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Abstract: Evaluation of the energy and emissions efficiency of Chinese regions has
recently attracted increasing interest. A number of previous studies have contributed to
the measurement of energy efficiency using various types of data envelopment analysis
(DEA) techniques. However, most of these DEA-based energy efficiency analyses were
restricted to the radial expansions of outputs or radial contractions of inputs. In this paper,
we utilize the multi-directional efficiency analysis (MEA) approach instead of the
traditional radial DEA to investigate Chinese regional energy and emissions efficiency.
Since MEA selects benchmarks such that the input contractions or output expansions are
proportional to the potential improvement identified by considering the improvement
potential in each input or output variable separately, not just the efficiency status but also
the efficiency patterns of different Chinese regions and areas can be detected. The
empirical study results indicate that, in general, the MEA efficiency of China experienced
an increasing process over the study period 1997-2010; the east area overall is more
MEA efficient than the central area and the west area of China during the study period;
the significant higher MEA efficiency of the east area to the central area and the west
area are due to both the higher energy specific efficiency and the higher emissions
specific efficiency of the east area compared to the other two areas; the provinces of
Hebei, Shanxi, Inner Mongolia, Shandong, Henan, and Hubei etc. have both high energy
saving potentials and high emissions reduction potentials, thus they will play the most
important roles in China’s effort on energy conservation and CO2 emissions mitigation.

Keywords: Energy efficiency, CO2 emissions, Multi-directional efficiency analysis
(MEA), China

1 Introduction

Evaluating and improving energy utilization efficiency and CO2 emissions efficiency,
which is considered a crucial approach to save energy and mitigate CO2 emissions, has
recently attracted increasing interest from both the academic researchers and the general
public, as global warming has become one of the most serious environmental problems
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worldwide. Global warming is largely attributed to the effect of emissions of greenhouse
gases (GHG) such as CO2 from the combustion of fossil fuels.

Between the 1980s and 2000, China significantly improved its energy efficiency and
limited its energy demand growth to less than half of its GDP growth. Its energy intensity
(energy consumption per unit of GDP) annually declined by approximate 5% during this
period. However, during the period 2001-2005, its energy intensity decreasing trend was
reversed and its energy consumption per unit of GDP on average increased by 1.6% per
year. In order to slow down the overly rapid growths of China’s energy demand and
related CO2 emissions, the Chinese government announced a mandatory goal of reducing
energy intensity by 20% between 2006 and 2010, based on the level of 2005. This goal
was officially incorporated into China’s 11" Five-Year Plan, further decomposed at the
regional level and assigned to each of the Chinese provinces. Furthermore, a series of
policies, programs, laws and regulations were put forward to support the realization of
this 20% energy intensity reduction goal [1]. It appears that the implementations of these
energy efficiency policies and programs have been sufficient to meet the energy saving
target, as the latest report issued by the Chinese central government in 2011 indicated that
by the end of 2010, China’s energy intensity had decreased by 19.1% based on 2005 level,
and the energy demand growth reverted to less than the GDP growth during the period
2006-2010.

Despite the major energy efficiency improvements achieved during the last three decades,
the rapid growth of China’s economy since its reforms and its opening up to the outside
world began in 1978 has substantially increased China’s primary energy consumption
and total CO2 emissions. This is because China’s economic growth has been attributable
mainly to the growth of heavy industries and infrastructure constructions, which are all
energy intensive and high energy consumption industries [2, 3]. In 2010, China’s primary
energy consumption was 3.2 billion tonnes of coal equivalent (tce), and energy
consumption related total CO2 emissions of China rose to approximate 9.1 billion tonnes.
Since 2007, China has already overtaken the US and become the world’s largest energy
consumer and the largest contributor of CO2 emissions in the world. Therefore, in an
effort to advance towards the construction of a resource-saving and
environmental-friendly society, and the realization of sustainable development for China,
it is worthwhile evaluating its regional energy and emissions efficiencies and estimating
each area’s potential for the energy saving and emissions reduction. This may provide
useful information for energy and environmental policy making and management.

To date, a number of studies of Chinese regional energy and/or environmental efficiency
using the frontier based approach have been published [4-14]. The conclusions of the
extant studies are varied, particularly concerning the efficiency rankings of Chinese
provinces, the efficiency difference of Chinese areas, and the estimated energy saving
potentials for different Chinese regions. In this paper, we aim to investigate the issue of
Chinese regional energy and emissions performance in greater depth through analyzing
not just the level and variance trend of China’s energy and emissions efficiency, but also
the patterns and differences of the efficiencies in Chinese 30 provinces and three areas
(east, central and west China). The realization of this research objective is made possible
through applying the multi-directional efficiency analysis (MEA) approach [15], as MEA



can identify both the status and the patterns of energy and emissions efficiencies for
different regions and areas.

The remainder of this paper is organized as follows. An overview of Chinese regional
development and Chinese energy efficiency policies and related management are
proposed in Section 2. Section 3 reviews the related literatures. Section 4 outlines the
methodology of MEA. The data and variables are described in Section 5. Section 6
presents the evaluation results and discussion, and the final section concludes this paper.

2 Chinese energy efficiency policies and Chinese regional development

The economic reform and opening up policy begun in the 1980s has allowed China to
achieve significant progress in economic and social development over the past three
decades. During this period, China’s nominal GDP has increased more than 80-fold from
455 billion RMB to 40120 billion RMB. At the same time, China’s total energy
consumption has also risen tremendously from 603 million tce to 3250 million tce. The
scale-oriented and energy intensive economic growth mode of China has given rise to a
number of problems associated with high energy consumption and GHG emissions, as
well as serious environmental pollution.

In order to realize sustainable development, and build a resource-saving and
environment-friendly society, the Chinese government has proposed and implemented a
number of energy efficiency policies and programs. According to [1], the main features
of these energy efficiency policies, regulations, programs and laws include i) close
oversight of industrial energy consumption; ii) financial incentives for energy efficiency
investments; iii) consultation services on energy conservation; iv) training, education, and
policy advocacy on energy saving and efficiency promotion; and v) research and
development, and demonstrative projects of energy conservation and emissions reduction.
During the period between the 1980s and 2000, the effect of these policies and programs
was noticeable, in that the growth of energy demand was less than the growth of GDP,
and energy intensity declined about 5% annually from 1980 to 2001. In addition, because
of the Asian financial crisis which began in 1997 and the slowdown of economic growth
in China during the period 1998-2001, energy intensity declined by more than 24% from
1997 to 2001. The emphasis on energy efficiency and the economic conditions of China
during this period provided many benefits in terms of China’s energy conservation and
energy related CO:2 emissions reduction. In this paper, we consider this period
(1997-2000) as the first study period for energy and emissions efficiency analysis.

The period 2001-2005 saw a noticeable reversal in China’s energy intensity decline. The
continuous decrease in energy intensity began to reverse in 2001, and the energy intensity
increased by an average of 1.6% per year between 2001 and 2005. Energy demand also
significantly increased by 57% during this period. In 2005, around 40% of global energy
demand growth was the contribution of China, and since 2007, China has caught up with
and surpassed the US as the world’s largest CO2 emitter. In this study, we consider this
period (2001-2005, which was also the 10" Five-Year Plan period) as the second study
period for energy and emissions efficiency evaluation.



