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Abstract: What factors determine the spatial heterogeneity of household energy consumption (HEC)
in China? Can the impacts of these factors be quantified? What are the trends and characteristics of
the spatial differences? To date, these issues are still unclear. Based on the STIRPAT model and panel
dataset for 30 provinces in China over the period 1997–2013, this paper investigated influences of
the income per capita, urbanization level and annual average temperature on HEC, and revealed
the spatial effects of these influencing factors. The results show that the income level is the main
influencing factor, followed by the annual average temperature. There exists a diminishing marginal
contribution with increasing income. The influence of urbanization level varies according to income
level. In addition, from the eastern region to western region of China, variances largely depend
upon economic level at the provincial level. From the northern region to southern region, change is
mainly caused by temperature. The urbanization level has more significant impact on the structure
and efficiency of household energy consumption than on its quantity. These results could provide
reference for policy making and energy planning.
Keywords: household energy consumption; spatial difference; geographical factors; urbanization
level; panel data model; STIRPAT model

1. Introduction
Household energy consumption (HEC) accounts for 35% of total energy end-use worldwide.
In China, its share is 10.6% [1]. HEC will further increase by rapid economic growth and urban
transformation in China [2,3]. At present, China’s economy is entering the “new normal”, maintaining
economic growth above 6.5%. Meanwhile, China is one of the most rapidly urbanizing countries in the
world with the urbanization rate of 17.9% in 1978 and 54.77% in 2014. The average annual urbanization
rate is 1%. It is predicted this rate will reach approximately 70% by the end of 2030 [4]. However,
excessive consumption of fossil fuels is the major cause of global warming and air pollution, which
becomes the greatest challenge to sustainable development [5]. There are many studies on response to
the challenge [6], in which few reports are from the view of spatial variances.
Energy consumption is one of the most fundamental needs for peoples’ lives, which is closely
related to all aspects of social activity. HEC, as the energy end-use, becomes the standard by which
people’s quality of life is measured [7]. There are many factors influencing HEC, including climatic
conditions, income levels, cultural traditions, lifestyle of residents, and so on. Thus, there is a
huge variation in the quantity, structure, pattern and greenhouse gas (GHG) emissions of the fuel
consumed by households. The existing literature has investigated the impacts of people’s income [8,9],
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geographical conditions [10,11], fuel prices [9,12], household demographic characteristics [3,13], etc. on
HEC. Many articles discussed the relationship between the energy use in household sector and various
affecting factors from different regional scales, for example, county [14], city [15], and province [16];
urban and rural areas [17,18]; and agricultural and pastoral zones [19]. Obviously, the aims of these
studies are not to reveal the spatial difference in domestic fuel use.
Other literature probed the spatial effects of GHG emissions and spatial variation of energy
consumptions [20–22], but there were no deep discussions on influence factors. In addition, Jiang and
Ji applied a spatial Durbin model to test for spatial spillover effects among energy intensity and seven
exogenous variables, and offer some theoretical evidence for differential localized energy policy [23].
Nevertheless, they investigated the spatial difference of whole energy consumption rather than that in
a sector.
What factors have important impacts on the spatial heterogeneity of HEC in China? What are the
trend and characteristics of the spatial differences? Can these impacts be quantified? To date, these
issues are still unclear. Therefore, to address these knowledge gaps can help us deeply understand the
change mechanisms of HEC [24], optimize energy planning and environmental governance policies.
China has great geographical difference. Energy and mineral resources are mainly distributed in
the western and northern regions, and population and industrial production are concentrated along
the southeast coast. Thus, the energy supply does not match the energy demand in the geographical
space [25]. A huge geographical difference and imbalance of social-economic development make
spatial variances of HEC have more performance in China. In addition, the lifestyle of the urban
resident is significantly different from that of rural resident in the same geographical area, leading to
corresponding differences in HEC and environmental effect [21]. Thus, it is necessary to investigate
the variations between urban and rural areas.
The aim of this paper is to reveal the main factors influencing HEC on a macro scale and the
trend of their spatial variance in China, measure quantitatively the effect intensity of these factors,
and deepen the understanding of the spatial association between geographical, social, and economic
factors and HEC. In addition, the public policy regarding energy governance is discussed. The rest of
the paper is organized as follows. Section 2 presents the literature review on influencing factors of
HEC. Section 3 presents STIRPAT model and data sources. In Section 4, empirical results are analyzed.
Section 5 provides discussion and conclusions.
2. The Literature Review
The energy use in household sector is influenced by many factors, which can be summarized as
three aspects: physical geography, economic development, and social transformation. Some factors
are mixed, such as urbanization. Based on many methodologies, the existing literature analyzed
the relationship between HEC and various factors, and revealed their interactions and change trend.
The relevant literature is summarized in Table 1.
2.1. Geographic Factors
Human survival and development highly depend on natural environments. Many geographic
factors, including climate, terrain, vegetation, energy and mineral resources endowment, etc., influence
HEC. Among them, climate condition plays the most important role on fuel use. It is difficult for
humans to withstand ambient temperatures below 0 ◦ C or above 30 ◦ C [26]. Thus, they need to keep
cool in hot weather and warm in cold weather by controlling indoor temperatures. Temperature
varies with the latitude and elevation. In high latitude regions, temperature is normally less than
5 ◦ C in the winter, and local inhabitants need space heating. In low latitude regions, temperature is
normally greater than 30 ◦ C in the summer, and local inhabitants need space cooling. The impact of
the elevation on temperature is similar with that of the latitude. The energy for heating and cooling
accounts for large proportion of total HEC; this share is 58% in the US [10], and 67% in China [27].
The relationship between HEC and temperature has received growing attention during the last three
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decades. Sun presented the linear relationship between annual per capita energy consumption and
annual average temperature in 29 regions of China in 1990 [28]. Henley et al. showed the non-linear link
between electricity consumption and temperature in 15 European countries [29,30]. Considine et al.
suggested that warm climate slightly reduced energy consumption and carbon emissions in the
US [11,31]. The results of Mirasgedis et al. indicated an increase in the annual electricity consumption
attributable solely to climate change of 3.6%–5.5% under all examined scenarios [32].
The most common climatic indicator of the demand for heating and cooling services is the
degree day: heating degree days (HDD) are the period of air temperature (Tm ) > 18 ◦ C, and cooling
degree-days (CDD) are the period of Tm < 18 ◦ C [33]. Temporal downscaling, using monthly, daily or
at best hourly data, increases the accuracy of examining the relationship between energy consumption
and temperature [34]. For instance, Ruth and Lin [31] use monthly data; Henley and Peirson [29] use
daily data; and Parkpoom and Harris [35] use hourly data. However, it is difficult to obtain monthly,
daily and hourly data on household energy consumption.
2.2. Economic Factors
The income level is taken as a basic variable in almost all literature on HEC. It is not only an
indicator of economic development level of regions or countries, but also a reflection of household
paying ability (Table 1). In developing countries, such as Vietnam [36], India [37] and China [1,9], the
household income is the key factor affecting quantity and structure of energy use.
Some studies apply GDP per capita to explain and variation in emissions across stages of
development, and results indicate that there is a positive relationship between them [37–40]. The energy
price is one factor affecting household energy consumption, which has a negative impact. Increasing
prices may discourage HEC in the US [13]. Cheap electricity prices may hamper the development of
energy-saving implementations in household sector in China [1]. Moreover, electricity consumption
and household electrical appliances use are heavily interdependent. Niu et al. found that the impact
of appliance prices on power consumption is much greater than that of electricity prices [9]. Nie and
Kemp (2014) argued that the increase in energy-using appliances is the biggest contributor to the
increase of residential energy use [41].
2.3. Social Factors
In addition, some social factors also affect HEC. The demographic characteristics have clear effects
on energy consumption; population increases are matched by proportional increases in energy use
and emissions [13]. Changes in age structure of population have impact on energy consumption [42];
for example, older people probably consume more energy than younger people [43]. The number
of household members is a significant explanatory variable. A large family usually consumes more
energy than a small family, but energy consumption per capita is less than that of a small family [9,44].
In addition, rural to urban migration shows a significant and negative influence on HEC and CO2
emissions [36].
The impact of lifestyle on energy use mainly reflects types and purposes of fuels chosen by
different households. China is a country with typical binary economics and social diversity, and
there is a significant difference in the consumption pattern between urban and rural regions [45].
Urban residents consume high-quality energy, such as electricity, natural gas, heating power, solar
energy and gasoline. For rural residents, besides electricity, coal and biomass are used, which require
much time and labor, and are heavy indoor pollutants [46]. The difference in energy consumption
pattern between urban and rural residents is closely related to dwelling attributes and energy public
infrastructure [9,47]. Compared with rural households, urban households, usually living in multistory
buildings, easily access clean and effective fuels through the electric grid, natural gas network and
district heating system [37,48]. Therefore, we regard urbanization level as an integrated variable
reflecting social progress situation.
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Table 1. The summary of relevant studies on energy consumption in household-sector.
Authors

