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HIGHLIGHTS

« China’s regional efficiency studies using data envelopment analysis are reviewed.

« The main features of 46 studies published in 2006-2015 are summarized.

« Six models are compared from the perspective of methodology and empirical results.

« Empirical study of China’s 30 regional efficiency assessment in 1995-2012 is presented.

ARTICLE INFO ABSTRACT

Am'Cl_e history: The use of data envelopment analysis (DEA) in China’s regional energy efficiency and carbon emission
Received 19 March 2016 efficiency (EE&CE) assessment has received increasing attention in recent years. This paper conducted
Received in revised form 18 August 2016 a comprehensive survey of empirical studies published in 2006-2015 on China’s regional EE&CE assess-

Accepted 26 August 2016 ment using DEA-type models. The main features used in previous studies were identified, and then the

methodological framework for deriving the EE&CE indicators as well as six widely used DEA models were
introduced. These DEA models were compared and applied to measure China’s regional EE&CE in 30 pro-
vinces/regions between 1995 and 2012. The empirical study indicates that China’s regional EE&CE
Energy efficiency remained stable in the 9th Five Year Plan (1996-2000), then decreased in the 10th Five Year Plan
Carbon emission efficiency (2000-2005), and increased a bit in the 11th Five Year Plan (2006-2010). The east region of China had
China the highest EE&CE while the central area had the lowest. By way of conclusion, some useful points relat-
ing to model selection are summarized from both methodological and empirical aspects.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Global awareness of energy security and climate change has
created much interest in measuring energy utilization and carbon
emissions, which are usually measured in the form of efficiency
index. Various approaches have been developed for constructing
such efficiency index. Among these, data envelopment analysis
(DEA) has attracted much attention due to its advantages and ease
of use.! For example, it can measure the relative efficiency of a set of
decision-making units (DMUs) that apply multiple inputs to produce
multiple outputs, and treat a DMU as a whole unit, without consid-
ering its internal structure [4]. Following the seminal work of Char-
nes et al. [5], DEA has been widely investigated and many important
methodological developments have been reported in the literature
[6].

In the past two decades, the DEA method has gained great pop-
ularity in energy and environment efficiency measurements at the
country and regional levels [7-13]. As the largest energy consumer
and CO, emitter in the world, China’s regional energy and CO,
emission efficiency assessments become hot topics in recent years.
Many DEA studies on China’s regional efficiency have been
reported in the literature, such as Hu and Wang [14], Wang et al.
[15-17], and Zhang et al. [18]. They focus on different time periods,
regions, sectors, input and output items, and use different DEA
models which lead to difficulties in comparing their empirical
results.

Although the literature survey by Zhou et al. [11] discusses
many issues relating to DEA for energy and environment analysis,
there is no comprehensive review of the use of DEA models to mea-
sure regional efficiency considering different factors (such as time
periods, regions and model characters). Therefore, this paper con-
ducts a systematic review of the empirical studies carried out to
date on China’s regional energy and carbon emission efficiency
(EE&CE) assessments using DEA models.

The main contributions of this study are as follows: (i) summa-
rization of the features of previous studies which are useful for
researchers to understand the past developments and future direc-
tions in this field, (ii) provision of a helpful reference for DEA model
selection from the perspective of methodology and empirical
results, (iii) generation of comparable results for different DEA
models using the same data sets, and (iv) investigation of the vari-
ations in China’s energy and carbon emission efficiency over time
and space during three of China’s Five Year Plan periods (1996-
2010).

In the sections that follow, the main features of previous DEA
studies published in the last decade (2006-2015) focusing on Chi-
na’s regional EE&CE are firstly presented. Section 3 gives a detailed
description of the DEA models used in previous studies and dis-
cusses their similarities and differences. The empirical study exam-

! The other approach is the decomposition analysis. Two commonly used
techniques are index decomposition analysis (IDA) and structural decomposition
analysis (SDA). The review of these two techniques can be found in Su and Ang [1].
Both techniques are applied to analyze the driving forces to the historical energy/
emission changes, or called temporal decomposition analysis. Recently, such tempo-
ral decomposition analysis framework has been extended to spatial decomposition
analysis, see Ang et al. [2] on IDA and Su and Ang [3] on SDA. Similar as DEA, spatial-
IDA/SDA can also be applied to analyze the relative efficiency performance and
provide the performance ranking among various countries/regions.

ining China’s regional efficiency in period 1995-2012 with
different DEA models is shown in Section 4. Section 5 concludes
this study.

2. Review of the DEA literature

The Web of Science database (up to the end of 2015) is used to
collect the journal publications on China’s regional EE&CE assess-
ment with DEA models. In total, 46 relevant studies are published
in 18 different journals, which are shown in Table 1. The top two
articles are in Energy Policy and Applied Energy. It is not surprising
that around 80% of the studies are published in energy-/
environment-related journals as most of them are DEA empirical
studies on EE&CE, separate from theoretical work.

Fig. 1 shows the number of publications over time. From 2012,
the number of publications increases rapidly. By dividing the time
frame into two equal timespans, i.e., 2006-2010 and 2011-2015,
the publications in the second timespan account for over 90% of
total studies. The first DEA paper on China’s regional EE assessment
was published in 2006, while the first study on China’s regional CE

Table 1
Summary of the papers published on China’s regional EE&EC assessment by journal.
Journal No. of papers  Percentage
Energy Policy 12 26
Applied Energy 10 22
Energy Economics 3 7
Energy 3 7
Mathematical and Computer Modelling 3 7
Ecological Indicators 2 4
Sustainability 2 4
Computers & Industrial Engineering 1 2
Economic Modelling 1 2
Energies 1 2
Energy Efficiency 1 2
European Journal of Agronomy 1 2
Expert Systems with Applications 1 2
Journal of Cleaner Production 1 2
Journal of Renewable and Sustainable Energy 1 2
Polish Journal of Environmental Studies 1 2
The Social Science Journal 1 2
Transportation Research Part D 1 2
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Fig. 1. Number of papers published over time.



F. Meng et al./Applied Energy 183 (2016) 1-21 3

appeared around 2011. The EE and CE publication trends were sim-
ilar to those for the total papers, as shown in Fig. 2. The number of
studies focusing on EE is much larger than that focusing on CE.

To gain a better understanding of these regional DEA studies on
China reported in the literature, Table 3 lists all of them according
to their key features, including application attribute, variable
scheme and model aspect, which are discussed in the following
subsections.

2.1. Application attribute

In Table 3, the application attribute category includes region,
sector and period. For the region attribute, there are 31 administra-
tive provinces/regions in Mainland China, but most of the studies
focused on 28-30 provinces/regions. Tibet, Hainan and Ningxia
are often excluded in the study due to missing data. Since Chongq-
ing did not become an independent administrative region until
1997, some studies combined Chongqging with Sichuan Province
to maintain data consistency. From the sector attribute, two-
thirds of the studies estimated China’s regional EE&CE at the macro
level, while the remaining estimated them at the sectoral level, e.g.
industrial or transport sector. Regarding to the timespan, Fig. 3 pre-
sents the occurrence frequency of different years reported in the
previous studies, spanning from 1992 to 2012. In these 21 years,
the 2000-2010 period was the most popular, especially the
2005-2009 period (or 11th Five Year Plan) was examined in more
than 30 studies.

2.2. Variable scheme

Selections of input and output variables reflect how the DEA
model is close to real situations, and affects the values of relative
efficiency for DMUs. Since DEA has a strong linkage with produc-
tion theory, the raw materials and resources used during produc-
tion processes are usually treated as inputs, and the products as
outputs. Generally speaking, DEA minimizes inputs and maximizes

Table 2
DEA models on China’s EE&CE assessment.
Model For Source
short
Radial Model R Charnes et al. [5], Banker et al. [45]
Modified Radial Model M-R Fdre and Lovell [46], Hu and Wang
[14]
Russell Measure Model RMM Russell [47]
Tone’s Slack Based Measure SBMT Tone [48]
Range Adjusted Model RAM Cooper et al. [49]
Directional Distance DDF Chung et al. [50]
Function
12 1 = EE 2 CE

Number of Papers

2006-2009 2010 2011 2012 2013 2014 2015

Fig. 2. Number of papers on EE and CE published over time.

outputs. However, if undesirable outputs (e.g. various forms of pol-
lution) are included, DEA has to maximize the desirable outputs
and at the same time minimize the undesirable outputs. Fig. 4
shows the input and output variables used in the literature. In
terms of input variables, labor force, capital stock and total energy
consumption are the three major variables used in previous stud-
ies. Particularly, labor force was used in over 90% of the studies.
Regarding output variables, GDP and CO, are the most selected
variables among the desirable outputs and undesirable outputs,
respectively. Value added (VA) was also a popular indicator used
in the studies at the sectoral level, such as Wei et al. [19], Shi
et al. [20], Wu et al. [21], Pan et al. [22], Bi et al. [23], and Zhang
and Wei [24]. As for undesirable outputs, SO, ranks behind only
CO, as the second most used variable.

In addition to variables selection, the disposability property of
inputs and outputs also plays an important role in the variable
scheme. In traditional DEA without undesirable outputs, the inputs
and outputs are assumed to be strongly disposable [11,25]. This
means that a firm can produce any level of the outputs which
are less than present value by using the same inputs. But when
examining the undesirable outputs, the traditional assumption
does not work. Generally, there are two categories of methods used
to incorporate undesirable outputs into DEA models. One is pre-
mised on data translation, i.e. the undesirable outputs are treated
as inputs or desirable outputs in terms of their property; the other
assumes that the undesirable outputs are weakly disposable. The
weak disposability assumption proposed by Fdre et al. [26] implies
that the proportional reduction in desirable and undesirable out-
puts is possible, but it is not feasible to solely reduce undesirable
outputs. The only way to remove all the undesirable outputs is to
terminate the production process.

The 7th to 9th columns in Table 3 show the disposability prop-
erty of inputs and outputs in related studies. It is not surprising
that all of the inputs and desirable outputs are assumed to be
strongly disposable according to the rules of “the less the better”
for inputs and “the more the better” for desirable outputs. As to
undesirable outputs, more than 35% of the studies do not take
them into consideration, because they focus on the energy and eco-
nomic efficiency rather than the environmental issues, such as Hu
and Wang [14], Wei et al. [19], Chang and Hu [27], and Song et al.
[28]. Apart from these, nearly 70% of the remaining studies adopt
weak disposability assumption on undesirable outputs, such as
Choi et al. [29], Wang et al. [30-32], Wu et al. [21], Bian et al.
[33], Yang and Wang [34], and Zhou et al. [35]. There are also some
studies following the rule based on data translation, for example,
Shi et al. [20] and Wang et al. [30-32] who take undesirable out-
puts as inputs due to their property of “the less the better” like
inputs. Others, like Li and Hu [36], Rao et al. [37], Chang et al.
[38], Zhang and Choi [39], Wang and Wei [40] and Zhang et al.
[2], treat undesirable outputs as common outputs in order to
obtain some good mathematical characters, such as positive sha-
dow prices from a dual model.