In recognition of the overly rapid growth of energy demand and related CO2 emissions,
as well as the associated environmental problems, the Chinese government agreed in
2005 that the total energy consumption of China had to be brought under control. In
November of 2005, a national energy intensity reduction goal was announced by the
Communist Party that the energy intensity of China had to be reduced by 20% within the
five years between 2006 and 2010 (i.e. period of the 11" Five-Year Plan), based on the
2005 level. This ambitious energy intensity reduction goal was further confirmed and
ratified by the National People’s Congress and stated in the 11" Five-Year Plan. Around
2005 and 2006, a series of policies, regulations and laws were proposed to support the
realization of the 20% reduction goal. These policies and laws include the Medium- and
Long-term Plan for Energy Conservation issued in 2005, the energy conservation law
revised in 2006, the policy on reducing export tax rebates for low value-added but high
energy-consuming products proposed in 2006, and the Top-1000 energy-consuming
enterprise program started in 2006. Shortly after the announcement of the national goal of
reducing energy intensity by 20%, in 2006, a scheme for disaggregating the national goal
into the energy saving target for each Chinese province was issued, under which 19
provinces were assigned a 20% decrease target, 7 provinces were given the targets of
decreases between 12% and 17% decreases, and the decrease targets of 4 provinces were
set above 20% (for an evaluation of and discussion on the disaggregation of energy
intensity reduction, see [16]).

It appears that China has been on track to meet this energy intensity reduction goal since
2006, for its energy intensity consistently decreased from 0.128 tce per thousand RMB in
2005 to 0.103 tce per thousand RMB in 2010. The latest report issued in 2011 announced
that the energy intensity of China had declined by 19.1% (close to the 20% goal) during
the period 2006-2010. This achievement was mainly due to the implementation of strict
energy efficiency policies and programs, and the efforts on energy conservation did have
brought China back to the normal relationship between energy consumption and
economic growth experienced during the 1990s. In this study, we consider this period
2006-2010 to be our third study period for energy and emissions efficiency analysis.

Since different Chinese provinces had different natural resources endowments and had
different development priorities, they experienced very different development processes
and are now at different stages of social and economic development with varying energy
utilization and CO:z emissions performance. From a geographical perspective and
according to political classifications, China’s mainland provinces can be divided into
three regions: the east, central and west China areas.

The east area consists of ten coastal and northeast provinces (Hebei, Liaoning, Jilin,
Heilongjiang, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan) and three
municipalities (Beijing, Tianjin, and Shanghai). This region has enjoyed strong economic
development and its GDP in 2010 was 26,952 billion RMB (2010 price), which is more
than 60% of China’s total GDP. The energy consumption and related CO2 emissions of
east China also accounted for more than half of China’s total energy consumption and
CO2 emissions in 2010.

The central area is composed of eight provinces (Shanxi, Inner Mongolia, Anhui, Jiangxi,
Henan, Hubei, Hunan, and Shaanxi). The provinces in this area are all landlocked regions
with large populations. The economic growth of this area is less than that of the east area
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but more than that of the west area and the GDP of central China is just around one
quarter of China’s total GDP of 2010. However, the energy consumption and related CO2
emissions of central China are around 30% of China’s total.

The west area is composed of one municipality (Chongging) and eight inland and
mountainous provinces (Guangxi, Sichuan, Guizhou, Yunnan, Gansu, Qinghai, Ningxia,
and Xinjiang). West China covers more than half of China’s territory and sustains about
20% of the Chinese population. This area is less economically developed than east and
central China, and its GDP was less than 15% of China’s total GDP in 2010. However,
this area is rich in natural resources, particularly raw coal and crude oil. The energy
consumption of the west area in 2010 accounted for around 18% of China’s total and the
CO2 emissions of this area accounted for around 16% of China’s total.

3 Literature review: China’s regional energy efficiency analysis

The most commonly used measurement for macro economy-wide energy efficiency is
monetary-based energy efficiency, which refers to the energy consumption per unit
current output [17]. Recently, an increasing number of studies have focused on
total-factor efficiency evaluation issues, as any economy production process could be
seen as a joint-production process in which multiple inputs of energy and other materials
and resources are utilized to produce multiple desirable outputs (e.g. GDP) and
undesirable outputs (e.g. CO2 emissions) as by-products. In addition, most of the energy
efficiency evaluation at a macro-economic level and using a total-factor framework has
adopted the data envelopment analysis (DEA) method, as DEA provides an appropriate
mechanism for dealing with multiple inputs and outputs in measuring the relative
efficiency of each decision making unit (DMU) under evaluation.

Several recent studies have examined energy efficiency using the DEA approach in
western and developed economies such as the US [18], Canada [19], Japan [20], the
APEC countries [21], and the OECD countries [22, 23], as well as in Asian developing
countries like India [24, 25] and Korea [26]. There have also been several studies
measuring the regional energy and emissions or environmental efficiency of China.

Hu and Wang [4] utilized the DEA approach to analyze the total-factor energy
efficiencies of 29 Chinese provinces during the period 1995-2002. They found that the
central area of China was the least energy efficient and its energy consumption
redundancy was over half of China’s total redundancy. Zhang et al. [8] investigated the
eco-efficiency of industrial sectors of Chinese 30 provinces in 2004 through a DEA
model and found that, for most Chinese regions, those with higher levels of GDP per
capita would have higher eco-efficiency. Wang et al. [12] adopted a traditional DEA
model to evaluate the energy efficiency of industrial sectors in Chinese 30 provinces
from 2005 to 2009. Their study indicated that the provinces in the west area have a
greater amount of energy redundancies than the provinces in the east and the central area
and, in general, most provinces in the east area and a few provinces in the central area
outperformed all the other Chinese provinces in industrial energy utilization.

The aforementioned studies just separately evaluated the energy efficiency or the
environmental efficiency of Chinese regions under a total-factor DEA framework, as the



inputs and outputs selections of these studies are limited to the traditional factors of labor,
capital, energy, GDP or industrial added value, and some environmental factors such as
solid and liquid wastes. One of the most important undesirable outputs of energy
consuming related CO2 emissions is not included in these studies. Thus, as Watanabe and
Tanaka [5] and Wu et al. [14] indicated, these studies may lead to biased energy
efficiency evaluation results. Wang et al.’s [11] comparative analysis of energy and
emissions efficiency evaluation further confirmed that such a bias did exist if the
undesirable output (CO2) was omitted in evaluation. In order to solve this problem, recent
studies began to take the undesirable outputs into consideration, and evaluate aggregate
energy and environmental efficiency. Yeh et al. [10] evaluated the energy utilization
efficiency of China during the period 2002-2007, and two undesirable outputs, CO2 and
SO2 emissions, were included in their DEA framework. Their study results indicated that
the east region of China enjoyed higher energy and environmental efficiency than the
west area, and in general, there is the potential for a CO2 emissions reduction of 11.28%
for the whole country. Shi et al. [7] investigated the industrial energy efficiencies of
China’s 28 regions in 2000-2006 by utilizing a DEA model and the undesirable output of
industrial waste gas was considered in their evaluation. The maximum energy saving
potential in each Chinese region was identified in their study and the results indicated that
industries in the central area have the largest energy saving potential, followed by the east
and the west areas of China. Similar studies of DEA based energy efficiency evaluation
of China can also be found in [3, 6, 9, 13].