Sites

Factors

Methods

Data Period

Results

Niu et al. (2016) [9]

1128 households in China

(2), (5), (12)

(14)

2012

The main factors affecting electricity consumption are income, price and diversity of the electrical
appliances and household size.

Groh et al. (2015) [49]

231 samples in
rural Bangladesh

(2), (4)

(3)

2014

Energy access measurement is highly sensitive to changes in parameter values.

Zhou et al. (2015) [50]

China

(1), (2), (3), (8), (9)

(1), (3)

1990–2012

The impact of rural-urban development transformation on energy consumption and CO2 emissions
varies greatly across regions.

Yuan et al. (2015) [51]

China

(1), (2), (9)

(15), (16)

2002–2007

Urbanization and consumption structure increases residential indirect CO2 emissions in China.

Fikrua and Gautier (2015) [10]

Two residential
houses in US

(6)

(2), (14)

May 2012–
September 2013

The sensitivity of energy use to weather depends on the season and specific time of the day/night.

Chikaraishi et al. (2015) [52]

140 countries

(1), (2), (12)

(3)

1993–1994

Progress of urbanization could make countries more environmentally friendly when GDP per capita
and the share of service in GDP are sufficiently high.

Li and Lin (2015) [38]

73 countries

(1), (3), (8), (9)

(1), (3)

1971–2010

Urbanization decreases energy consumption in the low-income countries, while it increases energy
consumption in the middle-and high-income countries.

Wang (2014) [53]

China

(9)

(15)

1980–2011

Urbanization has a greater promotional effect on the growth of residential energy consumption.
The spatial difference in residential energy consumption is influenced by income level and
urbanization level.

Wang et al. (2014) [54]

30 provinces in China

(2), (9)

(1), (2)

1997–2011

Sun et al. (2014) [55]

China

(1), (2), (5), (6)

(2), (17)

1990–2012

Zheng et al. (2014) [48]

1450 households in China

(1), (5), (12)

(14)

2012

Nie and Kemp (2014) [41]

China

(1), (10), (13)

(15)

2002–2010

Komatsu et al. (2013) [36]

Vietnam

(14)

(2), (8)

2009

Rural to-urban migration has a significant and negative influence on residential energy consumption
and CO2 emissions.

Poumanyvong et al. (2012) [56]

88 countries

(1), (2), (10)

(2)

1975–2005

Urbanization decreases residential energy use in the low-income countries, while it increases energy
use in the high-income countries.

Zhang and Lin (2012) [57]

30 provinces in China

(1), (3), (9)

(1), (3)

1995–2010

Urbanization increases total energy consumption and CO2 emissions.