2.3. Model aspect

The model aspect is further characterized by the DEA model
type and the returns to scale property of reference technology.
Based on the review, six types of DEA models have been used in
China’s regional EE&CE measurement, namely the Radial model,
Modified-Radial Model (M-Radial), Russell Measure Model
(RMM), Tone’s Slack Based Model (SBMT), Range Adjusted Model
(RAM) and Directional Distance Function Model (DDF). Table 2
shows the DEA models and their sources. These models can be clas-
sified in terms of proportional adjustment or not. The Radial model
adjusts inputs and outputs proportionally. The other models men-
tioned above are all Non-Radial models. Among them, the SBMT



Table 3
Studies of DEA in China’s EE&CE with their specific features, 2006-2015.

F. Meng et al./Applied Energy 183 (2016) 1-21

Publication EE/  Application attribute Variable scheme Model aspect
CE # of Sector Period Input Desirable output Undesirable Type RTS
Region output
1 Huand Wang [14] EE 29regs All sectors 1995- LKE,A(SD) GDP(SD) - M-R C
2002
2 Weietal [19] EE 25regs Iron and steel sectors 1994- OGE, Coal, Coke(SD) Pig iron, Crude steel, - R Ma C
2003 Finished steel(SD)
3 Chang and Hu [27] EE 29regs All sectors 2000- LK,EA(SD) GDP(SD) - DDFLe C
2004
4 Shietal. [20] EE 28regs Industrial sectors 2000- LEIFA(SD) VA(SD) WG(SD) R cyv,
2006 NI
5 Guo et al. [59] EE,CE 29regs All sectors 2005- LK E(SD) GDP(SD) CO,(WD) R C
2007
6 Linetal [67] EE 30regs All sectors 2006- E,SO,,Soot,Dust,COD,  GDP(SD) - RMa C
2010 Ammonia Nitrogen
(SD)
7 Choi et al. [29] EE,CE 30regs All sectors 2001- LKE(SD) GDP(SD) CO,(WD) SBMT C
2010
8 Liand Hu [36] EE 30regs All sectors 2005- LKE(SD) GDP(SD) S0,,CO,(SD) SBMT C
2009
9 Raoetal [37] EE 30regs All sectors 2000- LK,E(SD) GDP(SD) COD,S0O,(SD) SBMT C
2009
10 Wang et al. [30] CE 28regs All sectors 2001- LIKE(SD) GDP(SD) CO,(WD) DDF C
2007
11 Wang et al. [30] EE 30regs Industrial sectors 2005- L,E,FCF(SD) Gross industrial - R cVv
2009 output(SD)
12 Wang et al. [30] EE,CE 30regs All sectors 2000- LK, Coal, Oil, Natural =~ GDP(SD) S0,,CO,(WD) M-R \%
2009 Gas(SD)
13 Wu et al. [21] EE 28regs Industrial sectors 1997- LK E(SD) VA(SD) CO,(WD) RMa C
2008
14 Bian et al. [33] EE,CE 29regs All sectors 2009 LK, coal, oil, natural GDP(SD) CO,(WD) RMM C
gas and non-fossil
energy(SD)
15 Chang et al. [38] CE 30regs Transport sectors 2009 LIKE(SD) VA(SD) CO,(SD) SBMT C
16 Pan et al. [22] EE 28regs Industrial sectors 2000- L,E,FCF(SD) VA(SD) WG(unknown) R C
2006
17 Song et al. [28] EE Overall All sectors 1992- L,E, FCF(SD) GDP(SD) - SBMT C
2010
18 Wanget al. [17] EE,CE 30regs All sectors 2006- LK E(SD) GDP(SD) CO,(SD) RAM \%
2010
19 Wang et al. [17] EE 29regs All sectors 2000- LK,E(SD) GDP(SD) - DDF C
2010
20 Wanget al. [17] EE 28regs All sectors 2005- LK E(SD) GDP(SD) CO,(WD) DDF, C
2010 Ma
21 Wangetal. [17] EE,CE 30regs All sectors 1997- LK E(SD) GDP(SD) CO,(SD) DDF C
2010
22 Yang and Wang [34] CE 29regs All sectors 2000- LK,E(SD) GDP(SD) CO,(SD,WD) DDF \%
2007
23 Zhou et al. [60] EE 30regs All sectors 1998- LKE(SD) GDP(SD) - M-R C
2009
24 Zhang and Choi [39] EE 30regs All sectors 2001- LK, E(SD) GDP(SD) S0,,COD,CO,(SD) SBMT CV
2010
25 Zhou et al. [35] CE 30regs Transport sectors 2003- L, Coal, Gasoline, PKM,TKM(SD) CO,(WD) R [AYA
2009 Kerosene, Diesel, Oil, NI
Electricity, Other
energy(SD)
26 Bietal. [23] EE 29regs Thermal power industry 2007- L, Installed thermal Power Generated SO,,NOx,Soot(WD)  SBMT C
2009 generating capacity, (SD)
Coal, Gas(SD)
27 Cui and Li [68] EE 30regs Transport sectors 2003- LKE(SD) PKM,TKM(SD) - R C
2012
28 Wang and Wei [40] EE,CE 30regs Industrial sectors 2006- L,E,FCF(SD) VA(SD) S0,,CO,(SD,WD) DDF \%
2010
29 Wang et al. [61] EE 30regs All sectors 2001- LKE(SD) GDP(SD) WG,WW,SW(WD) RMa C
2010
30 Wu et al. [69] EE 30regs Industry sectors 2006- LKEIFA(SD) GDP(SD) - RMa NI
2009
31 Xue et al. [62] EE 26regs Construction industry  2004- Coal, Electricity(SD) VA(SD) - R C
2009
32 Zhou et al. [63] CE 30regs All sectors 1995- LI E(SD) GDP(SD) CO,(WD) R C
2011
33 Zhou et al. [63] EE 30regs Transport sectors 2003- L, Coal, Gasoline, PKM,TKM(SD) CO,(WD) RMM CV,
2009 Kerosene, Diesel, Oil, NI

Electricity, Other
energy(SD)
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Table 3 (continued)

Publication EE/  Application attribute Variable scheme Model aspect
CE # of Sector Period Input Desirable output Undesirable Type RTS
Region output

34 Duan et al. [64] EE,CE 30regs Thermal power industry 2005- LK, fossil fuel, auxiliary Electricity(SD) CO,(WD) DDF, C
2012 electricity(SD) Ma

35 Guo et al. [70] EE 29regs All sectors 2001- L,E,IFA(SD) GDP(SD) COL,WG,WW,SW R cV
2011 (SD)

36 Liand Lin [41] EE 30regs All sectors 1997- LK E(SD) GDP(SD) CO,(WD) DDF, C
2011 Ma

37 Lin and Fei [71] CE 30regs Agricultural sector 2003- LK E(SD) GDP(SD) CO,(WD) R C
2010

38 Panetal. [65] EE 30regs All sectors 1999- LK,E(SD) GDP(SD) - M-R C
2010

39 Song et al. [72] EE,CE 30regs Transport sectors 2003- LK E(SD) GDP(SD) CO,(SD) SBM C
2012

40 Shen et al. [73] EE 30regs All sectors 2000- LK E(SD) GDP(SD) WG,WW,SW(SD) R (A%
2012

41 Wang and Feng [66] EE 30regs All sectors 2002- LKE(SD) GDP(SD) S0,,COD,CO,(WD)  DDF, C
2011 Ma

42 Wang et al. [61] EE 29regs All sectors 2001- LK E(SD) GDP(SD) - DDF C
2010

43 Wu et al. [43] EE,CE 30regs All sectors 2006- LKE, Funds(SD) GDP,SO, Removed, SO, WW(WD) RMM V
2010 WW Removed, PCEC

(SD)

44 Yao et al. [74] EE,CE 29regs All sectors 2011 LKE(SD) GDP(SD) CO,(WD) DDF C

45 Zhang and Wei [24] CE 30regs Transport sectors 2000- LK, fossil fuel(SD) Gross product(SD) CO,(WD) DDFLe C
2012

46 ZhAng et al. [2] EE 30regs All sectors 2001- LIKE(SD) GDP(SD) S0,,COD,CO,(SD) SBMT CV
2010

Note: R: Radial; M-R: Modified Radial; RMM: Russell Measure Model; RAM: Range adjusted model; SBMT: Tone’s Slack based model; DDF: Directional distance function; Ma:
Malquist index; Le: Leuenberger index. L: Labor force; K: Capital Stock; E: Total Energy Consumption; A: sown area of farm crops; OGE: Fuel oil, natural gas, electricity; IFA:
Investment in fixed assets; FCF: Fixed capital formation; VA: Value added; PKM: Passenger kilometers; TKM: Tonne kilometers; COD: Chemical Oxygen Demand; WG: Waste
gas; WW: Waste Water; SW: Solid waste. SD: Strong disposability; WD: Week disposability. C: Constant returns to scale; V: Variable returns to scale; NI: Non-increasing

returns to scale.

and RAM models are slack-based measurement methods because
they construct efficiency indicators directly from the slacks in
inputs/outputs. Details about the properties and formulations of
these models are discussed in the next section.

Fig. 5 shows the number of studies that use these six types of
models in different years. It can be seen that over time, more types
of models are developed and employed. Before 2011, Radial and M-
Radial models were mostly used. However, from 2012 to 2015, var-

45 -
40

35 A

Frequency
S

w
1

—_
(=]
1

ious models were adopted. Secondly, the Radial model has been
the most widely used model, but Non-Radial models, especially
the SBMT and DDF models, have become increasingly popular in
recent years due to their relatively strong discriminating power
and capability to expand desirable outputs and reduce undesirable
outputs simultaneously. In order to estimate the dynamic change
of EE&CE over time, some studies calculated the Malmquist index
or Leunberger index based on above models, such as Wei et al.
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Fig. 3. Frequency of different years analyzed in previous studies.
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Fig. 4. Input and output variables used in previous studies.

[19], Chang and Hu [27], Wu et al. [21], Wang et al. [15-17], and Li
and Lin [41].

