were controlled by the 

state before the ‘dual-track’ pricing reforms11 introduced in the 1980s; and after 1990, 

price liberalisation was accelerated and deregulation was introduced into all types of 

energy (Wu, 2003).  

2.5.1.2  Natural resources   

Resource endowment is another major factor. Provinces with large natural endowments 

of some energy are usually reluctant to change consumption habits as this abundant 

energy is readily available and cost effective in use or transportation, especially given 

the well-developed rails and waterways of China. This effect has been discovered in 

several cross-country studies (Burke, 2010, 2011, 2012, 2013). In modelling, we control 

three main types of energy: coal, oil and natural gas, to test this hypothesis. We assume 

provinces with large coal or oil endowments will retain their carbonisation trajectory 

even when they become wealthier; and that provinces with large natural gas reserves 

will tend to use more low-carbon energy supplies even if they are relatively 

underdeveloped. 

To measure the amount of natural endowment, a suitable proxy is needed. Some 

candidates have been discussed in the literature: for instance, some economists are using 

export energy data (Davis, 1995; Sachs & Warner, 1995) while others use resource rent 

data (Stijns, 2006). We adopt Brunnschweiler’s (2008) measurement of per capita 

production as an indicator, for several reasons. Firstly, the reserve quantity is usually 

static, so does not reflect economic dynamics. Secondly, it is a part of natural assets. It 

does not reflect how much energy flows into the economic system, which is the real 

concern of energy economics. Thirdly, the quantity of production reflects the capacity 

of the energy supply, given the level of technology. As Smil (2010, p. 106) says, energy 

transition, at least in the short to mid-term, is restricted by ‘the availability and 

convertibility of individual resources and by the pace of technical innovation and social 

adaptation’. We consider that using production quantity here is reasonable in the short 

                                                           
11 In China, the government followed dual-track pricing, known as "shuangguizhi" in Chinese. State-controlled 

(planned) prices, which were lower, accompanied the market prices, which were higher. This was done to ensure 

stability and gradual opening of markets (instead of a "big bang" strategy of sudden transformation to capitalism that 

was followed in Eastern Europe and Russia). However, to provide incentive to the State-owned Enterprises, 

government allowed selling of the products at market prices after the planned targets had been met. Source: 

https://en.wikipedia.org/wiki/Dual-track_system (Wikipedia, 2017). 

https://en.wikipedia.org/wiki/Dual-track_system
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to mid-term and that it is a better option than reserve data for measuring the endowment 

effect. 

2.5.1.3 Technology 

Energy transition may be locked in by existing fossil technologies offering an 

increasing scale of return (Unruh, 2000). Provinces with large coal-fired power 

generation capacity may be hard to replace coal consumption by other renewables. In 

2015, coal-fired power generation capacity accounted for 59% of China’s total 

electricity generation capacity,12 so coal-fired electricity generation capacity may be a 

major lock-in factor. Large numbers of coal-powered plants may lock a province into 

using coal for its electricity production. To negate the scale effect of economy, we use 

per capita coal-fired power generation capacity (installed) as a proxy to investigate 

potential technology lock-in.  

2.5.1.4 Institution 

Another lock-in effect may be an institutional aspect; and it is always difficult to find an 

appropriate proxy variable to measure this. We think urbanisation can be regarded as a 

kind of institutional improvement during the transition from agrarianism to 

industrialisation. A feature of China’s reform and rapid growth during the past decades 

is internal rural–urban migration, which is not a natural economic phenomenon but 

relevant to many institutional rearrangements such as the Hukou system13 reform, the 

social insurance system, urban infrastructure investment, and equity like human rights. 

Herrerias, Aller, and Ordonez (2017) find that the energy mix in urban areas changed 

when electricity replaced coal, and they consider that urbanisation accounts for this, 

especially in the areas of Hukou reform and the New Urbanisation policy. We use the 

number of people living in urban areas to indicate this major institutional change: the 

more people in an urban area, the more sophisticated society becomes and the better is 

the quality of its institutions.  

                                                           
12 Source: https://chinaenergyportal.org/2016-detailed-electricity-statistics/ 2016. China Energy Portal. 
13 A hukou is a record in a government system of household registration required by law in mainland China and 

Taiwan, and determines where citizens can live. Because of its entrenchment of social strata, especially between rural 

and urban residency status, the hukou system is often regarded as a form of caste system. 

https://en.wikipedia.org/wiki/Hukou_system 

 

https://chinaenergyportal.org/2016-detailed-electricity-statistics/
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Urbanisation may have mixed effect on energy transition. On the one hand, a large 

urban population may affect heavy energy consumption, particularly of high-carbon 

energy as it provides higher energy density and higher power intensity. High-carbon 

energy like coal and oil can provide stable and sufficient power, given the limited space 

and land in a city. Any increase in urbanisation may increase high-carbon energy 

consumption, weakening the transition to low-carbon energy. On the other hand, a 

densely populated community may make more viable the widespread use of natural gas, 

electricity and other renewables that are suitable for grid transmission, and so would 

promote low-carbon energy transition. Generally, in the early stages of industrialisation, 

the process of urbanisation may lock energy transition into a high-carbon energy 

consumption trajectory; in later stages, it may result in an increase in low-carbon energy 

use so that sustainable development is achieved. Whether urbanisation will have a 

positive or negative effect on China’s energy transition needs to be investigated.  

2.5.1.5 Policy 

Industrial policy and other regulation initiatives have always played an important role in 

China’s energy transition. We model this policy effect as a proxy of the lagged term of 

yearly changes of sulphur dioxide (SO2) emission, and argue that it can measure the 

rigour of the environmental policy. Sulphur dioxide is a main pollutant from the use of 

coal and oil, is a major indicator of pollution, and is strictly monitored by the Ministry 

of Environmental Protection and other authorities, who use it to assess the performance 

of the environmental governance of local governments. The indicator is constructed as 

     𝑃𝑂 = 𝑙𝑛𝑆𝑂2𝑖,𝑡−1
− 𝑙𝑛𝑆𝑂2𝑖,𝑡−2

 (2-5) 

where 𝑃𝑂 is the measure of slackness of environmental policy intervention. The 

underlying assumption is that if an increase in SO2 emissions was high in last year, local 

government will come under more pressure to adopt policy actions on energy transition 

this year. The policy effectiveness is based on the performance of SO2 emissions. 
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Table 2-1 Summary of variables 

 

 

 

 

 

 

 

 

 

 

 

 Variable Label Unit Obs Mean Std.Dev. Min Max 

Dependent 

variables 

 

tran Energy transition index % 390 0.106 0.110 9.00e-05 0.565 

tranind Energy transition index for industrial sector % 390 0.101 0.125 0.000168 0.718 

tranagri Energy transition index for agricultural sector % 390 0.126 0.147 4.17e-05 0.790 

transerv Energy transition index for service sector % 368 0.0543 0.0680 5.84e-05 0.494 

tranre Energy transition index for residential sector % 389 0.241 0.147 0.0150 0.664 

Independent 

variables 

gdp GDP per capita Yuan 390 16291 11200 2662 57132 

coalgen Coal generation capacity per capita W 390 423.7 370.8 58.17 2567 

urbanpop Urban population 10000 390 1912 1259 181 7141 

gaspro Natural gas production per capita 10000tce 390 94.24 215.9 0 1145 

oilpro Oil production per capita 10000tce 390 0.212 0.420 0 2.566 

coalpro Coal production per capita 10000tce 390 2.466 4.986 0 41.84 

pbriquet Briquet price Yuan/100kg 390 35.90 17.52 8.500 99 

psteamcoal Steam coal price Yuan/ton 390 366.5 181.3 74.10 879.9 

pelecind Industry electricity price Yuan/kwh 390 0.622 0.147 0.160 0.930 

pelecre Residential electricity price Yuan/kwh 390 0.500 0.0704 0.319 0.879 

pelecagri Agricultural electricity price Yuan/kwh 390 0.418 0.108 0.145 0.748 

pelecserv Service electricity price Yuan/kwh 390 0.790 0.110 0.502 1.043 

ppetro93 93# petroleum price Yuan/ton 390 6190 2273 2898 11247 

pdiesel0 0# diesel price Yuan/ton 390 4058 796.3 2548 5550 

pgasind Industry gas price Yuan/m3 390 2.304 0.779 0.730 4.600 

Pgasre Residential gas price Yuan/m3 390 2.041 0.540 0.920 3.740 

SO2 SO2 emission 10000ton 390 73.75 45.11 2 200.3 
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2.5.2  Data source 

This study is based on a longitudinal dataset of 30 provinces in China from 2000 to 

2012, that includes ten types of energy: coal, diesel oil, gasoline, kerosene, fuel oil, raw 

oil, liquefied petroleum gas (LPG), natural gas, methane, and non-fossil primary 

electricity (i.e. nuclear, hydro, solar and wind). All energy quantities are of the final 

consumption by end-users, measured in heat equivalent units. We split provincial total 

energy consumption into sectoral levels within each province—the industrial, 

agricultural, residential (urban) and service sectors. These data are collected from the 

yearly provincial energy balance sheets from various editions of the China Energy 

Statistical Yearbook(China, 1997-2013) and China Rural Energy Statistical Yearbook. 

Price and per capita GDP are from the National Bureau of Statistics and are calculated 

at constant prices (base year 2010). We adopt the China GDP deflator issued by the 

World Bank. The data on coal-fired installed electricity generation are from the China 

Electricity Council.  

Urban population is measured by the number of people living in towns and city. We use 

actual residential population rather than registered population. All data are collected 

from the China National Population Census and China Population and Employment 

Statistics Yearbook.  

Sulphur dioxide emission data are collected from various versions of the China 

Statistical Yearbook on Environment. 

We collect energy price data from the National Development and Reform Commission, 

which surveys commodity prices in 36 large cities at ten-day intervals. We use the 

energy price in the capital city of each province as a proxy of energy price as this 

province’s. The yearly price data derived by averaging all observations within one year. 

Other price data are collected from the China Price Statistical Yearbooks. All price and 

per capita GDP data are deflated by 2010 using the GDP deflator issued by World 

Bank.14  

                                                           
14 Source: http://data.worldbank.org.cn/indicator/NY.GDP.DEFL.ZS, based year is 2010. 

http://data.worldbank.org.cn/indicator/NY.GDP.DEFL.ZS
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2.6 Results 

Table 2-2 to Table 2-7 report the results of estimation. Table 2-2 and Table 2-3 are 

estimations of the national level static and dynamic model, respectively. Sectoral 

transition estimations are reported in  

Table 2-4 to Table 2-7, for industrial, agricultural, service and residential sectors 

separately. Each table contains both static and dynamic models for the sector. Tests for 

autocorrelation, heteroscedasticity and cross-sectional independence and unit roots are 

reported in Appendix 1.  

2.6.1  National results 

2.6.1.1 Static model results 

At national level, a significant U relationship between energy transition and per capita 

GDP can be seen in most models in Table 2-2. From the Fama–MacBeth, OLS_Pooled, 

FE, and FE_post2005 models, the per capita GDP quadratic terms are all significantly 

positive and the linear terms are all significantly negative. This suggests that for the 

whole period under investigation, there exists a U-curve between energy transition and 

per capita GDP. However, turning points differ. Given that Fama–MacBeth and OLS 

are biased estimations, FE and FE_post2005 are more reliable, and both suggest that the 

turning point is around 18,000 Yuan, based on a 2010 constant price.  

Fixed effect models, shown in columns (4) and (5), provide different significance levels. 

The quadratic term of per capita GDP is not significant before 2005, but becomes highly 

significant after that date. This implies a tighter connection between energy transition 

and economic growth after the launch of the National Energy Transition Initiatives. We 

also find significant changes in natural gas production, a sort of natural endowment 

effect, after 2005. On the basis of the subperiod post-2005 model, the coefficient of 

natural gas production is 0.095. This positive effect on energy transition could be the 

result of policy stimulation of natural gas consumption and transmission. The 

generation of electricity from coal is significant before 2005 (0.907) but insignificant 

after this, meaning that it became irrelevant to energy transition from 2005. This 

demonstrates that the National Energy Transition Initiatives policy has been effective in 

recent years.  
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We can see that the prices of steam coal and agricultural electricity after 2005 (1.411 

and 0.339) have gone from insignificant to positive and significant: that is, these prices 

have become an important driving factor for energy transition in recent years. 

Strikingly, the coefficient of the price of steam coal is relative high, 1.411, which 

implies a great effect on energy transition, ceteris paribus. Energy transition is highly 

elastic to steam coal price. Similarly, electricity costs in the residential sector shift from 

significantly negative (-3.522) to significantly positive (1.925). This shows a greater 

marginal effect on energy transition from changes in the price of residential electricity. 

These results indicate that price is an effective signal of energy transition, and a reform 

that deregulates energy prices and decentralises the energy market would be a valid 

policy to assist China to achieve low-carbon, sustainable development. The results also 

verify that marketisation reform of energy transition after 2005 has been successful. 

Institutionally imposed price lock-ins on these three types of energy were removed after 

2005. Overall, based on these results, the national energy transition policy since 2005 

has been effective.  
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Table 2-2 Results for the national level static model 

 (1) (2) (3) (4) (5) 

 FMB OLS_Pooled FE FE_before2005 FE_post2005 

lgdpsq 0.282** 0.324** 0.781*** -0.709 0.942*** 

 [0.037] [0.013] [0.001] [0.173] [0.000] 

lgdp -4.928* -5.997** -15.248*** 16.398 -18.508*** 

 [0.066] [0.019] [0.001] [0.102] [0.000] 

lcoalgen -0.841*** -0.692*** 0.751** 0.907* 0.081 

 [0.007] [0.000] [0.016] [0.060] [0.775] 

lurbanpop -0.451** -0.593*** -0.172 0.960 -0.935 

 [0.017] [0.000] [0.727] [0.136] [0.519] 

lgaspro 0.127** 0.146*** 0.197** 0.160 0.095* 

 [0.018] [0.001] [0.019] [0.401] [0.069] 

loilpro -0.011 -0.046** -0.121 -0.017 0.015 

 [0.602] [0.049] [0.262] [0.842] [0.655] 

lcoalpro -0.004 -0.050 -0.014 -0.441 0.217 

 [0.926] [0.353] [0.942] [0.232] [0.227] 

lpbriquet 0.087 0.054 0.033 -0.527 0.151 

 [0.624] [0.667] [0.887] [0.127] [0.608] 

lpsteamcoal -0.536** -0.427 0.138 -0.435 1.411*** 

 [0.020] [0.112] [0.779] [0.333] [0.003] 

lpelecind 0.420 0.684 0.644 0.675 1.120 

 [0.273] [0.370] [0.385] [0.618] [0.107] 

lpelecre -0.246 0.243 0.948 -3.522*** 1.925*** 

 [0.640] [0.618] [0.458] [0.005] [0.000] 

lpelecagri 0.137 0.619* 0.347 1.219 0.399** 

 [0.780] [0.056] [0.443] [0.450] [0.021] 

lpelecserv -1.548*** -2.062*** -1.061 -2.908 0.234 

 [0.002] [0.005] [0.270] [0.314] [0.664] 

lppetro93 5.998** 1.352 0.555 3.952 0.842 

 [0.043] [0.347] [0.770] [0.257] [0.631] 

lpdiesel0 -1.576*** -0.220 -0.065 -6.258*** -0.386 

 [0.005] [0.736] [0.916] [0.006] [0.550] 

lpgasind 0.192 0.422 0.114 0.534 -0.425 

 [0.647] [0.373] [0.780] [0.268] [0.319] 

lpgasre -0.705 -1.005* -1.036* 0.014 -1.979 

 [0.106] [0.069] [0.096] [0.969] [0.118] 

dllso2 1.565** 0.139 0.239 0.752** 0.168 

 [0.029] [0.665] [0.358] [0.027] [0.525] 

_cons -11.384 25.426 63.825*** -86.499* 85.541*** 

 [0.649] [0.164] [0.008] [0.061] [0.001] 

N 330 330 330 120 210 

R2 0.887 0.713 0.507 0.521 0.475 

Turning 

point 

6231.3574 10328.905 17321.155  18548.508 

p-values in brackets * p < 0.1, ** p < 0.05, *** p < 0.01 
year dummies are eliminated to save space. Lag one for Fama–MacBeth regression to compute heteroscedasticity and 

autocorrelation consistent with Newey-West standards. 

 

Focusing on the fixed-effect model of the whole period (model 3), we find that the 

elasticity of natural gas production to energy transition is significantly positive (0.197), 

higher than in the post-2005 model (0.095). This has strong implications for the natural 

resource endowment effect in the long run. Provinces with large natural gas reserves 

tend to have a higher percentage of low-carbon energy than others, holding all other 
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factors constant, although they are relatively underdeveloped. Coal-fired electricity 

generation is also positive to energy transition (0.751). This suggests more coal-fired 

power generation would increase energy transition rather than lock the transition into 

too much coal consumption. It seems counterfactual; but if we review the historical 

stages of development, it becomes reasonable. At early stages of development, when 

many households directly burn coal for heating, cooking etc., coal and electricity are 

substitutable. Using coal to generate electricity can significantly reduce coal 

consumption in a household, so coal-fired electricity technology does not lock in 

China’s energy transition. 

2.6.1.2 Dynamic model results 

In Table 2-3, we report the dynamic model results at national level. Columns (1) to (4) 

are the OLS, FE, difference GMM and system GMM models, respectively. All the 

models suggest there exists a U-curve relationship between energy transition and per 

capita GDP. The difference and system GMM model suggests the turning point lies 

roughly between 19,900 and 23,000 Yuan, based on the 2010 constant price.  

As we discussed in section 2.4.2, OLS tends to overestimate the parameter of the lagged 

term while FE tends to underestimate it. The true coefficient should lie somewhere 

between them. The estimated coefficients of the lagged transition index in models (3) 

and (4), lying between OLS and the fixed effect model, indicate that the results of the 

GMM estimation are reliable. Sargan and Hansen’s test shows that the system GMM 

model is the more appropriate; and based on the system GMM estimation, we can see 

that except for petroleum prices, all control variables are not significant. This is to say 

that energy transition seems a singular phenomenon of economic growth plus the 

persistence of itself. The exact transitional turning point for the country appears at 

around 22291.324 Yuan, and the rate of adjustment is 0.487. The U-curve for energy 

transition and per capita GDP is captured both in difference and system GMM models. 
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Table 2-3 Results for national level dynamic model 

 (1) (2) (3) (4) 

 OLS_lag FE_lag Diff_GMM Sys_GMM 

L.lntran 0.563*** 0.403*** 0.546*** 0.513* 

 [0.000] [0.000] [0.006] [0.086] 

lgdpsq 0.241*** 0.580*** 0.797* 0.277* 

 [0.000] [0.000] [0.090] [0.082] 

lgdp -4.588*** -11.435*** -15.787* -5.550* 

 [0.000] [0.000] [0.096] [0.091] 

lcoalgen -0.182** 0.479** 1.623 -0.084 

 [0.021] [0.021] [0.232] [0.779] 

lurbanpop -0.244*** -0.248 -0.143 1.043 

 [0.003] [0.509] [0.958] [0.298] 

lgaspro 0.060** 0.123* 0.158 0.145 

 [0.032] [0.068] [0.130] [0.140] 

loilpro -0.021 -0.011 0.230*** -0.004 

 [0.145] [0.856] [0.000] [0.934] 

lcoalpro -0.024 -0.011 0.029 -0.285 

 [0.371] [0.940] [0.892] [0.201] 

lpbriquet 0.013 -0.004 -0.432 -0.693 

 [0.840] [0.981] [0.195] [0.352] 

lpsteamcoal -0.151 0.340 0.407 -0.001 

 [0.355] [0.455] [0.420] [0.999] 

lpelecind 0.377 0.538 1.682 -0.986 

 [0.295] [0.333] [0.196] [0.266] 

lpelecre 0.098 0.289 -0.265 -1.206 

 [0.747] [0.689] [0.801] [0.191] 

lpelecagri 0.300* 0.388 -0.430 -0.479 

 [0.062] [0.174] [0.410] [0.465] 

lpelecserv -0.707** -0.372 0.784 -1.619 

 [0.037] [0.507] [0.723] [0.312] 

lppetro93 0.787 0.484 -0.811 1.539* 

 [0.287] [0.703] [0.549] [0.057] 

lpdiesel0 -0.045 -0.141 -0.039 0.737 

 [0.853] [0.699] [0.962] [0.145] 

lpgasind 0.172 0.167 -0.125 -0.761 

 [0.394] [0.588] [0.845] [0.297] 

lpgasre -0.562** -0.481 -0.303 -0.004 

 [0.048] [0.234] [0.645] [0.995] 

dllso2 0.156 0.178 0.549 0.246 

 [0.509] [0.433] [0.205] [0.299] 

_cons 18.197* 49.196***   

 [0.052] [0.004]   

N 330 330 300 330 

R2 0.830 0.606   

AR(1)1   0.007 0.014 

AR(2)2   0.218 0.38 

Sargan test   0.024 0.715 

Hansen test   0.147 0.818 

Instruments   26 22 

Adjustment speed   0.454 0.487 

Turning point   19907.105 22291.324 
p-values in brackets  * p < 0.1, ** p < 0.05, *** p < 0.01 
1,2. Arellano–Bond test for AR(1) and AR(2) 

Instruments for model 3 include the second lagged to fourth lagged of l.lntran and lurbanpop as well as the second and third lagged 

of lcoalgen and the first difference of other variables, unless collapsed.  
Instruments for model 4 include the fourth lagged of l.lntran and lurbanpop as well as the third lagged of lcoalgen and the first 

difference of other variables, unless collapsed 
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2.6.2  Industry sector results: static and dynamic model 

 

Table 2-4 reports results for the industrial sector. Columns (1) to (3) are from static 

models and columns (4) to (7) from dynamic models. We can see that except for the 

fixed effect static model (3), the quadratic and linear terms of per capita GDP are all 

insignificant. The lagged terms of transition index in dynamic models are all very 

significant, and the magnitudes are relatively high. This suggests significant self-

perpetuating inertia concerning energy transition in this sector. Energy transition, in 

such circumstances, is stimulated solely by the dynamic evolution of the industrial 

system itself, independent of per capita GDP and other control variables. The rate of 

adjustment speed is 0.3 in the difference GMM model and 0.21 in the system GMM 

model. 