Most of the studies on Chinese regional energy and environmental efficiency mentioned
above are based on the traditional DEA approach, in which the DMUs under evaluation
are restricted to the radial contractions on all input variables or radial expansions on all
output variables. However, this assumption may be somewhat inappropriate in efficiency
evaluation, since different input or output variables may adjust with different proportions
S0 as to get more reasonable and specific efficiency measures.

The multi-directional efficiency analysis (MEA) approach is considered to be an
alternative of the traditional DEA approach [15]. This method selects benchmarks such
that the input reductions or output expansions are proportional to the potential
improvement on efficiency identified by considering the improvement potential in each
input or output variable separately. Thus, this approach is more suitable for separately
investigating the efficiency patterns of each DMU. In addition, since MEA considers the
improvement potential in each variable separately, it is suitable in the evaluation
situations that the aim of each DMU is to simultaneously reduce the utilization of some
inputs and increase the production of some outputs, without presetting the priorities on
improvements of some variables over other variables. Furthermore, since the energy and
environmental efficiency measures and improvements come from a combination of both
reducing the energy input and increasing the GDP output, as well as abating the CO:
emissions, and not necessarily increasing or decreasing these variables in the same
proportions, the adoption of the MEA approach will be more appropriate.

Although the MEA approach has been used successfully in several applications such as
health care [28], transportation [29, 30], banking [31], and agriculture [32], no study, to
our knowledge, on energy and emissions efficiency evaluation has applied this method.
In this study, we utilize the MEA method and show how it enables the investigation of



both the levels and the patterns of efficiency, and how it provides additional insights into
the characteristics of the energy and emissions efficiency of each Chinese region.

4 Methodology: multi-directional efficiency analysis (MEA)

As we aim to gain a deeper insight into the regional energy and environmental efficiency
of China by investigating not just the status of each region and area but also by analyzing
the efficiency patterns in each area, multi-directional efficiency analysis (MEA) is
utilized instead of the traditional radial DEA approach. The MEA approach specifies a
group of efficiency measures relative to a group of benchmarks constructed from the
improvement potential associated with each of the variables. Therefore, the efficiency
measure of MEA is not restricted to the radial expansions or radial contractions of all
output or input variables of the traditional DEA, and both the status and patterns of the
efficiencies among different regions and areas can be determined by this approach.

MEA was first proposed in [15], further developed in [27, 28] and utilized in [29-32].
The advantage of using MEA is that it selects the input reduction and output expansion
benchmarks according to the specified improvement potential related to each input and
output separately, which enables a specific investigation of the patterns of efficiencies. In
this study, we consider N to the set of Chinese regions in the data set observed in each

study period t. A region je N at period t utilizes m inputs of Xit,j’ i=1,...,m to

produces s outputs of y,;, r=1,...,s. In order to find the ideal reference point for a

specific observation (Xit,jo’y:,jo)’ we first solve the following model (1), for each of the

input variables. As we are mainly concerned with the reduction potentials for some of
the inputs (energy and emissions) whilst keeping the other input and output variables
(labor, capital stock and GDP) fixed for each Chinese region, here, the input oriented
MEA model is utilized, and both the discretionary and non-discretionary variables are
considered.

mind;
st. D A <diy,
DAy <X =L i =i+ Lk "
DA% <%=k, m,
DAY 2 YT =1,
4;20,jeN.
In model (1), the first k inputs of x{’j, iI=1,...,k are discretionary inputs, and the
remaining inputs of xityj, i=k+1,...,m are non-discretionary inputs. The notation (-i)

denotes all input dimensions except dimension i. 4;j are the intensity variables associated
with each region for connecting the inputs and outputs. d; i, s the target value for the

ith input reduction. Then, the ideal reference point for (xi‘,jo,yi,,-o) could be given by



(d."*jo,y;jo), where * denotes the optimal solutions of model (1). Next, we consider the

following model (2).

max 5

st. Zj/ljxit]j <xi, =B (X, —di‘:.o),i =1..,Kk,
D A% S X =k, m, (2)
DAY 2 Vg T =1,
2,20,jeN.

The optimal solution of model (2) is (if,ﬂ}:), and the relative variable specific MEA

efficiency for the input variable x; ., s defined as follows.

t t* t t*
X, =B, (%5, —dij)
t

X

(3)

i, Jo
Based on the individual variable specific efficiencies, a single aggregated measure of
MEA efficiency for the observation of (x;,,Y; ;) could be defined as follows.

0, —11&—[3“ t _d"‘°)} (4)

= Xijo

5 Data and variables

The MEA models and efficiency measures described in Section 3 have been utilized to
evaluate the energy and environmental efficiency of each province of China during the
period 1997-2010. In our study framework, three inputs, one desirable output and one
undesirable output are considered to measure energy and emissions efficiency. These
three inputs are energy consumption (x1), labor (x2), and capital stock (xs). The desirable
output is gross domestic product (GDP) (y), and the undesirable output is CO2 emissions
(x4). When measuring the energy and environmental efficiency, we always hope to reduce
the energy consumption as much as possible for a given amount of desirable output, and
for the undesirable output, the less of it is preferable. Therefore, in this study, we model
the undesirable output as input. In addition, to treat the undesirable output as input is
reasonable when considering that the emissions of CO2 is a kind of “right” for each
Chinese region under the emissions constraints and environment protection regulations
that each region needs to “pay” for such “emissions right”.

Thirty regions of China are included in our study. Tibet, Taiwan, Hong Kong and Macao
are omitted because of the data absence. The data on labor and GDP are collected from
the China Statistical Yearbook (1998-2011). Capital stock data are obtained from [33]
and our estimation [11] through the perpetual inventory method as in [9]. The monetary
based variables of GDP and capital stock are converted into constant prices. Energy
consumption includes all types of energy such as coal, oil and natural gas, and the data

10



are obtained from the China Energy Statistical Yearbook (1998-2011) and converted into
tonnes of coal equivalent (tce) according to conversion factors provided in the China
Energy Statistical Yearbook. Since the data on regional CO2 emissions are not available
in China’s official statistics, in this study, we estimate the data of CO2 emissions based
on the amounts of fossil fuel consumptions and the CO2 emissions factors for fossil fuel
combustion provided in [34] (for the calculation of China’s regional CO2 emissions, see
[35]). Table 1 illustrates the descriptive statistics of the input and output data.

[Insert Table 1 here]

6 Results and discussions

Utilizing the MEA models (1) and (2), and definitions (3) and (4), the relative variable
specific MEA efficiencies, and the aggregated MEA efficiency for each province of
China can be evaluated.

6.1 Efficiency levels of China’s regions

We first consider the pooled data meta-analysis in which 420 observations (30 provinces
for 14 years) are pooled into one data set for efficiency evaluation. The average
aggregated MEA efficiencies for the east, central and west areas of China for each year
across our whole study period are illustrated in Figure 1 and listed in the second row of
Table 2.