Returns to scale (RTS) is an economic concept referring to the
variation of outputs when the inputs change proportionally with
other conditions remaining stable. In DEA, RTS reflects the refer-
ence technology and determines the shape of the production fron-
tier. Generally speaking, there are four types of RTS categories,
namely constant RTS (CRS), non-increasing RTS (NIRS), non-
decreasing RTS (NDRS) and variant RTS (VRS). Fig. 6 illustrates
the differences among these four types of RTS categories. RTS is

considered to be constant if a proportional increase in all the
inputs results in an equal proportional increase in the output.
Otherwise, if it leads to a more than or less than proportional
increase in the output, then RTS is considered increasing or
decreasing [42]. Among them, CRS is the most widely used RTS cat-
egory in previous studies. Table 3 reveals that nearly 70% of the
studies assumed the CRS reference technology. Only five studies
adopted VRS reference technology, i.e. Wang et al. [30-32], Wang
et al. [15-17], Yang and Wang [34], Wang and Wei [40], and Wu
et al. [43]. About 20% of the studies used CRS, VRS and NIRS refer-
ence technologies together. In this case, the scale efficiency and the
RTS properties of different DMUs can be studied.

In addition to above two aspects, some recent studies further
considered technology heterogeneities across DMUs (regions)
and time series. Since technology heterogeneity can be reflected
by the production frontier, several methods, such as group-
frontier, meta-frontier and global-frontier, have been proposed.
Group frontier and meta-frontier methods focus on the technology
heterogeneities across DMUs (regions). The group frontier method
divides the regions into several groups having similar levels of
technology. The efficiency of DMUs (regions) are calculated within
each group. Then meta-frontier covers all DMUs and envelops all
group frontiers. Examples of such studies include Wang et al.
[15-17] and Li and Lin [41]. By contrast, the global-frontier method
pays attention to the technology heterogeneities in different peri-
ods. Suppose there are T periods (reference production sets at time
t,and t+1,..., T), the global-frontier envelopes all of these sets by
establishing a single reference. In this way the dynamic change of
energy efficiency over time can be presented.

3. DEA models for regional efficiency assessment
3.1. Reference technology and basic model

This section mathematically explains the DEA models men-
tioned in Section 2.3. Consider a given production process with K
decision making units (DMUs) which transform non-energy inputs
(x) and energy inputs (e) to produce desirable outputs (y). Microe-
conomic theory defines the production technology T as follows:

T ={(x,e,y): (x,e) can produce y},

= Radial ®M-Radial =RMM =SBMT =RAM =DDF
14 1
12 1
g
§ 10 - l
z 81 —
5 6 = =
2 |
E 4| |
] |
= = Bl N B
N |
2006-
2009 2010 2011 2012 2013 2014 2015
= DDF 0 1 0 1 4 2 5
= RAM 0 0 0 0 1 0 0
= SBMT 0 0 0 3 3 1 2
= RMM 0 0 0 0 1 1 1
= M-Radial 1 0 0 1 1 0 1
= Radial 1 1 2 2 2 5 3

Fig. 5. Distribution of six model types used in different years.
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Fig. 6. The production frontier shapes of different types of RTS.

where T is also known as reference technology which is a closed and
bounded set. In reference technology T, the inputs and outputs are
all assumed to be strongly disposable, i.e. if (x,e,y)eT and
(x',€) > (x,e) (ory <y), then (¥,€.y) T (or (x,e,y)cT).Anon-
parametric framework is usually used to characterize the reference
technology to put the concept into practice. Suppose there are N
non-energy inputs, M energy inputs and I desirable outputs, then
X = (X1k X2ko - - - XNK): €k = (€110 €200 - -+ k) Vi = VikoVaks - - - > Vik)-
Thus, the reference technology T can be formulated as:

T= X e y Z’kank < X

Z/lkemk < ém
k=1
K
Zﬂk}’ik 2 Yi
k=1

(k=1,....K)}.

The reference technology in formula (1) exhibits constant
returns to scale (or CRS). It will become variant return to scale
(or VRS) by adding the constraint condition >°f 4 =1, where
(41,22, ... ) denotes the intensity levels at which the production
activities are conducted by the K DMUs. The combination of CRS
and VRS can provide information about both technical efficiency
and scale efficiency. If the properties of RTS are of interest, non-
increasing returns to scale (or NIRS) and non-decreasing returns
to scale (or NDRS), which can be present by appending the con-
straint S5 4 < 1and 3%, 4 > 1 respectively, are helpful.

With the rising awareness of environmental issues, many
experiments have incorporated environment pollution as undesir-

(n=1,...,N)

(m=1,....M)

(i=1,....)

k=0

able outputs in the production process into the reference technol-
ogy T. The most popular way to involve desirable and undesirable
outputs jointly is to impose two assumptions as follows [26]:

(i) Weak disposability on undesirable outputs, ie. if
(x,e,y,b) T and 0<0<1, then (x,e,0y,0b)cT. This
means that the proportional reduction in desirable and
undesirable outputs is possible, whereas it may not be feasi-
ble to solely reduce undesirable outputs.

(ii) Desirable and undesirable outputs are null-joint, i.e. if
(x,e,y,b) ¢ T'and b = 0, then y = 0. This implies that unde-
sirable outputs must be produced in order to produce desir-
able outputs. The only way to remove all of the undesirable
outputs is to cease the production process.

Here b = (by,b,,...,b;) represents the vector of undesirable
outputs and T represents the reference technology incorporating

undesirable outputs. According to above assumptions, T' can be
characterized as:

Zﬂkxnk (n=1,...,N)

Z}-kemk <eém
k=1

K
Dy =y (i=1,....0)
P

7{Xey,

K
Z}~kbjl<:bj (j: 1-)])

k=1
k=0 (k=1,....K)}
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It is found that the reference technology T also exhibits CRS.
The other types of RTS pertaining to reference technology can be
integrated with undesirable outputs in some ways, see Fare et al.
[44] and Zhou et al. [25]. Based on the reference technology, with
and without undesirable outputs, several of the previous studies
were devoted to development of models for measuring energy
and carbon emission performance.

3.2. Alternative models for efficiency measure

This section discusses the DEA-type models for China’s regional
EE&CE measurement in the literature, as shown in Table 4. As men-
tioned in Section 2.3, there are six alternative DEA models (i.e.
Radial, M-Radial, RMM, SBMT, RAM and DDF). We classify them
into EE and CE measurements, which have the same mathematical
form for the same model type besides the orientation (input orien-
tation for EE and output orientation for CE).

The Radial model, which adjusts the inputs and outputs propor-
tionally, is probably the most widely used model in this field. The

Table 4
Alternative nonparametric models for China’s regional EE&CE measures.

most famous Radial models are the CCR model [5] and BCC model
[45]. Their major difference is the RTS type of reference technology
sets. The Radial model is based on the environmental DEA technol-
ogy. EE and CE can be examined by employing input-oriented and
undesirable output-oriented models, respectively.

The M-Radial model attempts to measure efficiency by con-
structing an index which utilizes radial indicators and slacks
together. It is considered to be a modified form of Radial model
with input and output slacks. The EE calculated from the M-
Radial model is also called total factor energy efficiency [14]. There
is no M-Radial Model for CE in Table 4 because it is based on the
environmental DEA technology where undesirable outputs are
weekly disposable and the slacks for undesirable outputs are equal
to 0.

The RMM model [46,47] is a category of Non-Radial model
which allows non-proportionally adjustment of the inputs or out-
puts. The RMM model incorporates a user-specified weight vector
@, which represents the desirability degree of decision-makers for
adjusting the inputs or outputs. It has stronger discrimination

Energy efficiency

Carbon emission efficiency

Radial Model (Radial) Min g

st Yk X <X (n=1,...,

Min B
.N) St YK Xk S Xnp (1=

Modified Radial Model (M-Radial)

Russell Measure Model (RMM)

Tone’s Slack Based Measure (SBMT)

Range Adjusted Model (RAM)

Directional Distance Function (DDF)

Zf:l;'ltemk < e (Mm=1,....M)
Sk = Yo (i=1,..., I
Sk by =bjo (=1,....))
k=0 (k=1,...K)

EE=§

Min [g—e(eTs, +eTs,, +es{)]

St Yk Xk + Sy = Pxa0 (n=1,....N)
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Table 5

Summary of model characteristics.
Model Radial M-Radial RMM SBMT RAM DDF
Input-/Output-Oriented 1/O Oriented I/O Oriented 1/0 Oriented Non Non Non
Returns to Scale (RTS) C(V)RS C(V)RS C(V)RS C(V)RS C(V)RS C(V)RS
Optimal Value [0,1] [0,1] [0,1] [0,1] [0,1] [0,1]
Proportional Adjustment Yes No No No No No
Slacks No Yes No Yes Yes No

power than the Radial model. The Radial model is a special case of
the RMM model when there is only one input or output.

The SBMT [48] model and RAM model [49] both belong to slack-
based measurement, i.e., they construct the efficiency index with
slacks of inputs and outputs. As shown in Table 4, since the SBMT
model considers all inefficiencies for the inputs and outputs, its
discrimination power is much higher. The RAM model can be con-
sidered as a kind of additive model which allows the input vari-
ables to equal zero.

The DDF model [50] can satisfy the common desire of the public
and policy-makers to reduce inputs/undesirable outputs and
increase desirable outputs simultaneously. It allows adjusting the
desirable outputs and inputs/undesirable outputs at different rates
on the basis of different vector directions for input-output vari-
ables. It also provides a common framework for deriving the
required models by changing the direction vectors. A weight vector
was recently appended to the traditional DDF model. It has the
same meaning with the user-specified weight vector in the RMM
model. It is noted that the models in Table 4 are all based on the
assumption that constant returns to scale prevail at the efficient
frontiers.

Table 5 lists some characteristics of the above models. It is
found that they have some properties in common. For example,
they can choose any type of RTS as required by incorporating an

additional constraint on Z’,f:l)vk in appropriate ways, and the opti-
mal values of the models are between 0 and 1.

There are also many different features among these models.
First of all, whether they are input-/output-oriented (I/O oriented)
is one of the considerations to be taken into account. I/O oriented
implies the directions along which we project the inefficient DMUs
onto the production frontiers. Input-oriented models minimize
input levels under at least the present outputs, while output-
oriented ones maximize output levels under, at most, the present
inputs. Radial, M-Radial and RMM models can be either input-
oriented or output-oriented, according to the aim of the studies.
In other words, input-/output-oriented models should be assumed
before applying these three types of models. On the other hand,
there is a third choice for the direction adopted by SBMT, RAM
and DDF models, i.e. dealing with the input excesses and output
shortfalls simultaneously by utilizing slacks and directional
vectors.