In contrast, in the static model we find the U-curve relationship between energy 

transition and economic growth is significant in column (3). The pattern is consistent 

with the national results reported in Table 2-3. The turning point is 20,727 Yuan on the 

constant price of 2010. Natural gas and coal have significant endowment effects in the 

static FE model. The coefficient of natural gas production is significantly positive 

(0.446), and that of coal production is significantly negative (-0.187). These results 

strongly suggest a natural resource endowment lock-in effect in the sector. On average, 

the more natural gas available in one province, the higher low-carbon energy proportion 

it has; the more coal a province produces, the lower level of energy transition it shows.  

We can see the policy proxy variables are both significant in the difference GMM and 

the system GMM models. The signs are positive, meaning that the environmental policy 

has had a positive effect on energy transition.
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Table 2-4 Results for the industry sector 
 (1) (2) (3) (4) (5) (6) (7) 

 FMB Ind_OLS FE_ind IndOLS_lag FE_ind_lag Diff_ind Sys_ind 

L.lntranind    0.813*** 0.696*** 0.700*** 0.790*** 

    [0.000] [0.000] [0.000] [0.000] 

lgdpsq -0.034 0.172 0.536*** 0.018 0.168 0.452 0.049 

 [0.778] [0.399] [0.001] [0.627] [0.119] [0.248] [0.315] 

lgdp 1.380 -2.744 -10.664*** -0.243 -3.214 -9.318 -0.830 

 [0.560] [0.498] [0.000] [0.744] [0.139] [0.237] [0.406] 

lcoalgen -0.482* -0.281 0.808*** 0.023 0.111 1.256 -0.016 

 [0.094] [0.378] [0.002] [0.507] [0.463] [0.309] [0.935] 

lurbanpop -0.324** -0.280 0.012 -0.024 -0.187 0.116 -0.037 

 [0.041] [0.167] [0.968] [0.521] [0.428] [0.825] [0.417] 

lgaspro 0.283*** 0.290*** 0.446*** 0.046*** 0.172*** 0.143*** 0.056** 

 [0.000] [0.000] [0.006] [0.002] [0.006] [0.001] [0.044] 

loilpro -0.022* -0.040 -0.038 -0.001 -0.044 -0.020 -0.005 

 [0.091] [0.374] [0.323] [0.914] [0.152] [0.720] [0.546] 

lcoalpro -0.092** -0.123* -0.187** -0.023* -0.122*** -0.200 -0.038 

 [0.011] [0.082] [0.036] [0.052] [0.008] [0.119] [0.264] 

lpsteamcoal 0.021 -0.050 0.173** -0.008 0.082 0.119 0.009 

 [0.934] [0.928] [0.048] [0.927] [0.853] [0.685] [0.948] 

lpelecind -0.858 -0.620 -0.567 -0.173 -0.093 -0.152 -0.130 

 [0.198] [0.655] [0.120] [0.242] [0.724] [0.792] [0.584] 

lppetro93 8.266*** 6.783** 1.433*** 1.464* 2.558 0.423 0.318 

 [0.000] [0.042] [0.000] [0.084] [0.116] [0.599] [0.416] 

lpdiesel0 1.696 -0.069 0.211 -0.093 -0.343 0.292 0.045 

 [0.170] [0.951] [0.364] [0.531] [0.328] [0.640] [0.790] 

lpgasind -1.029*** -0.868 0.193 -0.190** 0.074 0.304 -0.172 

 [0.009] [0.264] [0.436] [0.011] [0.737] [0.440] [0.172] 

dllso2 0.834 0.331 -0.062 0.217 0.019 0.629** 0.367* 

 [0.380] [0.647] [0.818] [0.217] [0.915] [0.025] [0.074] 

_cons -92.080*** -44.670 28.609*** -11.149 -4.228   

 [0.001] [0.181] [0.007] [0.134] [0.789]   

N 330 330 330 330 330 300 330 

R2 0.711 0.562 0.3934 0.921 0.741   

AR(1)      0.01 0.007 

AR(2)      0.188 0.351 

Sargan test      0.258 0.477 

Hansen test      0.662 0.186 

instruments      16 20 

Adjustment 

speed 
     0.3 0.21 

   20727.105     

p-values in brackets * p < 0.1, ** p < 0.05, *** p < 0.01 

Instruments of models 6 and 7 include the fourth to sixth lagged of lntranind and the sixth lagged of lcoalgen lurbanpop lpdiesel0 as 

well as the first difference of other variables unless collapsed 
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2.6.3  Agricultural sector results: static and dynamic models 

Table 2-5 reports the agricultural sector estimation results. We find a U-curve 

relationship between energy transition and per capita GDP in the static fixed effect 

model, in column (3). In contrast, an inverted U-curve is found in the dynamic system 

GMM model. The turning point of FE is about 6,141 Yuan, and the turning point in the 

system GMM model is 1,508 Yuan; neither of these is very high. The exact pattern 

between energy transition and per capita GDP in the agricultural sector is not clear, and 

the relationship between energy transition and economic growth is still under debate in 

the literature. Démurger and Fournier (2007) argue that the fuelwood in rural areas is a 

kind of ‘inferior good’ and will decrease as per capita income increases, with the 

increasing opportunity cost of collecting fuelwood for the wealthier families. On the 

other hand, Shi, Heerink, and Qu (2009) use a CGE model to find that fuelwood is a 

normal good in rural Beijing and will increase as income increases.  

We can see that the marginal effect of briquette price is significantly positive in the FE 

model (3) and system GMM model (7). As briquettes are a main primary source of 

power for rural households, rural people are likely to shift to other low-carbon fuels like 

methane if the price of briquettes were to increase. We also see a significantly positive 

effect of natural gas production, which turns out to be a natural endowment effect. The 

marginal effects of diesel oil price and steam coal price are significantly negative in the 

system GMM model (7). This can be explained by some features of agricultural 

production: as per capita GDP increases, more rural people find off-farm jobs, which 

leads to labour shortages in agriculture. Machinery will offset this lost-labour effect and 

gradually will replace manual labour; thus, the agricultural sector will tend to use more 

fuels even though prices increase slightly.  
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Table 2-5 Estimates for agricultural sector 

 (1) (2) (3) (4) (5) (6) (7) 

 FMB OLS FE OLS_lag FE_lag Diffgmm Sysgmm 

L.lntranagri    0.701*** 0.363*** 0.596*** 0.611*** 

    [0.000] [0.000] [0.004] [0.001] 

lgdpsq -0.079 -0.064 0.326** 0.035 0.208 -0.228 -0.088*** 

 [0.574] [0.797] [0.022] [0.758] [0.268] [0.492] [0.001] 

lgdp 0.453 0.090 -5.686* -1.021 -3.640 4.593 1.293** 

 [0.866] [0.986] [0.059] [0.632] [0.297] [0.485] [0.022] 

lcoalgen -0.661*** -0.654*** 0.343 -0.169** 0.155 0.232 -0.181 

 [0.008] [0.001] [0.246] [0.024] [0.633] [0.555] [0.178] 

lgaspro -0.099*** -0.079 0.353** -0.023 0.265** 0.039 -0.032 

 [0.000] [0.195] [0.026] [0.182] [0.011] [0.467] [0.234] 

loilpro -0.092*** -0.096** 0.007 -0.024 -0.028 -0.027 -0.037 

 [0.000] [0.038] [0.776] [0.130] [0.463] [0.126] [0.164] 

lcoalpro 0.024 0.011 0.028 0.010 0.013 0.181 0.010 

 [0.400] [0.828] [0.589] [0.518] [0.883] [0.189] [0.624] 

lpsteamcoal -0.509* -0.265 -0.233 -0.160 -0.472* -0.416 -0.296** 

 [0.071] [0.592] [0.211] [0.213] [0.073] [0.296] [0.050] 

lpbriquet 0.646** 0.530 0.220** 0.175* 0.231 -0.134 0.236* 

 [0.010] [0.108] [0.046] [0.073] [0.549] [0.666] [0.082] 

lpelecagri 0.865*** 0.466 -0.589** 0.199 -0.309* 0.371 0.394 

 [0.005] [0.461] [0.022] [0.232] [0.095] [0.499] [0.177] 

lppetro93 3.798*** 3.658 -0.467 0.930 -0.484 -0.784 0.163 

 [0.001] [0.249] [0.492] [0.305] [0.502] [0.270] [0.746] 

lpdiesel0 -2.361*** -2.451*** -0.396 -0.766*** -0.381 -0.289 -0.585** 

 [0.002] [0.002] [0.114] [0.007] [0.208] [0.318] [0.031] 

dllso2 -2.060* -1.082* -0.048 -0.132 0.061 0.224 -0.222 

 [0.058] [0.099] [0.912] [0.796] [0.897] [0.775] [0.645] 

_cons -9.239 -6.025 25.525** 5.260 20.793   

 [0.421] [0.888] [0.033] [0.737] [0.252]   

N 330 330 330 330 330 300 330 

R2 0.713 0.581 0.4807 0.835 0.579   

AR(1)      0.025 0.009 

AR(2)      0.758 0.808 

Sargan test      0.466 0.416 

Hansen test      0.595 0.611 

instruments      14 15 

Adjustment 

speed 

     0.404 0.399 

Turning 

point 

  6141.0065    1508.0651 

p-values in brackets 

* p < 0.1, ** p < 0.05, *** p < 0.01 
1,2. Arellano-Bond test for AR(1) and AR(2) 

Year dummies are eliminated to save space. 

Instruments of model 6 and 7 include the fourth and fifth lagged lntranagri 

2.6.4  Service sector results: static and dynamic models 

Table 2-6 reports results for the service sector. Looking across all models, we can see 

no significant relationship between energy transition and per capita GDP in this sector, 

either in linear or quadratic terms. This seems consistent with what we have seen in 
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Figure 2-2..This is because the service sector is the smallest sector in China, and its 

energy transition is not significant enough to be discovered. The lagged term of energy 

transition is significant in all dynamic models, meaning there is a significant self-

evolution of energy transition in service sector. 

Table 2-6 Estimates for the service sector 

 (1) (2) (3) (4) (5) (6) (7) 

 FMB OLS FE OLS_lag FE_lag Diffgmm Sysgmm 

L.lntranserv    0.791*** 0.668*** 0.736*** 0.675*** 

    [0.000] [0.000] [0.000] [0.000] 

lgdpsq 0.418 0.130 0.599 0.018 0.267 -0.213 0.032 

 [0.195] [0.695] [0.186] [0.845] [0.152] [0.474] [0.649] 

lgdp -7.402 -2.103 -10.950 -0.313 -4.901 4.115 -0.578 

 [0.232] [0.750] [0.205] [0.864] [0.178] [0.500] [0.692] 

lcoalgen -0.782*** -0.854** 0.873 -0.151** 0.373 0.065 -0.227* 

 [0.002] [0.012] [0.208] [0.026] [0.373] [0.888] [0.075] 

lurbanpop -0.101 -0.268 -0.610 -0.004 -0.201 1.001 0.022 

 [0.227] [0.123] [0.390] [0.932] [0.584] [0.165] [0.855] 

lgaspro 0.182*** 0.220*** 0.111 0.023 -0.027 -0.009 0.024 

 [0.004] [0.006] [0.590] [0.154] [0.791] [0.962] [0.333] 

loilpro 0.135*** 0.110** -0.046 0.036*** -0.013 0.066 0.050** 

 [0.000] [0.023] [0.637] [0.000] [0.749] [0.134] [0.048] 

lcoalpro -0.194** -0.130** 0.055 -0.019 0.012 0.115 -0.048 

 [0.013] [0.050] [0.823] [0.465] [0.910] [0.653] [0.265] 

lpsteamcoal -0.505*** -0.112 0.307 -0.082 0.120 -0.114 -0.160 

 [0.003] [0.817] [0.535] [0.553] [0.728] [0.817] [0.324] 

lpbriquet -0.029 0.060 0.785 -0.052 0.126 -0.360 -0.018 

 [0.919] [0.901] [0.200] [0.687] [0.593] [0.461] [0.917] 

lpelecserv -0.538 -0.957 -0.847 -0.316 -0.520 -1.023 -1.442 

 [0.551] [0.484] [0.619] [0.435] [0.481] [0.509] [0.364] 

lppetro93 -0.937 -0.836 0.152 0.348 0.577 0.790 0.329 

 [0.466] [0.743] [0.916] [0.740] [0.495] [0.462] [0.565] 

lpdiesel0 -0.184 -1.683 0.191 -0.537 0.312 0.557 0.041 

 [0.884] [0.271] [0.752] [0.152] [0.336] [0.336] [0.897] 

lpgasind 0.036 0.129 -0.443 -0.037 -0.094 0.524 -0.049 

 [0.901] [0.853] [0.509] [0.774] [0.810] [0.398] [0.840] 

dllso2 1.572 0.914 0.499 0.151 0.284 0.402 0.178 

 [0.221] [0.244] [0.129] [0.555] [0.344] [0.261] [0.534] 

_cons 44.931 30.540 38.186 3.344 12.261   

 [0.134] [0.448] [0.342] [0.802] [0.427]   

N 330 330 330 330 330 300 330 

R2 0.552 0.401 0.361 0.817 0.658   

AR(1)      0.015 0.014 

AR(2)      0.579 0.652 

Sargan test      0.031 0.067 

Hansen test      0.466 0.233 

instruments      18 23 

Adjustment factor      0.264 0.325 

p-values in brackets * p < 0.1, ** p < 0.05, *** p < 0.01 Instruments of model 6 and 7 include the fourth to seventh lagged of 

lntranserv and model 7 include the fourth to seventh lagged of lpelecserv in addition. 
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2.6.5  Residential sector results: static and dynamic models 

Results for the residential sector can be found in Table 2-7. Strikingly, most of the 

models suggest there is an inverted U-curve relationship between energy transition and 

per capita GDP, given that the quadratic terms of per capita GDP are negative and the 

linear terms are positive. This indicates that in the residential sector, a low-carbon 

energy share of consumption would increase first as per capita GDP increases but would 

eventually decrease in long-run economic growth. This is pessimistic, but consistent 

with what stylised facts we have found in Figure 2-2. The turning point is 26,391 Yuan 

in the FE model, 20,499 Yuan in the difference GMM model, and 37,472 Yuan in the 

system GMM model. We find oil production and some oil product prices have 

significant negative effects on energy transition. Provided that the adjustment speed is 

0.42 and 0.219, the difference GMM model suggests that oil production has a 0.05515 

negative effect on energy transition in the long run. This is a sort of natural resource 

endowment lock-in; and more oil endowments would decrease energy transition level in 

the long run. The system GMM model further suggests that diesel oil price has a 0.845 

negative effect on energy transition in the long run. On the other side, the FE model 

suggests that the marginal effect of petroleum price on energy transition is negative 

0.666. These findings hint that an increase in such oil product prices will not decrease 

diesel and petroleum consumption in residential sectors. Our explanation is that the 

inverted U-curve between energy transition and per capita GDP in the residential sector 

may be correlated with the increase in consumption of oil products by households; or, 

more accurately speaking, with the improvement of living standards in the city, 

particularly the vast use of vehicles. This sheds an important light on urban 

development policy design. Expansions of urban areas and economic growth will work 

mightily against energy transition, more than policymakers may imagine. 

                                                           
15 As we have explained in equation (2-3), the long-run effect can be computed by the coefficients of control 

variables divided by the adjustment speed.  
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Table 2-7 Results for the residential sector 
 (1) (2) (3) (4) (5) (6) (7) 

 FMB OLS FE OLS_lag FE_lag Diffgmm Sysgmm 

L.lntranre    0.870*** 0.506*** 0.580** 0.781*** 

    [0.000] [0.000] [0.016] [0.000] 

lgdpsq -0.290** -0.265* -0.224** -0.069 -0.177*** -0.231* -0.043* 

 [0.033] [0.067] [0.011] [0.180] [0.008] [0.082] [0.056] 

lgdp 5.959** 5.538* 4.561*** 1.367 3.496*** 4.585* 0.904* 

 [0.028] [0.058] [0.007] [0.183] [0.006] [0.076] [0.055] 

lurbanpop 0.031 0.059 0.144 0.005 0.097 0.057 -0.077 

 [0.345] [0.673] [0.631] [0.812] [0.492] [0.840] [0.269] 

lgaspro 0.126*** 0.134** 0.009 0.015 0.004 0.026 0.017 

 [0.000] [0.014] [0.845] [0.319] [0.907] [0.465] [0.463] 

loilpro -0.014 -0.023 -0.036 0.002 -0.084** -0.023* -0.001 

 [0.381] [0.523] [0.588] [0.731] [0.013] [0.066] [0.902] 

lcoalpro -0.230*** -0.221*** -0.046 -0.028 -0.056 -0.061 -0.029 

 [0.000] [0.001] [0.483] [0.136] [0.272] [0.499] [0.388] 

lpbriquet 0.396*** 0.340 0.114 0.095* 0.047 -0.213 0.090 

 [0.003] [0.186] [0.325] [0.095] [0.486] [0.502] [0.174] 

lpelecre 0.193 0.272 0.519 0.075 0.255 -0.187 0.363** 

 [0.496] [0.750] [0.201] [0.647] [0.356] [0.747] [0.019] 

lpdiesel0 -1.640** -0.980 -0.241 -0.275* -0.087 -0.037 -0.185** 

 [0.036] [0.307] [0.322] [0.081] [0.516] [0.835] [0.014] 

lppetro93 -0.677 -0.107 -0.666* -0.342 -0.152 -0.023 -0.367 

 [0.645] [0.963] [0.087] [0.209] [0.470] [0.934] [0.177] 

lpgasre -0.409*** -0.454 -0.328 -0.144* -0.096 0.157 -0.058 

 [0.006] [0.369] [0.405] [0.054] [0.639] [0.500] [0.561] 

_cons -14.966 -22.742 -18.219* -2.145 -16.883**   

 [0.454] [0.373] [0.096] [0.724] [0.016]   

N 390 390 390 360 360 330 360 

R2 0.532 0.482 0.251 0.916 0.576   

AR(1)      0.058 0.008 

AR(2)      0.123 0.121 

Sargan test      0.067 0.159 

Hansen 

test 

     0.595 0.824 

instruments      27 20 

Adjustment 

speed 

 
    0.42 0.219 

Turning 

point 

 
 26391.666   20498.833 37471.583 

p-values in brackets 

* p < 0.1, ** p < 0.05, *** p < 0.01 

Instruments of model 6 include the fifth to eighth lagged of lntranre and the fourth to eighth lagged of lppetro93 lpbriquet and 

lpelecre 

Instruments of model 7 include the second to fifth lagged of lntranre and lurbanpo
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2.6.6  Analysis 

Our empirical results are consistent with descriptive stylised facts in terms of both 

patterns and turning points. We find the U-curve relationship between energy transition 

and per capita GDP at the national level is inverted at the residential level. Following 

this, we assess the status of China’s energy transition by the turning points of per capita 

GDP from our estimations. The benchmark is the provincial level of per capita GDP in 

2015. We classify 30 provinces into three classes, as demonstrated in Figure 2-3. There, 

the green provinces (Class I) have crossed the turning point of per capita GDP in terms 

of national level model results, but not the residential sectoral turning points. Given that 

energy transition shows a U-curve relationship with per capita GDP at the national level 

but an inverted U-curve in the residential sector, with continuing economic growth, the 

energy mix in these areas is likely to become fewer carbon components and tend to 

decarbonise both in the short run and long run. Policy makers should beware of this 

potential movement in the long-run energy transition.  