[Insert Figure 1 here]
[Insert Table 2 here]

In Figure 1, we could first see that the MEA efficiencies of all three areas gradually
increased during 1997-2000, slightly fluctuated during 2001-2005, and consistently
improved from 2006 onwards. In general, the average MEA efficiency of China
experienced an increasing process over our whole study period, and the non-parametric
one-tailed Kruskal-Wallis test (K-W test for short, see [36] for this test) results indicate
that this increase is statistically significant at 5% level.

Then, according to the average MEA efficiency scores, it can be seen that, in general,
east China has higher aggregated MEA efficiency than central China, and the aggregated
MEA efficiency of west China is the lowest. In order to examine the differences among
these three areas and further confirm the aggregate MEA efficiency dominance and the
variable specific MEA efficiency dominances, the two-tailed K-W test was used, and the
test results are shown in the last three columns of Table 2. Here the aggregated MEA
efficiency dominance of one area over another area means that the former area is more
efficient than the latter area in terms of aggregated MEA efficiency score. And the
variable specific MEA efficiency dominances of one area over another area indicate that
the former area respectively has higher energy specific efficient score or higher emissions
specific efficiency score than the later area. Based on the test results, it can be confirmed
that, across the whole observation period (1997-2010), i.e., evaluated against the pooled
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frontier, the east area is more MEA efficient than the central area at the significance level
of 1%, and the central area is more MEA efficient than the west area at the significance
level of 5%.

The above evaluation, comparison and test might be somewhat inappropriate because all
the 420 observations from 14 years are pooled and measured against a single frontier.
However, the efficiency frontier for different years may shift during the whole study
period; thus, the benchmarks on the pooled frontier might be inappropriate and
unattainable for all the observations [37]. In order to solve this potential problem, Asmild
and Matthews [31] performed the MEA method both in pooled data set and in various
sub-samples of data sets separately. Following their approach, we further evaluate the
MEA efficiency in several sub-samples: i) the three periods sub-samples (1997-2000,
2001-2005, and 2006-2010); and ii) the moving 3-year window sub-samples (12
overlapping windows within our study period). Here we point out that, since the DEA
window analysis can handle cross-sectional and time-varying data, by applying this
technique we can explore the energy and emissions efficiency of different regions in
different years through a sequence of overlapping windows. In addition, since DEA
window analysis implicitly assumes that there are no technical changes during the period
under analysis within each window, a window width of three or four periods tends to
yield the best balance of informativeness and stability of the efficiency measure.

The average aggregated MEA efficiencies for the east, central and west areas of China
calculated separately in three periods are illustrated in Figure 2 and listed in the third to
the fifth rows of Table 2. Figure 2 shows that the average aggregated MEA efficiency of
east China continued to improve in all the three periods, and those efficiencies of central
and west China slightly increased during the first and third periods, but fluctuated in the
second period. The one-tailed K-W test results indicate that, the efficiency increases of
east China in the first and third periods are significant at 5% level. However, none of the
efficiency increases of central and west China in the first and third periods can be
statistically confirmed.

Figure 2 again clearly indicates that east China is more MEA efficient than central and
west China in all of the three periods analyzed separately. However the efficiency
difference between central and west China in these three periods are not obvious,
especially during the early years of each period.

[Insert Figure 2 here]

The two-tailed K-W test results for the efficiency comparisons among China’s three areas
are also shown in the last three columns of Table 2, which statistically confirm that the
east area is significantly more efficient than the central area and the west area in all three
periods and the central area is significantly more efficient than the west area just in the
second and third periods (all at the significance level of 5%). However, the efficiency
difference between the west area and the central area is not significant in the first period.
Furthermore, for the single year’s MEA efficiencies obtained from the moving 3-year
window analysis, as shown in the sixth to the nineteenth rows of Table 2, the MEA
efficiency dominances of east China over central and west China are all significant at 5%
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level, but none of the efficiency differences between the central area and the west area in
each year during 1997-2010 is significant.

Thus, we can conclude that the east area overall is more MEA efficient than the other two
areas of China during the whole study period, but there is no significant MEA efficiency
difference between the central and the west areas during the same period.

This result is similar to those of most studies on China’s regional energy efficiency,
which shown that the east area has the best efficiency measurement. However, the
efficiency difference between the west and the central area is mixed in previous studies.
For example, Hu and Wang [4] and Shi et al. [7] indicate that the central area has the
worst energy efficiency, but Choi et al. [3] and Yeh et al. [10] show that the west area
suffered the lowest energy efficiency. In this study, we point out that, in fact, there is no
significant difference in efficiency between the central and the west areas of China, since
the economic growth mode, the energy consumption structure, and the character of CO2
emissions of these two areas are close to each other. Compared with the other two areas,
the east area is a more economically advanced area; therefore, its government can
allocate additional capital and resources to environmental governance, emissions control,
and energy efficiency technology in this area to support its sustainable development.
However, the central and the west areas have relatively low levels of economic
development, less developed transportation and communication networks, and poorer
energy infrastructures, and some provinces still adopt old and less efficient energy
utilization technologies; thus, the central and the west area still have low energy and
emissions efficiencies.

6.2 Efficiency patterns and differences of China’s regions

The above evaluation results indicate that east China has higher aggregated MEA
efficiency than central and west China. However, the aggregated MEA efficiency just
provides the efficiency levels and their increasing or decreasing trends for different
regions and areas. To investigate the relative efficiencies on individual variables of each
observation so as to discover the sources of inefficiency and detect the patterns of
efficiency differences among different Chinese areas, we, in addition, calculate the
relative variable specific MEA efficiencies through definition (3). Since in this study,
there is a greater focus on energy and emissions specific efficiencies, here we having the
MEA models (1) and (2) reducing only the energy and emissions variables whilst keeping
the other variables fixed. This is reasonable because the variables of GDP and capital
stock are not easily changeable or cannot be changed in the short run.

Figure 3 illustrates the average relative variable specific efficiencies (i.e. energy and
emissions relative efficiencies). It seems that both of the variable specific efficiencies for
Chinese three areas overall experienced a process of slight promotion over the study
period. However, none of these overall efficiency promotions can be statistically
confirmed by the one-tailed K-W test.

[Insert Figure 3 here]
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From Figure 3, it can be seen that the east area is the most MEA efficient area in China
since it consistently outperforms other Chinese areas on both of the two variable specific
efficiencies. However, the relative variable specific efficiency differences between the
central area and the west area are mixed. For the energy variable specific efficiency, it
appears that central China continuously outperforms west China over the whole study
period. But for the emissions variable specific efficiency, Figure 3 shows no obvious
efficiency difference between central China and west China.

Figure 3 clearly illustrates that the efficiency patterns for the individual variables (energy
and emissions) vary considerably for China’s three areas, with the central area being
consistently more efficient than the west area on energy efficiency, but with no obvious
differences between them on emissions efficiency.

In order to further confirm the variable specific MEA efficiency differences, we again
adopt the two-tailed K-W test to examine the efficiency differences among three areas for
each of the variable specific efficiency. The results of the average variable specific MEA
efficiencies and the tests, shown in the third row of Table 3, first indicate that, against the
pooled frontier, the variable specific MEA efficiency dominances of east China over
central and west China on both of the variables are significant at 1% level, and the
efficiency dominance of central China over west China on energy variable is significant
at 5% level. However, on emissions variable, there is no significant efficiency difference
between central China and west China.