Dai et al. (2012) [58]

China

(1), (2), (9)

(21)

1985–2009

The direct and indirect household energy requirements and CO2 emissions would rise drastically.

Zhao et al. (2012) [1]

Urban China

(1), (2), (5), (11)

(15)

1998–2007

An extensive structure change towards a more energy-intensive household consumption structure
with high-quality energy.

Daioglou et al. (2012) [59]

India, China, South Africa,
Brazil, South East Asia

(1), (2), (5), (6), (11)

(22)

2007

Cooking is currently the main end-use function, and space heating, cooling and appliances become
more important in 5 regions.

O’Neill et al. (2012) [60]

China and India

(3), (9)

(20), (21)

1950–2010

Changes in urbanization have a somewhat less than the proportional effect on aggregate emissions
and energy use.

Lee and Chiu (2011) [39]

24 OECD countries

(3), (5), (6)

(5)

1978–2004

There is a strongly non-linear link among electricity consumption, real income, electricity price
and temperature.

Alberini and Filippini (2010) [12]

48 US states

(2), (5)

(11)

1995–2007

Energy price increases may discourage residential electricity consumption.

1960–2005

Different age groups have different impact on energy use, urbanization has the positive impact on
consumption in developed countries.

Liddle and Lung (2010) [42]

17 developed countries

(1), (6), (9)

(7), (5)

China’s growing energy demand is driven by urbanization.
A large rural–urban gap exists in terms of energy sources and end-use activities.
The increase in energy-using appliances is the biggest contributor to the increase of residential
energy consumption.
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Table 1. Cont.
Authors

Sites

Factors

Methods

Data Period

Poumanyvong and Kaneko
(2010) [40]

99 countries

(1), (3), (8), (9)

(1), (3)

1975–2005

Results
The impact of urbanization on energy use and emissions varies across the stages of development.

Liu (2009) [61]

China

(1), (3), (9)

(7), (8), (9), (15)

1978–2008

Urbanization is an important factor to affect the change of total energy consumption in China.

Druckman and Jackson (2008) [62]

UK

(1), (2), (6), (12)

(18)

2004–2005

Household energy use and associated carbon emissions are strongly related to income levels.

Bessec and Fouquau (2008) [30]

15 European countries

(6)

(4)

1985–2000

The sensitivity of electricity consumption to temperature in summer has increased in the
recent period.

Murata et al. (2008) [63]

13 cities in China

(2), (6), (10), (13)

(14)

2003–2004

Improved efficiency might lead to the conservation of electricity ranging from 300 kWh to
700 kWh/year/household.

Pachauri and Jiang (2008) [37]

China and India

(2), (4), (5), (9)

(10)

1999–2004

The most important drivers of the household energy transition are income, urbanization, energy
access and energy prices.

Zachariadis and Pashourtidou
(2007) [64]

Cyprus

(2), (5), (6)

(5), (7), (8)

1960–2004

Electricity consumption mostly are affected by weather fluctuations.

Wei et al. (2007) [45]

China

(1), (3), (7)

(14)

1999–2002

Approximately 26% of total energy consumption and 30% of CO2 emission are a consequence of
residents’ lifestyles.

York (2007) [43]

14 countries

(1), (3), (9)

(1), (3)

1960–2000

Population size and age structure have clear effects on energy consumption, so do economic
development and urbanization.

Halicioglu (2007) [65]

Turkey

(2), (5), (9)

(3), (8), (9)

1968–2005

The income and price elasticities of the residential energy consumption functions are paramount to
that end.

Joyeux and Ripple (2007) [66]

seven East Indian Ocean
countries

(3)

(7)

1971–2002

There is no co-integrating relationship between residential electricity consumption and GDP.

Liddle (2004) [67]

23 countries

(1), (3), (9)

(3)

1960–2000,

The relationship between income and road energy was found to be monotonic.

Pachauri (2004) [68]

India

(1), (3), (9)

(3)

1993–1994

Total household expenditure or income level is the most important explanatory variable.

Cole and Neumayer (2004) [13]

86 countries

(1), (3), (9)

(1), (3), (5)

1975–1998

Population increases are matched by proportional increases in emissions.

Holtedahl and Joutz (2004) [69]

Taiwan

(1), (2), (5), (9)

(3), (8), (9)

1955–1995

Higher urbanization might lead to higher electrical energy use.

Considine (2000) [11]

US

(2), (5), (6)

(13)

1983–1997

Warmer climate conditions slightly reduce energy consumption.

Sun (1996) [28]

30 provinces in China

(1), (2), (6)

(3)

1990

Tuan and Lefevre (1996) [70]

Vietnam

(1), (2), (11)

(10)

1992

Income is a strong factor affecting quantity and structure of energy use in Vietnam.

1965–1987

Both energy use and greenhouse emissions are positively correlated with countries’
urbanization levels.

Parikh and Shukla (1995) [71]

43 developing countries

(1), (2), (7), (9)

(2), (3)

Positive correlation between income and energy consumption, negative between the average
temperature and energy consumption.