The blue provinces (Class II) are all eastern and coastal provinces with higher 

population density than the green provinces. These areas are the most developed 

regions, with higher per capita GDP. At national level, they have crossed the energy 

transition turning point (based on per capita GDP in 2015); and they have also crossed 

the residential sector turning point, which means the residential energy mix of these 

provinces tends to shift downward to become more carbon intensive as per capita GDP 

grows. This is probably because of the increasing possession of private cars. This result 

has implications for urban policy: electric cars and gas-fuelled vehicles should be 

heavily promoted by the government. Already we find the government has proposed the 

building of nuclear power stations in this region; and for the first time some of them 

will be established in inland provinces rather than along the coast. This policy initiative 

will increase electricity supply to this area and further will decrease high-carbon 

proportion in the energy mix. We plot the number of nuclear power stations currently 

under construction and those proposed16 with yellow circles in Figure 2-3.  

                                                           
16 Source: http://www.snptc.com.cn/sylj/zcfg/gnflfg/201705/P020170520355788429493.pdf (NDRC, 2007) 

http://www.snptc.com.cn/sylj/zcfg/gnflfg/201705/P020170520355788429493.pdf
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The red provinces (Class III) did not cross the turning points at national or residential 

level by the year 2015. With continuing growth, the energy mix in these provinces will 

carbonise, which should be paid more attention by policy makers.  

 

Figure 2-3 Energy transition status 

Class I provinces: Heilongjiang, Jilin, Hebei, Shanxi, Henan, Hunan, Hubei, Jiangxi, Chongqing, Sichuan, Shaanxi, 

Ningxia, Qinghai, Xinjiang, Tibet, Hainan 

Class II provinces: Inner Mongolia, Liaoning, Shandong, Jiangsu, Beijing, Tianjin, Shanghai, Zhejiang, Fujian, 

Guangdong 

Class III provinces: Gansu, Anhui, Yunnan, Guizhou, Guangxi 

 

2.7 Policy implication and conclusion 

In this paper, we explore the connections between China’s energy transition and 

economic growth. We point out that energy transition is as important a phenomenon as 

economic growth and restructuring. The complete energy transition involves not only 

decarbonisation in the developed stages, but carbonisation in the initial stages. We 

synthesise existing data-driven energy transition theories, which we then test: the 

energy ladder, EKC, and carbon lock-in. We conduct a precise energy transition index 

based on low-carbon energy as a share of total energy consumption, and draw the 

conclusion that China’s energy transition is closely connected with EKC theory and has 
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a U-shaped relationship with economic growth. This is in accordance with what 

Tahvonen and Salo’s (2001) theoretical models suggest. 

The aim of this work was to quantify China’s energy transition against per capita GDP 

at national and sectoral levels, based on the country’s provincial panel data. Fama–

MacBeth, OLS, and FE estimators were applied for the static model, and difference and 

system GMM estimators for the dynamic model. All results are consistent and 

significant. We find that at the national level, China’s energy transition with respect to 

per capita GDP displays a U-curve relationship, with the turning point at around 20,000 

Yuan by the 2010 constant price. When the per capita GDP level is under 20,000 Yuan, 

economic growth leads to an increase of carbon components in the energy mix, but once 

it is greater than 20,000 Yuan, this trend reverses and energy transition shows 

increasing return to scale of economic growth. Although most provinces have exceeded 

this GDP threshold, we find that as of 2015, five provinces—Gansu, Anhui, Yunnan, 

Guizhou and Guangxi—still have not entered the low-carbon development trajectory.  

In contrast to the pattern discovered at national level, the energy transition curve with 

respect to per capita GDP in the residential sector is an inverted U rather than a U shape. 

Based on 2015 data, we find ten eastern provinces—Inner Mongolia, Liaoning, Beijing, 

Tianjin, Shandong, Jiangsu, Shanghai, Fujian, Zhejiang, Guangdong—have passed the 

turning point, meaning that with economic growth, the energy mix of residential sector 

in these provinces will tend to become more and more carbon dense. This finding will 

alert policy makers to the need for more deliberate transition planning and policy design 

for these provinces: in particular, electric cars and natural gas-fuelled vehicles should be 

encouraged.  

Concerning other factors that may influence energy transition, three conclusions can be 

drawn. Firstly, we find that price effect is a significantly element in promoting energy 

transition, both nationally and sectorally. This suggests that China’s energy market 

reform is successfully promoting energy transition. Secondly, we find that the 

endowment effect of natural gas is significant drivers of energy transition in the national 

static model and in the industry dynamic models. Lastly, we find that coal-fired power 

technology is significantly positive in the industrial sector but negative in the service 

sector. This suggests that industry is not locked in to coal-fired electricity generation but 
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the service sector is. We do not find any significant effect of urbanisation on China’s 

energy transition.    
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Chapter 3 Interfuel Substitution using a Normalized 

Quadratic Function: A National and Sectoral Level 

Analyses 

Abstract 

This study employs the Normalized Quadratic (NQ) cost function and expenditure 

function to investigate the interfuel substitutability in China at national and sectoral 

levels. This is a departure from past empirical studies that have mainly employed the 

translog cost functions that often fail in imposing global theoretical regularity 

conditions. Our analyses impose global curvature on the NQ function to avoid 

unrealistic parameter and elasticity estimates. We conduct analyses at national and 

sectoral levels (agriculture, industrial service and residential) based on provincial panel 

data and compare results within energy mixes as well as across sectors. A nonlinear 

system of share equations is estimated using the Iterative Feasible Generalized 

Nonlinear Least Square (IFGNLS) approach and both the Allen-Uzawa and Morishima 

elasticities of substitution are computed. We find the four main types of energies—coal, 

oil, gas and electricity—are overall substitutable. The national level interfuel Morishima 

elasticities of substitution are found to be less elastic than those at sectoral levels. We 

find that with ascending the energy ladder, which is from traditional energy to modern 

energy (coal→oil→gas→electricity), the Morishima elasticities of substitution are 

getting more elastic from pair to pair, which implies energy transition between fuels 

becomes easier. Overall, the Morishima elasticities of substitution of the industry sector 

are larger than those of the service sector; and those of the service sector are larger than 

those in the agricultural sector. Considering the direction of price change in Morishima 

elasticities calculation, we find that Morishima elasticities of substitution caused by 

modern energy price change are larger than that caused by traditional energy price 

change. These findings shed a positive light on future energy transitions, which would 

be with greater potentials and lower social costs, especially when the relative price of 

modern energy is falling.  

Keywords: energy transition, elasticity of substitution, NQ function 
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3.1 Introduction 

Energy economists have been interested in investigating the possibilities of interfuel 

substitution since 1970s. Whether traditional energy would be giving way to modern 

energy, given the prices change in energy market, is a central debate in energy 

transition; that is, the possibilities of interfuel substitution. In order to study energy 

transition and design effective energy policies, researchers normally examine the 

substitutability between different types of energies to determine whether and to what 

extend traditional energies can be replaced by modern energies and what would be the 

social cost of climate change mitigation policy on energy transition. The social cost to 

mitigate climate change would be lower if traditional energy could be spontaneously 

substituted by modern energy given market mechanism and consumer behaviours(Stern, 

2012). Otherwise, if traditional energy and modern energy were complements in energy 

market, then the interfuel substitution is difficult and the society would pay more to 

overcome climate change and pollution induced by increasing traditional energy 

consumption. In this case, the policy intervention is necessary.  

On policy modelling, simulation and assessment, the estimated parameters of interfuel 

elasticities of substitution are critical inputs in the design of computable general 

equilibrium (CGE) models (Bhattacharyya, 1996). Estimation of interfuel elasticities of 

substitution to some degree is a cornerstone for energy and environmental policy 

discussion. Nevertheless, researchers are far from reaching a consensus on the results of 

estimation because of a robust estimation is largely rely on what functional form 

researcher choose and what types of data they use.   

The literature on China’s interfuel elasticities of substitution so far has two limitations. 

First, all the studies reviewed have employed the translog function and fail to check for 

concavity or impose global curvature (Adetutu, 2014; Li & Lin, 2016; Lin & Wesseh Jr, 

2013; Lin & Xie, 2014; Ma, Oxley, Gibson, & Kim, 2008b; Ouyang & Lin, 2015; 

Smyth, Narayan, & Shi, 2011; Xie & Hawkes, 2015; Zha, Kavuri, & Si, 2017; Zha & 

Zhou, 2014; Zhao & Liu, 2013), which implies researchers overlooked regularity 

conditions of microeconomic theory. The translog function is locally flexible but can 

have limited domains of theoretical regularity; the arbitrary elasticity of substitution can 

only be attained at one point. Moreover, we cannot identify if the results from 
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estimation are exactly optimal without global concavity condition as the second-order 

sufficient condition may not hold. This could lead to unreliable estimates of elasticities. 

Secondly, previous studies do not investigate interfuel elasticity of substitution at both 

the national and sectoral levels. We argue that a comprehensive analysis from both 

national and sectoral perspective is meaningful not only because each sector may have 

some unique feature of interfuel substitution but also the different findings from 

national level and sectoral level analyses would deliver different patterns or policy 

implications  

Therefore, this study will investigate energy transition at the national level and at 

sectoral levels for four main sectors namely industry, agriculture, service and 

residential. The study will employ the Normalized Quadratic (NQ) cost and expenditure 

functions to estimate China’s national and sectoral interfuel elasticities of substitution 

for four major types of energies: coal, oil, natural gas and electricity. It is the major 

contribution of this study. 

The NQ function was initially formulated by Diewert and Wales (1987). Compared to 

other local flexible function such as the translog function, the NQ function allows for 

imposition of global curvature while remaining flexible. As noted by Diewert and Fox 

(2009a), the NQ cost function is a parsimonious way to impose curvature without losing 

flexibility although it gives rise to a nonlinear system of equations. According to 

Barnett and Usui (2007, p. 120), the NQ function performs well ‘when data is 

characterized by low elasticities of substitution (below unity) and pairwise elasticities 

are relatively close to each other’. However, the NQ function is more difficult to 

estimate than the translog system in programming as the equation system is nonlinear in 

parameters especially after curvature is imposed. Serletis, Timilsina, and Vasetsky 

(2011) and Serletis, Timilsina, and Vasetsky (2010a) used the NQ cost function to 

estimate interfuel elasticity of substitution internationally and Jadidzadeh and Serletis 

(2016) used the NQ expenditure function to estimate residential sector interfuel 

substitution in Canada. These two papers estimated the NQ equation system by Full 

Information Maximum Likelihood (FIML) method. In this study we will choose a 

different estimation procedure—the Iterative Nonlinear Least Square(INLS)—to 

estimate parameters of the cost and expenditure functions, which should be equivalent 

to FIML as suggested by Greene (2012, pp. 565-569). We estimate the models using the 
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Stata statistical software. To the best of our knowledge, this is the first paper on China’s 

case using this method. This is another contribution to literature. 

Found by this study, almost Allen-Uzawa and Morishima elasticities of substitution 

indicate China’s energy is possible. The Morishima elasticities of substitution between 

fuels are positively increasing with the economy climbing energy ladder and deepening 

capital across sectors, which is indicating the difficulty of China’s energy transition is 

decreasing and the interfuel substitution would be getting easier in future. In addition, 

the Morishima elasticities in the direction of modern energy price change are found to 

be larger than that of traditional energy price change, which is indicating that the policy 

intervention on modern energy side would be more effective than that on traditional 

energy side.   

The paper is organised into six parts. Section 3.2 reviews the literature on functional 

form selection to illustrate the reason for choosing NQ function. Section 3.3 presents the 

NQ cost and expenditure functions as well as explain the Allen-Uzawa and Morishima 

elasticities of substitution; the econometric modelling and estimation procedures will be 

introduced too. Section 3.4 outlines the data sources and describes how key variables 

will were constructed. The estimation results are reported in section 3.5. Finally, we 

conclude and discuss policy implications of the study. 

3.2 Literature review 

Literature on interfuel elasticities of substitution aims at computing elasticities of 

substitution between fuels. The pioneering papers include Berndt and Wood (1975), 

Fuss (1977), Magnus (1979) and Pindyck (1979). In their framework, energy demand is 

a derived demand and given a set of economic regularities, the elasticities of 

substitution can be obtained by estimating a system of demand equations. From the 

parameter estimates, the Allen-Uzawa elasticity of substitution (AES) or the Morishima 

elasticity of substitution (MES) are normally computed and used to analyse whether 

different fuels are substitutable and to what extent.  

However, the reliability of estimates from consumption or production system is largely 

predicated on the flexibility of a functional form selected to generate the estimates as 

well as the feasibility of computing. Empirical modelling requires balancing flexibility 
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and simplicity. Flexible function forms are twice continuously differentiable (Diewert, 

1971) and satisfy well-behavioural regularities conditions imposed by neoclassical 

economics such as homogeneity, concavity, monotonicity and positivity. Besides, the 

functional form selected should be as parsimonious as possible to reduce the number of 

redundant free parameters and save on computing capacity and improving estimation 

efficiency. In literature, the most commonly used functional forms include the 

Transcendental Logarithmic (TL) or translog model (Christensen, Jorgenson, & Lau, 

1973), the Generalized Leontief model (GL) (Diewert, 1971) and the Normalized 

Quadratic model (NQ) (Diewert & Wales, 1987).  

Empirical studies on China’s energy substitutability have mainly employed the translog 

function (Li & Lin, 2016; Lin & Wesseh Jr, 2013; Lin & Xie, 2014; Ma & Stern, 2016; 

Ma et al., 2008b; Ouyang & Lin, 2015; Smyth et al., 2011; Xie & Hawkes, 2015; Yang, 

Fan, Yang, & Hu, 2014; Zhao & Liu, 2013), with few studies using the Cobb-Douglas 

function (Fisher-Vanden, Jefferson, Liu, & Tao, 2004; Hang & Tu, 2007) or the reduced 

form demand function (Yin, Zhou, & Zhu, 2016). The Cobb-Douglas function is easy to 

estimate but it imposes a fixed value on the rate of technical substitution and an 

elasticity of substitution of unity on the production structure, which leads to no 

estimable elasticities. The translog function is a second-order local Taylor 

approximation that does not impose restrictions on the production structure so that 

translog approach can be regarded as the data revealed consumer preferences (Färe, 

Grosskopf, Hayes, & Margaritis, 2008). However, the original translog function is 

nonlinear in parameters which lead to difficulty in estimation. Even after logarithmic 

transformation and applying either the Roy’s identity or Shepherds’ lemma to generate 

a system of log-linear share equations to make it feasible to estimate, it still suffers from 

degrees of freedom and multicollinearity problems. For this reason, some empirical 

studies on China’s transport sector and chemical sector have used ridge regression to 

overcome this problem (Lin & Wesseh Jr, 2013; Smyth et al., 2011; Xie & Hawkes, 

2015).  

Moreover, the translog function is a locally flexible functional form and the curvature 

cannot be imposed globally. Imposition of global concavity on the translog function 

model transforms it to a Cobb-Douglas function (Lau, 1978). This potential problem 

may destroy the flexibility of the function, for instance, by making own price elasticities 
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to be close to zero (Diewert & Wales, 1987). The translog function only allows the 

imposition of neoclassical theoretical regularities at one point or within a small region 

(local). The function is well-behaved over a wider range only if the true partial 

elasticities of substitution have similar large values (Barnett & Choi, 1989; Caves & 

Christensen, 1980).  

In addition to local flexibility, the translog estimation might perform poorly, even be 

biased, if the true elasticities of substitution deviate from unity in either direction 

(Wales, 1977). Guilkey, Lovell, and Sickles (1983) notes that the quality of translog 

approximation deteriorates markedly if partial elasticities of substitution17 depart from 

unity or diverge from one another. Using Monte Carlo experiments, they show that 22% 

of simulated cases tend to be biased in producing an incorrect estimation on the sign of 

elasticities and 22% simulated cases in which the signs are estimated correctly tend to 

be biased in estimation on whether the elasticities are greater or smaller than unity. We 

have noticed that most Allen-Uzawa elasticities of substitution estimated from a 

translog function differ across studies and some of them are quite small in retrospect of 

China’s studies. For example, the largest absolute value of elasticity of substitution in 

Ma et al. (2008b) is 3.2666 (own price elasticity for coal) while the smallest value is 

0.0099 (elasticity of substitution for natural gas and diesel oil);18 in Ma and Stern 

(2016) study, all elasticities of substitution are positive but the range differs from 2.386 

to 0.063. Similar findings are also founded in a sectoral level analysis by Li and Lin 

(2016). These findings reinforce the need to careful rethink about the selection of 

flexible functional form and how to impose a global curvature19 in estimation. Based on 

these reasons, we prefer to use the Normalized Quadratic for our empirical analysis. 

3.3 Methodology 

3.3.1  The NQ cost function 

We employ a specification of the NQ cost function by Barnett and Serletis (2008) and 

Diewert and Fox (2009a) to investigate interfuel substitutability in energy demand 

system for national level analysis as well as industry, agricultural and service sectors. 

                                                           
17 Allen-Uzawa elasticity of substitution 
18 -3.2666 and -0.0099 in their paper and the largest positive number is 1.4948 between coal and electricity. 
19 None of them reports results with imposing curvature.  
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This function has been used by Hussain and Bernard (2016), Moschini and Rizzi 

(2007), Jadidzadeh and Serletis (2016); Serletis et al. (2011) and Serletis et al. (2010a) 

for time series analysis with FIML procedure. The total cost equals to the total output y 

multiplied by cost per unit product:   

 𝐶(𝒑, 𝑦, 𝑡) = 𝑦 [∑ 𝛽𝑖𝑝𝑖

𝑛

𝑖=1

+
1

2

∑ ∑ 𝛽𝑖,𝑗𝑝𝑖𝑝𝑗
𝑛
𝑗=1

𝑛
𝑖=1

∑ 𝛼𝑖𝑝𝑖
𝑛
𝑖=1

+ ∑ 𝛽𝑖𝑡𝑝𝑖𝑡

𝑛

𝑖=1

] (3-1) 

where 𝑝𝑖 is the price of input, fuel i; the 𝛽𝑖 and 𝛽𝑖,𝑗 are parameters of own-price and 

cross-price to be estimated. 𝛼𝑖 are nonnegative predetermined parameters. As discussed 

by Diewert and Fox (2009b), there are two ways to determine 𝛼𝑖. The most frequent 

choice is setting 𝛼𝑖 ≡ 1, alternatively, researchers could assign the sample mean of the 

observed input vectors to 𝛼𝑖. In this study, we adopt the former way by setting 𝛼𝑖 as a 

unity vector by normalizing all input prices by a reference year. Here, t is time trend; 

𝛽𝑖𝑡 is a parameters of time trend for each input price to capture the technological 

changes which might be biased to inputs prices.  

To ensure the cost function is homogenous of degree one, we impose symmetry 

restrictions on the parameter matrix 𝑩 = [𝛽𝑖,𝑗], that is symmetry 𝛽𝑖,𝑗 = 𝛽𝑗,𝑖 for all i, j. 