[Insert Table 3 here]

The test above is based on the pooled data set and is against the pooled frontier. We
additionally adapt the two-tailed K-W test to examine the variable specific efficiency
differences among Chinese three areas based on their single year’s variable specific MEA
efficiencies obtained from the window analysis, and the test results are shown in the
fourth to the seventeenth rows of Table 3.

For energy specific efficiency, it can be seen that the efficiency dominances of the east
area over the central area and the west area are all significant at 5% level in every year
over the whole study period. However, the efficiency differences between the central area
and the west area are significant just in few years over the whole study period
(1999-2000, 2005 and 2010).

For emissions specific efficiency, it can been seen that, similarly, the efficiency
dominances of the east area over the central area and west area are all significant at 5%
level in every year over the whole study period. However, none of the efficiency
differences between the central area and the west area are significant during the same
period.

Therefore, it can be conclude that the significant aggregated MEA efficiency dominances
of the east area over the central area and the west area are the contributions of both the
significant higher energy variable specific efficiency and the significant higher emissions
variable specific efficiency of the east area to the other two areas. However, the
insignificant emissions variable specific efficiency difference between the central area
and the west area in every year during the whole study period, as well as the insignificant
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energy variable specific efficiency difference between them in most years during the
same period leads the aggregated MEA efficiency difference between these two areas
insignificant.

The evaluation and test results given above indicate the differences in the efficiency
levels and efficiency patterns on aggregated and variable specific MEA efficiencies
among China’s three areas. In order to investigate further the efficiency difference within
each Chinese area, we calculate the coefficient of variation (CV) of the average MEA
efficiency and variable specific MEA efficiencies for each Chinese area and the whole
country, which are documented in Table 4.

[Insert Table 4 here]

In general, both the aggregated MEA efficiency differences and the variable specific
efficiency differences within the west area are the largest, followed by the central area,
and the efficiency differences within the east area are the smallest.

6.3 Efficiency related reduction potentials on energy and emissions of China’s
regions

According to the MEA theory, the variable specific inefficient regions can become
efficient on each of their input and output variables and reach the benchmark by
improvement potential adjustment associated with each of the variables. Therefore, in
this section, we further use MEA to survey the energy saving potential and emissions
reduction potential for different Chinese provinces and areas during the study period.

Based on the definition (3) in Section 4, the potential redundancy of each input variable
could be calculated as g (x, —d;;), and the target value of each input after

*

improvement potential adjustment is x;, — 4, (x, —d;’, ). Table 5 and Figures 4 and 5

respectively show the MEA relative energy saving and emissions reduction potentials and
their percentages, as well as the adjusted targets of total energy consumption and total
CO2 emissions for different Chinese regions in 2010. Figure 6 shows the energy saving
and emissions reduction potentials of three Chinese areas during the entire study period
1997-2010.

[Insert Figure 4 here]
[Insert Table 5 here]

Remarking on the comparatively high reduction potentials for certain regions shown in
Table 5 and Figure 4, we should point out that the current calculations are not a
benchmarking exercise per se, but rather, a discussion on the theoretically largest variable
redundancy reductions under the MEA model framework. Therefore, we do not presume
that the energy saving potential or emissions reduction potential indicated by the variable
specific MEA efficiencies can in fact be fully realized. From Figure 4 and Table 5 we see
that the MEA relative energy saving potentials of five provinces are more than 80 million
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tce in 2010, with Hebei has the largest energy saving potential, followed by Inner
Mongolia, Shandong, Shanxi and Henan (in decreasing ranking). Hainan has the lowest
energy saving potential in energy inefficient provinces, followed by Zhejiang, Jiangxi,
Qinghai, and Guangxi (in ascending order). Furthermore, the potential for energy saving
of eight provinces are zero in 2010. These provinces are Beijing, Tianjin, Liaoning,
Shanghai, Anhui, Fujian, Guangdong, and Yunnan, which are all energy specific efficient
provinces in China. We notice that, although Hebei has the highest energy saving
potential, its potential energy saving rate is not the highest, and its energy efficiency
score is not the lowest. Compared with Hebei, Qinghai and Ningxia’s potential energy
saving rates are higher, and their energy efficiency scores are also quite low. In addition,
as well as Hebei, Qinghai and Ningxia, the potential energy saving rates of another five
provinces, Shanxi, Inner Mongolia, Guizhou, Gansu and Xinjiang, are also more than
60%, and their energy specific efficiencies are all below 0.5.

These results indicate that the above provinces should pay greater attention to the
implementations of their energy efficiency policies and energy efficiency management in
order to reduce energy redundancies, promote energy utilization performance, and catch
up with the high efficiency benchmark provinces. Furthermore, several provinces such as
Shandong and Sichuan, although their energy efficiencies are highly ranked and their
potential energy saving rates are ranked as medium in China, should also pay greater
attention to seriously implementing the energy efficiency policies, because their total
energy consumptions are ranked in the top 6 in China. Shandong’s total energy
consumption in 2010 is almost ten times of that of Ningxia (whose energy efficiency is
the lowest in China), and the energy saving potential of Shandong is more than four times
of that of Ningxia. Thus, compared with Ningxia, Shandong plays a more important role
in China’s efforts towards total energy saving and energy efficiency improvement.

Figure 4 and Table 5 also show similar results on emissions reduction potentials for
Chinese provinces in 2010. The potential emissions reduction rates of Ningxia, Inner
Mongolia, Gansu, Shanxi and Guizhou are highly ranked in China in 2010, and Ningxia
has the highest rate. Hainan, Chongqing, Zhejiang, and Hunan’s potential emissions
reduction rates are below 25%, and the rate of Hainan is the lowest. Similarly to energy
saving potential, Hebei has the largest MEA relative emissions reduction potential of
more than 600 million tonnes of CO2. The emissions reduction potentials of Shandong,
Inner Mongolia, Shanxi and Henan are following and their potentials are all above 300
million t CO2. The provinces with unit emissions efficiency scores and zero emissions
reduction potentials are the same as the benchmark provinces under energy specific
efficiency evaluation.

The above results indicate that, in general, the provinces of Hebei, Shanxi, Inner
Mongolia, Gansu, Ningxia, and Guizhou should pay greater attention to their energy
consuming related CO2 emissions controls or mitigations in order to improve their
emissions efficiencies, reduce their emissions redundancies, and catch up with the
high-performing benchmark provinces. In addition, Shandong and Henan should also pay
great attention to their emissions controls for their total CO2 emissions are large and
highly ranked in China.

The rates of emissions reduction potentials and energy saving potentials for the 30
Chinese provinces in 2010 are compared and illustrated in Figure 5. Among the 22
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inefficient provinces, there are 17 provinces located above the diagonal line in Figure 5,
and these provinces all have higher emissions reduction potential rates than energy saving
potential rates. This means that, compared with the other 5 provinces, these provinces are
more reliant on the high carbon intensive energy. Therefore, in order to increase their
energy and emissions efficiencies, these provinces should focus mainly on adjusting their
energy consumption structure to replace some of the fossil fuels with low carbon
intensive energy and renewable energy, such as natural gas and hydropower.