Secondly, there are other differences in the existence of propor-
tional adjustment and slacks. They are important in terms of
adjusting the inputs and outputs. Among these models, the Radial
model adjusts the inputs and outputs proportionally to the
efficient targets without considering slacks, while other models,
collectively called Non-Radial models, deal with inputs and out-
puts in a non-proportional way. For instance, M-Radial, SBMT
and RAM models use slacks for all input and output terms to elim-
inate the inefficiencies of DMUs. The RMM model allows inputs
(outputs) to increase (decrease) by different proportions through
setting adjustment coefficients based on different inputs (outputs).
The DDF model decreases inputs and increases outputs simultane-
ously at different rates by setting different directional vectors.

As Cooper et al. [51] mentioned, “it is wise to try different mod-
els when we cannot identify the characteristics of the production

frontiers by preliminary surveys”. In some cases, the results from
one particular model may not reflect realities. Therefore, in the
next sections, we try different models to analyze China’s regional
EE&CE assessment, and compare their results to draw some con-
clusions on both model selection and empirical analysis.

4. Empirical study of China’s regional efficiency assessment
4.1. Data source

China’s regional EE&CE assessments from 1995 to 2012 are
examined with six DEA models mentioned above in this section.
30 provinces/regions in Mainland China (all except Tibet) are cho-
sen as the application attributes. Since Chongging was not a polit-
ically independent region until 1997, its final energy consumption
and CO, emissions in 1995 and 1996 were calculated from the
Chonggqing Statistical Yearbooks and then deducted from the respec-
tive estimates for Sichuan Province. As for the timeframe, the
observation period is 1995-2012, which covers China’s 9th Five
Year Plan (1996-2000), 10th Five Year Plan (2001-2005) and
11th Five Year Plan (2006-2010). It is helpful to provide policy rec-
ommendations based on these empirical results.

Regarding variable scheme, we selected the commonly used
inputs and outputs used in the previous literature (see Section 2.2).
The details are given below:

(i) Inputs: Input variables include labor force, capital stock and
total energy consumption. Total number of employed per-
sons by the end of a year is used to represent the labor force.
The data were collected from the China Statistical Yearbooks.?
Capital stock data are not reported in the Chinese statistical
system. Following Hu and Kao [52] and Chien and Hu [53],
the capital stock data were estimated using the perpetual
inventory method:

Ki=(1-0)Ki—q1 +1;/P; (3)

where K; and K,_; are the real values of capital stock in the current
year and previous year, respectively; I; is the nominal value of gross
fixed capital formation in the current year; P; is the price index of
investment; and ¢ is the depreciation rate of the capital stock.
According to Zhang et al. [54], the value of 6 was set as 9.6%, and
the initial value for K in the basic year (i.e. year 1978 in this study)
was assigned I,973 divided by 10%. The basic data came from the
China Compendium of Statistics and Data of Gross Domestic Product
of China 1952-1995 published by the National Bureau of Statistics
of China.

The total energy consumption data were obtained from “final
energy consumption” published in the regional energy balance
tables from the China Energy Statistical Yearbooks, 1996-2013.

2 The data for 2006 was not provided in the China Statistical Yearbooks, the missing
data were estimated by using a linear interpolating method, which is the usual
practice.



10 F. Meng et al./Applied Energy 183 (2016) 1-21

(ii) Desirable Outputs: GDP was chosen as the single desirable
output. The real GDP data before 2008 were collected from
the China Compendium of Statistics, while the 2008-2012
data were obtained from the National Bureau of Statistics
of China.

(iii) Undesirable Outputs: The CO, emissions related to energy
consumption was chosen as the undesirable output. As offi-
cial data on provincial CO, emissions is unavailable, the car-
bon emissions from fuel combustion were estimated
following the guidelines of IPCC (2006).

Table 6 summarizes the descriptive statistics of the inputs and
outputs variables for 30 provinces/regions of China over the
1995-2012 period. The final datasets constructed and used in this
paper are given in Tables A.1-A.5 in the Appendix A.

4.2. Empirical results
China’s regional EE and CE values at the provincial level from

1995 to 2012 were calculated using the six DEA models discussed
in Section 3. In order to detect efficiency trends of DMUs over time,

the DEA window analysis introduced by Charnes and Cooper [55]
was adopted. Since their seminal work, DEA window analysis has
been widely used in efficiency assessment, for example Halkos
and Tzeremes [56], Zhang et al. [ 13] and Sueyoshi et al. [57]. Essen-
tially it generalizes the notion of moving averages to examine effi-
ciency trends of DMUs. DEA window analysis establishes efficiency
measures by treating each DMU of different periods as a separate
unit. In our analysis, we follow the suggestion by Fére et al. [58]
to use a three-year window method, i.e. constructing the DEA tech-
nology in period t using the observations in period t, t — 1 and
t—2.

Since only one energy input/undesirable output is considered in
this study, the RMM model becomes the Radial model (see Table 4).
Due to limited space, only China’s regional EE&CE values based on
different models in 2012 are shown in Fig. 7(a)-(b). There are three
preliminary findings: (1) there are striking differences in the range
of data distribution among these models, indicating that each
model has its own discrimination power, strong or weak; (2) the
efficiency values vary depending on the model selection. For
energy efficiency, EE values calculated by the Radial, M-Radial,
RMM and RAM models are obviously larger than those computed

Table 6
Summary statistics of 1/0 variables in 30 regions of China, 1995-2012.
Variable Max Min Mean Std.dev
Inputs Capital stock (billions of 1978 RMB) 34474.14 129.84 3427.17 4283.58
Labor force (ten thousand) 6287.58 226.00 2265.64 1497.38
Total energy consumption (10,000 tons of SCE) 28378.23 202.67 5735.71 4540.80
Desirable outputs GDP (billions of 1978 RMB) 1070.87 41.04 415.67 240.81
Undesirable outputs CO, emissions (10,000 tons) 82711.44 538.96 16564.17 13625.41
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Fig. 7. China’s regional EE&CE values based on different models, 2012.
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Fig. 8. Variance of China’s EE and CE values across provinces/regions, 1995-2012.

by the SBMT and DDF models. For carbon emission efficiency, CE
values derived from the RAM model are larger than the others;
(3) these models may be classified into two or three categories
due to the varying trend of efficiency values across the regions.

4.3. Statistical analysis of China’s EE&CE values across regions

Based on the preliminary findings reported in Section 4.2, this
subsection adopts some statistical approaches, e.g. the variance
and box plots, to further analyze the distribution of EE&CE values
across regions and the differences among different DEA models.

Fig. 8 shows the variance of China’s EE and CE values across the
regions from 1995 to 2012. Since there is no M-Radial type model
for CE evaluation based on the assumption of weak disposability,
the squares for the M-Radial model in CE assessment are blank.
The square with darker color has the larger variance which reveals
a relatively high level of data dispersion and strong discrimination
power for a certain model. From Fig. 8, it is found that the variance
of efficiency indices obtained by the RAM model is the lowest for
both the EE and CE assessment cases. Focusing on EE measures,
the highest variances come from the SBMT and DDF models, fol-
lowed by the R(RMM) and M-Radial models. For CE measures,
the variances of R(RMM), SBMT and DDF models give larger vari-

ance in regional efficiency values than does the RAM model. Based
on this observation, the order of discrimination power for different
models is SBMT, DDF > R(RMM), M-Radial > RAM.

Fig. 9 illustrates how the variances in China’s regional efficiency
scores vary with the models. In terms of EE measurements, the effi-
ciency score for the SBMT model has the most widely fluctuating
band. About 50% of the scores are concentrated between 0.485
and 0.667. The variance of EE for DDF model ranks the second with
a very small gap with the SBMT model, followed by the R(RMM)
and M-Radial models. In addition, the efficiency scores for the
RAM model are the most concentrated. For the CE measurement,
apart from the RAM model, other models (namely R(RMM), SBMT
and DDF) have similar discrimination power due to their similar
fluctuating band.

For the medians of efficiency scores shown in Fig. 9, the medi-
ans of the EE from the RAM model are the highest (around 0.97),
followed by the R(RMM) and M-Radial models (around 0.92). On
the other hand, SBMT and DDF models have the lowest medians
of the EE (around 0.57). However, the medians of CE for the R
(RMM) model are similar to those for the SBMT and DDF model
(around 0.48).

In general, the efficiency scores calculated by the SBMT and DDF
models are lower and more dispersed than those calculated by the
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Fig. 9. Comparative box plots of China’s regional EE and CE for 6 models.
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R(RMM), M-Radial and RAM models. It is also worth noting that Tables 7 and 8 further show the average EE&CE values by region

these models can be classified into several categories according and respective ranking using different models. Similar conclusion

to their similarities in data distribution. can be drawn from Table 7 that EE values obtained from R

Table 7

Annual average EE values and ranks across regions by different models.
Region R(RMM) M-R SBMT RAM DDF

Value Rank Value Rank Value Rank Value Rank Value Rank

AH 0.912 18 0.917 19 0.559 17 0.962 18 0.546 18
BJ 0.926 15 0.934 15 0.823 5 0.985 9 0.846 4
cQ 0.853 28 0.866 28 0.554 18 0.975 13 0.547 17
FJ 0.953 13 0.955 13 0.597 11 0.977 12 0.594 12
GD 0.906 20 0.906 22 0.489 22 0.917 27 0.490 22
GS 0.919 17 0.927 16 0.450 24 0.974 15 0.445 24
GX 0.956 11 0.958 12 0.789 6 0.989 6 0.766 6
GZ 0.981 5 0.984 5 0.334 28 0.955 21 0.331 29
HaN 0.817 29 0.831 30 0.685 7 0.997 2 0.683 7
HeB 0.894 24 0.904 23 0.401 25 0.886 30 0.405 25
HeN 0.921 16 0.922 17 0.544 19 0.940 23 0.536 19
HLJ 0.984 3 0.987 3 0.965 2 0.997 2 0.967 2
HuB 0.868 26 0.882 27 0.484 23 0.939 24 0.485 23
HuN 0.983 4 0.986 4 0.873 3 0.988 7 0.865 3
IM 0.899 22 0.922 17 0.323 29 0.942 22 0.333 28
JL 0.864 27 0.885 25 0.504 21 0.965 16 0.518 20
JS 0.910 19 0.911 20 0.568 15 0.933 26 0.578 15
JX 0.954 12 0.955 13 0.841 4 0.993 5 0.839 5
LN 0.940 14 0.959 11 0.584 13 0.935 25 0.600 11
NX 0.962 8 0.968 9 0.336 27 0.986 8 0.338 27
QH 0.990 2 0.992 2 0.576 14 0.994 4 0.594 12
SaX 0.898 23 0.903 24 0.568 15 0.975 13 0.561 16
SC 0.905 21 0.911 20 0.669 8 0.963 17 0.656 9
SD 0.878 25 0.884 26 0.511 20 0.900 29 0.515 21
SH 0.996 1 0.997 1 0.977 1 0.998 1 0.977 1
SX 0.961 9 0.969 8 0.320 30 0.917 27 0.323 30
T 0.977 6 0.984 5 0.661 9 0.982 10 0.670 8
X] 0.808 30 0.839 29 0.350 26 0.961 19 0.360 26
YN 0.959 10 0.961 10 0.625 10 0.979 11 0.607 10
Z] 0.972 7 0.973 7 0.594 12 0.957 20 0.582 14

