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Abstract: There are many uncertainties and risks in residential electricity consumption associated with
economic development. Knowledge of the relationship between residential electricity consumption
and its key determinant—income—is important to the sustainable development of the electric power
industry. Using panel data from 30 provinces for the 1995-2012 period, this study investigates how
residential electricity consumption changes as incomes increase in China. Previous studies typically
used linear or quadratic double-logarithmic models imposing ex ante restrictions on the indistinct
relationship between residential electricity consumption and income. Contrary to those models, we
employed a reduced piecewise linear model that is self-adaptive and highly flexible and circumvents
the problem of “prior restrictions”. Robust tests of different segment specifications and regression
methods are performed to ensure the validity of the research. The results provide strong evidence
that the income elasticity was approximately one, and it remained stable throughout the estimation
period. The income threshold at which residential electricity consumption automatically remains
stable or slows has not been reached. To ensure the sustainable development of the electric power
industry, introducing higher energy efficiency standards for electrical appliances and improving
income levels are vital. Government should also emphasize electricity conservation in the industrial
sector rather than in residential sector.

Keywords: residential electricity consumption; income; piecewise linear model; China; robust tests

1. Introduction

Electricity is one of the cleanest and most efficient terminal energies. Regardless of whether
they are fossil fuels-based or renewable, most energies will finally convert into electricity. Therefore,
electricity has become the preferred and dominant form of energy used in households in developed
and fast developing countries, satisfying a varied range of needs from necessities to recreational
and luxury consumption [1,2]. Therefore, the residential electricity consumption level and its
proportion to total energy consumption are important benchmarks for measuring the extent of
living modernization. During the past two decades, China has experienced rapid economic growth
and an improvement of modern living standards, driving a soaring increase in residential energy
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consumption. The consumption level was 1006 billion kWh in 1995, and the figure climbed drastically
to 6219 billion kWh in 2012 and is rising at a rate of 12.35%. The booming residential electricity
consumption is also embodied in the ownership of household electrical appliances. As shown in
Figure 1, the ownership of washing machines, refrigerators, televisions, air conditioners and other
household appliances increased substantially both in China's urban and rural areas from 1995 to 2012.
In particular, urban residents have acquired the use of air conditioning at an alarming rate. In 1995,
only 8 in 100 households owned air conditioning units, but by 2012, the number had increased to
127 units for every 100 households [3].
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Figure 1. Ownership of appliances per 100 households in China’s rural and urban areas. Data source:
China Statistical Yearbook 1996 [4] and China Statistical Yearbook 2013 [4].

Despite the rapid growth in the total Chinese residential electricity consumption, the amount
per capita remains much lower than the levels of consumption in developed countries. For example,
in 2012, the per capita residential electricity consumption of the US and Japan were 4374 kWh and
2255 kWh, respectively, whereas the rate for China was only 460 kWh—approximately one-tenth of the
US per capita consumption and one-fifth of Japan’s consumption. When 30 provinces were compared,
as shown in Figure 2, Shanghai ranked first, with a per capita consumption of appoximately 787 kWh.
Some other developed coastal provinces (e.g., Jiangsu, Zhejiang, Fujian and Guangdong), also have
more than 500 kWh per capita electricity consumption. Conversely, the less developed provinces (e.g.,
Xinjiang, Qinghai, Ningxia, Gansu, and Yunnan) have relatively low per capital electricity consumption,
and the other interior provinces consumed 350-500 kWh per capita.

Those big differences can primarily be explained by the large income gap between China and
developed countries and within the 30 provinces, as income is the key driver of residential electricity
consumption. Given the continuing trend in income growth, will the per capita electricity consumption
of China’s residential sector continue to increase to eventually reach the level of developed countries
or has consumption tended to peak at a certain level of income? What is the income elasticity?

The answers to these questions will greatly affect energy policy and the sustainable development of
the electric power industry in China.
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Figure 2. Provincial residential electricity consumption per capital in 2012 (kWh). Note: It is a schematic
map and does not implicate the definite boundaries. Data are obtained from China Energy Statistical
Yearbook 2013 [5] and China Statistical Yearbook 2013 [4].