Note: 1. Factors: (1) Demography characteristic (Population size, Number of household members, and Age-structure); (2) household income or expenditure; (3) GDP per Capita;
(4) energy infrastructure; (5) energy price; (6) Geographical condition (Rural/urban location, Weather or temperature); (7) Lifestyle or consumption patterns; (8) Share of industry
and services in GDP; (9) Urbanization level; (10) energy technology and energy efficiency; (11) energy structure; (12) Dwelling attributes; (13) Ownership or price of appliances;
(14) migrations. 2. Methods: (1) STIRPAT model (latent class STIRPAT model); (2) Regression analysis (Multiple regression, probit regression); (3) Panel model; (4) Panel smooth
transition regression (PSTR); (5) Vector error correction models; (6) Vector Autoregressive Regression (VAR); (7) Co-integration testing; (8) Granger causality test; (9) Autoregressive
distributed lag (ARDL); (10) Comparative study; (11) the Kiviet corrected Least Square Dummy variables (LSDV); (12) Linear logit model; (13) Consumer lifestyle approach (CLA);
(14) General statistics; (15) Decomposition analysis(structural decomposition analysis (SDA), index decomposition analysis (IDA), the logarithmic mean Divisia index (LMDI), factor
decomposition model (FDM)); (16) Input–Output analysis; (17) Analysis of variance (ANOVA); (18) Local Area Resource Analysis (LARA) model; (19) the quantile regression approach;
(20) the integrated Population-Economy-Technology-Science (iPETS) model; (21) A computable general equilibrium (CGE) model; (22) Residential Energy Model Global (REMG).
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In fact, the above factors are interdependent, and they simultaneously influence HEC.
Many scholars regard the urbanization process as a comprehensive variable to analyze the issue
on energy use in household sector (Table 1). Some results indicate that urbanization increases the
number of energy utilization through changes in lifestyles, which means there is a positive relationship
between urbanization and household energy consumption [42,51,53,55,57,65,71]. However, some
studies provide the opposite result [34,42,67]. Other studies show some mixed results, indicating
that the relationship between urbanization and household energy use is complex and remains
inconclusive [38,40]. The disagreement in the existing studies can be attributed to differences in
methodologies, data and stages of development [38,40,56]. However, there is a common feature: the
structure of energy use shifts from inefficient solid fuels in rural areas to more efficient commercial
fuels in urban areas [7,37,60,72,73].
Therefore, the combination effect of these factors should be considered at national scale for
drawing the accurate and detailed characteristics of the HEC in China, and this consideration could
provide valuable insights to develop flexible and practical energy conservation and emission reduction
policies against the environmental issues in China.
3. Methodology and Data
3.1. The STIRPAT Model and Panel Data Model
There are many mathematical models used to research the relationship between HEC and
its influencing factors (Table 1). Among them, the STIRPAT (Stochastic Impacts by Regression on
Population, Affluence and Technology) is the most widely applied model [52], which was proposed by
Dietz and Rosa in 1994 [74] to overcome the limitations of the IPAT model (I = PAT) [57]. The pivotal
limitation of IPAT is that it does not permit hypothesis testing because known values of some terms
determine the value of the missing term [75]. Moreover, the IPAT model does not isolate the most
important driver behind the identified environmental impacts [57]. The STIRPAT model may overcome
these limitations, so it has been increasingly used to investigate the interaction between socio-economic
changes and the environment. The model is as follows:
Ii = αPib Aic Tid ei

(1)

where α is the constant term. b, c and d are elasticities of environmental impacts of P (population size),
A (affluence) and T (technology), respectively. The variable e denotes the error term, and the subscript
i represents the region where the analysis has been made, such as a province.
There are great differences in population, land area and level of economic development among
30 provinces (or municipalities and autonomous regions) in China. To compare the spatial variances
among provinces, we take per capita energy consumption in household sector as the explained variable,
which is equivalent to move P from the right side of the Equation (1) to the left side (Ii /P = αAic Tid ei ).
After taking natural logarithms of both sides of STIRPAT model, the empirical model for the panel
data can be written as follows:
lnEnpit = α0 + α1 lnGDPit + α2 lnURBit + α3 lnTEMit + e1it (i = 1, 2, . . . , 30, t = 1, 2, . . . , 17) (2)
where GDP is measured by the GDP per capita (thousand Yuan), URB denotes the urbanization level
(percent), TEM denotes annual average temperature (◦ C), e1it denotes random disturbance term for
Equation (2). Enp represents energy consumption per capita (kgce) in the household sector in China,
αi is the elasticity coefficient.
In order to differentiate urban and rural areas, we use per capita income instead of GDP per
capita and a dummy variable instead of the urbanization level. Then, the estimation of the difference
between urban and rural areas in household energy use is conducted with Equation (3).
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(
lnEnpit = α0 + α1 lnI Nit + α2 lnTEMit + α3 D + e2it D =

1
0

urban
rural

area
area

(3)