By picking a reference (base-period) vector of normalized prices 𝑝𝑖
∗ ≫ 0, we impose 

restrictions such that for some pi
*，𝑩𝑝𝑖

∗ = 0. The restrictions ensure the flexibility of 

the NQ form—see Diewert and Wales (1988) for a formal proof. Next, we apply 

Shephard’s lemma to derive the input demand equations for each input i: 

 

 𝑥𝑖 =
𝜕𝐶(𝒑, 𝑦, 𝑡)

𝜕𝑝𝑖
,     𝑖 = 1,2 … , 𝑛 (3-2) 

 

Combining (3-1) and (3-2), we estimate equation (3-3) below  
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𝑥𝑖

𝑦
= 𝑏𝑖 + ∑ 𝛽𝑖,𝑗

𝑝𝑖

∑ 𝛼𝑖𝑝𝑖
𝑛
𝑖=1

𝑛

𝑗=1

−
1

2
𝛼𝑖 (∑ ∑ 𝛽𝑖,𝑗

𝑝𝑖

∑ 𝛼𝑖𝑝𝑖
𝑛
𝑖=1

𝑛

𝑗=1

𝑛

𝑖=1

𝑝𝑗

∑ 𝛼𝑗𝑝𝑗
𝑛
𝑗=1

)

+ 𝛽𝑖,𝑡𝑡 + 휀  

(3-3) 

where the left-hand of equation is the input-output ratio. Equation (3-3) describes a set 

of input-output equations. The stochastic error term 휀 accounts for measurement 

errors, errors in cost minimization or functional form approximation. The biased 

technological change coefficient 𝛽𝑖𝑡 capture patterns of increasing or decreasing 

energy use over time which cannot be accounted for by price changes. If the marginal 

effect of time is positive, for a given set of energy prices, the share of energy i is higher 

because of the change in technology (Jin & Jorgenson, 2010). Hence, the technological 

change in considered to be fuel i using when 𝛽𝑖𝑡 > 0 and fuel i saving when 𝛽𝑖𝑡 < 0, 

ceteris paribus. 

The homogeneity20 and symmetry restrictions are imposed by setting: 

 

∑ 𝑏𝑖 = 1

𝑛

𝑖=1

 

∑ 𝛽𝑖,𝑗 = 0  

𝑛

𝑗=1

∀ 𝑖 

 

𝛽𝑖,𝑗 = 𝛽𝑗,𝑖  ∀𝑖, 𝑗 
 

(3-4) 

3.3.2  The NQ expenditure function 

We use the NQ expenditure function, developed by Diewert and Wales (1987) and first 

applied by Jadidzadeh and Serletis (2016), to estimate residential sector interfuel 

elasticity of substitution. For a given utility level and prices, the NQ expenditure 

function is defined as  

                                                           
20 The share equations are homogenous of degree zero, see Diewert and Wales (1988). 



 

53 

 

 𝐸(𝒑, 𝑢) = ∑ 𝜃𝑖𝑝𝑖 + 𝑢 (∑ 𝑏𝑖𝑝𝑖

𝑛

𝑖=1

)

𝑛

𝑖=1

+
1

2
𝑢

(∑ ∑ 𝛽𝑖,𝑗𝑝𝑖𝑝𝑗
𝑛
𝑗=1

𝑛
𝑖=1 )

(∑ 𝛼𝑖𝑝𝑖
𝑛
𝑖=1 )

 (3-5) 

where vector  ≡ [𝜃𝑖],  𝒃 ≡ [𝑏𝑖] and matrix 𝑩 ≡ [𝛽𝑖,𝑗] are parameters to be 

estimated. The nonnegative predetermined parameter 𝛼𝑖 is treated the same as in the 

NQ cost function and u is some given level of utility. pi is price of input i. We choose 

some price vector 𝒑∗ ≫ 0 in one year as a reference year price vector. 

By applying Roy’s identity, the NQ demand system in budget share form is given by 

Jadidzadeh and Serletis (2016) 

 

𝑠𝑖(𝑣) = 𝜃𝑖𝑣𝑖 +

𝑏𝑖 +
∑ 𝛽𝑖,𝑗𝑣𝑖

𝑛
𝑗=1

∑ 𝛼𝑖𝑣𝑖
𝑛
𝑖=1

−
1
2

𝛼𝑖 ∑ ∑ 𝛽𝑘,𝑗𝑣𝑘𝑣𝑗
𝑛
𝑗=1

𝑛
𝑘=1

(∑ 𝛼𝑖𝑣𝑖
𝑛
𝑖=1 )2

∑ 𝑏𝑖𝑣𝑖 +
1
2

∑ ∑ 𝛽𝑖,𝑗𝑣𝑖𝑣𝑗
𝑛
𝑗=1

𝑛
𝑖=1

∑ 𝛼𝑖𝑣𝑖
𝑛
𝑖=1

𝑛
𝑖=1

× (1 − ∑ 𝜃𝑖𝑣𝑖

𝑛

𝑖=1

) 𝑣𝑖 + 휀 

(3-6) 

where 𝑣𝑖 is the income normalized prices by 𝑣𝑖 =
𝑝𝑖

𝐼
, and I for total income. The 

model assumes total income equals total expenditure. Hence, the left-hand of the 

equation is the share of fuel i in the total expenditure, with 𝑠𝑖 = 𝑣𝑖𝑥𝑖. The stochastic 

component 휀 is the error term. 𝛼𝑖 is set to be one arbitrary and parameters vectors  , 

𝒃 and 𝑩 are to be estimated.  

We impose the following homogeneity and symmetry restrictions to ensure flexibility 

and Gorman polar form of the NQ form: 
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∑ 𝜃𝑖𝑝𝑖
∗ = 0

𝑛

𝑖=1

 

∑ 𝛽𝑖,𝑗 = 0  

𝑛

𝑗=1

∀ 𝑖 

𝛽𝑖,𝑗 = 𝛽𝑗,𝑖  ∀𝑖, 𝑗 

(3-7) 

 

3.3.3  Estimation 

The Iterative Feasible Generalized Nonlinear Least Square (IFGNLS) procedure is used 

to estimate the equation systems (3-3) and (3-6).  

For the NQ expenditure function, as the total expenditure is strictly summed by the 

expenses on each fuel, the total income is endogenous and the system is exactly 

homogeneous of degree one. Thus, we delete one equation arbitrarily and estimate 𝑛 −

1 equations only. Here, n is the number of equations. However, for the NQ cost 

function, the dependant variables are not shares but input-output ratios. The output data 

are in monetary terms and can be regarded as exogenous to energy input. Following 

Jadidzadeh and Serletis (2016), we estimate a n-equation system without deleting any 

one from NQ cost function system. McLaren and Zhao (2009) notes that whether 𝑛 

equation system or 𝑛 − 1 equation system to be estimated largely depends on the data 

generating process. The paradigm of cost minimization contains information on cost 

function plus a set of share equations. If the output data is nominal prices and 

exogenous, estimating 𝑛 − 1 equations is information incomplete as the information of 

cost function is missing by deleting one equation. However, if the output data is 

measured as product of quantity multiply by prices, cost information is endogenous so 

that we need to estimate 𝑛 − 1 equations only. The directly estimated parameters for 

the NQ expenditure function is 
𝑛2+3𝑛−4

2
 and the directly estimated parameters for the 

NQ cost function is 
𝑛2+𝑛

2
 (for details see Diewert and Fox (2009a)). Other parameters 

are estimated by restrictions of regularities (3-4) and (3-7).  
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We check the matrix B to verify if it is negative semidefinite and satisfies the second-

order sufficient conditions. Unfortunately, all estimations violate concavity. We 

therefore impose global curvature using Cholesky factorization (Diewert & Wales, 

1987; Morey, 1986a) by setting 𝑩 = −𝑲𝑲′ for the cost and expenditure functions to 

ensure B is negative semidefinite, where K is a lower triangular matrix and satisfies 

𝑲′𝒑∗ = 0. For our empirical study with 𝑛 =  4, concavity is imposed by replacing the 

elements of B by the elements of K as Jadidzadeh and Serletis (2016) and Hussain and 

Bernard (2016) suggest. 

 

𝛽11 = −𝑘11
2  

𝛽12 = −𝑘11𝑘12 

𝛽13 = −𝑘11𝑘13 

𝛽22 = −𝑘12
2 − 𝑘22

2  

𝛽23 = −𝑘12𝑘13 − 𝑘22𝑘23 

𝛽33 = −𝑘13
2 − 𝑘23

2 − 𝑘33
2  

(3-8) 

We recover other elements of B using the symmetry restrictions: 

 

𝛽14 = −(𝛽11 + 𝛽12 + 𝛽13) 

𝛽24 = −(𝛽12 + 𝛽22 + 𝛽23) 

𝛽34 = −(𝛽13 + 𝛽23 + 𝛽33) 

𝛽44 = 𝛽11 + 𝛽22 + 𝛽33 + 2𝛽12 + 2𝛽23 + 2𝛽13 

(3-9) 

Reparametrizing B by K makes the equations system to be nonlinear in parameters, 

which lead to complexity in estimation. To estimate the nonlinear system of equations, 

we develop a Stata function evaluator program based on Nonlinear Seemingly 

Unrelated Regression method.  
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3.3.4  Elasticity of substitution 

The Allen-Uzawa and the Moshirima elasticity of substitutions are computed from the 

estimates of (3-3) and (3-6). We will use the results to investigate the substitutable or 

complementarity relations between pairs of fuels. The Allen-Uzawa elasticity of 

substitution (AES) was introduced by Allen (1934, 1938) and Uzawa (1962). It is a 

partial elasticity of substitution named by Hicks (1936) as it measures one quantity 

change caused by the other price change rather than the relative quantity change of two 

inputs caused by the relative price change of theirs. The basic formulation is given by21 

 𝐴𝐸𝑆𝑖,𝑗 = 𝐸𝑖,𝑗
𝑎 =

𝐶(𝑦, 𝒑)𝐶𝑖,𝑗(𝑦, 𝒑)

𝐶𝑖(𝑦, 𝒑)𝐶𝑗(𝑦, 𝒑)
 (3-10) 

where 𝐶𝑖(𝑦, 𝒑) and 𝐶𝑖,𝑗(𝑦, 𝒑) indicate partial derivatives from total cost function (3-1) 

or total expenditure function (3-5) with respect to price of fuel i, respectively; and 

𝑥𝑖=𝐶𝑖(𝑦, 𝒑), 𝒑 is the vector of prices. By definition 𝐸𝑖,𝑗
𝑎 = 𝐸𝑗,𝑖

𝑎  means AES is a 

symmetric elasticity. The sign of the 𝐸𝑖,𝑗
𝑎  indicates whether fuels are substitutes (𝐸𝑖,𝑗

𝑎 >

0) or compliments (𝐸𝑖,𝑗
𝑎 < 0 ) for fuel i and j. The own price and cross- price 

elasticities are 

 𝜂𝑖𝑗 =
𝐶𝑖,𝑗𝑃𝑗

𝐶𝑖
 𝑎𝑛𝑑 𝜂𝑖𝑖 =

𝐶𝑖,𝑖𝑃𝑖

𝐶𝑖
  (3-11) 

The Morishima elasticity of substitution (MES) measures the change of the ratio of two 

inputs with respect to the ratio of their prices with holding other prices of fuels constant. 

MES is asymmetric elasticity depending on the direction of which price 

changes(Blackorby & Russell, 1981). Suppose that this change is induced by changing 

the i th energy price, according to Blackorby and Russell (1975), the MES can be 

computed as: 

                                                           
21 More detailed discussion about AES see Stern (2011). 
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 𝑀𝐸𝑆𝑖𝑗 = 𝐸𝑖,𝑗
𝑚 =

𝑝𝑖 (𝐶𝑖,𝑗(𝑦, 𝒑)𝐶𝑖(𝑦, 𝒑) − 𝐶𝑖,𝑖(𝑦, 𝒑)𝐶𝑗(𝑦, 𝒑))

𝐶𝑖(𝑦, 𝒑)𝐶𝑗(𝑦, 𝒑)
= 𝜂𝑗𝑖 − 𝜂𝑖𝑖 (3-12) 

Hence, the MES measures the difference between two price elasticities based on the 

inverse demand functions derived from the input distance function and is asymmetric. 

‘The MES shows how the (shadow) price ratio changes as one of the inputs in a fixed 

input ratio changes with all other inputs and output constant’ (Stern, 2011, p. 84). If 

𝐸𝑖,𝑗
𝑚 > 0, fuel i and j are Morishima substitutes; that is, an increase in the price of fuel i 

causes the ratio of two inputs 𝑥𝑖 𝑥𝑗⁄  decrease. If 𝐸𝑖,𝑗
𝑚 < 0, fuel i and j are Morishima 

complements. If two fuels are Allen substitutes, they must be Morishima substitutes too; 

however, if they are Morishima substitutes, they may be Allen complements. That is, 

Allen elasticity of substitution tends to overstate the complementarity. Besides, Allen 

elasticity of substitution is less informative when there are more than two 

inputs(Blackorby & Russell, 1989) because when there are more than two inputs, the 

relationship depends on the direction taken toward the point of approximation, in such 

case, Morishima elasticity of substitution is a correct measurement. Hence, given the 

inputs more than two energies, Morishima elasticities of substitution can reflect the 

‘ease’ of interfuel substitution (Blackorby & Russell, 1989). 

3.4 Data 

The empirical analyses are based on a longitudinal dataset of 30 provinces in China 

from 2000 to 2012. For energy type selection, we choose ‘four standard fuels’ including 

coal, oil, natural gas and electricity as Stern (2012) suggests. It is mentioned here 

because natural gas has not been widely used in agricultural sector so that the data are 

not available. We use rural methane to be a proxy of natural gas in agricultural sector 

model. 

All quantities are final consumption by end-use measured in heat equivalent unit—

10,000 tonnes of coal equivalent (tce).22 Energy used as intermediate goods during 

transformation is excluded. The data contains national total energy consumption and 

                                                           
22 For energy conversion details, please refer methods issued by China National Bureau of Statistics 

http://www.stats.gov.cn/tjzs/cjwtjd/201311/t20131105_455940.html  

http://www.stats.gov.cn/tjzs/cjwtjd/201311/t20131105_455940.html
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sectoral energy consumption (agriculture, industry, service and residential) from the 

yearly provincial Energy Balance Sheet (EBS) of the China Energy Statistical Yearbook 

and the China Rural Energy Statistical Yearbook. Oil consumption data are collected 

from the CEIC China Databases(Global Databases).  

The GDP data and sectoral total output data are collected from the National Bureau of 

Statistics and they are all originally measured by nominal price. We deflate them into 

comparable prices by using the prices in 2010 as reference to remove inflation effect. 

The GDP deflator we adopt is issued by the World Bank.23  

We collect energy price data from the National Development and Reform Commission 

(NDRC). NDRC surveys commodity price in 36 large cities by 10-day intervals. We use 

price of capital cities of each province as a proxy of provincial energy price and get 

yearly price data by computing the average of all observations within one year. Some 

omitted price data are collected from various versions of China Price Statistical 

Yearbooks. Energy price data are also deflated by power purchase index issued by NBS.   

Energy prices are reported using different units for different fuels. For example, coal is 

quoted in yuan per tonne while natural gas is quoted in yuan per cubic meter. Therefore, 

those prices are hard to compare across. To circumvent this problem, we convert all 

energy price units into monetary term per standard coal equivalent value by conversion 

factors issued by the National Energy Administration (NEA). A summarized of the data 

is reported in Table 3-1.  

 

 

 

 

 

 

                                                           
23 http://data.worldbank.org/indicator/NY.GDP.DEFL.ZS?locations=CN  

http://data.worldbank.org/indicator/NY.GDP.DEFL.ZS?locations=CN
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Table 3-1 Summary of variables 

Category/Unit Variable Obs Mean Std.Dev. Min Max 

Consumption 

 

(10000tce) 

National Coal  390 2346 1749 53.59 9873 

National oil  390 152136 143016 7154 762917 

National natural gas  390 249.2 301.7 0 2093 

National electricity  390 1152 993.6 4.277 5375 

Industry coal  390 1850 1471 0 8233 

Industry oil  390 24987 28802 839.7 164457 

Industry natural gas  390 167.8 207.0 0 1365 

Industry electricity  390 835.0 744.9 4.277 4027 

Agriculture coal  390 56.12 64.64 0 375.9 

Agriculture oil 390 9743 8177 379.6 41013 

Agriculture methane 390 20.78 28.16 0 160.9 

Agriculture electricity 390 35.54 36.32 0 314.7 

Service1 coal 390 30.33 43.77 0 384.4 

Service2 coal 390 62.56 118.7 0 832.2 

Service1 oil 390 56000 50957 1453 285687 

Service2 oil 390 6111 6917 4.380 34666 

Service1 natural gas 390 9.062 17.69 0 93.50 

Service2 natural gas 390 13.26 21.33 0 108.9 

Service1 electricity 390 22.34 17.81 0 86.74 

Service2 electricity 390 38.19 44.62 0 308.0 

Residential coal 390 265.3 255.9 0 1239 

Residential oil 390 14304 19545 311.0 131305 

Residential natural gas 390 48.04 80.55 0 847.6 

Residential electricity 390 143.4 126.7 5.494 847.8 

Output 

(100million yuan) 

Total GDP 390 917.1 951.2 26.37 5707 

Industry  390 4510 5004 104.0 27701 

Agriculture  390 944.5 812.2 40.12 4282 

Service1  390 505.1 437.6 21.84 2516 

Service2  390 848.3 991.2 23.98 6507 

Price 

(Yuan/10000tce) 

Steam coal  390 513.1 253.8 103.7 1232 

Briquet  390 502.7 245.3 119.0 1386 

93# Petroleum   390 4207 1545 1970 7644 

0# Diesel oil  390 3606 1301 1732 6152 

Natural gas  390 1336 341.8 644.9 2323 

Industry Natural gas  390 1732 585.8 548.9 3459 

Residential natural gas  390 1534 406.1 691.7 2812 

Industry electricity  390 5061 1195 1302 7567 

Agriculture electricity  390 3400 881.5 1180 6090 

Residential electricity  390 4066 572.8 2596 7151 

Service electricity  390 6427 896.3 4085 8490 
      Note: 1. service1 for transport, storage and post; service2 for wholesale, retail, trade, hotel and catering; this 

classification is due to statistical method and in our estimation, we add them up as the total service sector.  2. tce is 

for tonnes of coal equivalent.  
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3.5 Results 

3.5.1  Estimates from equation systems 

A summary of the estimated models for the national and different sectoral levels is 

reported in Table 3-2. 

Table 3-2 Summary of estimation system 

Sector Model 

Energy inputs 

Eq.No. 
Para. 

No. Coal Oil 
Natural 

gas 
Electricity Methane 

National NQ Cost Function √ √ √ √  4 10 

Industry NQ Cost Function √ √ √ √  4 10 

Agriculture NQ Cost Function √ √  √ √ 4 10 

Service NQ Cost Function √ √ √ √  4 10 

Residential 
NQ Expenditure 

Function 
√ √ √ √  3 7 

The system of equations is estimated using the Iterative Zellner’s Seemingly Unrelated 

Regressions (SUR) that assumes the disturbances are uncorrelated across observations 

but correlated across equations because the (contemporaneous) errors associated with 

the dependent variables may be correlated(Cameron & Trivedi, 2005, p. 207). We test 

the first order serial correlation before estimation and to ensure all series are stationary 

to avoid within autocorrelation of error terms. The results are reported in Appendix2. 