This paper aims to investigate the relationship between Chinese residential electricity
consumption and income in 1995-2012. Despite this topic attracting considerable interest from
scholars [6-11], most studies have focused on developed countries, whereas few have focused
on China [12,13]. Furthermore, the existing empirical studies specified a linear or squared
double-logarithmic form model that may imposes an ex ante restriction on the relationship between
income and residential electricity consumption. The true underlying relationship, however, is typically
non-deterministic, and each country’s relationship takes a unique form. Yoo and Lee detected an
inverted U-shaped relationship between per capita electricity consumption and per capita income in
OECD (Organization for Economic Co-operation and Development) and developed countries [14].
McNeil and Letschert described an S-shaped relationship between household income level and
appliance ownership [15]. Therefore, it is difficult to specify a fixed model that can capture the
non-deterministic relationship in advance. To address this issue, a more flexible piecewise linear
model that can accommodate both linear and non-linear relationships is employed. This model is
self-adaptive in allowing the relationship between the variables to vary over the domain, enabling the
true underlying relationship to be captured.

We contribute to the literature in three ways. First and foremost, a piecewise linear model in
reduced-form is employed instead of specifying a fixed-form model (linear, squared or cubed model)
beforehand. Superior to the models in previous work, a piecewise linear model is self-adaptive and
highly flexible and can circumvent the problem of “prior restrictions” Second, the heterogeneity across
provinces is taken into full consideration with provincial panel data rather than aggregate country
level data, and a fixed effect is included in the model to control for the unobservable yet important
influencing factors. Third, various robust tests are performed to ensure the validity of the research.

This paper is organized as follows. Section 2 presents the methodology and the data used in the
empirical analysis. Section 3 presents the empirical results and a robustness check. Section 4 compares
the piecewise linear model and the linear or squared double-logarithmic model. In Section 5, the paper
is concluded with a discussion of the study’s findings and policy implications.
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2. Methodology and Data

2.1. Methodology

Following the specifications of Auffhammer and Steinhauser, Liao and Cao, and
Schmalensee et al. [6-8], a piecewise linear model is employed to examine the nonlinear relationship
between per capita CO, emissions and per capita income. The principle of piecewise linear model is
that if the data follow different linear trends over different ranges, then the regression function should
be modeled in “pieces”. Its graph consists of two or more straight line segments with a certain number
of breakpoints. The foremost step is to figure out where the meaningful breakpoints are, and then
estimate the coefficients of each segment. At the point of the structural break, the slope changes, but
the lines remain continuous. Therefore, the model has the advantage of allowing the curve to assume a
much wider range of shapes rather than being only linear, quadratic or cubic [7]. The piecewise linear
model implies that the income elasticity of residential electricity consumption can differ at various
income levels. In reduced form, the model can be presented as follows:

InEj; = oo + o + B f [In (Yir)] + et ey

where Ej is the per capita residential electricity consumption for province i in year t, Yj; is the per capita
income for province i in year t, «; is the province-fixed effect (to control for unobserved time-invariant
heterogeneity resulting from factors such as geographical differences), &g is a constant, ¢;; is the
stochastic error term. j is the number of segments and f (-) is the piecewise linear function based
on the number of segments. According to the nature of the double logarithm model, the coefficient
(3 represents the income elasticity. All the statistical analysis and model regressions were processed
statistically by STATA12.0 software.

In addition to income, residential electricity consumption can be influenced by a variety of
factors, such as the electricity price, the alternative energy price, the urbanization rate, geographic
characteristics, and the weather [9-15]. Similar to Schmalensee et al. [8], we include only per capita
income in the reduced function, leaving the other explanatory variables uncontrolled for the following
reasons. First, data on electricity prices and alternative energy prices are unavailable for the full
sample. If we include these variables in the model, few observations would remain. In addition, there
is little variation in price across years and provinces. Second, the results of robust tests performed in
Section 3.2 demonstrate that the conclusion is robust despite the exclusion of certain control variables.
Third, many province-specific influencing factors (e.g., weather conditions, geographic position) are
included in the province-fixed effect. Fourth, as shown in Table 1, China has a fairly high rate of
electrification in both urban and rural areas compared with other countries In 2012, China essentially
achieved ubiquitous access to electricity, and the remaining three million people in non-electrified
areas are expected to have gained access to electricity in 2015 [16]. Therefore, the electricity access rate
variable could be left uncontrolled.

Table 1. Electricity access in 2012: regional aggregates. Data source: IEA, World Energy Outlook

2014 [17].