Table 8

Annual average CE values and ranks across regions by different models.
Region R(RMM) SBMT RAM DDF

Value Rank Value Rank Value Rank Value Rank

AH 0.472 15 0.487 17 0.955 19 0.484 18
BJ 0.817 4 0.850 3 0.987 6 0.878 3
cQ 0.508 13 0.521 13 0.974 11 0.518 13
FJ 0.470 16 0.490 16 0.969 15 0.490 16
GD 0.392 23 0.420 23 0.901 28 0.426 23
GS 0.372 24 0.386 24 0.970 13 0.386 24
GX 0.697 6 0.702 7 0.984 8 0.704 7
GZ 0.269 27 0.278 29 0.948 20 0.292 28
HaN 0.688 7 0.708 6 0.997 3 0.706 6
HeB 0.334 26 0.350 26 0.873 30 0.354 26
HeN 0.435 20 0.458 19 0.924 25 0.457 21
HLJ 0.966 2 0.967 2 0.998 1 0.971 2
HuB 0.416 22 0.433 22 0.933 24 0.436 22
HuN 0.832 3 0.833 4 0.985 7 0.835 4
IM 0.266 29 0.290 28 0.940 22 0.301 27
JL 0.462 18 0.474 18 0.964 17 0.490 16
]S 0.467 17 0.492 15 0.918 26 0.515 14
X 0.703 5 0.740 5 0.988 5 0.739 5
LN 0.554 10 0.560 10 0.936 23 0.581 10
NX 0.257 30 0372 25 0.984 8 0.277 30
QH 0.444 19 0.458 19 0.991 4 0.478 19
SaX 0.475 14 0.496 14 0.970 13 0.494 15
SC 0.594 9 0.601 9 0.956 18 0.601 9
SD 0.430 21 0.454 21 0.888 29 0.459 20
SH 0.980 1 0.982 1 0.998 1 0.982 1
SX 0.267 28 0.277 30 0.909 27 0.281 29
T] 0.628 8 0.648 8 0.983 10 0.656 8
X] 0.335 25 0.346 27 0.965 16 0.361 25
YN 0.516 12 0.528 11 0.972 12 0.527 11

7] 0.517 11 0.524 12 0.946 21 0.522 12
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Table 9
Results of Kruskal-Wallis test.

Null hypothesis (HO) Chi-square p-Value

Median(EE_R(RMM))=Median(EE_M-R) 11.520 0.003 Reject HO
=Median(EE_RAM)
Median(CE_ R(RMM))=Median(CE_SBMT) 0.681 0.712 Accept HO
=Median(CE_DDF)
Table 10
Results of Mann-Whitney U test.
Null hypothesis (HO) Mann-Whitney U p-Value
Median(EE_ R(RMM))=Median 406.500 0.520  Accept HO
(EE_M-R)
Median(EE_SBMT)=Median(EE_DDF) 455.000 0.941 Accept HO

(RMM), M-R and RAM models are larger than those computed by
the SBMT and DDF models. When examining the rankings of the
30 regions using different models, it is found that Shanghai always
ranks first. However, the rankings of some regions, e.g. Guizhou
and Zhejiang, depend on the model selection. In fact, the above dif-
ferences are mainly caused by the way in which the models project
inefficient DMUs onto the production frontiers. Based on the sim-
ilarities of regional EE rankings, these DEA models can be grouped
into three categories: (i) R(RMM) and M-Radial Model; (ii) RAM
Model and (iii) SBMT and DDF Model. As for CE assessment in
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Table 8, the R(RMM), SBMT and DDF Models can be put in the same
group due to their similar CE values and rankings for different
regions.

4.4, Statistical tests for China’s regional EE&CE values across models

This subsection further uses the Kruskal-Wallis test and Mann-
Whitney test to determine whether there are significant differ-
ences across the models in terms of EE and CE values. The Mann-
Whitney test applies to only two independent samples, while the
Kruskal-Wallis test is adopted when there are three or more sam-
ples. The results are shown in Tables 9 and 10 respectively.

Firstly, from the EE point of view as shown in Fig. 7, we assume
no considerable differences in terms of EE between the R(RMM),
M-Radial and RAM models. However, this hypothesis is rejected
at the 5% level of significance as shown in Table 9. We therefore
conduct the Mann-Whitney U test without considering the RAM
model based on Fig. 7. From Table 10, it is found that the null
hypotheses cannot be rejected at this level of significance, implying
that there are no significant differences between the R(RMM)
model and the M-Radial model when measuring China’s regional
EE, as with the SBMT model and DDF model. Thus, the six kinds
of models can be grouped into three categories: (i) the R(RMM)
model and M-Radial model; (ii) the RAM model and (iii) the SBMT
model and DDF model. The reason may be that the R(RMM) model
and M-Radial model both examine efficiency mainly via a radial
coefficient. However, the SBMT model and DDF model construct
the performance index by using non-radial items, such as slacks
and other adjustable variables. As for the RAM model, even though
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Fig. 10. Regional average value of EE and CE over time, 1995-2012.
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Central area

- West area

Fig. 11. Division of China’s economic regions.

it is also a non-radial model which applies slacks to construct the
performance index, it includes only the slack of energy input. That
is why it differs from the SBMT and DDF models and has weaker
discrimination power.

Secondly, from the perspective of CE, it can be seen from Table 9
that the null hypothesis in terms of CE cannot be rejected since its
p-value is larger than 0.05. This means that the efficiency scores
obtained from the R(RMM) model, SBMT model and DDF model
do not show considerable differences. Different from the case of
EE, the R(RMM) model, SBMT model and DDF model can be
regarded as a group. This may be due to the assumption of weak
disposability on undesirable output in the R(RMM) model.

4.5. Discussions on China’s regional EE&CE

After discussing the differences and similarities between differ-
ent models in efficiency assessment based on efficiency scores
obtained, this subsection focuses on the empirical results and the
variations over time and space.

Fig. 10(a)-(b) depicts the trends in the regional average value of
EE and CE from 1995 to 2012. From Fig. 10(a), the EE values in the R
(RMM), M-Radial and RAM models are relatively stable, the pink®
and blue lines show different trends more clearly than the red, black
and green lines. China’s energy efficiency remained stable during the
9th Five Year Plan period (1996-2000), and then decreased in the
10th Five Year Plan (2000-2005). After that, China’s energy effi-
ciency was on a relatively increasing trend in the 11th Five Year Plan
period but dropped slightly in 2009 due to the global financial crisis.

3 For interpretation of color in Fig. 10, the reader is referred to the web version of
this article.
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Fig. 12. Annual average value of EE and CE across region.
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Fig. 13. EE values in 30 provinces/regions by DDF model.

As for carbon emission efficiency, the variance trend of the CE values
obtained from the R(RMM) model, SBMT model and DDF model were
very similar to those of the EE values illustrated by the pink and blue
lines.

It is also interesting to examine China’s regional EE and CE by
four economic geographical regions as shown in Fig. 11. The east
area includes Beijing, Tianjin, Hebei, Shanghai, Jiangsu, Zhejiang,
Fujian, Shandong, Hainan and Guangdong; the northeast area
includes Liaoning, Jilin and Heilongjiang; the central area includes
Shanxi, Inner Mongolia, Anhui, Jiangxi, Henan, Hubei and Hunan;
the west area includes Guangxi, Chongqging, Sichuan, Guizhou,
Yunnan, Shaanxi, Gansu, Qinghai, Ningxia and Xinjiang. Fig. 12
shows the annual average value of EE and CE across the regions cal-
culated by different models. It implies that apart from the RAM
model, the models yield very similar conclusions, i.e., the northeast
region of China has the highest energy and carbon emission effi-
ciency, followed by the east region. And the west area exhibits
the lowest average energy and carbon emission efficiencies.

Looking at time and space jointly, Fig. 13 exhibits the EE values
in the 30 provinces/regions by the DDF model in 1995, 2000, 2005
and 2010 which are the final years of China’s 8th, 9th, 10th and
11th Five Year Plans, respectively. Fig. 13 indicates that: (i) from
the area perspective, the provinces/regions with high energy effi-
ciency were always in east and northeast China, and the energy

efficiency in central and west China was generally low. (ii) From
the time perspective, the country as a whole obviously had a
decreasing trend in energy efficiency during the 8th, 9th, 10th
and 11th Five Year Plans, but a slightly increasing trend during
the 11th Five Year Plan, coming mainly from the decline of EE in
the east and south coast areas. (iii) The performance gap between
the 30 provinces/regions was becoming narrow, revealing that Chi-
na’s regional energy efficiency is converging to some extent.

5. Conclusions

This paper provides a comprehensive survey of the studies pub-
lished on China’s regional energy and carbon emission efficiency
(EE&CE) assessment using DEA-type models. It contributes to the lit-
erature in the following ways: (1) it is the first comprehensive
review of DEA studies on China’s regional EE&CE assessment; (2) it
provides a helpful reference for model selection (only DEA models)
from both theoretical and practical perspectives; (3) it investigates
China’s regional EE&CE using six types of DEA models based on the
same data sets for China’s 9th, 10th and 11th Five Year Plans, provid-
ing comparable empirical results from different models.

A total of six types of DEA models were employed in the previ-
ous studies, namely the Radial, M-Radial, RMM, SBMT, RAM and



16

DDF models. The major difference among these models is the way
they adjust the inefficiency units. Each model has its application
scopes, advantages and limits. From theoretical perspective, Radial
model is the simplest and most popular model, because it propor-
tionally adjust the inputs/outputs to the efficient targets. The other
models can adjust inputs/outputs non-proportionally. On the other
hand, input-/output-oriented should be presupposed for the
Radial, M-Radial and RMM models, but is no necessary for the
SBMT, RAM and DDF models whose inputs/outputs can be
improved simultaneously using slacks or directional vectors. More-
over, the SBMT, RAM and DDF models can provide information
about the amount of increase/decrease in inputs/outputs to the
efficient targets. From practical perspective, empirical results show
evidences that SBMT and DDF models have stronger discrimination
power than others in China’s regional EE&CE assessment. Accord-
ing to the aim of different studies, above conclusions provide use-
ful reference for model selection.