[Insert Figure 5 here]

The other 5 provinces, which located below the diagonal line, have higher energy saving
potential rates than emissions reduction potential rates. We note that, among these
provinces, the shares of non-fossil fuel consumptions in the total energy consumptions of
Qinghai, Sichuan, and Hunan are much higher than those of other provinces in China,
and this may explain their comparatively low emissions reduction potential rates, since
their energy consumption structures are low carbon intensive characterized. Therefore, in
order to increase their energy and emissions efficiencies, these provinces should focus
mainly on increasing their fossil fuel utilization efficiencies.

Furthermore, we point out that among the 30 Chinese regions, the provinces of Gansu,
Inner Mongolia, Ningxia, Guizhou, Shanxi, Xinjiang, Hebei and Shandong should be
paid close attention. Because these provinces are evaluated as hiving low energy and
emissions efficiencies, and having both high MEA relative energy saving potentials and
emissions reduction potentials, or are ranked highly in China with very large amounts of
total energy consumptions and total CO2 emissions. Therefore, they will continue to play
the most important role in China’s effort on energy conservation and emissions
mitigation.

To sum up, as shown in Figure 6, the total MEA relative energy saving potential of China
fluctuated slightly in the first period 1997-2000 and continuously increased from 2001
onwards, but the increase slowed down in the third period began from 2006, particularly
for the east area, whose MEA relative energy saving potential remained stable during the
period 2007-2010. The total MEA relative emissions reduction potential of China shows
a trend towards similar variation as the total energy saving potential, but its increase
accelerated during the third period. The central area has the largest energy saving
potential and the east area has the largest emissions reduction potential among the three
Chinese areas in 2001-2006. The reduction potentials of both energy saving and emission
reduction of the west area are the smallest during the same period.

[Insert Figure 6 here]

6.4 Discussions on China’s regional energy and emissions efficiency

Since the MEA approach measures the variable specific efficiency according to the
improvement potential associated with each variable, the energy saving and emissions
reduction potentials for each region identified above are closely linked with the energy
and emissions efficiencies investigated. It can be clearly seen from Figures 3 and 6 that
during the first period (1997-2000), the energy efficiencies of central and west China, as
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well as the emissions efficiencies of east and central China, increased slightly over time;
thus, the MEA relative energy saving potentials and emissions reduction potentials of the
corresponding areas slightly decreased at the same time. Then, during the second period
(2001-2005), the emissions efficiency of west China and the energy efficiency of central
China kept stable, which resulted in the MEA relative emissions reduction potentials and
energy saving potentials of the corresponding areas also remaining stable. However, in
the last year of the second period (2005) and during the third period (2006-2010), the
emissions efficiency of east China underwent a process of sudden decrease and
fluctuation; therefore, during the same period, the MEA relative emissions reduction
potential of east China clearly increased in 2005 and remained at a relatively high level
from 2006 onwards.

Starting in 1997, China’s economy underwent a downturn due to the Asian financial
crisis and domestic insufficient demand [2]; thus, during the first period 1997-2000,
China’s industrial energy intensity (energy consumption per unit of industrial
value-added) decreased by about 25%, and the intensity decreases in most of the energy
intensive industrial sub-sectors (e.g. the sectors of the smelting and press of ferrous
metals, and the manufacture of non-metallic mineral products) were even more
significant. In addition, the industrial energy consumption in China accounted for more
than 70% of the nation’s total energy consumption in 2005. Therefore, the decline of
industrial energy intensity led directly the increase of energy efficiency and associated
emissions efficiency over the first period.

Contrary to the first period, China’s energy consumption grew faster than its economic
growth in the second period 2001-2005; thus its energy intensity began to increase.
During this period, China was undergoing a large-scale construction boom and most of its
energy intensive industrial sub-sectors and products (steel, cement, electrolytic aluminum,
etc.) have expanded rapidly. Particularly since 2002, China entered a new cycle of rapid
economic growth and its industrialization and urbanization process has accelerated [2]. In
addition, China’s energy intensive and resource intensive economic growth mode did not
substantially shift, and economic development still relied on low value-added but high
energy-consuming industries over this period. Therefore, the energy and emissions
efficiency of China fluctuated and even declined slightly over the second period.

Before 2005, the Chinese government did not pay great attention to energy conservation
and energy efficiency, but from 2006, the central government recognized that the overly
rapid growth on energy demand and associated emissions and pollutions were adverse to
China’s sustainable development. Thus, in 2006, the Chinese government clearly stated
its goal of building a resource-saving and environment-friendly society, and further
announced the goal of 20% reduction in energy intensity between 2006 and 2010. Several
associated laws, regulations, policies and programs were additionally issued to support
the realization of this goal. Therefore, it is likely that the government’s effort in energy
efficiency has played a role and begun to increase the energy and emissions efficiencies
of China during the third period.
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7 Conclusions

Evaluating the energy and emissions efficiency, and estimating the energy saving and
emissions reduction potentials of China and its different regions, are considered crucial
approaches for China to realize its goal of constructing a resource-saving and
environment-friendly society, as the evaluation results may provide useful information
for energy and environmental policy making and management both at the national and
the provincial levels. In the study, we utilize the MEA approach to investigate China’s
regional energy and emissions efficiencies during the period 1997-2010. Not just the
energy and emissions efficiency level and variance trend of China, but also the efficiency
patterns and differences of Chinese 30 provinces and three areas are investigated.

The results of our empirical study are as follows. i) In general, the average MEA
efficiency of China experienced an increasing process over our study period, particularly
the MEA efficiency of the east area, which increased significantly during the period
1997-2000 and 2006-2010. ii) The east area overall is more MEA efficient than the
central and the west areas of China over the whole study period, but there is no
significant MEA efficiency difference between the central and the west areas over the
same period. iii) The significant aggregated MEA efficiency outperformance of the east
area over the central and the west areas are due to both the higher energy specific
efficiency and the higher emission specific efficiency of the east area compared to the
other two areas. iv) In general, the MEA efficiency differences and the variable specific
efficiency differences within the west area are the largest, and those within the east area
are the smallest, during our study period.

Since the MEA approach measures variable specific efficiency according to the
improvement potential on each variable, the MEA relative energy saving potentials and
emissions reduction potentials for different Chinese provinces and areas during our study
period are also calculated in this study.

The calculation results first indicate that the provinces of Gansu, Inner Mongolia,
Ningxia, Guizhou, Shanxi, Xinjiang, and Hebei should be paid close attentions to, as they
have both high MEA relative energy saving potentials and emissions reduction potentials,
and thus will play the most important roles in China’s effort on energy conservation and
emissions mitigation. Furthermore, among the 30 Chinese regions, 17 provinces (e.g.,
Shandong, Henan and Shaanxi) have higher emissions reduction potential rates and 5
provinces (e.g., Hunan and Qinghai) have higher energy saving potential rates, which
indicates that, in order to increase MEA efficiency, and reduce the energy and emissions
redundancies, for the former 17 regions, it will be more effective to adjust their energy
consumption structures and replace some of their fossil fuels with low carbon intensive
energy or renewable energy, and for the latter 5 regions, efforts to increase their fossil
fuel utilization efficiencies should be given priority.