Region Blectrification Rate (%) U'Pan Flectrfication - Rural Blectrification

Developing countries 76.3 91.1 64.0

Africa 425 68.0 25.6

Developing Asia 83.0 95.2 74.4

China 99.8 100.0 99.6

India 75.4 93.9 66.9

Latin America 95.0 98.5 81.9

Middle East 91.7 98.3 78.0

Transition economies & OECD 99.9 100.0 99.7

World 81.7 94.1 68.0
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The two common models for panel data analysis are the fixed-effects model (FE) and the
random-effects model (RE). The time-invariant variable « is assumed to be uncorrelated with the
other explanatory variables in the RE approach, but they may be correlated in the FE model [18].
A Hausman test should be conducted to choose between the FE and RE models. The calculated test
statistic was 42.29, rejecting the null hypothesis that individual effects are uncorrelated with the other
explanatory variables at the 1% significance level. Hence, the fixed effects model is compatible with
our study:.

2.2. Data

Using a panel of provincial data, we examine how residential electricity consumption changes as
income increases in China. The panel data consist of 540 observations in 30 Chinese provinces over
the 1995-2012 periods. Provinces include all provinces, municipalities and autonomous regions in
mainland China, except for Tibet (because of a lack of data). To eliminate the influence of population
size, we divide the total residential electricity consumption and income by population to obtain the
per capita level. As shown in Figure 3, both the per capita residential electricity consumption and per
capita income show large variation.
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Figure 3. Residential electricity consumption per capita and GDP per capita. Note: It covers
538 observations of 30 provinces in mainland China during 1995-2012 (excluding Tibet due to lacking
too many data). The per capita income was an approximate alternative to per capita GDP and adjusted
to 1995 constant price.

The residential electricity consumption data are recorded from the energy balance sheets for
provinces in the Chinese Energy Statistical Yearbook (1996-2013) [5]. Income data are an approximate
alternative to GDP, and these data are obtained from the China Statistical Yearbook (1996-2013) [4]
published by the National Bureau of Statistics. Because Chongqing was separated from Sichuan
in 1997, data from 1995 and 1996 are unavailable. To reduce the effects of price changes, nominal
GDP is adjusted to real GDP using constant price indices with 1995 as the base year. The unit of
measurement of per capita residential electricity consumption is kWh, and per capita income is
measured in RMB Yuan.

Descriptive statistics for the variables are reported in Table 2.

Table 2. Descriptive statistics.

Variable Definition Observations Mean Std. Dev. Min Max

Residential electricity
In(E) consumption per capita (kWh) 538 54 07 34 69
In(Y) GDP per capita (Yuan) 538 9.5 0.6 7.5 11.1
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3. Empirical Results and Robustness Check

3.1. Empirical Results

Before estimating the piecewise linear model, we must determine the number of segments. We
first divide the income range into 10 segments by percentile, with each segment including the same
number of observations. The nine knots of segmentation are 3991, 5130, 6438, 8002, 9902, 12,365, 15,210,
19,331 and 28,541 in sequence.

The estimated results using the ordinary least squares (OLS) method are reported in Table 4, and
an intuitional display of the income effect is presented in Figure 4. The coefficients of each income
segment are all positive and statistically significant at the 1% significance level, which indicates that
electricity is a necessity. From 1995 to 2012, the income elasticity was approximately one, with a narrow
range of fluctuation from 0.78 to 1.21. This finding suggests that a 1% increase in income would result
in a 1% increase in residential electricity consumption. Figure 4 also indicates that a smooth downward
trend has not yet been observed in China, largely because China’s low income level prevents residents
from buying or using appliances sufficient to meet their needs. Therefore, income growth is translated
into proportionate increases in purchasing appliances or more frequent use of appliances and, in turn,
the resulting proportionate electricity consumption [10,19]. To determine whether the conclusion above
is sensitive to the different estimation methods and segment specifications, we perform robustness
checks in the following section.
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Figure 4. Estimated income effect on residential electricity consumption. Note: The income range has
been divided into 10 segments by percentile so each segment contains the same number of observations.
The residential electricity consumption per capita on the vertical axis has been adjusted for the effect of
income excluding the province-fixed effect.