where D presents a dummy variable to distinguish rural and urban areas, and e2it denotes random
disturbance term for Equation (3).
We employ 13 different panel data models to estimate parameters. Panel data analysis help us to
full use of the information contained in the samples and reflect the changing trends of research objects
in three dimensions (cross-section, period and variables) [57,76]. These methods include: (1) the pooled
Ordinary Least Squares (OLS); (2) fixed effects (FE); (3) hetonly and two-way fixed effects (Two-way
FE); (4) the corrected Least Square Dummy Variables (FE-LSDV); (5) the first difference estimates (FD);
(6) Random effects (RE); (7) LM test for individual-specific effects (RE-ML); (8) the linear regression
with panel-corrected standard errors (PCSE); (9) the linear regression with Driscoll–Kraay standard
errors (DK); (10) the feasible generalized least squares (FGLS); (11) Prais–Winsten (PW); (12) two step
of Generalized Method of Moment (2S-GMM); and (13) Dynamic panel data.
3.2. Hypotheses
H01 : there is the spatial heterogeneity in HEC, which means that the intercept term α0 and
coefficient αi of explanatory variables in Equation (2) vary across provinces, α01 6= α02 6= . . . 6= α0n ,
αi1 6= αi2 6= . . . 6= αin . In addition, the spatial difference shows the consistency of space.
H02 : there is a difference between urban and rural areas in HEC per capita, which implies that
the coefficients of dummy variable D (D = 1 in urban area, D = 0 in rural area) would be great or
statistically significant in Equation (3). Because the temperatures of the same province are invariable,
energy consumption is entirely determined by resident income.
3.3. Data Source
This study uses a balanced panel data of 30 provinces in China (excluding Tibet, Hong Kong,
Macao and Taiwan) covering the period from 1997 to 2013. The provincial data on household energy
use are derived from annual China Energy Statistical Yearbook (1998–2014) [77]. The data on GDP
per capita, per capita income (per capita disposable income of urban residents and per capita net
income of rural dwellers) and urbanization level are mainly obtained from annual China Statistical
Yearbook (1998–2014) [78]. In addition, the GDP per capita is calculated by the constant prices of 2000
(thousand Yuan, RMB). The data of provincial average temperature come from National Meteorological
Information Center [79].
It is important to note that energy source used in rural areas does not include bio-fuels, which
is not calculated by official statistics [28]. It only contains commercial energy in annual China Energy
Statistical Yearbook.
4. Empirical Results
4.1. Impacts of Several Factors on Household Energy Consumption
4.1.1. Effect of Economic Growth
The results of the panel unit root tests show that the first-order difference series of all variables,
except PP test of LnGDP, are stationary (Appendix A). Using Stata 14 soft, we conduct parameter
estimation for 13 different models. Results show that GDP per capita, which represents a region’s
economic development level, has a significant positive impact on household energy consumption of all
models (Table 2). About two-way fixed effects (Two-way FE) model, lnGDP has high elasticity of 1.691
because of the annual dummy variables with negative time effects (Appendix B). For dynamic panel
data (DPD) model, there is the lagged term of dependent variable lnEnp with the coefficient of 0.827,
which reflects the inertial effect of HEC, so the elasticity of lnGDP decreases to 0.155. For other models,
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the elasticities of lnGDP are between 0.49 and 0.865 with small variations. It is indicated that a 1%
increase in GDP per capita (thousand Yuan) would lead to 0.75% (it is a mean value of 13 elasticities of
lnGDP) increase in energy consumption per capita (kgce) when other factors remain constant. China’s
GDP per capita rapidly increased from 7902 Yuan (constant 2000) in 1997 to 25,386 Yuan in 2013. It has
more than tripled during the past 17 years, and becomes a main factor driving the energy consumption.
Table 2. Estimation results for parameter of 13 different models for whole sample (n = 30).

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)

Model

Cons

lnGDP

lnURB

lnTEM

LnEnp(-1)

R2

F(chi2)

OLS
FE
FE_TW
FE_LSDV
FD
RE
RE-ML
PCSE
DK
FGLS
PW
2S-GMM
DPD

5.620 *** (1.217)
6.027 *** (0.527)
4.177 ** (1.188)
6.767 *** (1.226)
6.681 *** (1.043)
6.637 *** (0.452)
5.620 (0.342)
6.027 *** (0.396)
5.753 *** (0.068)
5.630 *** (0.424)
1.089 *** (0.316)

0.490 *** (0.174)
0.821 *** (0.037)
1.691 *** (0.366)
0.821 *** (0.14)
0.645 ***
0.794 *** (0.134)
0.797 *** (0.037)
0.490 *** (0.057)
0.821 *** (0.042)
0.733 *** (0.009)
0.690 *** (0.051)
0.865 *** (0.048)
0.155 *** (0.042)

0.0868 (0.395)
−0.628 * (0.104)
−0.526 (0.32)
−0.628 * (0.366)
−0.1996
−0.564 (0.348)
−0.572 *** (0.102)
0.0868 (0.113)
−0.628 *** (0.074)
−0.365 *** (0.017)
−0.336 *** (0.099)
−0.639 *** (0.145)
−0.0658 (0.063)

−0.823 *** (0.174)
−0.266 (0.172)
−0.215 (0.258)
−0.266 (0.191)
−0.118 ***
−0.584 *** (0.146)
−0.559 *** (0.133)
−0.823 *** (0.049)
−0.266 * (0.114)
−0.497 *** (0.016)
−0.149 (0.091)
−0.317* (0.176)
−0.121 ** (0.046)

0.827 *** (0.044)

0.595
0.758
0.797
0.919
0.424
0.756
0.595
0.758

17.16
498.45
18.53
41.08
115.23
694.03
17.16
156.07
8794.94
3157.37
-

0.969
0.768
-

Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01.

4.1.2. Effect of Urbanization Process
There are 11 negative values and two small positive values in 13 elasticity coefficients of lnURB
(Table 2). Among them, five coefficients are significant at p < 0.01 level, two coefficients are significant
at p < 0.1 level, and another six coefficients are not significant. Furthermore, China’s urbanization
rate increased from 31.9% in 1997 to 53.7% in 2013, which is a rapid growth rate from the view of
urbanization process. However, compared with the economic growth rate, it is low. This indicates that
the influence of urbanization on household energy consumption is far less than that of GDP per capita,
which is consistent with the argument that changes in urbanization have a somewhat less than the
proportional effect on aggregate energy use [60]. The negative elasticities indicate that a 1% increase
in urbanization level would decrease household energy use per capita by 0.54% (it is a mean value
of seven elasticities of lnURB that are statistically significant). Our results are different with some
previous studies that show urbanization increases energy consumption [57,71,72], and are supported
by other studies [37,40,50,68]. The reason could be that urbanization encourages fuels switching from
inefficient traditional fuels to modern fuels, which are more efficient, leading to energy saving [38,56].
Impacts of urbanization on energy consumption are mixed in the existing studies and vary
across the stages of development when it is applied in more countries [56]. Li and Lin [38],
Chikaraishi et al. [52], Poumanyvong et al. [56], and Poumanyvong and Kaneko [40] employed 73,
140, 88 and 99 countries to investigate the issue, respectively. Their results are similar: urbanization
decreases household energy use in low-income countries, while it increases energy use in high-income
countries. Table 3 shows estimated results for the less developed western region (11 provinces) except
dynamic panel data model, elasticities of lnURB are negative and significant at p < 0.1 level. In the
relatively developed eastern region (19 provinces), which equates with middle-income countries
worldwide, there are four positive and nine negative coefficients (Table 4). It shows the characteristic
of the transition stage from low to high income. In a nutshell, our results are fairly consistent with
international experiences [38,39,52,56]. If we consider urbanization as the result of regional economic
growth, and take out variable lnGDP from all models, all elasticities of lnURB will be positive values
(Table 5). In this case, the impact of urbanization on household energy use is significant. Actually,
there is collinearity between lnGDP and lnURB, these two variables interact closely. Urbanization
causes economic output, which in turn pushes urbanization process [80].
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Table 3. Estimation results for parameter of 13 different models in the western region (n = 11).