In China’s 11" Five-Year Plan (2006-2010), a mandatory energy saving target was
proposed by Chinese government, which was to reduce the national energy intensity by
20% by 2010, based on the 2005 level. This target was further disaggregated into the
regional level and was assigned to different Chinese provinces. Nineteen regions, such as
Beijing, Liaoning, Shanghai, and Hunan, were assigned a 20% reduction burden; four
regions (Shanxi, Inner Mongolia, Jilin, and Shandong) were assigned a 22% reduction
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burden; and the burdens of the remaining seven regions were between 12% (e.g., Hainan)
and 17% (e.g., Yunnan), which are all below the national level. According to the regional
GDP of the 30 Chinese provinces during the period 2006-2010, we translate each
province’s energy intensity reduction target into the absolute energy saving target and
further calculate the total amount of energy saving over 2006-2010 for each province.
These regional total amount energy savings, which are considered the government
assigned energy saving targets, are, in addition, compared with the MEA relative energy
saving potentials (2006-2010) of the 30 Chinese regions identified in this study.

The comparison shows that, firstly, for the 14 regions of Jilin, Heilongjiang, Jiangxi,
Shandong, Henan, Hubei, Hunan, Guangxi, Chongging, Sichuan, Shaanxi, Hebei, Shanxi,
and Inner Mongolia, the government energy saving target assigned to each of these
regions is respectively quite close to their respective MEA relative energy saving
potential. This indicates that the government targets for these regions are reasonable and
could be achieved with comparatively little difficulty. Then, for another 7 regions
(Beijing, Tianjin, Liaoning, Shanghai, Jiangsu, Zhejiang and Guangdong), although their
MEA relative energy saving potentials are comparatively low (because these 7 regions
are evaluated with high energy and emissions efficiencies under MEA framework), the
government energy saving targets assigned to them are considered reasonable and
achievable, as these 7 regions are all economically well-developed regions in China, and
have the ability to invest more in the replacement of energy consuming equipment and in
CO2 emissions control in industry, and to allocate more resources on adjusting the energy
consumption structure so as to promote their energy utilization efficiency. Thirdly, there
are also several regions whose energy saving targets assign by the government are
comparatively lower than their MEA relative energy saving potentials. These regions
include Guizhou, Gansu, Ningxia, and Xinjiang, whose MEA relative energy saving
potentials are higher than their assigned targets by about 10-16%. However, it should be
noticed that all these regions are the least-developed provinces of west China, and
considering their less-developed economies, low incomes and high carbon intensive
energy resource endowments, their low assigned energy saving targets are also
reasonable which could balance their economic growths and energy intensity reductions.

As the energy and emissions efficiency evaluation for the 30 Chinese regions in this
study is based on the general variables of total energy consumption and total CO:
emissions, as well as on the use of the overall data of regional economic status, the
effects of different energy consumption structures and economic structures for different
regions on the efficiency evaluation results cannot be investigated at present. This should
be considered as one future improvement on this study regarding the application of the
MEA model. In addition, an evaluation of regional energy and emissions efficiency
should also be specifically carried out in the industrial sector (for it is the largest energy
consumer and largest COz emitter in China), in order to delve more deeply into the issue
of investigating the efficiency patterns of different regions, and providing more specific
suggestions for energy and emissions policy making. This is considered another potential
improvement on this study.
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Table and figure captions
Table 1 Descriptive statistics of inputs and outputs (4 selected years between 1997 and 2010 for 30 regions)

Table 2 Comparisons of average aggregated MEA efficiencies in different subsamples and significance of
ranking tests

Table 3 Comparisons of average relative variable specific efficiencies in different subsamples and
significance of ranking tests

Table 4 Coefficient of variation (CV) for MEA efficiency and variable specific efficiencies
Table 5 MEA relative energy saving and emissions reduction potentials of 30 Chinese regions in 2010

Figure 1 Average aggregated MEA efficiencies of three areas of China across the whole observation period
(1997-2010)

Figure 2 Average aggregated MEA efficiencies of three areas of China within three separate periods
(1997-2000; 2001-2005; 2006-2010)

Figure 3 Average relative variable specific efficiencies of three areas of China (1997-2010)
Figure 4 MEA relative energy saving and emissions reduction potentials of 30 Chinese regions (2010)
Figure 5 MEA relative energy saving and emissions reduction potential rates of 30 Chinese regions (2010)

Figure 6 MEA relative energy saving and emissions reduction potentials of three areas of China
(1997-2010)
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Tables and figures

Table 1 Descriptive statistics of inputs and outputs (4 selected years between 1997 and 2010 for 30

regions)
Inputs and outputs Year 1997 2001 2006 2010
Energy Mean 45.9 51.3 96.8 129.8
(million tce) Std. dev. 25.1 28.5 60.5 79.7
Max 94.7 106.6 267.6 348.1
Min 3.9 5.2 9.2 13.6
Labor Mean 21.2 21.0 23.1 25.6
(million people) Std. dev. 13.7 14.1 154 17.2
Max 50.2 55.2 56.9 60.4
Min 2.3 2.4 2.7 29
Capital Mean 1234 1985 3955 7241
(billion RMB) Std. dev. 1216 197.0 383.0 685.3
Max 486.0 726.6 1287.0 2326.7
Min 9.2 14.8 27.6 495
GDP Mean 3431 4912 897.1 14551
(billion RMB) Std.dev. 2586 3848 7458 1184.2
Max 1034.3 1515.7 2941.8 4601.3
Min 32.0 46.1 82.6 135.0
CO2 Mean 1049 1159 2205 3133
(million tCOy) Std. dev. 57.1 65.7 144.4  200.6
Max 2344 2811 6321 856.8
Min 7.1 8.5 17.7 26.5

Table 2 Comparisons of average aggregated MEA efficiencies in different subsamples and

significance of ranking tests
Average Average Average
. efficiency efficiency efficiency  Diff. Diff. Diff.
Dataset  Period of east of central of west east-central east-west central-west
China China China
Pooled 1997-2010 0.647 0.472 0.439 SIG™ SIG™ SIG”
Three 1997-2000 0.727 0.497 0.457 SIG: SIG: INSlG
periods 2001-2005 0.752 0.515 0.472 SIG* SIG* SIG*
2006-2010 0.756 0.535 0.491 SIG SIG SIG
1997 0.645 0.436 0.430 SIG” SIG” INSIG
1998 0.714 0.478 0.445 SIG” SIG™ INSIG
1999 0.761 0.518 0.454 SIG” SIG™ INSIG
2000 0.763 0.527 0.469 SIG” SIG™ INSIG
2001 0.790 0.537 0.478 SIG” SIG™ INSIG
2002 0.787 0.539 0.509 SIG” SIG™ INSIG
Window 2003 0.796 0.565 0.507 SIG” SIG™ INSIG
analysis 2004 0.799 0.576 0.512 SIG” SIG” INSIG
2005 0.768 0.569 0.507 SIG” SIG” INSIG
2006 0.768 0.561 0.512 SIG” SIG” INSIG
2007 0.785 0.548 0.509 SIG” SIG” INSIG
2008 0.786 0.551 0.499 SIG” SIG” INSIG
2009 0.804 0.558 0.504 SIG” SIG” INSIG
2010 0.814 0.570 0.513 SIG” SIG” INSIG