3.2. Robustness Check

3.2.1. Estimate Methods

As previously noted in Section 2.1, the other determinants of residential electricity consumption
are excluded from our model, with the exception of income. Hence, the endogeneity problem may
arise, indicating that the independent variable may be correlated with the error term. The problem of
endogeneity would lead to biased estimates of the coefficient under an OLS approach. To determine
whether the underlying endogeneity problem affects the results, we estimate the model using the
instrumental variable (IV) method using the first lag of per capita income as the instrumental variable.
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Heteroskedasticity and autocorrelation are common in panel data, and OLS estimation will
determine statistically inefficient coefficient estimates in the presence of heteroskedasticity and
autocorrelation. Hence, any inferences that we make could be misleading. To determine whether the
data are heteroskedastic and autocorrelative, we employ the Modified Wald and Wooldridge tests,
respectively, and the test results are presented in Table 3. The null hypothesis of the Modified Wald
test is rejected at the one percent significance level, failing to show that the variances of the errors are
constant. The Wooldridge test also rejects the null hypothesis of no first-order autocorrelation at the
one percent significance level. These test results indicate that heteroskedasticity and autocorrelation
problems indeed exist in our data. To guarantee that the estimators are valid, we estimate the
model again employing the feasible generalized least squares (FGLS) method, which can overcome
heteroskedasticity and autocorrelation problems.

Table 3. Test results for heteroskedasticity and autocorrelation.

Modified Wald Test

Chi 2 (30) = 7442.88

HO: sigma(i)"2 = sigma™2 for all i Prob > chi2 = 0.0000

Wooldridge Test

) . . F(1,29) =15.722
HO: no first-order autocorrelation Prob > F = 0.0004

Table 4 presents all of the results using the IV and FGLS methods. As shown, the difference in
each segment’s coefficient is negligible, and all of the average income effects are approximately one,
regardless of the estimate method that we adopted. The income elasticity of residential electricity
consumption in China remains approximately the same under different estimation methods.

Table 4. Estimate results of different estimate methods.

Income OLS v FGLS
- ” -
3991-5130 1‘34%88) 1(33773) 1.(096;2)
5130-6438 1'(243.;1*;* (1127115; 1.392;8*)**
6438-8002 Ogioz;* (%%6909) 1{%.% 2)
8002-9902 1'3393{5” 1( .26%; )* 0_(99?;)73**
9902-12,365 0(28;53) %ff) 1(,(1)3.93 ;;*
12,365-15,210 1(%7;0) 1(243§ )* 1(,;)(5).23 5)
15,210-19,331 O'é?;’;;* g%?’) 1(.}&5.09 2)
19,331-28,541 Ogi’g)“ O.azs*;* 0.(78935*
a R D
5818 ¥+ 5824 % 3246 <
constant (—4.98) (—3.07) (—4.17)
N 538 509 538

Note: ***, ** and * indicate statistical significance at 1%, 5%, and 10%. Standard errors are in parentheses.
Income ranges are divided into 10 segments by percentile so that each segment contains the same number
of observations. The first lag of per capita income is chosen as the instrumental variable in the IV estimate.
Province-fixed effects are not reported.
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3.2.2. Segment Specifications

Segment specification primarily refers to the number of segments and segmentation methods.
To test whether the results could be influenced by the number of segments in the piecewise linear
model specification, we divide the income range into 8 and 15 segments by percentile in addition
to 10 segments. Furthermore, we segment the income range into 10 equidistant interval ranges to
determine whether the results are sensitive to the segmentation method. To better display the results of
the four segment specifications, we plot the income effects in Figure 5 rather than listing the coefficients
of each income segment. The four curves nearly coincide, demonstrating that the estimated results are
nearly identical. Thus, we can conclude that the model specification has no effect on the results.

Residential electricity consumption per capita(log)
5
1

T T T T T T

7 8 9 10 1 12
Income per capita (1995 constant price,log)
8 segments 10 segments(equally spaced)

mmimimim. 10 segments —— = = —— 12 segments

Figure 5. Estimated income effects using different segmentation. Note: 8-, 10-, 12-segment models
are divided by percentile, and the 10-segment (equally spaced) model divides the income range into
10 intervals of equal width. The residential electricity consumption per capita on the vertical axis has
been adjusted for the effect of income excluding the province-fixed effect.

4. Comparisons and Discussion

In the empirical study above, we employ the flexible and self-adaptive piecewise model to
investigate the unambiguous relationship of residential electricity consumption and income in China.
To compare with the piecewise linear model, the linear and squared double-logarithmic forms that
previous studies have commonly used are also estimated respectively, as presented below. All variables
in Models (2) and (3) have the same interpretation as those in Model (1).