All series are stationary without autocorrelation. We adopt heteroscedasticity-robust 

Gauss-Newton algorithm to adjust possible heteroscedasticity. We set the convergence 

criterion for residual sum of squares to 10-5 and set the convergence criterion of 

successive estimates of the error covariance matrix during IFGNLS to 10-10.24  

For the sake of brevity, all estimated parameters for the NQ cost and expenditure 

functions are reported in Appendix3. Serletis and Feng (2014) suggest that positivity is 

normally satisfied, thus, we do not check positivity. We check the curvature condition 

and monotonicity at each data point, which follows some existing studies (Hussain & 

Bernard, 2016; Jadidzadeh & Serletis, 2016; Serletis & Feng, 2014; Serletis & 

                                                           
24 Initial value setting: 𝑘1 = 0.5, 𝑘2 = 0.3, 𝑘3 = 0.2, 𝑘11 = −0.08, 𝑘21 = −0.02,  𝑘31 = 1, 𝑘22 = 0.02, 𝑘32 =
0.2, 𝑘33 = −0.3, 𝑏𝑡1 = −0.01, 𝑏𝑡2 = 0.3,  𝑏𝑡3 = 0.4, 𝑏𝑡4 = 0.05 
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Shahmoradi, 2008; Serletis et al., 2010a; Serletis, Timilsina, & Vasetsky, 2010b). We 

report the eigenvalue of second-order partial derivatives Hessian matrix below the 

tables. The computing process is mathematically proofed by Morey (1986b). The 

critical rule is all eigenvalues should not be positive to ensure the Hessian matrix 

negative semidefinite. We find all the models violate curvature conditions which 

suggest imposition of curvature is necessary. We find imposition of curvature can 

significantly reduce violations of curvature and monotonicity and make the model 

satisfy economic regularities. Overall, we do not find curvature imposition improve the 

significance level for industry, agricultural and residential sector models but for the 

national level and service sector models, the significant level improved slightly after 

imposing curvature. Hence, we cannot draw a conclusion on imposition of curvature 

improves the significance of estimates. However, we find many signs and magnitudes 

of parameters of matrix B, the coefficients of interaction terms of energy price, changed 

after imposing curvature. This implies that imposition of curvature would indeed 

influence the results on calculation of elasticities of substitution and the judgement on 

substitution/complementary relations. As discussed before, our estimation provides a 

well-behaved consistent estimation that is reliable and satisfying economic regularities. 

Therefore, the discussions of the Allen-Uzawa elasticity of substitution and Morishima 

elasticity of substitution is based on the curvature restricted models and the delta 

method is used to obtain the standard errors. 

On the effects of technological change, we find technology is significant and positively 

biased to coal both in the industry (0.638) and service (0.787) sectors. Technological 

change is coal using in these two sectors, suggesting that with technology improvement, 

more coal tends to be used in these sectors, ceteris paribus. Energy policy should be 

aware of this potential coal-induced pollution in industry and service sector. 

Technological change is found to be significant and electricity saving in the agricultural 

sector (-0.171) and residential sector (-1.849). This implies that technology progress 

would reduce the electricity share in the total energy mix in such sectors, ceteris 

paribus.  
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3.5.2  Allen-Uzawa elasticities of substitution 

All the Allen-Uzawa and Morishima elasticities are computed at the sample mean. We 

report the Allen-Uzawa elasticities of substitution in Table 3-3. The subscript 1 is for 

coal, 2 for oil, 3 for natural gas, 4 for electricity. We find all own price elasticities to be 

negative, which is expected in theory.  

According to Allen-Uzawa elasticity, coal and oil are slightly complementary at 

national level (-0.001), industry sector (-0.001), agricultural sector (-0.003) and 

residential sector (-0.016). Coal and natural gas are significantly complementary for 

industry (-0.005) and agricultural (-0.007) sectors but they are substitutable at the nation 

level (0.002). Coal and electricity are significantly complementary for at the national 

level (-0.009) but substitutable for industry (0.014) and agricultural (0.008) sector.  

Oil and natural gas are substitutes at the national level (0.002) but they are 

complementary for industry (-0.012), agricultural (-0.056) and service (-0.007) sector. 

Oil and electricity are substitutable at national level (0.293) and in service (0.024) 

sector.  

Natural gas and electricity are substitutes at the national level (0.021) and agricultural 

sector (0.491). 
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Table 3-3 Allen-Uzawa elasticity of substitution 

 National Industry Agriculture Service Residential 

𝐸11
𝑎  -0.001*** -0.001*** -0.002** -0.000 -0.051 

[0.000] [0.000] [0.017] [0.717] [0.198] 

𝐸12
𝑎  

 

-0.001*** -0.001*** -0.003*** -0.000 -0.016*** 

[0.000] [0.000] [0.000] [0.497] [0.006] 

𝐸13
𝑎  

 

0.002*** -0.005*** -0.007*** -0.001 -0.022 

[0.000] [0.000] [0.000] [0.472] [0.779] 

𝐸14
𝑎  

 

-0.009*** 0.014*** 0.008*** 0.003 0.007 

[0.000] [0.000] [0.000] [0.479] [0.390] 

𝐸22
𝑎  

 

-0.001*** -0.006*** -0.008*** -0.002*** -0.005* 

[0.000] [0.000] [0.000] [0.000] [0.052] 

𝐸23
𝑎  

 

0.002*** -0.012*** -0.056*** -0.007*** -0.009 

[0.000] [0.000] [0.002] [0.002] [0.733] 

𝐸24
𝑎  0.293*** -0.005 -0.007 0.024*** 0.002 

[0.008] [0.195] [0.499] [0.000] [0.792] 

𝐸33
𝑎  

 

-0.007*** -0.050*** -1.383 -0.033** -0.223 

[0.002] [0.000] [0.286] [0.034] [0.127] 

𝐸34
𝑎  

 

0.021*** 0.025 0.491** 0.045 0.019 

[0.001] [0.181] [0.042] [0.439] [0.238] 

𝐸44
𝑎  

 

-0.144*** -0.409*** -0.434 -0.565** -0.003** 

[0.007] [0.000] [0.222] [0.016] [0.026] 

Obs. 270 281 377 102 377 

p-values in brackets    * p < 0.1, ** p < 0.05, *** p < 0.01 

1-for coal, 2-for oil, 3-for natural gas (methane in agricultural sector), 4-for electricity.  

 

 

 

3.5.3  Morishima elasticities of substitution 

The Allen-Uzawa elasticity of substitution is a measure of ‘the partial elasticity of 

substitution’ and cannot measure the ‘ease’ of substitution. Therefore, it provides no 

information about relative factor shares changes (Blackorby & Russell, 1989). Next, we 

discuss the relations of substitutability based on the Morishima elasticities in Table 3-4.  

The first column presents the national level results. MES is given one input price 

change with holding all other prices and output constant. Given coal price change, coal 

is significantly substitutable with oil (𝐸12
𝑚 = 0.001) and natural gas (𝐸13

𝑚 = 0.006) but is 

complementary with electricity (𝐸14
𝑚 = −0.013). This can be explained by the large 

composition of coal-fired power generation in China (Wang, 2014). Oil and natural gas 

are weakly substitutable regardless of which price change (𝐸23
𝑚 = 0.005 and 𝐸32

𝑚 =

0.073); this is because they are co-products and usually consumed simultaneously in 

production. Given natural gas price changes, it is substitutable with coal (𝐸31
𝑚 = 0.076) 

and electricity (𝐸34
𝑚 = 0.238). 
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Electricity, if its price changes, will be highly significantly substitutable to all other 

three fuels—coal, oil and natural gas, both at national level and in industry sector and 

service sector. Given electricity is a sort of modern energy with grid facilitates, this 

sheds light on a strong possibility of future energy transition and implies that some 

facilitated policy on the power grid construction or electricity cost reduction would give 

rise to a more promising prospect on energy transition.   

At industry level, we find significant substitutability between oil and coal (𝐸21
𝑚 =

0.009) given the oil price changes; however, this effect is not significant if coal price 

changes. We find coal and natural gas are Morishima complements (𝐸13
𝑚 = −0.007) 

given the coal price change but they are Morishima substitutes (𝐸31
𝑚 = 0.364) given the 

natural gas price changes. Both are highly significant. That means natural gas could 

replace coal consumption only in the direction of natural gas price decrease, ceteris 

paribus. We find coal and electricity are Morishima substitutes irrespective of which 

price changes (𝐸14
𝑚 = 0.030 and 𝐸41

𝑚 = 1.529) but the possibilities of substitutability 

are far different based on their magnitudes. Beyond doubt, electricity price change will 

lead to a stronger possibility of interfuel substitution within this pair of energy. Oil and 

natural gas are Morishima complements (𝐸23
𝑚 = −0.011) given the oil price change but 

they are Morishima substitutes (𝐸32
𝑚 = 0.305) if the natural gas price change, ceteris 

paribus. Natural gas and electricity are significantly substitutable in either directions of 

price change; both are greater than one, which is suggesting a strong possibility of 

substitution. Natural gas and oil are significantly substitutable (𝐸32
𝑚 = 0.305) in the 

direction of gas price change but they are significantly complementary (𝐸23
𝑚 = −0.011) 

in the direction of natural gas price change, ceteris paribus.  

In the agricultural sector, the relation between coal and oil is significant. Holding others 

constant, they are complementary if coal price change but substitutable if oil price 

change, both are slightly in magnitude. We find coal and methane25 are Morishima 

complements given coal price change (𝐸13
𝑚 = −0.008). We also find the relation 

between coal and electricity are significantly substitutable given coal price change 

(𝐸14
𝑚 = 0.013); oil and methane are complementary (𝐸23

𝑚 = −0.034) if oil price change; 

                                                           
25 In agricultural sector, the calculation is based on methane instead of natural gas as mentioned before. 
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electricity and methane are strong substitutable if electricity price changes (𝐸43
𝑚 =

1.236), ceteris paribus.  

In service sector, we find coal price change does not have any influence on the relation 

of other fuels. However, oil price increase tends to significantly decrease the relative 

consumption of oil to coal, which means they are Morishima substitutes (𝐸21
𝑚 = 0.008); 

An increase in oil price tends to significantly increase the relative consumption of oil to 

natural gas but significantly decrease the relative consumption of oil to electricity 

(𝐸23
𝑚 = −0.016, 𝐸24

𝑚 = 0.097), which suggests oil-natural gas are Morishima 

complements and oil-electricity are Morishima substitutes. Natural gas is substitute to 

coal and oil if its price changes (𝐸31
𝑚 = 0.219, 𝐸32

𝑚 = 0.178). Electricity price change is 

strongly substitute to all the other types of energy with the magnitudes are almost or 

greater than one (𝐸41
𝑚 = 0.953, 𝐸42

𝑚 = 0.987, 𝐸43
𝑚 = 1.022).   

Results of the residential sector are less informative. Almost the cross-fuel elasticities 

are insignificant except oil and coal that are significant Morishima complements (𝐸21
𝑚 =

−0.026). This phenomenon can be explained by the fuel consumption behaviour in 

China where household’s energy consumption largely dependents on lifestyles, regional 

climate, family structure as well as natural resource endowment (Serletis et al., 2010a), 

as a result, it is not easy to change without a fundamental change of economic structure 

in the short run. We also deduce it might be a result of sample selection errors in the 

data collection process provided that the NBS is always tracking a certain group of 

households by survey. Thus, the data may not sufficiently reflect the real pattern change 

in residential sector but perform some consistency of individual behaviour. In a word, 

residential sector interfuel substitutability cannot be empirically investigated in this 

study. 
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Table 3-4 Morishima elasticity of substitution 

 National Industry Agriculture  Service Residential 

𝐸11
𝑚  -0.002*** -0.002*** -0.002** -0.000 -0.034 

[0.000] [0.000] [0.017] [0.717] [0.198] 

𝐸12
𝑚  0.001*** -0.000 -0.002*** -0.001 0.023 

[0.000] [0.681] [0.000] [0.436] [0.338] 

𝐸13
𝑚  0.006*** -0.007*** -0.008*** -0.002 0.019 

[0.000] [0.000] [0.000] [0.454] [0.746] 

𝐸14
𝑚  -0.013*** 0.030*** 0.013*** 0.009 0.038 

[0.000] [0.000] [0.000] [0.482] [0.172] 

𝐸21
𝑚  -0.000** 0.009*** 0.003*** 0.008*** -0.026* 

[0.019] [0.000] [0.000] [0.000] [0.051] 

𝐸22
𝑚  -0.001*** -0.012*** -0.005*** -0.009*** -0.012* 

[0.000] [0.000] [0.000] [0.000] [0.052] 

𝐸23
𝑚  0.005*** -0.011*** -0.034*** -0.016** -0.009 

[0.000] [0.000] [0.007] [0.017] [0.893] 

𝐸24
𝑚  -0.003 0.003 0.001 0.097*** 0.017 

[0.323] [0.747] [0.928] [0.000] [0.443] 

𝐸31
𝑚  0.076*** 0.364*** 0.993 0.219** 0.235 

[0.000] [0.000] [0.288] [0.042] [0.222] 

𝐸32
𝑚  0.073*** 0.305*** 0.958 0.178* 0.250 

 [0.001] [0.000] [0.300] [0.077] [0.162] 

𝐸33
𝑚  -0.058*** -0.403*** -0.999 -0.224** -0.261 

[0.002] [0.000] [0.286] [0.034] [0.127] 

𝐸34
𝑚  0.238*** 0.604*** 1.353 0.530 0.282 

[0.000] [0.000] [0.204] [0.123] [0.135] 

𝐸41
𝑚  0.279** 1.529*** 0.592 0.953** 0.118 

[0.011] [0.000] [0.213] [0.015] [0.237] 

𝐸42
𝑚  0.293*** 1.459*** 0.571 0.987** 0.060 

[0.008] [0.000] [0.219] [0.011] [0.516] 

𝐸43
𝑚  0.342*** 1.568*** 1.236* 1.022*** 0.241 

[0.003] [0.000] [0.095] [0.004] [0.203] 

𝐸44
𝑚  -0.298*** -1.477*** -0.581 -0.947** -0.036** 

[0.007] [0.000] [0.222] [0.016] [0.026] 

Obs. 270 281 377 102 378 

      

p-values in brackets   * p < 0.1, ** p < 0.05, *** p < 0.01 

1-for coal, 2-for oil, 3-for natural gas (methane in agricultural sector), 4-for electricity.  

 

3.5.4  Comparison 

In the following, we will analyze China’s energy transition process based on the 

Morishima elasticities of substitution reported above in Table 3-4. The following 

analysis will show a broader view linking the possibilities of energy transition with 

ascending energy ladder as well as with deepening of capital across sectors.  

Figure 3-1 demonstrates the national level results of Morishima elasticities between 

fuels. Interestingly, we find the magnitudes of the Morishima elasticities are getting 

bigger along the direction of ascending energy ladder. The process of climbing energy 
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ladder, from traditional energy to modern energy as well as from solid energy to liquid 

energy then to grid energy, indicates the improvement of energy quality and 

decarbonization of the energy mix (Grübler, 2004; Hosier, 2004; Smil, 2010). The first 

pair of bars are the Morishima elasticities of substitution between coal and oil; the 

second pair of bars are the Morishima elasticities of substitution between oil and natural 

gas; the last pair of bars are the Morishima elasticities of substitution between natural 

gas and electricity. The Morishima elasticity of substitution is asymmetric depending on 

which input price changes. In Figure 3-1, we distinguish the directions of price change 

by green and blue bars. The blue bars indicate the price change caused by traditional 

energy within the pair, holding all other inputs prices constant. The green bars indicate 

the price change induced by modern energy within the pair, holding all other inputs 

prices constant. This result is to say, the possibility of interfuel substitutability between 

coal and oil is less than that between oil and natural gas; the possibility of interfuel 

substitutability between oil and natural gas is less than that between natural gas and 

electricity. Therefore, with ascending energy ladder, the possibility of interfuel 

substitutability is increasing and the energy transition towards modern energy is getting 

easier.  

Figure 3-1 presents a potentially optimistic prospect on China’s energy transition. It 

reveals that energy transition would be a process of acceleration. This finding is 

consistent with Grübler (2012) who found that the speed of energy transition accelerated 

in Europe during the past 200 years. 

This finding provides a cautious optimism for China’s future energy transition that even 

though coal is dominating China’s energy mix and seems difficult to be substituted at 

this stage, with continuing ascending energy ladder, the interfuel substitution would 

become easier and the social costs for replacing coal and the low-carbon transition 

would decline persistently in the future.  
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Figure 3-1 Morishima elasticities with ascending energy ladder 

 

In Figure 3-2, we compare the Morishima elasticities of substitution across sectors. 

Three different colour bars are for three pairs of fuels. Green is for the pair of natural 

gas and electricity; orange is for the pair of oil and natural gas; blue is for the pair of 

coal and oil. Three segments on horizontal axis are sectors of agriculture, service and 

industry. Within each sector, we also consider the different directions of fuel prices 

change. The notation ‘Traditional→Modern’ means the Morishima elasticities of 

substitution between traditional energy and modern energy are cause by the tradition 

energy prices change, vice versa. The sectors are ordered in terms of increase of capital 

intensity; that is, capital-labour ratios of sectors become larger from the agricultural to 

service then to industry. Generally, industry has the highest capital intensity in 

production while agricultural sector has the lowest capital intensity. This order can 

manifest a direction of capital deepening across sectors (Herrendorf, Rogerson, & 

Valentinyi, 2014).   

Regardless of what type of energy price change, overall, the magnitudes of the 

Morishima elasticities, in the corresponding positions, are increasing along the direction 

of capital intensity increase, with expectation of the first green bar (1.236)26. This 

implies energy transition happened between the three sectors is likely to be easier and 

                                                           
26  In agricultural sector model, we use methane as a proxy of natural gas as the data unavailable. It is not surprising 

that the Morishima elasticity of methane and electricity is large as many rural households using methane to produce 

electricity. Hence, if the grid electricity price changes, rural people may shift to use methane electricity of their own. 

This substitution effect can be easily and significantly found.  
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faster corresponding to the process of capital deepening. Along the trajectory of capital 

deepening, which is from agriculture to service to industry, the difficulty of energy 

transition from traditional energy to modern energy is decreasing and the energy 

transition may become easier and faster provided price changes only, ceteris paribus.  

In each corresponding position, all the Morishima elasticities of industry sector are 

significantly the most elastic among three sectors. This shows energy transition in 

industry sector would be much easier than it could happen in agricultural and service 

sector. This finding is consistent with intuition. Industrial production is highly 

organized and highly concentrated so that new energy technology would be adopted 

much easier that agricultural and service sector.   

 

Figure 3-2 Morishima elasticities with sectoral capital deepening 

Comparing Figure 3-1 and Figure 3-2, we find that the Morishima elasticities of 

substitution between natural gas and electricity at national level are much less elastic 

than those at sectoral levels, similar pattern is found with that between oil and natural 

gas. This is mainly due to aggregation and scale effect of economy. Intuitively, energy 

transition happened on a large scale of economy is usually more difficult than it 

happens on a small realm, i.e., within sector. However, the Morishima elasticities of 

substitution between coal and oil at national level are positive (substitutable), though 

slightly; but they are negative (complementary) in agricultural sector if coal price 
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change. That is, even though we find coal and oil are substitutes based on national level 

data, the actual transition process of this pair in agriculture could be more difficult. 

Policy makers should beware this phenomenon.  

Moreover, we find that the Morishima elasticities caused by modern energy price 

changes are usually larger than that caused by traditional energy price changes, in 

general. This suggests modern energy price change is easier to change the structure of 

energy mix and energy consumption behaviours. It turns out that energy policy on the 

side of modern energy, say, subsidies on modern energies, tends to have a greater 

effective than the policy intervention on the side of traditional energy, say, a taxation on 

traditional energies.   

It is hard to compare our results with other relevant studies because of the different 

functional forms, estimators and fuel types used. As already mentioned, almost 

empirical studies in China on energy transitions have used the translog function and 

most of them do not check and impose curvature. Without satisfying neoclassical 

regularity conditions, the optimization of duality theory fails, resulting in an 

invalidation on the first order conditions of the derived demand functions (Barnett, 

2002). Besides, the datasets used in these studies differ. Some studies use national level 

time series data (Hang & Tu, 2007; Serletis et al., 2011; Smyth et al., 2011), some use 

provincial level panel data (Ma & Stern, 2016; Ma et al., 2008b) while others use firm 

level panel data (Fisher-Vanden et al., 2004), making it difficult to compare results 

across different studies in literature. However, we still find our national Morishima 

elasticity for coal and electricity (𝐸41
𝑚 = 0.279) to be close to that reported by Fisher-

Vanden et al. (2004) (0.29) which is based on firm level data and fixed effect 

regression; our national Morishima elasticity for electricity and oil (𝐸42
𝑚 = 0.293) is 

close to that reported by Ma, Oxley, Gibson, and Kim (2008a) (0.34) which is based on 

provincial panel data and pooled regression; our national Morishima elasticity for coal 

and oil (𝐸12
𝑚 = 0.001) is close to that reported by Ma and Stern (2016) (0.01) based on 

provincial panel data and GMM-FE regression.  