Currently, most of the DEA empirical studies focus on the anal-
ysis at the country level. Considering the large regional diversities
in China, it is important to measure its regional EE&CE to provide
the guidance on their energy and emission performance improve-
ment. Similar regional studies on China can be applied to other
developed and developing world countries and regions. It should
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be noted that the EE&CE values obtained from the DEA models
are relative efficiency values. For instance, Shanghai has a very
high EE value relative to other regions in China. However, this con-
clusion may not retain when comparing with other more efficient
countries/regions in the world. It would be interesting to include
both national and regional level data in the DEA analysis. Such
exercise can identify the efficiency improvement potential com-
pared with not only China’s regions but also the world countries/
regions.
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Table 11
Labor force (Ten thousand).

Region 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

BJ 2201.8 2497.7 2799.0 3175.0 3523.4 3901.3 4341.3 4912.8 5649.1 64579 7349.7 8312.6 9380.6 10071.9 11041.5 12257.4 13480.2 14984.1
TJ 602.3 6734 7535 849.6 935.6 1030.2 1145.7 1283.6 1468.3 1678.8 1938.9 2258.8 2665.2 3206.9 40064 4996.7 6139.9 7423.6
HeB 1314.0 1529.1 1785.0 2067.0 2367.7 2649.5 2932.7 3222.1 3594.1 4080.2 4742.8 5533.3 6465.6 76303 8989.5 10444.6 12229.1 14117.9
SX 616.1 650.1 7013 7827 868.3 956.5 1055.2 1177.6 1340.6 1560.7 1845.1 2196.9 2616.2 3050.9 3704.5 4448.7 53142 61529
IM 602.5 654.7 7194 7893 864.1 947.5 1048.2 1218.9 1547.2 2026.4 2726.0 35454 45579 5706.1 73239 90943 11042.3 13301.3
LN 1364.6 1456.5 1547.9 1653.0 1758.9 1893.6 2049.3 2230.3 2492.0 2906.3 3406.1 40579 4858.5 5856.9 69554 8287.6 9773.7 11358.6
JL 546.2 602.1 6414 690.2 7520 830.1 9159 1020.7 1153.6 1329.9 15949 2039.5 2664.9 34814 43552 5368.0 63389 7366.5
HLJ 828.6 9113 999.0 1110.6 1210.6 1313.0 1434.8 1569.5 1710.2 1878.1 2082.8 2353.4 2708.1 3124.6 36749 42974 49914 58138
SH 1630.2 1966.0 2291.2 2596.2 2881.1 3177.7 3490.9 3850.4 4238.4 4701.8 5248.2 5882.1 6614.4 7281.2 8167.0 88939 9552.5 10204.1
N 3313.4 3793.2 4324.5 4956.7 5627.0 6373.2 7163.3 8029.5 9303.1 10787.4 12705.1 14831.7 17098.5 19519.5 22721.7 26376.6 30315.1 34474.1
Z] 298.3 344.7 405.2 489.2 601.1 749.7 9233 1131.9 13339 15499 28284 4141.6 5506.0 6819.0 8241.8 9800.0 11355.5 12924.8
AH 7221 823.1 928.6 1034.5 1135.8 1245.4 1365.7 1500.6 1665.7 1908.0 2190.2 2527.2 2936.5 3418.6 3984.5 4668.7 54569 63324
FJ 509.6 604.7 707.8 831.0 951.1 1070.8 1189.3 1317.0 1479.0 1687.2 1964.8 2313.5 2757.4 33034 3937.2 4608.9 5386.3 6247.7
X 7546 844.6 956.8 1071.4 1190.8 1316.6 1469.6 1702.2 2023.3 2409.3 2857.5 3364.9 39155 4482.6 5302.8 6179.1 71459 8142.0
SD 1952.9 2157.3 2398.7 2686.5 3017.8 3418.5 3848.7 4373.2 5026.8 5874.7 6960.4 8209.2 9508.0 10920.5 12881.4 15051.8 17330.6 19745.8
HeN 1330.6 1522.4 1737.2 1982.4 2229.3 2489.7 2766.2 3089.4 3476.1 3963.4 4717.2 5751.1 7103.9 8689.2 10784.2 13168.7 15720.3 18561.1
HuB 949.7 1132.4 1323.8 15324 1744.8 1966.0 2208.2 2451.8 2703.1 30129 3395.3 3905.8 4518.7 5194.1 60782 71324 8420.1 9817.6
HuN 584.8 6469 709.0 782.1 8655 9579 1063.3 1181.6 1318.5 1483.0 1705.5 19723 2296.6 2736.2 3265.7 3931.2 46715 5479.7
GD 2335.6 2720.3 3084.6 3529.7 4063.9 45949 5178.1 5880.2 6769.8 7752.8 9006.7 10409.7 12005.7 13600.5 15788.6 18267.0 20968.2 23931.6
GX 402.5 4508 4949 5503 615.0 679.5 7472 827.2 923.1 1053.7 1236.0 1480.1 1794.2 2153.5 2790.7 3675.6 4681.6 5694.0
HaN 169.0 181.8 192.8 205.1 2189 2323 246.1 2626 282.8 306.0 334.8 369.8 408.3 470.8 5432 642.2 756.6 914.1

cQ 4428 468.6 507.7 5702 6354 7057 793.8 906.8 1064.0 1250.5 1477.1 1726.7 2009.8 2298.6 2662.7 3097.5 3620.6 4156.4
SC 7715 849.0 938.7 1050.6 1158.1 1282.5 1420.6 1581.9 1775.7 1998.8 2276.1 2633.0 3067.1 3543.6 4141.6 4838.8 5618.8 6467.9
GZ 3104 3328 363.3 404.6 4555 5129 590.7 680.2 7804 8843 1001.0 1135.7 1290.1 1466.2 1687.1 1957.1 2283.1 2718.1
YN 466.3 516.7 5741 6509 7260 788.7 852.8 9272 1028.0 1151.9 13173 1524.0 1765.6 1913.9 2223.0 2723.8 3337.1 4043.6
SaX 641.1 682.7 7289 7945 869.1 965.1 1065.5 1180.1 1347.5 1513.4 17384 2029.9 2406.8 2904.6 3504.8 4271.5 5106.6 6053.7
GS 376.5 396.7 4253 4593 5045 5600 6324 7171 8133 92638 1054.7 11983 1366.4 1611.6 1839.5 2113.1 24405 2811.2
QH 142.6 157.8 178.7 2034 231.0 2643 3103 3639 423.5 4855 555.1 630.2 7134 802.9 938.3 1121.7 1346.5 1667.6
NX 129.8 1352 1421 1525 166.8 184.9 208.1 236.0 2779 324.7 377.8 437.9 508.6 609.1 747.3 912.8 1070.1 12544
X] 525.6 581.6 638.4 7073 7727 849.8 932.1 10373 1174.8 1322.6 14994 1699.6 1920.8 21204 23519 2669.8 3033.5 3597.2
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Table 12

Capital stock (Billions of 1978 RMB).
Region 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
BJ 669.5 6609 660.8 6243 6219 622.1 6295 7989 858.6 8950 9204 10159 11114 1173.8 1255.1 1317.7 1366.4 14144
T] 489.7 4849 4916 427.0 4211 406.7 410.5 403.1 419.7 422.0 4269 4298 4327 503.1 5073 5208 5454 5740
HeB 3367.3 3391.2 3415.0 33829 3399.9 3441.2 3379.6 3385.6 3389.5 34164 3467.3 3517.2 3567.2 3651.7 3899.7 3790.2 3885.6 4006.5
SX 14604 1478.0 1483.2 1429.0 14343 1419.1 14129 14173 1469.5 1474.6 14764 1513.3 1550.1 1583.5 1599.7 1665.1 1717.4 1768.1
IM 1024.5 1042.8 1050.3 1006.8 1017.0 1016.6 1013.3 1010.1 1005.2 1019.1 1041.1 1061.3 1081.5 1103.3 11425 1184.7 1249.3 1304.9
LN 2034.0 2030.9 2063.3 1818.2 17964 1812.6 18334 1842.0 1861.3 1951.6 1978.6 2024.9 2071.3 2098.2 2190.0 2238.1 22839 2340.8
JL 1254.5 1257.5 12373 11274 1102.8 1078.9 1057.3 1095.3 1044.6 11156 1099.4 1097.8 1096.2 1143.5 1184.7 1248.7 1273.6 1290.9
HLJ 15524 1567.4 1658.6 1723.0 16799 1635.0 1631.0 1626.5 16224 1623.3 1625.8 1642.8 16599 1670.2 1687.5 1743.4 1784.7 1829.8
SH 768.0 7643 7702 6700 6773 673.1 6924 7428 7715 8123 8559 8662 8766 896.0 929.2 9247 9362 9457
IS 3765.4 3747.7 3745.5 3635.0 3595.8 3558.8 3565.4 3505.6 3610.3 3719.7 3877.7 40354 4193.2 4384.1 4536.1 4731.7 47352 4736.5
7] 2700.7 2701.9 2700.3 2651.1 2660.9 2700.5 2772.0 2834.7 29619 3092.0 3202.9 3409.1 36154 3691.9 3825.2 3989.2 4031.0 4049.8
AH 3206.8 3246.1 3321.7 3311.0 33125 33729 3389.7 3403.8 3416.0 34532 3484.7 3541.2 3597.6 3594.6 3689.8 3846.8 3914.1 3995.7
FJ 1567.0 1593.5 1613.4 1621.9 16309 1660.2 1677.8 1711.3 1756.7 1817.5 1868.5 1933.7 19989 2079.8 21689 2181.3 2393.8 2499.8
X 2059.2 2064.4 2077.7 19713 19613 19353 1933.0 1955.1 1972.3 2039.8 2107.5 2151.6 2195.7 2223.3 22442 2306.1 2337.3 2358.9
SD 4625.4 4649.7 4707.0 4657.2 4698.6 4661.8 4671.7 4751.9 4850.6 4939.7 5110.8 5186.5 5262.2 5352.5 5449.8 5654.7 5728.6 5789.3
HeN 4696.7 4829.2 5017.0 4999.6 5205.0 5571.7 5516.6 5522.0 5535.7 5587.4 5662.4 5717.6 5772.7 5835.5 5948.8 6041.6 6197.6 6287.6
HuB 2707.0 26923 2708.7 2616.3 2572.4 2507.8 24525 2467.5 2537.3 2588.6 2676.3 2719.7 2763.0 2875.6 3024.5 3116.5 3139.6 31524
HuN 3506.1 3547.4 3590.7 3498.5 3496.1 3462.1 3438.8 3468.7 35159 3599.6 3658.3 3703.8 3749.4 3811.0 3907.7 4007.7 4030.1 4044.5
GD 3656.8 3690.7 3784.3 3737.4 3760.5 3861.0 3962.8 3966.7 4119.5 4316.0 4702.1 4997.5 5292.8 5478.0 5643.3 5776.9 5865.7 5870.8
GX 2382.5 2416.8 24524 24709 2481.5 25304 2543.5 2570.5 2601.4 2649.1 2703.1 2731.4 2759.6 2807.2 2862.6 2945.3 2978.8 2808.3
HaN 3353 3350 3309 3208 326.2 333.7 339.7 341.7 3538 366.5 377.7 3963 4148 4121 4315 4457 4655 490.6
cQ 1709.3 17194 1689.9 1645.1 16394 1636.5 1624.0 1640.2 1659.5 1689.5 1720.8 1755.2 1789.5 1837.1 1878.5 1912.1 1968.2 2027.8
SC 4626.0 4575.8 4617.6 4534.7 44823 4435.8 4414.6 4408.8 4449.6 4503.4 4603.5 4691.1 4778.6 4874.5 49452 4997.6 5011.2 5024.6
GZ 1857.1 1892.1 1927.1 1946.3 19759 20459 2068.3 2081.4 21184 2168.8 2215.8 22494 2283.1 2301.6 2341.1 2402.2 2431.9 2476.7
YN 2186.3 2213.8 2247.6 22703 2273.4 22954 2322.6 2341.0 2349.6 2401.4 2461.3 2531.1 2600.8 2679.5 2730.2 2814.1 2907.0 2932.1
SaX 17744 1797.8 1811.9 1802.0 1780.9 1812.8 1784.6 1873.1 1911.3 1884.7 18829 1902.5 1922.0 1946.6 1919.5 1952.0 1937.9 1939.8
GS 11594 1175.1 11859 1175.6 1185.6 1182.1 1187.2 1254.9 1304.0 1321.7 1347.6 1361.0 1374.4 1388.7 1406.6 1431.9 1432.6 1424.3
QH 226.0 2319 2354 2304 241.2 238.6 2403 2473 2543 263.1 267.6 2719 2763 276.8 2855 294.1 2956 297.2
NX 2436 250.1 2604 2595 270.8 2744 278.0 2815 2906 298.1 299.6 3045 3095 3039 3285 3260 339.6 3445
X] 662.2 6716 690.7 6783 669.6 6725 6854 701.5 7213 7445 7643 7826 800.8 813.7 829.2 852.6 9085 962.9