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)

Model

Cons

lnGDP

LnURB

lnTEM

LnEnp(−1)

R2

F(chi2)

OLS
FE
FE_TW
FE_LSDV
FD
RE
RE-ML
PCSE
DK
FGLS
PW
2S-GMM
DPD

7.495 *** (1.311)
8.242 *** (1.012)
3.699 * (1.742)
8.290 ** (2.627)
8.634 *** (2.214)
8.641 *** (0.739)
7.495 *** (0.419)
8.242 *** (0.723)
7.201 *** (0.241)
6.272 *** (0.576)
0.985 (0.644)

0.632 ** (0.269)
0.927 *** (0.079)
2.381 *** (0.312)
0.927 ** (0.385)
0.699 *** (0.178)
0.892 ** (0.356)
0.897 *** (0.077)
0.632 *** (0.076)
0.927 *** (0.061)
0.626 *** (0.038)
0.759 *** (0.072)
0.940 *** (0.105)
0.123 (0.082)

−0.382 (0.503)
−0.962 *** (0.211)
−0.0211 (0.492)
−0.962 (0.895)
−0.392 (0.253)
−0.878 (0.805)
−0.890 *** (0.202)
−0.382 *** (0.146)
−0.962 *** (0.151)
−0.408 *** (0.066)
−0.559 *** (0.155)
−0.952 *** (0.301)
0.0149 (0.107)

−0.965 *** (0.143)
−0.684 ** (0.322)
−0.827 ** (0.327)
−0.684 ** (0.238)
−0.192 ** (0.065)
−0.931 *** (0.164)
−0.922 *** (0.165)
−0.965 *** (0.056)
−0.684 *** (0.215)
−0.795 *** (0.042)
−0.249 * (0.132)
−0.736 ** (0.333)
−0.142 (0.089)

0.822 *** (0.071)

0.736
0.728
0.858
0.888
0.399
0.727
0.736
0.728
0.964
0.731
-

15.99
154.36
11.8
36.63
242.01
400.22
415.33
744.45
1041.85
134.35
3259.82

Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01.

Table 4. Estimation results for parameter of 13 different models in the eastern region (n = 19).

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)

Model

Cons

lnGDP

LnURB

lnTEM

LnEnp(−1)

R2

F(chi2)

OLS
FE
FE_TW
FE_LSDV
FD
RE
RE-ML
PCSE
DK
FGLS
PW
2S-GMM
DPD

3.626 ** (1.523)
4.560 ** (1.616)
3.772 ** (1.714)
5.331 *** (1.839)
5.038 *** (1.537)
5.016 *** (0.534)
3.626 *** (0.403)
3.626 *** (0.295)
5.979 *** (0.028)
3.863 *** (9.340)
0.653 *** (0.205)

0.510 ** (0.188)
0.769 *** (0.143)
0.901 ** (0.394)
0.769 *** (0.147)
0.641 *** (0.076)
0.738 *** (0.139)
0.741 *** (0.041)
0.510 *** (0.062)
0.510 *** (0.034)
0.665 *** (0.006)
0.584 *** (8.730)
0.815 *** (0.051)
0.134 *** (0.040)

0.441 (0.465)
−0.372 (0.480)
−0.29 (0.488)
−0.372 (0.494)
−0.094 (0.214)
−0.285 (0.462)
−0.292 ** (0.121)
0.441 *** (0.125)
0.441 *** (0.094)
−0.456 *** (0.010)
0.116 (1.030)
−0.332 ** (0.162)
−0.0038 (0.055)

−0.643 *** (0.195)
−0.0807 (0.250)
0.0617 (0.361)
−0.0807 (0.258)
−0.007 (0.033)
−0.356 ** (0.164)
−0.339 **(0.157)
−0.643 *** (0.055)
−0.643 *** (0.024)
−0.370 *** (0.009)
−0.317 *** (−4.10)
−0.0286 (0.188)
−0.0792 *** (0.024)

0.852 *** (0.037)

0.673
0.808
0.832
0.94
0.482
0.807
0.673
0.673
0.973
0.823
-

33.12
423.27
46.56
132.96
512.62
744.16
134.71
31352.31
146,826.95
408.73
7884.12

Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01.

Table 5. Estimation results for parameter of 13 different model without lnGDP (n = 30).

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)

Model

Cons

lnURB

lnTEM

LnEnp(−1)

R2

F(chi2)

OLS
FE
FE_TW
FE_LSDV
FD
RE
RE-ML
PCSE
DK
FGLS
PW
2S-GMM
DPD

3.323 *** (0.848)
1.890 *** (0.695)
6.394 *** (1.246)
1.914 * (1.017)
1.889 ** (0.800)
1.879 *** (0.457)
3.323 *** (0.245)
1.89 (1.251)
4.825 *** (0.122)
1.504 * (0.775)
0.119 (0.093)

0.975 *** (0.191)
1.410 *** (0.065)
−0.151 (0.350)
1.410 *** (0.206)
0.708 *** (0.133)
1.367 *** (0.192)
1.372 *** (0.063)
0.975 *** (0.054)
1.410 *** (0.188)
0.491 *** (0.031)
1.059 *** (0.152)
1.712 *** (0.077)
0.135 *** (0.030)

−0.750 *** (0.189)
−0.827 *** (0.240)
−0.455 * (0.253)
−0.827 *** (0.243)
−0.040 (0.042)
−0.765 *** (0.141)
−0.767 *** (0.142)
−0.750 *** (0.060)
−0.827 * (0.463)
−0.627 *** (0.028)
−0.0641 (0.159)
−0.705 *** (0.241)
−0.0520 * (0.027)

0.913 *** (0.024)

0.525
0.517
0.708
0.838
0.446
0.525
0.945
0.556
-

19.24
255.55
15.64
70.83
367.18
445.92
28.11
715.25
1704.19
257.78
12,377.98

Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01.