3.6 Policy implication and conclusion 

In this study, we adopted the NQ cost and expenditure functions to estimate China’s 

energy demand system at national level and different sectoral levels (industry, 
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agriculture, service and residential) while imposing global curvature to satisfy the 

regularity conditions of neoclassical economics. We also calculated the Allen-Uzawa 

and Morishima elasticities of substitution based on the estimation.  

Methodologically, we find the curvature condition does influence the estimates from 

share equation system, not only by the significant levels but also by the sign and 

absolute values of elasticities. This demonstrates that the NQ function would be a more 

appropriate functional form to deal with China’s interfuel substitution analyses. The 

empirical results bring us to a conclusion that China’s energy transition to modern 

energy mix is possible and feasible at both national and sectoral levels though the 

degree of such transition may differ.  

We find that the national level interfuel elasticities of substitution are normally inelastic 

relative to those in the agriculture, industry and service sectors. It is hardly to find a 

significant interfuel substitutability in the residential sector in this study.   

With ascending of energy ladder, the national Morishima elasticity of substitution is 

positively increasing. This implies the difficulty of energy transition tends to be 

decreasing and the possibility of energy transition tends to be increasing. The speed of 

energy transition would be accelerated in future. This view is applicable for both 

national and sectoral levels, which is suggesting that China’s future energy transition 

from traditional energy to modern energy would potentially become more cost effective 

and faster.  

By cross-sectoral comparison, we further find some connection between economic 

structural transformation and energy transition. That is, the sectors with higher capital 

intensity are more inclined to energy transition. Along the direction of sectoral 

deepening of capital, the interfuel Morishima elasticities of substitution are becoming 

more and more elastic. This implies that energy transition might be associated with 

economic structural transformation in some respects and the accurate mechanism needs 

to be explored further.  

The Morishima elasticities caused by the modern energy price change are overall larger 

than that caused by the traditional energy price change at the national level or sectoral 

levels. This suggests policy interventions on modern energy, say, subsidy, would be 

more effective to promote energy transition than that a policy on traditional energy.   
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There are also several else policy implications can be drawn from this study. First, from 

national perspective, with increasing possibilities of interfuel substitution, the pace of 

decarbonization would be much faster. Traditional energy firms, say coal mines, may 

encounter more challenges of closure in near future. A sooner coming modern energy 

era may be a shock to the economy in which public policy is determined by ‘business as 

usual’ models. Besides, considering the possible connection between energy transition 

and industrial structure, we suggest energy policy makers should take some dynamic 

industrial transformation factors at macro level into their consideration.    

In the light of specific type of fuels, we find agricultural sector may face more 

challenges than service and industry sector while shifting from coal to oil and shifting 

from oil to natural gas because of they are complementary instead of substitutable in 

agriculture. Energy transition policy makers should particularly pay attention on this as 

it reveals some obstacle may exist in rural energy transition. Some more careful 

research on agricultural energy transition even possible policy facilitation could be 

needed.  

Electricity is a strong substitute to all the other fuels. However, it is a kind of secondary 

energy and cannot be used without the grid. This implies public policy should continue 

facilitating the grid construction and other relevant infrastructures, for instance, ‘smart 

and strong’ grid construction. Although China has built the largest electric power 

machine in the world, we still recommend the government to stimulate some greater 

national infrastructure project, say, high-voltage direct current (HVDC) cables.  
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Chapter 4 Biased Technical Change, Capital Intensity and 

Energy Transition in China 

Abstract 

This paper examines the causality between energy transition and capital intensity based 

on China’s national level time series data from 1978 to 2015. An energy transition 

indicator is measured by the relative share of modern energy to traditional energy 

production and capital intensity is measured by the capital-labour ratio of the economy. 

The Granger causality test shows that capital intensity causes energy transition but not 

vice versa. The Johansen cointegration test shows that a long-run relationship exists 

between energy transition and capital intensity. We use the vector error-correction 

model (VECM) to obtain the long-run and short-run effects of capital intensity on 

energy transition. The results show that the long-run equilibrium relationship and short-

run dynamic effects between the two variables are both significant. The impulse-

response function shows that capital intensity indeed has a long-run effect on energy 

transition and the adjustment period is around five years. We explain China’s energy 

transition as caused by capital deepening and the biased technical change towards 

capital intensive modern energy. Policy guided investment, subsidy in energy price and 

stimulation of capital accumulation all played an essential role in the past decades of 

transition. The future energy transition policy design should pay more attention to the 

condition of capital and labour of an economy and the government should continue to 

emphasise investment and facilitation of modern energy.  

 

Keywords: Energy Transition; Capital Intensity; VECM; Granger Test  
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4.1 Introduction 

Every stage of the energy life cycle—exploration, extraction, conversion and 

consumption—is associated with the adoption of technologies which correspond to 

different types and grades of fuels (Chakravorty, Roumasset, & Tse, 1997). The energy 

production technology is largely dependent on the capital labour ratio of the economy, 

that is, capital intensity. Advanced technology is only affordable to consumers in an 

economy with relatively high capital intensity. There are several examples in historical 

literature to justify. One example is Cugnot’s Fardier. In 1770, a French inventor 

Nicolas-Joseph Cugnot built a high-pressure steam engine and installed it on a vehicle, 

but this technology was not successfully used until rails, the capital intensive 

infrastructure, were developed in British coal mines (Allen, 2009, p. 153). The second 

example is Jacques de Vaucanson’s automated silk loom, which was never used 

commercially since it was too capital-intensive (Doyon & Liaigre, 1967). It is well 

documented that China’s Sichuan province was using natural gas as far back as the Han 

dynasty (200 BCE). However, large scale consumption of natural gas did not occur until 

the capital intensive technologies like turbines, compressors and pipes were developed 

in some high capital intensity economies, such as Europe and the USA after World War 

II (Smil, 2010, p. 37). 

Energy transition from one form of energy to another would not have happened without 

technical change. Technical change here refers to a range of possible combinations of 

capital and labour shifts (Kander et al., 2014, p. 411). Different models of energy 

production require different combinations of factor inputs. For instance, the labour 

demand in coal mining per unit of energy is usually larger than in nuclear power plants; 

likewise, the capital intensity in solar power production is relatively greater than that in 

fuelwood. This is due to the attributes of each primary energy source including scarcity, 

power intensity, energy density, safety, flexibility of use, cost of conversion and so on 

(Stern, 2010).  

Technical change in energy production is not neutral and tends to use capital 

(Acemoglu, 2002). This biased technical change can be decomposed into two 

components: the price effect (relative price of goods) and the market size effect (capital 

intensity). The price effect creates incentives to develop technologies using more 



 

75 

 

expensive factors; the market size effect encourages the development of technologies 

using the more abundant factor. Kander et al. (2013, p. 411) state that modern energy-

using technologies tend to use more capital and less labour than traditional energy 

technologies. This means that technical development in energy transition is biased 

towards being capital intensive.  

In this context, an increase in capital intensity will induce technical change directed to 

modern energy which is capital intensive. Acemoglu (2002) notes that irrespective of 

the elasticity of substitution between capital and labour (as long as it is not equal to 

one), an increase in the relative abundance of a factor creates some amount of technical 

change biased towards that factor.27 If elasticity of substitution between capital and 

labour is sufficiently large, the directed technical change can increase the relative 

reward to the factor that is abundant, thus making the long-run relative demand curve of 

factors slope up because of ‘increasing return to scale’ in the R&D process.28 It implies 

that technical change in energy transition is biased towards modern energy—capital 

intensity—when there is capital accumulation relative to labour in an economy. 

Specifically, there may exist a linear relation between the relative quantity or share of 

modern and traditional energy production with respect to capital intensity in the long 

run. A capital intensity increase determines energy transition because of directed 

technical change.  

Antweiler, Copeland, and Taylor (2001) and Copeland and Taylor (2013) have shed a 

light on the relationship between the pollution generating from dirty energy 

consumption and capital intensity. In their model, holding the scale of the economy and 

emissions intensities constant, capital accumulation is prone to induce a country to 

produce more energy goods of higher capital intensity. Cole and Elliott (2003) have 

empirically shown that the increase in capital intensity (K/L) increases per capita 

emissions of CO2, NOx and SO2 based on the U.S. data.29 However, the energy 

transition issue is missing in the environmental economics literature. 

The main feature of China’s energy transition is the rapid increase of traditional energy 

consumption, accompanied by rapid modern energy development and increased 

                                                           
27 This is called ‘weak induced-bias hypothesis’ in Acemoglu (2002). 
28 This is called ‘strong induced-bias hypothesis’ in Acemoglu (2002).  
29 They call this capital intensity as composition effect in their paper. 
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investment in the modern energy sector. In recent decades, China has expanded coal-

fired power generation at an unprecedented rate, at the same time, alternative renewable 

energy power generation has been increasing as well (Mathews, 2015, pp. 10-13). The 

coal electricity generation increased four times from 1,000 TWh in 2000 to 4,000 TWh 

in 2013. During the same period, wind electricity generation increased from nearly zero 

in 2000 to 70,000 in 2013 (Mathews & Tan, 2013). These facts lead us to investigate 

energy transition by the relative term of modern energy to traditional energy, as well as 

link such energy transition with the increase of capital intensity. 

In this paper, we will investigate this conjecture using China as a case study. China’s 

past decades of energy transition has been typically driven by a great amount of 

investment in the modern energy sector. In 2015, China invested US$103 billion in 

domestic renewable and clean energy, accounting for one-third of global investment in 

this sector and 2.5 times the amount undertaken by the U.S. In the National thirteenth 

Five-year Plan,30 renewable energy investment will reach 2.5 trillion Yuan, a 39% 

increase from the National twelfth Five-year Plan (Buckley & Nicholas, 2017).  

This large-scale investment directed to modern energy results from the continuing 

increase in capital intensity, brought about by the rapid economic growth over the past 

four decades. This investment will in turn stimulate capital accumulation, economic 

growth, induce more innovation in the modern energy sector as well as promote capital 

intensity to the higher level, and as a result, more advanced energies can be adopted. As 

Lin (2012, p. 5)states ‘that sustained economic development is driven by changes in 

factor endowments31 and continuous technological innovation’.  

This paper investigates the long-run relationship between China’s energy transition and 

capital intensity. We do this by conducting the Granger causality test and estimating a 

Vector Error-Correction Model (VECM). We find China’s energy transition is related to 

increases in capital intensity and the successful pathway is due to the use of the 

principal of biased technical change, which is that energy production shifts to capital 

intensive modern energy with capital accumulation. Government guided investment in 

modern energy sector, energy price regulation biased to modern energy and public 

policy facilitation are all essential for a successful energy transition. The future energy 

                                                           
30 For more information on China’s Five-year Plans, refer to https://en.wikipedia.org/wiki/Five-year_plans_of_China  
31 Here, his factor endowments refer to capital intensity.  

https://en.wikipedia.org/wiki/Five-year_plans_of_China


 

77 

 

transition policy should particularly continue to place emphasis on the investment and 

capital accumulation in the modern energy sector—greening capital while greening 

energy. By doing so, a more deliberate transition policy design would promote energy 

transition better. This study will contribute a new insight into China’s energy transition 

as well as open a new perspective for future energy transition research. 

The remainder of the paper is organised as follows. Section 4.2 describes the conceptual 

framework on the connection between biased technical change, capital intensity and 

energy transition as well as the capital intensity of different energy types. Data sources 

and variable definitions are given in Section 4.3. The stylized facts of China’s energy 

transition and capital intensity are presented in Section 4.4. Section 4.5 presents the 

econometric methods including unit-root test, Granger causality test, Johansen 

cointegration test and VECM model. Results are reported in section 4.6. Policy 

discussion and conclusions are in the last section.  

4.2 Capital intensity of energy 

The production and consumption of different types of energy are endogenously 

connected to the level of capital intensity of the economy. For example, in a pre-

industrial country, energy products are relatively labour-intensive. A survey conducted 

in the 1990s shows that fuelwood accounted for more than 80% of wood consumption 

by households in Bangladesh, Pakistan and Sri Lanka (Bhattarai, 1997). The westward-

moving settlers of the United States in the nineteenth century, some of the poorest and 

rural population in today’s India, and some people living in high mountain regions of 

China (Tibetan) collected buffalo dung for fuel (Smil, 2010, p. 26). When a new 

technology arrives through industrialisation, modern energy can be produced by higher 

capital intensity inputs combinations, that is, saving labour and using capital as labour 

costs increase and capital becomes abundant. However, capital intensive devices that 

make use of modern energy can only be afforded by consumers in developed 

economies. This can be illustrated by  

Figure 4-1, which is based on Allen (2009, pp. 152-155), Kander et al. (2014, pp. 411-

414), David (1975, p. 66) and Ruttan (2000, pp. 47-60). 
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Figure 4-1 Energy transition while capital deepening 

 

Figure 4-1 illustrates the process of energy transition as a result of capital deepening 

and biased technical change. There are two types of energy—traditional energy (T) and 

modern energy (M). As modern energy quality is higher than traditional energy, the 

productivity of modern energy is always higher than traditional energy.32 That is 

illustrated by isoquant curves 𝑌𝑇 and 𝑌𝑀. 𝑌𝑇 is the isoquant curve for traditional 

energy; 𝑌𝑀 is the isoquant curve for modern energy. In the underdeveloped economy, 

the isocost line is lower, denoted by 𝑋1. Under cost minimisation, the economy will 

produce energy at the point where 𝑌𝑇 and 𝑋1 intersect and only traditional energy can 

be produced by the combination of 𝐾1 and 𝐿1. Factor inputs to produce energy are 

relatively labour-intensive. At this stage, capital intensity is 
𝐾1

𝐿1
 and the slope of 𝑋1 is 

the relative reward of labour and capital, 
𝑤𝐿

𝑤𝐾
. Economic growth will bring about two 

effects: one is an increase of economic scale at the aggregate level, illustrated by 

expanding the area under the isocost line; the other is the slope getting steeper as wages 

increase and capital return decreases,  
𝑤𝐿

𝑤𝐾
↑. It is because economic growth will increase 

the average wage of labour and the capital return will decrease, while capital 

                                                           
32 For a detailed discussion on what is energy quality and what is energy productivity, refer to Stern (2010). 
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accumulation makes capital more abundant.33 Based on the Heckscher–Ohlin theorem 

(Ohlin, 1933), we know that as one factor (K) becomes abundant relative to the other 

(L), the economy will produce the goods that uses that factor more intensively (i.e., 

modern energy) and reduce the production of the good that does not use the abundant 

factor more intensively (i.e., traditional energy). As a result, there is going to be a 

demand for more capital relative to labour in the modern energy sector, and hence the 

returns of capital (𝑤𝐾) will increase relative to labour (𝑤𝐿) in the modern enegy sector 

and fall in the traditional energy sector. Consequently, the isocost line will shift from 

𝑋1 to 𝑋2. At this stage, the production of higher quality, higher productivity modern 

energy 𝑌𝑀 becomes feasible with the combination of 𝐾2 and 𝐿2. This process is 

energy productivity-enhancing. The modern energy arrives with the process of 

increasing capital intensity,
𝐾2

𝐿2
>

𝐾1

𝐿1
. In principal, the technical change biased to capital 

intensive modern energy will give rise to a transition from traditional energy at the point 

(𝐾1,𝐿1) to modern energy at the point (𝐾2,𝐿2). In this case, energy transition could 

happen spontaneously and policy intervention would speed up this process.    

This study will be investigating the long-run relationship between energy transition and 

capital intensity using real data. The underlying logic is if we can find a significant and 

one-way causality from capital intensity to energy transition, it means that China’s 

energy transition is driven by capital intensity induced biased technical change.  

Best (2017) investigated the relationship between capital stock and energy transition in 

the United States. Coal and natural gas generators are found to rank the lowest in capital 

cost compared to all primary energy sources -coal, natural gas, hydro, geothermal, 

nuclear, biomass, wind and solar. Solar energy is found to have the highest capital cost, 

around 22,500 USD/kW, which is five times higher than coal, at 4,000 USD/kW. 

Although his study does not calculate the capital-labour ratio of energy directly, it 

provides an insight on various capital need of different primary energy for electricity 

production.  

                                                           
33 It is worth noting that the decrease of capital return here refers to compare with itself at the initial conditions, 

similar to the increase of wage. That is, 
𝑤𝐿

𝑤𝐾
↑ does not mean the reward of labour increase faster than the reward of 

capital.  
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RAP and CHANGCE (2016) report the cost composition of various types of electricity 

generators in China. The investment cost, levelized cost and labour required for types of 

electricity generator are shown under Table 4-1.  

 

Table 4-1 Capital intensity of fuels for electricity production 

Generator type 

(1) 

Investment cost 

(Yuan/MW) 

(2) 

Levelized cost 

(Yuan/MW) 

(3) 

Labour required 

(Head/MW) 

(2)/(3) 

Capital intensity 

Coal 3.675 354.9 0.41 863.4 

Nuclear 11.500 297.8 0.25 1191.2 

Wind 8 470 0.3 1566.67 

Hydro 10 324.47 0.02 16223.5 

Solar 17 1448.4 0 ∞ 
Note: the typical power generators are—600MW thermal power, 1,000MW nuclear power, 30MW wind 

power, 3MW solar panels, 5,000MW hydro power. 

  Source: RAP and CHANGCE (2016) 

 

Table 4-1, the capital intensity is defined as the ratio of the capital cost required for 

producing 1MWh electricity to the labour amount required for operating 1MW 

electricity capacity, which is column (2) divided by column (3). The investment cost is 

about how much capital cost is required for establishing a power plant; the levelized 

cost is the net present value of the per MWh cost of electricity over the lifetime of a 

generating asset. The labour required means how many skilled people are required for 

operating the generation. It does not include the people required for construction. Thus, 

we can assume for solar power plants, the labour required is zero.34 We can clearly find 

that the capital intensity for coal-fired generation is the lowest. Therefore, coal can be 

regarded as relatively labour intensive while other modern energies such as nuclear, 

hydro, wind and solar are relatively capital intensive. 

4.3 Data 

Firstly, we construct energy transition series. The energy transition is measured by the 

relative share of modern energy to traditional energy as follows 

                                                           
34 That is not true in reality of course, however, given the solar farms need few people to operate compared to other 

types of power generations, this approximation seems reasonable here. In RAP and CHANGCE (2016) report, they 

adopt this assumption too.  
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 𝐸 =
𝑄𝑚

𝑄𝑡
=

𝑄𝑚
𝑄⁄

𝑄𝑡
𝑄⁄

=
𝑆𝑚

𝑆𝑡
 (4-1) 

where E in (4-1) is for energy transition; 𝑄𝑚 is the quantity of modern energy 

production; 𝑄𝑡 is the quantity of traditional energy production; 𝑄 is the quantity of total 

energy production; 𝑆𝑚 is for share of modern energy production; 𝑆𝑡  is for share of 

traditional energy production.  

Our dataset is China’s national level yearly time series data from 1978 to 2015. The 

energy type includes coal, hydro, nuclear, wind, solar and biomass. Coal is classified 

here as ‘traditional’ energy and the others are ‘modern’ energy. We choose coal as 

traditional energy as coal replacement is the focal issue of China’s energy transition. 

Coal accounts for 62% in China’s total energy consumption and 65% of total installed 

electricity generation capacity (Wang, 2014). Energy production and composition data 

is taken from the China National Bureau of Statistics.   

Figure 4-2 shows the logarithmic energy transition series observed over one year. It 

shows clearly that the relative share of modern energy and traditional energy production 

is increasing in almost years although it experienced a slight decline in 1983, 1998, 

2002 and 2009. The logarithmic terms are all negative, which indicates that up to now, 

China’s modern energy production has not exceeded traditional energy.  
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Figure 4-2 Energy transition series over years 

 

Next, we construct capital intensity series 𝐶𝑡 . Capital intensity is defined by capital-

labour ratio of the economy as  

 𝐶𝑡 =
𝐾𝑡

𝐿𝑡
 (4-2) 

where 𝐾𝑡 is capital stock in year t; 𝐿𝑡 is the labour quantity in year t.  

For calculating capital intensity, both labour data and capital stock data are needed We 

collect economically active population data35 as the labour data from China National 

Burau of Statistics.  