Table 13

Total energy consumption (10,000 tons of SCE).
Region 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
BJ 2749.4 2915.3 3033.2 3089.0 3107.0 3236.3 3401.7 3513.7 3703.5 3974.0 4287.4 45925 4913.0 4868.8 5023.6 5258.8 5155.1 5316.6
T] 1988.3 1822.9 1889.0 1943.6 1970.9 2167.2 2342.1 2482.5 2580.4 2900.2 3078.8 3362.0 37153 40748 4496.2 5250.8 5721.8 6273.8
HeB 6654.6 6561.4 6620.0 6832.3 6987.8 7375.6 7763.7 8572.1 9878.3 11084.1 14397.4 15636.9 16811.0 17871.5 18486.9 20613.1 23156.4 23788.7
SX 4529.0 4650.2 4556.2 4510.1 4436.6 4558.6 5571.2 6611.9 7367.7 7707.1 8037.0 8961.0 9682.4 10548.6 10567.6 11076.7 11903.4 12558.0
IM 2067.7 21659 2681.2 2414.6 2536.8 2676.3 2863.2 3127.9 36959 5712.0 6234.5 69359 7765.8 9278.6 10981.8 11660.9 13203.0 12935.1
LN 7318.7 6826.2 6674.0 6347.4 6198.1 7185.9 7138.1 72154 7549.1 7979.2 9386.8 10439.5 12025.0 12285.6 13483.8 15623.8 16564.7 17998.8
JL 3247.9 3332.1 3275.3 2818.6 2643.7 2781.2 2818.8 2971.2 3395.0 3631.5 4648.7 5375.0 59709 5758.5 60044 6704.2 7522.6 7500.1
HLJ 3910.3 3803.1 4028.4 3901.7 4095.5 4105.2 3924.7 4027.5 41959 4477.1 4803.1 5541.5 6004.2 5957.8 6540.2 6977.5 77594 8579.6
SH 3366.4 3460.4 3538.0 3600.1 3979.3 4108.0 4247.8 4464.5 4745.3 5392.7 6049.3 6879.8 7452.7 76134 78914 87133 8668.4 8766.7
IS 5954.1 5860.0 5808.7 5880.7 5799.5 5986.8 6006.0 6385.6 6663.9 9172.4 11382.2 12513.5 13876.9 15045.8 16149.5 17701.5 18858.5 19600.8
Z] 4265.3 3412.6 3313.7 3644.2 3770.5 4085.2 4450.3 5020.4 55004 6681.4 8017.0 8814.7 9673.5 101954 10422.4 11127.3 11954.0 12334.1
AH 3256.0 3556.1 3497.0 3701.5 3768.8 3977.1 4225.0 4393.5 4667.3 4642.8 4895.2 5468.0 5898.0 61949 6641.5 70069 77324 8268.6
FJ 1573.6 1696.2 1767.1 1800.3 1918.8 2056.8 2079.2 2454.8 2763.7 3143.5 4512.7 4916.7 53679 57604 63629 7101.3 74855 7870.7
JX 1933.7 1745.2 1761.6 1731.1 17049 1671.4 1810.8 2014.6 2306.2 2476.8 2778.7 3218.8 3662.0 3927.8 4266.1 4606.6 4889.2 5276.7
SD 6250.6 6094.7 5922.4 6901.9 6831.4 6731.8 8389.1 8274.9 9167.8 11112.6 17017.6 18498.4 20526.2 22375.4 23215.0 24938.1 26935.4 28378.2
HeN 4648.8 4624.5 4726.4 4820.8 4886.1 5049.0 5311.5 5509.4 6010.9 7702.1 98514 11427.9 12566.4 12874.2 13656.2 14863.1 16006.7 15588.5
HuB 4485.8 4735.3 4886.0 4896.3 5126.1 5152.2 4962.9 5369.6 59269 6330.8 7273.0 81214 9009.5 9938.5 10836.1 11971.9 13649.9 14449.3
HuN 41534 4316.9 3698.4 3794.3 2988.6 2854.6 3265.7 3606.5 3793.1 4525.0 7224.3 7744.7 8301.8 9016.6 9607.7 10238.2 11257.7 11718.1
GD 5142.3 5366.7 5640.4 5955.6 6197.7 6480.7 6926.4 7428.0 9143.2 9590.9 11694.6 13159.8 14618.1 15617.4 16950.1 18203.6 19388.0 19758.9
GX 1884.8 1925.4 1878.6 1926.3 2003.5 2137.8 2273.1 2288.4 2715.0 3139.7 3408.7 3975.6 46214 48794 53694 58932 6606.1 7085.5
HaN 202.7 2479 299.2 3173 3374 362.7 3840 4963 656.2 8222 619.9 7353 827.0 979.1 1023.6 1152.1 1498.0 1519.9
cQ 1057.5 1583.2 2046.8 2562.7 2794.1 3020.8 2479.9 2745.1 2239.3 2452.1 3258.7 3501.0 3710.5 4956.0 52774 57742 63598 6771.0
SC 5144.6 4752.3 4498.5 4577.2 4212.0 4075.5 4183.7 46413 5066.7 6451.5 6230.2 6807.4 7910.2 9233.8 10346.6 12083.8 14079.6 14859.3
GZ 2401.4 2565.2 2772.4 2944.8 2887.8 2875.1 3025.7 3225.9 3728.5 4259.0 4508.4 4923.2 4938.0 4732.0 5076.0 5319.0 5894.2 6832.7
YN 1961.9 2099.1 2176.6 2068.1 1906.1 2040.5 2216.5 2554.5 3035.8 2302.0 4678.1 4838.6 5188.1 54929 6062.4 63914 6841.8 6832.7
SaX 2327.7 2524.0 2267.7 2246.6 1920.3 1881.4 2658.8 2491.6 2585.4 3208.3 3964.0 4123.4 45283 51748 5612.1 6468.6 7226.5 79489
GS 1975.7 2026.1 1917.2 1968.3 2053.1 2156.1 2168.0 2103.9 2201.2 2716.2 3103.9 33543 3491.6 3706.7 3749.1 41440 43299 49198
QH 400.6 409.8 446.5 4499 587.7 5373 5452 6270 7141 8504 887.3 11145 1166.2 14229 14752 15604 1902.3 2177.6
NX 466.0 4653 514.5 5409 601.1 775.9 9508 1125.6 1300.5 1344.2 15554 1706.7 1872.4 20534 2169.6 2455.7 28223 2955.1
X] 2141.4 2443.6 2320.0 2356.6 2325.3 2413.2 2537.0 2615.3 2988.5 3377.1 3963.2 4368.8 4606.5 49942 5326.5 5759.7 67664 7974.2




Table 14
GDP (Billions of 1978 RMB).