4.1.3. Effect of Temperature Variance
The coefficients of lnTEM are negative for all models (Tables 2–5), which indicate that a 1%
increase in annual average temperature would decrease energy demand per capita by 0.12% to 0.823%.
Among them, six, one and two coefficients of these models are significant at p < 0.01 level, p < 0.05 level
and p < 0.1 level, respectively, and four other coefficients are insignificant (Table 2). Since temperature
variances of 29 provinces in 17 years are less than 0.6 ◦ C, except Chongqing City (0.92 ◦ C), the impact
of temperature change on household energy consumption is small in the same region. Territory of
China has a large span in latitude and longitude, the annual average temperatures in the southernmost
province, Hainan, and the northeast province, Heilongjiang, are 24.6 ◦ C and 5.3 ◦ C, respectively.
With the higher elevation, Qinghai Province has the second lowest annual average temperature.

< 0.05 level and p < 0.1 level, respectively, and four other coefficients are insignificant (Table 2). Since
temperature variances of 29 provinces in 17 years are less than 0.6 °C, except Chongqing City (0.92
°C), the impact of temperature change on household energy consumption is small in the same
region. Territory of China has a large span in latitude and longitude, the annual average
temperatures in the southernmost province, Hainan, and the northeast province, Heilongjiang, are
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24.6 °C and 5.3 °C, respectively. With the higher elevation, Qinghai Province has the second lowest
annual average temperature. The difference in temperatures between provinces is significant (Figure
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The elasticity coefficients of lnURB estimated by the same model are invariable (Tables 3 and 4).
Therefore, the spatial heterogeneity of household energy consumption between the east and the west
is mainly determined by economic development, followed by the temperature.

Therefore, the spatial heterogeneity of household energy consumption between the east and the
west is mainly determined by economic development, followed by the temperature.
4.2.2. Differences between the Northern and the Southe rn Regions of China
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In the northern region of China with high latitude, the cold weather lasts longer than the
southern region. The energy consumption for heating is large and relatively inelastic for long time.
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lnINC and lnTEM are statistically significant at p < 0.01 level for 10 models, and difference in these
parameters between models is not significant (Table 6). Resident income does positive contribution
to household energy use, and temperature has negative contribution, which is consistent with above
results in Tables 3 and 4.
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Table 6. Estimation results for parameter of 10 different models with dummy variable (n = 60).

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

Model

Cons

lnIN

lnTEM

D

R2

F(chi2)

OLS
PCSE
DK
FE
FE_LSDV
RE
RE_ML
RE_BE
PW
FGLS

5.931 *** (0.59)
5.931 *** (0.06)
5.931 *** (0.10)
5.243 *** (0.47)
5.472 *** (0.43)
5.594 *** (0.34)
5.603 *** (0.33)
5.850 *** (0.48)
5.229 *** (0.23)
5.552 *** (0.09)

0.571 *** (0.09)
0.571 *** (0.02)
0.571 *** (0.04)
0.534 *** (0.02)
0.534 *** (0.06)
0.532 *** (0.02)
0.532 *** (0.02)
0.709 *** (0.24)
0.436 *** (0.05)
0.342 *** (0.02)

−0.778 *** (0.22)
−0.778 *** (0.03)
−0.778 *** (0.05)
−0.468 *** (0.18)
−0.468 ** (0.20)
−0.629 *** (0.12)
−0.633 *** (0.12)
−0.815 *** (0.18)
−0.424 *** (0.08)
−0.499 *** (0.04)

0.101 (0.17)
0.101 (0.07)
0.101 (0.13)
0.109 (0.16)
0.142 (0.14)
0.142 (0.13)
−0.0445 (0.28)
0.242 * (0.14)
0.235 *** (0.06)

0.481
0.481
0.481
0.515
0.886

27.05
1716.22
210.62
507.82

0.476
0.888

1064.23
730.44
16.95
126.65
436.01

Standard errors in parentheses; * p < 0.1, ** p < 0.05, *** p < 0.01.