Diff. indicate difference between two areas; SIG and INSIG indicate significant and insignificant; " and ™
indicate significance at 5% and 1% levels under two-tailed K-W test.
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Table 3 Comparisons of average relative variable specific efficiencies in different subsamples and significance of ranking tests

Dataset  Period Energy specific efficiency Emissions specific efficiency
East Central West Diff. E-C Diff. E-W  Diff. C-W East Central West Diff. E-C Diff. E-W  Diff. C-W
Pooled 1997-2010 0.691 0.539 0.459 SIG** SIG** SIG* 0.603 0.404 0.419 SIG** SIG** INSIG
1997 0.680 0.501 0.446 SIG* SIG* INSIG 0.611 0.371 0.413 SIG* SIG* INSIG
1998 0.762 0.549 0.462 SIG* SIG* INSIG 0.665 0.406 0.428 SIG* SIG* INSIG
1999 0.801 0.587 0.469 SIG* SIG* SIG* 0.720 0.449 0.440 SIG* SIG* INSIG
2000 0.780 0.598 0.491 SIG* SIG* SIG* 0.747 0.456 0.447 SIG* SIG* INSIG
2001 0.819 0.601 0.494 SIG* SIG* INSIG 0.761 0.474 0.461 SIG* SIG* INSIG
2002 0.801 0.606 0.526 SIG* SIG* INSIG 0.773 0.472 0.493 SIG* SIG* INSIG
Window 2003 0.811 0.614 0.522 SIG* SIG* INSIG 0.782 0.516 0.492 SIG* SIG* INSIG
analysis 2004 0.815 0.619 0.520 SIG* SIG* INSIG 0.782 0.532 0.505 SIG* SIG* INSIG
2005 0.800 0.610 0.507 SIG* SIG* SIG* 0.736  0.529 0.508 SIG* SIG* INSIG
2006 0.803 0.595 0.501 SIG* SIG* INSIG 0.733 0.526 0.524 SIG* SIG* INSIG
2007 0.820 0.595 0.499 SIG* SIG* INSIG 0.751 0.501 0.519 SIG* SIG* INSIG
2008 0.819 0.600 0.501 SIG* SIG* INSIG 0.753 0.501 0.498 SIG* SIG* INSIG
2009 0.836 0.612 0.510 SIG* SIG* INSIG 0.771 0.504 0.497 SIG* SIG* INSIG
2010 0.851 0.629 0.518 SIG* SIG* SIG* 0.777 0.511 0.507 SIG* SIG* INSIG

b wWN

*k

Diff. indicate difference between two areas; SIG and INSIG indicate significant and insignificant; * and
two-tailed K-W test.

indicate significance at 5% and 1% levels under

Table 4 Coefficient of variation (CV) for MEA efficiency and variable specific efficiencies

CcVv Energy efficiency Emissions efficiency MEA efficiency
China 0.391 0.462 0.419
East China 0.273 0.343 0.304
Central China 0.322 0.424 0.359
West China 0.487 0.533 0.503

(e}
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Table 5 MEA relative energy saving and emissions reduction potentials of 30 Chinese regions in 2010

o Emission
Emission L.

Energy Energy Total Energy S Total Emission
2010 savmg_ savmg_ energy _ Spe-C!fIC reductio reductio CO_2 _ S s!ot?cmc

potenti  potenti  consumptio efficienc emission efficienc

al al rate n y . potential s y

potential
rate
Beijing 0.0 0% 69.5 1.000 0.0 0.0% 116.2 1.000
Tianjin 0.0 0% 68.2 1.000 0.0 0.0% 154.0 1.000
Hebei 159.3 58% 275.3 0.421 615.5 74.4% 827.4 0.256
Shanxi 113.2 67% 168.1 0.327 338.9 76.7% 442.0 0.233
In. Mongolia 106.7 63% 168.2 0.365 437.6 80.4% 544.1 0.196
Liaoning 0.0 0% 209.5 1.000 0.0 0.0% 558.6 1.000
Jilin 334 40% 83.0 0.597 1375 60.2% 228.3 0.398
Heilongjiang 48.1 43% 112.3 0.572 109.3 46.6% 234.6 0.534
Shanghai 0.0 0% 112.0 1.000 0.0 0.0% 220.3 1.000
Jiangsu 23.4 9% 257.7 0.909 237.6 35.7% 665.6 0.643
Zhejiang 5.8 3% 168.7 0.966 70.3 18.8% 374.3 0.812
Anhui 0.0 0% 97.1 1.000 0.0 0.0% 276.9 1.000
Fujian 0.0 0% 98.1 1.000 0.0 0.0% 209.2 1.000
Jiangxi 17.0 27% 63.6 0.733 73.4 48.5% 151.1 0.515
Shandong 126.7 36% 348.1 0.636 454.3 53.0% 856.8 0.470
Henan 83.6 39% 214.4 0.610 337.2 58.6% 575.5 0.414
Hubei 51.0 34% 151.4 0.663 186.3 48.2% 386.6 0.518
Hunan 43.1 29% 148.8 0.710 65.3 22.7% 288.0 0.773
Guangdong 0.0 0% 269.1 1.000 0.0 0.0% 500.1 1.000
Guangxi 18.4 23% 79.2 0.768 70.4 36.4% 193.5 0.636
Hainan 0.5 3% 13.6 0.965 0.3 1.1% 26.5 0.989
Chongqing 24.9 32% 78.6 0.683 21.9 15.9% 138.1 0.841
Sichuan 66.8 37% 178.9 0.626 82.1 26.1% 315.3 0.739
Guizhou 54.9 67% 81.8 0.329 161.2 76.3% 211.1 0.237
Yunnan 0.0 0% 86.7 1.000 0.0 0.0% 215.9 1.000
Shaanxi 33.2 37% 88.8 0.626 128.3 56.4% 227.4 0.436
Gansu 38.9 66% 59.2 0.343 114.0 77.1% 147.9 0.229
Qinghai 18.1 70% 25.7 0.297 19.4 58.3% 33.2 0.417
Ningxia 27.0 73% 36.8 0.267 80.6 81.6% 98.7 0.184
Xinjiang 53.6 65% 82.9 0.353 131.2 71.8% 182.6 0.282
China 11476  29% 3895.1 0.692 3872.2 41.2% 9399.7 0.625
East China 397.1 19% 2085.1 0.851 1624.7 32.7% 4971.9 0.777
Central
. 447.8 41% 1100.3 0.629 1566.8 54.2% 2891.5 0.511

China
West China  302.6 43% 709.8 0.518 680.7 44.3% 1536.3 0.507




1 MEA for pooled data meta frontier
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Figure 1 Average aggregated MEA efficiencies of three areas of China across the whole observation
period (1997-2010)
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Figure 3 Average relative variable specific efficiencies of three areas of China (1997
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Figure 4 MEA relative energy saving and emissions reduction potentials of 30 Chinese regions (2010)
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Figure 5 MEA relative energy saving and emissions reduction potential rates of 30 Chinese regions (2010)
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Figure 6 MEA relative energy saving and emissions reduction potentials of three areas of China
(1997-2010)
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