                                                           
35 According to China’s statistical system, the economically active population refers to all people aged 16 and above 

who provide labour for a variety of economic production and service activities for a certain period of time. These 

people are considered to actually participate in or require participation in socio-economic activities of the population, 

also known as the reality of human resources. It is in the state of employment or unemployment, is the sum of the 

employed population and the unemployed. 
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The capital stock data cannot be obtained directly. We calculate this series based on 

perpetual inventory method followed by Goldsmith (1951) and Zhang and Zhang 

(2003). The function is 

 𝐾𝑡 = (1 − 𝛿)𝐾𝑡−1 + 𝐼𝑡 (4-3) 

where 𝐾𝑡 is the capital stock at time t; 𝐾𝑡−1 is the capital stock of previous year; 𝐼𝑡 is 

the investment in year t; 𝛿 is the capital depreciation rate. The investment data are 

collected from China National Burau of Statistics and the depreciation rate is 9.6% as 

suggested by Zhang and Zhang (2003). All capital stock and investment data are 

deflated by the constant price of 1978.36  

Figure 4-3 shows the time series of national capital intensity in logarithm from 1978 to 

2015. The capital intensity is nearly flat before 1983 and slightly increases from 1984 to 

1989. After 1990, it increases linearly.  

  
 

Figure 4-3 Capital intensity series over years 

                                                           
36 We adopt Shanghai fixed assets investment price index as the deflator as Zhang and Zhang (2003) suggested.  
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4.4 Stylized facts 

We plot the relation between energy transition and capital intensity in Figure 4-4. 

Obviously, there exists a linear relationship between them especially after the year 1984 

which is the start of ‘High Wave of Reform’(Qian, 2000).37 Overall, we can see from 

Figure 4-4, with an increase of capital intensity, the relative share of modern energy and 

traditional energy production increases. This implies the structure of energy mix 

shifting towards relatively more modern and capital-intensive energy, which indicates a 

pattern of biased technical change towards modern energy.  

 

  
 

Figure 4-4 Energy transition and capital intensity 
 

 

                                                           
37 China’s economic reform had an underlying transition in 1984. The central government launched the reform in 

urban area and adopted the decision on ‘planned commodity economy’ which was starting the process of market 

liberalisation.  
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4.5 Model 

4.5.1  Unit-root test 

In order to determine the correlation and causation between energy transition and capital 

intensity in the long run, we need to conduct the unit-root test to determine if each 

variable is stationary or not. This is because the computed F-statistics in a regression 

will not be valid in variables that are non-stationary or not cointegrated. Engle and 

Granger (1987) suggest the two variables are correlated by an error correction model if, 

and only if, they are cointegrated. Therefore, we conduct a Dickey-Fuller unit-root test: 

the null hypothesis that a unit root is present in the series. The model is expressed as  

 ∆𝑦𝑡 = 𝛼 + 𝛿𝑡 + 𝜃𝑦𝑡−1 + 휀𝑡 (4-4) 

where 𝑦𝑡 is the log of the variable of interests. The null hypothesis implies 𝜃 = 1 and 

the alternative hypothesis is that y is trend stationary.  

However, it is usual to find time series presenting structural break, that is, some 

macroeconomic variables are altered in some periods. In this case, the Dickey-Fuller 

unit-root test may not be able to reject the unit root null hypothesis (Montañés & Reyes, 

1998; Perron, 1989, 1990; Rappoport & Reichlin, 1989). For this reason, we further 

conduct the Clemente- Montañés-Reyes test to endogenously determine any structural 

breaks in the series. We assume the break point is unknown and we adopt the model of 

Clemente, Montañés, and Reyes (1998) that the null hypothesis of unit-roots exist.  

4.5.2  Granger causality test 

The correlation between energy transition and capital intensity in Figure 4-4 does not 

imply causation. We want to test if capital intensity really causes energy transition and 

not vice versa. Granger (1969) examines this issue as to whether one lagged variable 

helps to forecast another variable. The idea is a time series x is said to Granger cause 

another series y if x’s past values help with predicting y beyond information contained 

in past values of y alone. In other words, x is said to Granger cause y if the lagged 

values of x are statistically significant in the equation explaining y, vice versa. If it 
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cannot, then we say y fails to Granger-cause x. The null hypothesis that x ‘does not 

Granger cause’ y, suggesting that all coefficients for the lagged terms of x are zero in 

the level equation for y. To conduct the Granger causality test, we need to estimate a 

bivariate Vector Autoregression (VAR) between energy transition and capital intensity, 

which can capture the dynamic effects of the two time series. The simplest test form is 

provided by Stern and Enflo (2013) as follows. 

 𝑦𝑡 = 𝛽1,0 + ∑ 𝛽1,𝑖𝑦𝑡−𝑖 + ∑ 𝛽1,𝑝+𝑖𝑥𝑡−𝑖 + 휀1𝑡

𝑝

𝑖=1

𝑝

𝑖=1

 (4-5) 

 𝑥𝑡 = 𝛽2,0 + ∑ 𝛽2,𝑖𝑦𝑡−𝑖 + ∑ 𝛽2,𝑝+𝑖𝑥𝑡−𝑖 + 휀2𝑡

𝑝

𝑖=1

𝑝

𝑖=1

 (4-6) 

where p is the number of lags. If p parameters 𝛽1,𝑝+1 to 𝛽1,2𝑝 are jointly statistically 

significant, we can reject the null hypothesis that x does not Granger cause y; that is, x 

Granger cause y. Similarly, in formula (4-6), if parameters 𝛽2,1 to 𝛽2,𝑝 are jointly 

statistically significant, then we can reject the null hypothesis that y does not Granger 

cause x.  

4.5.3  Cointegration and vector error-correction model (VECM)   

The long-run and short-run relationship between energy transition and capital intensity 

is also of interest. If these marginal effects can be quantified, a long-run equilibrium 

relationship between the two variables can be found and a dynamic adjustment process 

to the long-run equilibrium steady state can be captured too. The cointegration test and a 

vector error-correction model are applicable for this question.  

The time series y and x are said to be cointegrated if each of them is I(1) individually 

but some linear combination of them is I(0); that is, two nonstationary with a unit root 

time series could be cointegrated if some linear combination of them is stationary. 

Cointegration means that although many factors can cause permanent changes in the 

individual elements of each time series, there is some long-run equilibrium relation 

between them (Hamilton, 1994, p. 572). Cointegration modelling can avoid potential 
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spurious regression caused by the two time series sharing a common trend. That is, 

given the two series are both changing with time trends, OLS estimator may lead to a 

problem of spurious regressions because the OLS estimator does not converge in 

probability as the sample size increases (Granger & Newbold, 1974). Consequently, the 

presence of a cointegrating vector means the presence of a long-run equilibrium 

relationship. To identify the number of cointegrating vectors, we adopt the Johansen 

cointegration test (Johansen, 1988, 1991, 1995), which is based on the maximum 

likelihood method. The Johansen test tests hypotheses about the number of long-run 

cointegrating vectors, or the rank r of cointegrating matrix. Pesaran, Shin, and Smith 

(2001) show that the error-correction model could be valid only if there exists a unique 

long-run relationship.  

Granger (1983), Engle and Granger (1987) state that if a set of time series are 

cointegrated, then there exists a valid error-correction representation of the data, which 

describes how the two series behave in the short-run consistent with a long-run 

cointegrating relationship. This is called the Granger representation theorem (Verbeek, 

2012, p. 346).  

To verify the long-run and short-run relationship between energy transition and capital 

intensity, we propose a cointegration test and VECM model to capture these effects. 

The error correction model is given by (4-7), this functional form is also adopted by 

Reynolds and Baek (2012).   

 
∆𝑙𝑛𝐸𝑡 = 𝛽0 + ∑ 𝛽1∆𝑙𝑛𝐸𝑡−𝑘

𝑝

𝑘=1

+ ∑ 𝛽2∆𝑙𝑛𝐶𝑡−𝑘

𝑝

𝑘=1

+ 𝛽1
′𝑙𝑛𝐸𝑡−1 + 𝛽2

′ 𝑙𝑛𝐶𝑡−1

+ 휀𝑡 

(4-7) 

where ∆ is the difference operator; 𝑝 is lag order; 𝑙𝑛𝐸𝑡 is the logarithm of energy 

transition—the relative share of modern energy and traditional energy production; 𝑙𝑛𝐶 

is the logarithm of capital intensity; 휀𝑡 is error term. The equation (4-7) is called the 

error-correction model because the linear combination of lagged variables, 𝛽1
′  and 𝛽2

′ , 

replace the one-period lagged error-correction term (𝑒𝑐𝑡−1). In doing so, 𝛽1
′  and 𝛽2

′  

capture the long-run (cointegration) relationship between energy transition and capital 

intensity; the 𝛽1 and 𝛽2 capture the short-run relationship between energy transition 
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and capital intensity. We include an unrestricted constant trend in the model. That is, we 

exclude the possibility that the levels of the data have quadratic trends and restrict the 

cointegrating equations to be stationary around constant means.  

4.6 Results 

For the given time series, we choose the optimal lag length determined by (AIC) 

(Akaike, 1974) and Schwarz’s Bayesian information criterion (SBIC) (Schwarz, 1978). 

Both indicate there are two optimal lags.  

Table 4-2 reports the DF unit-roots test results. The results show that at the 5% 

significant level, we fail to reject for any series having a unit-root. However, we can 

reject the unit-root null hypothesis for all the differenced series at the 5% level. This 

shows the data is nonstationary in levels but stationary with first differencing, indicating 

that the two variables are integrated of order one, I(1). 

 

Table 4-2 DF unit root test results 

Variables t-statistics 

𝑙𝑛𝐸𝑡 -1.909 

𝑙𝑛𝐶𝑡 -2.679 

∆𝑙𝑛𝐸𝑡 -5.449*** 

∆𝑙𝑛𝐶𝑡 -3.628** 

Note: *** and ** denote rejection of the null hypothesis of a unit root at the 1% and 5% levels, 

respectively. The 1% and 5% critical values for the DF tests are -4.279 and -3.556. Trends are included.  

 

Table 4-3 reports Clemente- Montañés -Reyes unit-root test results. At the 5% 

significant level, we fail to reject any series having a unit-root. However, we can reject 

the unit-root null hypothesis for all the differenced series. The breakpoints for energy 

transition are 1997 and 2009; the breakpoints for capital intensity are 1996 and 2006. 

We can see that even though the two variables present structural breaks, they are both 

I(1) processes.  
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Table 4-3 Clemente- Montañés -Reyes unit-root test with double mean shifts 
Variables t-statistics 

𝑙𝑛𝐸𝑡 -3.697 

𝑙𝑛𝐶𝑡 -2.867 

∆𝑙𝑛𝐸𝑡 -6.308* 

∆𝑙𝑛𝐶𝑡 -6.772* 

Note: * denotes significant level at 5% and the critical value is -5.490; the breakpoints for energy 

transition are 1997 and 2009; the breakpoints for capital intensity are 1996 and 2006. 

 

We graph Clemente- Montañés -Reyes unit-root test results and the breakpoints for the 

two time series in Figure 4-5 and Figure 4-6.  

 

Figure 4-5 Clemente- Montañés -Reyes unit-root test results: energy transition series 
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Figure 4-6 Clemente- Montañés -Reyes unit-root test results: capital intensity series 

 

The Granger causality test results are reported in Table 4-4. It shows that at the 5% 

significant level, we can reject the null hypothesis that capital intensity does not 

Granger cause energy transition but we fail to reject that energy transition does not 

Granger cause capital intensity. Based on these results, we conclude that capital 

intensity causes energy transition but not vice versa.  

 

Table 4-4 Granger causality Wald tests 

Period:1980 - 2015   Lags: 1 and 2 

Model capital intensity → energy transition energy transition → capital intensity  

lnE, lnC 12.77(0.002) 3.8196(0.148) 

Note: the number reported is chi2 statistics with p-value in the brackets 

The results of the Johansen trace tests for the number of cointegrating vectors are 

presented in Table 4-5. The model contains linear trends and with two lags. It shows 

that, at 5% significance level, the trace test rejects the null hypothesis of no 

cointegration but fails to reject the null hypothesis of at most one cointegrating 

equation. Thus, we accept the null hypothesis that there exists one cointegrating 

equation between energy transition and capital intensity.   
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Table 4-5 Johansen tests for cointegration 
Trend: constant Number of obs: 36 

Sample: 1980-2015 Lags=2 

maximum rank parms LL eigenvalue trace statistic 5% critical value 

0 6 112.44105 . 15.9140 15.41 

1 9 118.60908 0.29013 3.5779* 3.76 

2 10 120.39804 0.09461   

The VECM model results are reported in Table 4-6. The results show that both short-

run dynamics and long-run cointegrating relationship exist between energy transition 

and capital intensity. The short-run effect is greater than the long-run effect, which 

indicates response of energy structure to changes in capital intensity is more sensitive in 

the short-run than in the long-run. We can see the adjustment parameters have the 

correct signs and imply rapid adjustment toward equilibrium. When the energy 

transition is above its equilibrium state, it quickly falls back toward the capital intensity 

level with parameter -0.401. The estimated adjustment parameter 0.112 implies when 

the energy transition is too high relative to the equilibrium level, the capital intensity 

quickly adjusts toward the energy transition level at the same time that the energy 

transition is adjusting. From the long-run Johansen cointegrating equations, we find the 

long-run effect of capital intensity on energy transition is -0.339, and very significant at 

the 1% level. 

 

Table 4-6 Estimates of error-correction model 
Sample:1980-2015 No. of obs.=36 

Variables coefficients Std. Err. P-value 

short-run 

Dependent variable: D. 𝑙𝑛𝐸𝑡      

Adjustment parameter -0.401*** 0.127 0.002 

∆𝑙𝑛𝐸𝑡 0.227 0.164 0.166 

∆𝑙𝑛𝐶𝑡 0.416* 0.225 0.064 

constant 0.008 0.021 0.722 

Dependent variable: D. 𝑙𝑛𝐶𝑡    

Adjustment parameter 0.112* 0.064 0.083 

∆𝑙𝑛𝐸𝑡 -0.028 0.083 0.740 

∆𝑙𝑛𝐶𝑡 0.663*** 0.114 0.000 

constant 0.027** 0.011 0.012 

long-run 

Dependent variable: 𝑙𝑛𝐸𝑡 

𝑙𝑛𝐶𝑡 -0.339*** 0.0439 0.0000 

constant 3.881 . . 

Note: significant level--*** for 1%; ** for 5%; * for 10% 
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To check for the robustness of the results, we implement a Lagrange multiplier test for 

autocorrelation in the residuals. The results show there is no autocorrelation in the 

residuals of error-correction model. A Bartletts’s periodogram-based test is 

implemented for white noise of the residuals. The results show that at a 90% confidence 

level and a 5% significance level, the residuals are not different from a process of white 

noise. We compute Jarque-Bera statistic, skewness, kurtosis to test if the residuals are 

normally distributed and the results do not reject the null hypothesis of normality. We 

check if the cointegrating equation is stationary by analysing the eigenvalues of the 

companion matrix of the corresponding VAR and the results show that the cointegrating 

equation is stationary, which indicates that the number of cointegrating equations is 

correctly specified. All these tests results are reported in Appendix4. 

The impulse-response analysis is presented in Figure 4-7. It measures the response of 

energy transition at time s to one-unit impulse in capital intensity at time t with holding 

constant all other variables at t or before. It can be obtained by simulation methods 

(Canova, 2007, p. 121; Hamilton, 1994, p. 319). The graph shows that if a one-unit 

shock from capital intensity happened in a particular year, it has a permanent effect on 

the energy transition—relative share of modern energy and traditional energy 

production where the adjustment period is at most five years. After five years, this 

impulse tends to be stable. Five years is exactly right for the policy initiative cycle of 

China’s National Five-year Plan. For example, if some policy shock on enhancing 

capital intensity, particularly directed to modern energy development, made by a 

National Five-year Plan initiative, then it will persist promoting energy transition to a 

higher level in this policy cycle until the next policy cycle begins. If such policy 

initiatives are made every five years, as a result, energy transition will increase rung by 

rung accompanied by every National Five-year Plan launched. Given that energy 

transition and capital intensity are cointegrated in the long-run, and there does not exist 

bilateral causality between them as shown in Table 4-4, this explanation is reasonable.  
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Figure 4-7 Impulse-response for VECMs 
 

 

4.7 Policy implication and conclusion 

This paper examined the relationship between energy transition and capital intensity 

with the aim of finding evidence of any causality between capital intensity increase and 

energy mix shifting to modern energy. The underlying mechanism is biased technical 

change based on the market size effect suggested by Acemoglu (2002). This mechanism 

provides another view on explaining China’s energy transition and pathway.  

By the stylised facts, we find that China’s energy transition is in line with capital 

intensity increase. The Granger causality test suggests that capital intensity indeed 

causes energy transition but not vice versa. The Johansen cointegration modelling 

suggests there exists a long-run relationship between energy transition and capital 

intensity; furthermore, we estimate VECMs to obtain the short-run dynamics and long-

run effect coefficients. The impulse-response function shows if there is a shock from the 

capital intensity side, there will be a perpetual effect on energy transition where the 

adjustment time is at most five years, which is equal to China’s National Five-year Plan 

initiative cycle.  
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With an increase in capital intensity, technical change in the energy sector is biased 

towards capital and therefore modern energy tends to be capital intensive. In this case, 

policy intervention could stimulate energy transition through two channels: firstly, 

energy transition policy would place emphasis on stimulating technological innovation 

on modern energy by encouraging capital investment to achieve continuous capital 

accumulation; secondly, a policy that provides a subsidy in modern energy production 

and consumption to encourage the growth of the sector. A rise in modern energy 

revenue will lead to a rise in the return to capital and a fall in the return to labour. 

Alternatively, the government could set a higher poll purchase price for modern energy 

in the electricity sector. A relatively higher price for modern energy accessing grid 

would lead to a rise in the return to capital which is used intensively in the production, 

and a fall in the return to labour as per the Stolper–Samuelson theorem (Stolper & 

Samuelson, 1941). This increase in relative return of capital intensive energy would 

induce an innovation directed to modern energy production as Hicks says: ‘A change in 

the relative prices of the factors of production is itself a spur to invention, and to 

invention of a particular kind—directed to economizing the use of a factor which has 

become relatively expensive’(Hicks, 1963, pp. 124-125). Modern energy innovation and 

factor capital intensity increase for the society will promote the adoption of modern 

energy technology and gradually exclude traditional energy. Furthermore, as per the 

Rybczynski theorem (Rybczynski, 1955), with a continuous increase in capital intensity, 

a more than proportional expansion of modern energy would occur. Under this 

mechanism, energy transition and capital intensity improvement are reinforcing each 

other. We call this process ‘Greening capital while greening energy’. 

Future energy transition policy should place particular emphasis on the investment and 

capital accumulation in the modern energy sector. Government guided investment in the 

modern energy sector, and policy induced biased technical change to modern energy, 

are all essential for a successful energy transition. By greening capital while greening 

energy, a more deliberate transition policy design would bring about a promising energy 

transition.  

This study also suggests that academia take capital intensity, especially the dynamic 

condition of capital and labour, of the whole economy into future energy transition 

policy design. Put differently, beyond factors like GDP per capita, energy prices and 
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scarcity of resources, capital intensity of an economy is another important factor for 

energy transition. In addition, the dynamical evolution between energy transition and 

capital intensity needs to be explored further. If given a specific level of capital 

intensity, there exists a corresponding energy structure, meaning that along the route of 

capital intensity upgrading, the social cost for energy transition could be minimised by 

choosing the ‘corresponding’ mix of energy, which could be the most appropriate 

energy mix for the given condition of capital and labour ratio. Considering this, the 

order of shifting fuels, followed by the path of capital intensity, would give rise to a 

social cost-effective energy transition solution. This study has opened a new perspective 

in this direction for future energy transition research. 
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Chapter 5 Conclusion 

5.1  Main contribution 

This thesis addresses three key questions about China’s energy transition: first, what is 

the relationship between energy transition and GDP per capita? Second, is it possible, 

and to what extent, can traditional energy be replaced with modern energy? Third, what 

is the relationship between energy transition and capital intensity of the economy? 

These three research questions are posed to address the three critical issues about 

China’s energy transition: phenomenon, possibility and pathway. I define energy 

transition from three perspectives: in Chapter 2, as the proportional change of low-

carbon energy in total energy consumption; in Chapter 3, as the elasticity of interfuel 

substitution; and in Chapter 4, as the relative shares of modern energy to traditional 

energy production. Applied econometric methods in panel data and time series data 

analyses are used to analyse data.  