The coefficients of dummy variable have narrow change range from −0.0445 to 0.242, which
indicates that HEC per capita in urban area is slightly greater than that in rural area. In addition,
the coefficients of eight models are insignificant, only the coefficients of PW and FGLS models are
significant at p < 0.1 and p < 0.01 level, respectively. Thus, there is no significant difference in HEC
between urban and rural areas. Therefore, the hypothesis H02 is not true. Our results do not support
the viewpoint that urbanization increases energy consumption [57].
The dummy variable mainly explains change of the intercept term, but it cannot explain
the contribution of coefficients. Therefore, we employ the varying-coefficient models to estimate
the relevant parameters, and find the evidence of spatial heterogeneity between urban and rural
areas. All income elasticities of urban residents are lower than that of rural residents for time
varying-coefficient model (Equation (5)) and individual varying-coefficient model (Equation (6))
(Figures 3 and 4), which indicates that the contribution of increase in unit income to energy use per
capita in rural area is always greater than that in urban areas. In addition, the coefficient of urban
resident income shows a slow convergence trend in Figure 3, which indicates that there exists a
diminishing marginal contribution with increasing income. This trend does not appear in rural areas.
Sustainability
2016, 8, 1285H01 is true.
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Figure 3. Time varying-coefficients of resident income (α1t).
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In existing scientific literature, temperature is regarded as a function of time. Thus, the
temperature fluctuation in time series is used to examine its impact on HEC for the given region. The
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time effect of it. Our result shows the trend of the impact of temperature fluctuation on energy use in
household sector.
The local spatial difference between urban and rural areas has more significant impact on the
structure and efficiency of household energy consumption than on the quantity of it. In the rural areas,
in order to enhance the availability of high-quality energy, energy public infrastructure should be
improved. Thus, it is necessary to develop the new technology that solid biomass, such as crop straw,
dung and firewood, are converted into biogas and liquid fuels. Then, clean energy can be used for
heating and cooking for the rural resident [84]. In addition, the growth of clean energy should be
accelerated to gradually change the structure of energy source dominated by fossil fuel at present [85].
There are rich renewable energy sources in western China, such as solar energy, wind power and
hydropower. Meanwhile, Industrial surplus heat can be used for district heating in urban areas [86].
Based on the literature review in Section 2, we chose three key variables having larger impact
on household energy consumption in macro-scale. Some factors, such as fuel price and demographic
characteristic, lack significant spatial difference. Other factors, such as infrastructure conditions and
resident’s lifestyles, lack full database at the provincial level. Besides, there is spatial difference in
precipitation and wind speed, but they have little impact on HEC. As limitations of this study, we will
investigate the impact of these factors on spatial difference of HEC in future work.
5.2. Conclusions
Household energy consumption is influenced by many factors. These factors exert influence on the
amount, structure and pattern of energy use in various ways. Based on the STIRPAT model and panel
dataset for 30 provinces in China over the period 1997–2013, effects of GDP per capita, urbanization
level and annual average temperature on HEC per capita were investigated. The estimation results
show that GDP per capita (lnGDP) has a significant positive impact on household energy consumption
for 13 different models. A 1% increase in GDP per capita (thousand Yuan) would lead to 0.75% increase
in energy consumption per capita (kgce) when other factors are invariable. It is the same result if
resident income (IN) is substituted for GDP, and income contributions to energy use are positive in all
models. This indicates that economic level is a key factor influencing household fuel consumption.
It is also worth attention that there exists a diminishing marginal contribution with increasing income.
The elasticity coefficients of urbanization level (lnURB) are negative for most models, which
indicate that a 1% increase in urbanization level would decrease household energy use per capita
by around 0.54%. However, if lnGDP terms are taken out from all models, all values of elasticities
of lnURB will become positive (Table 5), which means that there is a collinearity between lnGDP
and lnURB, and these two variables interact closely. In addition, the impact of urbanization on HEC
varies across the stages of economic development: it would decrease household energy use in the less
developed western region, while it has mixed results in the relatively developed eastern region.
The effects of temperature on HEC are negative for all models, which express the opposite
correlation between climatic conditions and energy consumption. The negative coefficients of lnTEM
indicate that a 1% increase in annual average temperature would decrease energy consumption per
capita by 0.12%–0.823%.
The spatial heterogeneity in HEC has multiscale behavior. At the provincial level, quantitative
variation in the east–west direction largely depends upon economic development level, followed by
the temperature. The elasticity coefficients of lnGDP in the western region are always greater than that
in the eastern region, which indicates the effect of resident income on HEC in less developed region
is more sensitive than that in the relatively developed region. The change in north–south direction
is mainly determined by temperature. The intercept terms estimated by models in the most north
provinces are positive, and those in the most southern provinces are negative, which indicates that the
cardinal number of HEC is greater for heating in long and cold winter in north provinces. In addition,
the results estimated by dummy variables for most models show that the difference between urban
and rural areas in quantity of HEC is not significant, while those in the structure and efficiency are
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significant. This is because there is relatively good energy infrastructure in urban areas and the urban
residents have higher incomes.
GDP or income per capita and urbanization level are increasing annually; they not only have the
time effect on energy consumption but also the spatial effect, while annual average temperature is
relatively stable on inter-annual timescale. These three factors affect energy consumption in household
sector together, while showing their own spatial difference. These results are worth paying attention
to for energy policy makers and planners in China.
To meet the global challenge of climate change and the need of China’s urbanization
transformation, it is necessary to accelerate the development of renewable energy, and improve
the rural energy infrastructure. In addition, to reduce emissions in China, we should focus on energy
structure optimization and efficiency improvement, and build up the low-carbon oriented household
energy system [87,88].
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Nomenclature
Stochastic Impacts by Regression on Population,
Affluence and Technology
cooling degree-days
heating degree days
per capita (Yuan)
household income (Yuan)
urbanization level (%)
annual average temperature (◦ C)
household energy consumption
equivalent of coal (kg)
greenhouse gas

STIRPAT
CDD
HDD
GDP
IN
URB
TEM
HEC
Kgce
GHG

Appendix A
Table A1. Panel unit root tests.
Levels

Variable
LnEnp
LnGDP
lnURB
lnTEM
LnEup
LnErp
lnINu
lnRINr

First Differences

LLC

IPS

ADF

PP

LLC

IPS

ADF

PP

6.338
10.050
−7.138 ***
−11.628 ***
4.447
4.315
11.853
5.310

12.429
17.186
1.899
−9.461 ***
8.725
7.331
18.665
11.361

4.437
18.660
52.395
196.242 ***
10.098
17.539
0.357
2.694

5.730
12.988
153.019 ***
215.698 ***
9.765
25.008
0.334
2.514

−3.325 ***
−5.147 ***
−14.450 ***
−22.923 ***
−12.789 ***
−15.850 ***
−8.417 ***
−22.241 ***

−3.852 ***
−2.753 ***
−11.121 ***
−21.799 ***
−11.587 ***
−12.968 ***
−7.098 ***
−22.506 ***

98.916 ***
82.537 **
224.337 ***
433.780 ***
232.969 ***
259.267 ***
150.354 ***
434.598 ***

108.537 ***
64.115
245.615 ***
586.070 ***
254.766 ***
308.876 ***
164.475 ***
364.338 ***

** p < 0.05, *** p < 0.01.
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