InEj; = g + o + BIn (V) + €t ()

InE;t = o + o + ByIn (Vi) + By (InY)* + e 3)

Model (2) restricts the relationship between residential electricity consumption and income to be
linear by a constant elasticity 3. Model (3) adds a quadratic term of income, confining the relationship
to nonlinearity with a turning point. In particular, if 3; > 0 and 3, < 0, then we find an inverted
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U-shaped environmental Kuznets curve (EKC), which is widely used to capture the relationship
between income and the use of natural resources or the emission of pollutants [20].

The estimation results of Models (2) and (3) are reported in Table 5. The results of Model (2)
indicate that income has a significantly positive effect on residential electricity consumption with
unit elasticity. In particular, we note that this finding is consistent with that obtained earlier
using the piece-wise linear model, which provided strong support for our robust conclusion.
In Model (3), the signs of 3; and (3, are positive and negative, respectively, and all coefficients
are statistically significant.

Table 5. Estimate results of Models (2) and (3).

Variables Model (2) Model (3)
0.996 *** 2.396 ***
In(Yi) (58.08) (7.83)
- —0.0757 ***
2
(InYj) - (—4.58)
tant —4.006 *** —10.44 ***
constan (—25.27) (—7.39)
N 538 538
Fixed Effects YES YES
Random Effects NO NO
R? 0.8694 0.8746

Note: *** indicate statistical significance at 1%. Province-fixed effects are not reported.

The graphs in Figure 6 provide a visual representation of the estimated income effects of Models (2)
and (3). Even though Model (3) displays an inverted U-shaped relationship, it is obvious that the
income turning point, at which the residential electricity consumption begin to slow within the sample
income range, has not been reached. Moreover, we have no knowledge whether the path of income
effect will continue along the inverted U-shape out of sample. Therefore, if we had employed Model (3)
in our study, a misleading conclusion could have been reached that an inverted U-shaped relationship
exists between residential electricity and income in China.
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Figure 6. Estimated income effects of Models (2) and (3). Note: The residential electricity consumption
per capita on the vertical axis has been adjusted for the effect of income, excluding the province-fixed
effect. The red solid line captures the estimated income effects of Model (2) in the sample. The blue
solid line and dotted line capture the estimated income effects of Model (3) in the sample and out of
the sample, respectively.
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Without convincing theoretical support, a fixed model form is vulnerable to producing misleading
conclusions. However, the piecewise linear model that we adopted in this paper is data-adaptive and
highly flexible, and it circumvents the problem of “prior restrictions” evident in Models (2) and (3).
Hence, the model that we employed is reasonable, and the conclusion is robust.

5. Conclusions and Policy Implications

Using province-level panel data for the 1995-2012 period, this study investigates the relationship
between residential electricity consumption and income in China. Superior to existing related studies,
the current study employs a piecewise linear model that can flexibly capture the underlying relationship
between the interested variables. Taking different types of segment specifications and regression
methods into consideration, robust tests are carried out to ensure the validity of the research. Finally,
we reach a strong conclusion that the income elasticity was approximately one and that it remained
fairly stable over the estimation period. This result demonstrates that the per capita residential
electricity consumption increased proportionally with the income growth of Chinese residents from
1995 to 2012. The income threshold at which residential electricity consumption automatically remains
stable or slows has not been reached.

Our estimate of income elasticity exceeds most previous estimates focusing on China or other
countries. The primary reason for this difference is that our model does not include control variables.
The effects of such variables can be manifested in income elasticity, although they are weak. Notably,
the low level of income is another reason that our model omits control variables. At low income levels,
residents will allocate more money to satisfy their electricity needs as their incomes increase, leading to
high income elasticity. However, when the income reaches a certain threshold that enables households
to possess energy-efficient appliances sufficient to meet their needs, the level of residential electricity
consumption will be stable or decline, thus reducing the income elasticity. The per capita income of
Chinese residents is much lower than that of more developed countries. A large margin remains for
China’s citizens to acquire more numerous and efficient appliances to satisfy their electricity demands.

Our study and its results imply that considerable changes must occur before we can observe
stability or decreases in the level of residential electricity consumption in China. Therefore, to ensure the
sustainable development of the electric power industry, introducing higher energy efficiency standards
for electrical appliances and improving income levels are vital [10]. In addition, the government should
emphasize electricity conservation in the industrial sector rather than in the residential sector. Further
research is needed to determine the threshold for Chinese residential electricity consumption decreases
beyond a certain income level.
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