This thesis reviews three famous historians’ work on global energy transition: Arnulf 

Grübler (Grübler, 2003, 2004, 2012; Grübler et al., 1999), Vaclav Smil (Smil, 2010) 

and Astrid Kander (Gales et al., 2007; Kander et al., 2014; Kander & Stern, 2014). 

Chapter 2 synthesises four energy transition-related theories: Tahvonen and Salo (2001) 

general equilibrium model on economic growth and energy transition; the 

Environmental Kuznets Curve (Andreoni & Levinson, 2001; Stern, 2004b; Stern et al., 

1996); the Energy Ladder (Barnes & Floor, 1999; Barnes & Qian, 1992; Hosier & 

Kipondya, 1993; Leach, 1992; Smith, Apte, Ma, Wongsekiarttirat, & Kulkarni, 1994); 

and Carbon Lock-in (Lehmann et al., 2012; Mattauch, Creutzig, & Edenhofer, 2015; 

Unruh, 2000, 2002; Unruh & Carrillo-Hermosilla, 2006). Chapter 3 reviews theories on 

flexible functional form in production and consumption analysis (Diewert & Fox, 

2009a; Diewert & Wales, 1987, 1988; Färe et al., 2008; Feng & Serletis, 2008; Lau, 

1978; Serletis & Feng, 2014) as well as relating China’s interfuel substitution studies 

(Fisher-Vanden et al., 2004; Hang & Tu, 2007; Li & Lin, 2016; Lin & Wesseh Jr, 2013; 

Lin & Xie, 2014; Lin & Xie, 2015; Ma & Stern, 2016; Ma et al., 2008b; Serletis et al., 

2011; Smyth et al., 2011; Xie & Hawkes, 2015; Yang et al., 2014; Yin et al., 2016; 

Zhao & Liu, 2013), while Chapter 4 addresses directed technical change theories on 
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energy transition (Acemoglu, 2002; Acemoglu, Aghion, Bursztyn, & Hemous, 2012; 

Allen, 2009; Ju, Lin, & Wang, 2015; Kander et al., 2014; Lin, 2012; Ruttan, 2000).  

This research develops a Stata-based program evaluator to estimate the NQ cost and 

expenditure function. This provides a new method by which to investigate China’s 

energy transition by calculating elasticities of substitution based on the NQ function, 

which is superior to the translog in imposing global curvature. Additionally, this 

research offers a new perspective to consider energy transition policy from the capital 

intensity of economy.  

5.2  Main conclusion  

Overall, the three studies in this thesis provide consistent positive conclusions on 

China’s energy transition: that it is not only occurring but occurring at an accelerating 

pace. With continuous economic growth, and especially the increase in capital intensity, 

China will inevitably shift to modern energy and decarbonise its energy mix, either in 

consumption or in production. This process will become easier with economic growth. 

Chapter 2 reveals that the GDP per capita growth has a marginal but increasing effect 

on energy transition. Chapter 3 reveals the possibility of interfuel substitution increasing 

as the nation climbs the energy ladder and with the capital deepening of its economic 

structure. Chapter 4 reveals that the increase in capital intensity drives the transition 

towards a modern energy mix, as technical change creates a bias towards capital-

intensive modern energy technologies.  

5.2.1  Performance question 

There is a U curve relationship between the low-carbon energy share of consumption 

and GDP per capita at the national level, with the turning point coming at around 

20,000 Yuan (by 2010 constant pricing). When GDP per capita is under 20,000 Yuan, 

economic growth leads to increased use of carbon-based energy mixes, but when it is 

greater than 20,000 Yuan, economic growth leads to decarbonisation of the energy mix. 

Only five provinces—Gansu, Anhui, Yunnan, Guizhou and Guangxi—had not crossed 

the turning point and entered the low-carbon development trajectory by 2015.  
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In contrast, the energy transition curve at the residential sector has an inverted-U shape. 

By 2015, ten eastern provinces—Inner Mongolia, Liaoning, Beijing, Tianjin, Shandong, 

Jiangsu, Shanghai, Fujian, Zhejiang, Guangdong—had passed the turning point, 

meaning that with further economic growth, the residential energy mix of these 

provinces will tend to become more carbon-intensive in the following years.  

5.2.2  Possibilities question 

The empirical results indicate that China’s energy transition to a modern energy mix is 

possible and feasible at both national and sectoral levels, although the degree of 

transition may differ. At national level, interfuel elasticities of substitution are relatively 

more inflexible than those in the agricultural, industrial and service sectors. Interfuel 

substitutability is barely found in the residential sector.  

As China ascends the energy ladder, the national Morishima elasticities of substitution 

increase positively. This indicates that the difficulties in adopting energy transition are 

decreasing and new opportunities made possible. This is true at both national and 

sectoral levels. China’s future energy transition from traditional to modern energy has 

the potential to be more cost effective and more rapid than has been expected. 

In most instances, an increase in capital intensity across sectors leads to greater ease of 

energy transition. With sectoral capital deepening, the interfuel Morishima elasticities of 

substitution become more elastic. 

5.2.3  Pathways question 

There is a long-run equilibrium relationship between capital intensity and energy 

transition in China. In the short run, the degree to which modern energy production 

deviates from the corresponding level of capital intensity is driven by the long-run 

cointegrating equilibrium. The promotion of energy transition will be consistent with 

the increase in capital intensity, because technical change is directed to the modern 

energy sector. As a result, China’s energy transition presents a pattern of greening 

capital while greening energy; that is, the energy mix transits towards modern energy as 

capital deepening and the technical change biased to capital-intensive modern energy.  
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5.3  Policy implications 

This research alerts policy makers that it is possible that the pace of energy transition 

may suddenly increase. For a long time, many energy policy-makers have held to the 

belief that traditional energy like coal will dominate China’s energy structure for many 

years, and the process of replacing coal will be difficult and slow. China is a coal-

abundant country, and currently coal accounts for almost 70% of the total energy mix. 

However, this research suggests that the process of replacing traditional energy with 

modern energy will become much easier with continuous economic growth, as the 

country climbs the energy ladder and deepens its capital. This situation is not unique to 

China: it is consistent with the historical pattern of energy transition in Europe. The 

transition from coal to other modern energy in Europe has proceeded much faster than 

the earlier transition from firewood to coal in the pre-industrial era, ‘suggesting a 

considerably higher comparative advantage of coal-substitutes, vis-a-vis coal’s 

comparative advantage over pre-industrial energy systems’ (Grübler, 2012, p. 13). Put 

differently, the traditional energy sector, for instance coal mines, may face challenges in 

the near future. There is need for a deliberate attempt to consider how and at what pace 

to reallocate the resources in the current traditional energy sector. If the modern energy 

era comes sooner than expected, it may be an unexpected shock to an economy in which 

public policy is determined by ‘business as usual’. In this regard, we suggest policy 

designers, say, CGE modellers, could simulate more alternative scenarios based on our 

findings: the different scenarios they observe may help them to adopt more policy 

instruments to steer the energy economy.  

Chapter 2 shows that the price of energy is a significant factor driving energy transition 

at both national and sectoral levels. This suggests that China should keep deepening its 

energy market reform. Public policy should pay attention to energy transition in the 

residential sector, given the inverted U curve relationship between energy transition and 

per capita GDP. Solutions for decarbonising the residential energy mix could be 

emphasized, such as encouraging people to use electric vehicles and assisting with the 

development of gas-fuelled public transportation. A recent policy proposal to set a 

timetable for prohibition on selling oil-fuelled cars is a first step in this direction 

(Xinhua, 2017).   
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As Chapter 3 indicates, the agricultural sector may face more challenges than the 

service and industrial sectors in adopting new sources of energy because coal and oil, 

and oil and methane, are complementary in this sector rather than substitutable. Policy-

makers should pay particularly attention to this, as it indicates some genuine obstacles 

exist for this sector. Careful research on agricultural energy transition and possible 

policy facilitation is needed.  

Electricity is central to future energy transition as it strongly substitutes for all other 

fuels, based on our calculations. However, it is a kind of secondary energy and cannot 

be used without a grid; thus public policy should continue facilitating grid construction 

and other relevant infrastructure, such as the ‘smart and strong’ grid. China built the 

largest electric power machine in the world in 2011, but six years on we recommend 

that the government stimulate an even greater national infrastructure project—for 

example, the installation of high-voltage direct current cables.  

Finally, Chapter 4 reveals that in the long run, capital deepening and directed technical 

change are stronger reasons for accounting energy transition than economic growth at 

the aggregate level, and this suggests that energy policy should take the conditions of 

both capital intensity and technology into account. Particularly, the government may 

guide the use of social capital to invest in clean and renewable energy, and set a relative 

high poll purchase price for clean electricity. In this way, capital accumulation and 

directed technical change will promote energy transition in the long run.  

5.4  Future research 

This research has indicated directions that China’s energy transition may take, but there 

is room for extension or development of the findings presented here.  

Firstly, is the U curve between energy transition and economic growth discovered in 

Chapter 2, unique to China, or could it be a pattern for other countries in the world? 

This can be answered with more cross-country analyses.  

Secondly, Chapter 3 finds the most of interfuel elasticities of substitution for residential 

sectors are not significant. What is the reason behind this? Is it a function of the data 

generating process, or is there an unknown reason? This needs to be investigated 

further. In this chapter, we estimate the NQ equations with four inputs, but in principal 
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(with a more powerful program, for example), this number could be extended. Work on 

such a program would be useful.  

Thirdly, Chapter 4 implies a new research direction in the relationship between energy 

transition and capital intensity. The findings offered in this chapter need to be tested 

further with big data, and the theoretical concept underpinning this work could be 

further developed using a general equilibrium approach.  
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Appendix1.  

Table A1. Test for autocorrelation, heteroscedasticity and cross-sectional independence 

test 
National 

model 

Industry 

sector model 

Agricultural 

sector model 

Service 

sector model 

Residential 

sector model 

Wooldridge test 

for 

autocorrelation 

0.0005 0.0000 0.0009 0.0000 0.0000 

Modified Wald 

for groupwise 

heteroskedasticity 

0.0000 0.0000 0.0000 0.0000 0.0000 

Pesaran test for 

cross sectional 

independence 

0.0000 0.517 0.535 0.0000 0.426 

Standard error Rogers 
Driscoll-

Kraay 

Driscoll-

Kraay 
Rogers 

Driscoll-

Kraay 

       p-value 
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Appendix2.  

Table A2. Levin-Lin-Chu test for unit root 

variable p-value 

lntran 0.0000 

lntranind 0.0016 

lntranagri 0.0000 

lntranserv 0.9123 

lntranre 0.0027 

lgdpsq 0.0001 

lgdp 0.0001 

lcoalgen 0.0000 

lurbanpop 0.0000 

lgaspro 0.0000 

loilpro 0.0000 

lcoalpro 0.0000 

lpbriquet 0.0000 

lpsteamcoal 0.0000 

lpelecind 0.0000 

lpelecre 0.0000 

lpelecagri 0.0000 

lpelecserv 0.0000 

lppetro93 0.0094 

lpdiesel0 0.0000 

lpgasind 0.0000 

lpgasre 0.0000 

dllso2 0.0000 

       All include time trend, ADF regressions lag(1) 

 



115 

 

Appendix3.  
 

 

 

A3.1 Parameter estimates for national energy demand system 

 Unrestricted Restricted 

β1 1.019*** 1.006*** 

 [0.000] [0.000] 

β2 1.068*** 1.054*** 

 [0.000] [0.000] 

β3 -2.111*** -2.070*** 

 [0.000] [0.000] 

β4 1.024*** 1.011*** 

 [0.000] [0.000] 

β11 -0.052*** -0.003*** 

 [0.000] [0.000] 

β12 -0.038*** -0.002*** 

 [0.000] [0.000] 

β13 0.674*** 0.036*** 

 [0.000] [0.000] 

β14 -0.584*** -0.031*** 

 [0.000] [0.000] 

β22 -0.026*** -0.002*** 

 [0.000] [0.000] 

β23 -0.214** 0.040*** 

 [0.034] [0.000] 

β24 0.278*** -0.009 

 [0.007] [0.182] 

β33 0.151 -0.829*** 

 [0.174] [0.002] 

β34 -0.610*** 0.510*** 

 [0.000] [0.001] 

β44 0.916*** -0.688*** 

 [0.000] [0.007] 

βt1 0.225** 0.161 

 [0.048] [0.445] 

βt2 0.017 0.000 

 [0.944] [1.000] 

βt3 -0.538*** -0.000 

 [0.002] [1.000] 

βt4 0.535*** -0.000 

 [0.007] [1.000] 
Observations 270 270 

Curvature violations 268 0 
Monotonicity violations  1 0 

Log likelihood -587.9458 -610.0732 
p-values in brackets * p < 0.1, ** p < 0.05, *** p < 0.01 

unrestricted model Hessian eigenvalue: 1.7350477  -2.473e-16  -0.08769434  -0.65767867 
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A3.2 Parameter estimates for industry sector  

 Unrestricted Restricted  

β1 0.877*** 0.879*** 

 [0.000] [0.000] 

β2 0.823*** 0.825*** 

 [0.000] [0.000] 

β3 -1.490*** -1.494*** 

 [0.000] [0.000] 

β4 0.789*** 0.790*** 

 [0.000] [0.000] 

β11 0.071*** -0.004*** 

 [0.000] [0.000] 

β12 0.075*** -0.004*** 

 [0.000] [0.000] 

β13 1.353*** -0.084*** 

 [0.000] [0.000] 

β14 -1.499*** 0.092*** 

 [0.000] [0.000] 

β22 0.124*** -0.018*** 

 [0.000] [0.000] 

β23 -0.360 -0.202*** 

 [0.230] [0.000] 

β24 0.161 -0.030 

 [0.601] [0.195] 

β33 0.571 -4.927*** 

 [0.229] [0.000] 

β34 -1.565*** 0.918 

 [0.000] [0.181] 

β44 2.903*** -5.529*** 

 [0.000] [0.000] 

βt1 1.168*** 0.638*** 

 [0.000] [0.000] 

βt2 -0.657 0.000 

 [0.436] [1.000] 

βt3 -1.878*** 0.000 

 [0.000] [1.000] 

βt4 -0.037 0.000 

 [0.863] [1.000] 
Observations 281 281 

Curvature violations 281 0 
Monotonicity violations  0 0 

Log likelihood -1771.138 -1777.633 
p-values in brackets  * p < 0.1, ** p < 0.05, *** p < 0.01 

unrestricted model Hessian eigenvalue: 4.562242   0.23868319   3.311e-16  -1.1309714 
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A3.3 Parameter estimates for agricultural sector  

 Unrestricted Restricted 

β1 0.461*** 0.567*** 

 [0.000] [0.000] 

β2 0.219*** 0.172*** 

 [0.000] [0.000] 

β3 -0.239*** -0.288*** 

 [0.000] [0.000] 

β4 0.559*** 0.548*** 

 [0.000] [0.000] 

β11 0.071*** -0.003** 

 [0.000] [0.017] 

β12 0.064*** -0.003*** 

 [0.000] [0.000] 

β13 0.097*** -0.005*** 

 [0.000] [0.000] 

β14 -0.232*** 0.011*** 

 [0.000] [0.000] 

β22 0.037*** -0.005*** 

 [0.000] [0.000] 

β23 -0.309 -0.023*** 

 [0.189] [0.002] 

β24 0.208 -0.006 

 [0.376] [0.499] 

β33 0.215 -0.394 

 [0.336] [0.286] 

β34 -0.003 0.271** 

 [0.976] [0.042] 

β44 0.026 -0.464 

 [0.924] [0.222] 

βt1 -0.332** -0.032 

 [0.033] [0.788] 

βt2 -0.493** -0.000 

 [0.037] [1.000] 

βt3 0.365** 0.000 

 [0.017] [1.000] 

βt4 0.151** -0.171*** 

 [0.045] [0.000] 
Observations 377 377 

Curvature violations 377 0 
Monotonicity violations  0 0 

Log likelihood -897.5524 -897.3642 
p-values in brackets  * p < 0.1, ** p < 0.05, *** p < 0.01 

unrestricted model Hessian eigenvalue: 11.582831  0.00974945  -1.030e-15  -3.3541732 
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A3.4 Parameter estimates for service sector  

 Unrestricted Restricted 

β1 1.112*** 1.146*** 

 [0.000] [0.000] 

β2 0.838*** 0.867*** 

 [0.000] [0.000] 

β3 -1.861*** -1.956*** 

 [0.000] [0.000] 

β4 0.911*** 0.943*** 

 [0.000] [0.000] 

β11 0.040* -0.000 

 [0.080] [0.717] 

β12 0.168*** -0.002 

 [0.000] [0.497] 

β13 1.217*** -0.015 

 [0.000] [0.472] 

β14 -1.425*** 0.017 

 [0.000] [0.479] 

β22 0.102*** -0.025*** 

 [0.000] [0.000] 

β23 1.270 -0.184*** 

 [0.363] [0.002] 

β24 -1.540 0.172*** 

 [0.279] [0.000] 

β33 0.006 -2.340** 

 [0.995] [0.034] 

β34 -2.494*** 0.837 

 [0.001] [0.439] 

β44 5.459*** -2.768** 

 [0.010] [0.016] 

βt1 0.285 0.787* 

 [0.836] [0.072] 

βt2 -0.111 -0.000 

 [0.936] [1.000] 

βt3 -2.375** -0.000 

 [0.016] [1.000] 

βt4 3.498* -0.000 

 [0.064] [1.000] 
Observations 102 102 

Curvature violations 102 0 
Monotonicity violations  31 0 

Log likelihood -517.5919 -521.6553 
p-values in brackets  * p < 0.1, ** p < 0.05, *** p < 0.01 

unrestricted model Hessian eigenvalue: 7.3811863   8.389e-16  -0.09818669  -1.6759104 
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A3.5 Parameter estimates for residential sector  

 Unrestricted Restricted 

1 -0.035** -0.037** 

 [0.021] [0.039] 

2 -0.076*** -0.071*** 

 [0.000] [0.000] 

3 -0.176** -0.135* 

 [0.033] [0.080] 

4 0.287*** 0.243*** 

 [0.003] [0.008] 

β1 0.072*** 0.027 

 [0.000] [0.146] 

β2 1.082*** 0.956*** 

 [0.000] [0.000] 

β3 0.204*** 0.227*** 

 [0.002] [0.000] 

β4 -0.359*** -0.211** 

 [0.000] [0.017] 

β11 -0.007 -0.071 

 [0.926] [0.198] 

β12 -0.322*** -0.073*** 

 [0.000] [0.006] 

β13 -0.203 -0.062 

 [0.381] [0.779] 

β14 0.532** 0.206 

 [0.043] [0.390] 

β22 0.181** -0.075* 

 [0.011] [0.052] 

β23 -0.003 -0.082 

 [0.991] [0.733] 

β24 0.144 0.193 

 [0.508] [0.792] 

β33 -1.142 -1.269 

 [0.211] [0.127] 

β34 1.347 1.049 

 [0.127] [0.238] 

β44 -2.023** -1.849** 

 [0.027] [0.026] 
Observations 378 378 

Curvature violations 0 0 
Monotonicity violations  0 0 

Log likelihood 57.57966 52.52304 
p-values in brackets  * p < 0.1, ** p < 0.05, *** p < 0.01 

unrestricted model Hessian eigenvalue: 44176254  -1.538e-16  -.32551969   -3.106955 
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Appendix4.  
                              

 

                            Table A4.1 Lagrange-multiplier test for autocorrelation 
 

 

                            

 

 

 

Ho: no autocorrelation at lag order 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.1 Cumulative Periodogram White-Noise Test 

 

 

 

 

 

 

 

 

 

 

 

 

lag chi2 df Prof > chi2 

1 1.6497 4 0.79983 

2 1.0145 4 0.90760 
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Table A4.2 Normality check 
Equation: D_lnE Skewness/Kurtosis chi2 df Prob>chi2 

Jarque-Bera test  2.284 2 0.31917 

Skewness test 0.35136 0.741 1 0.38943 

Kurtosis test 4.0144 1.543 1 0.21412 

 

 

 

 

Table A4.3 Eigenvalue stability condition 
Eigenvalue Modulus 

1 1 

0.7701297 0.77013 

0.3404709+0.3068065i 0.458313 

0.3404709-0.3068065i 0.458313 

The VECM specification imposes a unit modulus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.2 Roots of the companion matrix 
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