Region 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
BJ 301.9 328.7 346.3 362.1 367.9 388.5 408.3 427.3 446.6 472.2 479.9 485.7 510.0 524.7 551.7 580.9 618.8 631.9
TJ 219.3 231.0 2323 231.0 229.3 234.7 236.2 234.9 245.3 255.6 264.9 271.8 274.3 296.2 301.0 314.4 331.1 331.6
HeB 543.2 580.0 590.3 574.0 558.1 569.4 573.0 570.3 587.7 637.6 669.6 673.5 710.8 762.4 737.9 778.2 840.5 831.1
SX 254.4 273.2 280.4 278.5 268.6 271.8 271.5 275.4 294.4 319.7 332.2 335.2 356.3 405.7 401.4 440.6 476.3 466.1
IM 1715 179.0 182.1 180.1 180.8 182.1 183.2 183.2 191.3 202.1 209.1 2184 230.7 250.8 269.3 280.6 302.0 299.6
LN 671.7 699.1 728.4 728.7 723.8 743.9 735.7 724.0 7141 703.6 752.1 763.4 794.5 857.8 857.1 910.6 977.4 997.3
JL 252.9 263.8 263.2 259.8 256.1 2721 270.5 273.2 2814 294.1 304.3 3124 332.7 348.6 347.7 363.8 389.8 3933
HLJ 626.8 677.1 692.7 665.2 639.3 649.6 639.3 622.5 630.1 660.5 686.6 689.2 701.0 737.5 684.1 733.0 792.0 783.3
SH 569.8 596.1 614.5 615.8 614.7 630.8 623.3 617.1 640.8 676.6 691.4 698.3 718.3 735.9 7471 772.7 798.6 781.4
N 670.5 695.8 691.5 671.3 651.9 655.1 657.6 660.5 682.1 716.4 763.4 785.6 813.1 852.6 862.3 919.8 982.4 981.9
V| 392.5 410.0 412.9 404.0 395.7 402.1 408.4 420.9 4449 466.4 477.0 490.6 510.3 530.2 521.0 561.4 600.4 596.4
AH 346.9 355.9 357.2 357.3 349.4 345.2 354.6 350.7 357.3 382.6 387.2 391.5 412.9 441.5 443 .4 475.2 518.4 520.2
FJ 244.3 255.7 259.2 257.5 253.1 255.4 254.2 253.0 253.1 261.8 267.4 268.9 284.7 294.9 296.9 314.0 333.1 3354
X 253.4 2734 277.4 2774 277.3 277.5 277.0 282.3 286.3 3114 3239 332.1 346.1 362.2 3783 409.7 450.9 449.7
SD 741.4 785.6 785.7 761.6 739.0 745.4 747.3 747.6 775.0 835.9 894.5 929.0 955.9 1020.4 992.1 1020.9 1066.1 1070.9
HeN 504.3 538.6 542.4 531.5 515.6 526.6 529.0 527.0 541.7 593.4 643.1 656.5 695.6 760.9 726.1 765.0 797.3 795.6
HuB 403.4 428.5 437.6 439.1 422.6 427.3 429.6 427.0 439.6 468.0 483.5 496.4 527.9 571.4 575.9 618.0 667.7 680.2
HuN 531.3 564.7 572.7 560.5 549.3 556.8 551.2 547.8 561.1 606.0 626.6 649.2 689.2 740.9 762.8 817.4 888.8 899.7
GD 575.7 596.0 609.7 603.8 594.6 619.3 628.3 627.0 640.7 664.5 692.4 706.7 7323 764.2 770.5 798.9 839.8 832.8
GX 3239 339.0 335.8 321.0 306.6 299.8 303.4 303.7 308.1 3354 351.7 366.7 393.0 419.5 398.5 430.4 469.4 469.2
HaN 50.8 52.1 51.4 51.0 50.6 51.4 51.7 52.4 52.6 54.6 54,7 55.4 57.2 62.2 63.1 67.9 741 76.8
cQ 207.4 218.0 225.0 219.8 211.5 209.5 211.7 216.3 221.6 234.0 239.3 239.8 247.7 267.9 298.7 309.6 336.0 337.2
Ne 529.9 563.1 575.0 561.9 553.6 549.4 551.0 550.0 557.5 591.6 608.2 627.6 668.5 726.7 718.1 757.7 806.1 813.2
GZ 145.4 151.8 155.2 152.3 152.9 155.0 156.7 157.6 164.2 173.4 183.3 188.5 200.1 220.8 232.6 242.6 261.3 276.5
YN 243.2 271.9 273.6 276.5 267.3 263.2 262.0 260.0 264.0 285.9 295.6 304.8 320.6 347.2 335.3 349.6 378.5 388.4
SaX 222.0 234.8 237.9 228.0 225.7 231.6 235.1 237.1 243.6 264.7 279.3 296.9 313.0 339.4 356.3 385.3 418.1 427.9
GS 135.6 156.8 157.9 161.0 159.1 159.6 155.5 154.9 158.9 171.9 176.1 185.9 196.6 209.7 202.7 220.6 238.8 238.8
QH 54.9 55.4 56.0 56.0 56.1 56.7 57.8 58.5 60.0 63.8 66.3 69.5 75.7 82.4 84.2 91.2 99.4 100.4
NX 41.0 429 44.0 44.2 43.7 44.2 45.9 46.5 49.9 52.9 53.8 56.0 62.2 68.5 75.4 829 92.0 91.9
X] 134.5 139.6 148.7 147.2 144.0 155.3 156.5 156.3 164.4 172.9 183.8 193.6 199.6 214.6 202.0 232.1 252.0 255.5
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Table 15

CO, emissions (10,000 tons).

Region 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

BJ 7093.4 7603.0 7532.7 7725.5 7889.9 8239.4 8795.2 8801.9 9263.5 9862.4 10690.0 11580.7 12512.0 12516.2 130329 14857.6 139405 14365.1
TJ 5455.6 4943.7 5059.9 5159.1 5293.0 5896.2 6268.7 6329.9 6746.3 7781.2 8274.5 9257.6 10296.1 10876.5 11988.5 14169.0 15537.5 16742.0
HeB 18762.1  18562.2 188779 19198.0 19967.8 209163 220558 24608.6 28660.0 323989 413084 45720.1 49109.1 53118.8 55770.2 66318.6 72952.4  74986.1
SX 13116.7 13509.9 13477.5 13317.2 13193.6 13759.2  16824.1 197923 221346 227940 23020.2  25725.1 28202.6 305164 30567.2 327064 349358 37170.8
IM 5938.3 6199.9 7374.6 6680.8 7184.0 7580.2 8104.4 8937.2 10686.8 15919.4 17666.5 19686.5 22407.1 26071.6 29658.0 33592.6 40413.7 39858.9
LN 18470.6  16985.1 174544  16756.1 16920.0  19272.1 19145.2 19366.9 20141.2 21044.8 242253 26821.5 31683.6 328942 356744 46215.7 45046.0 478223
JL 8818.4 9118.2 8929.6 7279.6 7120.1 7514.5 7700.9 8096.6 9004.9 10026.5 122232 142339 154559 14913.1 157325 18580.0 21080.5  21796.1
HLJ 101744  9843.5 10556.2  10061.5 10438.2  10028.1 10004.0 10144.6 105924 11425.1 12167.6 139023 151140 153720 163294 176502 19979.7 22054.4
SH 8933.2 9331.3 9676.3 9966.0 10624.0 111424 11550.6 119340 12894.2 144709 15947.0 17132.1 18532.6  19220.8 197289 238054  23809.0 23824.5
IS 16463.5 16369.0 15777.8 16191.5 16448.8 166693 171783  18547.4 202549 272822 33687.1 37813.2 42522.1 45990.0 48680.4 58767.1 61452.8 64173.0
4| 11542.7 9947.9 9835.9 105929 11075.0 12096.2 13668.7 15366.8 17365.0 20900.2 24764.3 27597.5 305145 32191.7 33301.0 36733.5 393194 41010.0
AH 9037.2 10103.0 10153.5 10689.4 10936.3 115873 122252 12776.0 136539 13561.0 14153.6 158389 17302.8 182979 19567.8 21161.0 23408.1 25190.9
FJ 4813.6 5152.1 5393.6 5567.5 5918.7 6420.6 6570.3 7822.0 8915.5 9911.3 135109 149124 16318.1 17866.6 19666.6 21746.7 23402.6 24612.7
X 5458.3 5033.8 5048.2 4949.4 4856.6 4797.4 5173.0 5707.8 6558.8 7403.0 8116.7 9362.2 10437.1 11189.5 121275 136405  15256.1 16153.4
SD 17192.0 172495 17612.7 192386 19013.1 19381.2  25690.2 23908.3 270729 323106 47635.1 52174.0 580029 62519.5 654273 72763.4 779483 827114
HeN 13717.2 138193  14046.6  14302.7 144235 149314 158429 16667.3 18408.9 233717 29402.0 340725 378313 39585.6 42039.7 472448 49822.8 49233.6
HuB 12589.6  13247.8 136339 136924 143274 146273 145027 15477.1 171740 183324 204205 225053  25264.9 26990.9 29212.1 35865.5 407152 42961.8
HuN 11912.0 121548 105504 10851.0 8729.4 8404.5 9681.2 107074  11357.6  13668.5 20159.0 21547.7 232925 25307.6 26507.1 28034.8 310023 314138
GD 14658.1 15347.2 157249 16638.1 17371.5 193889 207553 227532 27763.1 297369 35623.1 39758.2 44091.5 46676.7 498773 567689 60691.6 62364.0
GX 5495.9 5583.0 5553.8 5578.9 5794.9 6155.6 6487.2 6483.6 7565.9 8641.0 9919.1 11653.4 132919 140793 157029 18480.5 200024  21389.5
HaN 539.0 620.4 723.7 768.1 817.5 880.0 945.6 1180.4 1505.8 1937.0 1530.3 1773.4 2026.0 2379.8 2556.6 2932.8 3655.5 3876.7
cQ 29235 4455.0 5634.8 7320.7 7924.4 8412.2 6956.3 7651.0 6354.7 6939.0 8408.6 8990.5 9390.0 12504.5 13631.1 149034 16936.6 17952.3
SC 14223.2 133727 128243 128524 117438 115241 11878.6  13320.2 14607.5 184094 179634 19706.1 22480.0 26113.0 291814 347783 37782.0 40422.6
GZ 6940.8 7483.8 8078.0 8569.5 8509.5 8701.6 9486.6 10175.5  11689.1 132294 137659 15066.6 151949 14444.0 155949 168543 189994 217953
YN 5674.1 6224.7 6420.5 6181.2 5838.4 6242.1 6686.5 7744.0 8907.1 6686.9 13445.0 142389 154545 16667.8 18126.0 20301.9 22192.7 217953
SaX 6846.0 7401.3 6697.9 6538.4 5766.1 5694.0 6627.6 7374.4 7748.8 9242.8 11661.5 120743 129416 14768.1 16142.0 18767.7 214135 23299.1
GS 5780.0 5914.7 5576.7 5597.3 5875.8 6132.5 6209.8 6173.8 6695.3 7926.5 8835.6 9490.7 10284.1 10989.0 111935 136734 13973.7 16284.6
QH 1260.4 1276.3 1417.3 1439.4 1839.5 1732.2 1710.7 1937.7 2186.2 2635.5 27783 3461.9 3794.4 4450.0 4763.3 5553.2 6732.5 7525.5
NX 1521.0 1547.5 1689.6 17421 1926.3 22434 2560.6 2877.7 3194.9 4424.7 4950.2 5484.8 5756.5 6603.3 6968.6 7960.6 9724.5 10113.2
XJ 5658.2 6421.0 6052.3 6087.0 6063.0 6301.6 6448.1 6739.5 7366.0 8162.5 9063.2 10436.8 11285.7 12687.1 14149.6  15553.1 18530.0  22596.2

Note: BJ (Beijing), TJ (Tianjin), HeB (Hebei), SX (Shanxi), IM (Inner Mongolia), LN (Liaoning), JL (Jilin), HL] (Heilongjiang), SH (Shanghai), JS (Jiangsu), Z] (Zhejiang), AH (Anhui), F] (Fujian), JX (Jiangxi), SD (Shandong), HeN (Henan),

HuB (Hubei), HuN (Nunan), GD (Guandong), GX (Guangxi), HaN (Hainan), CQ (Chongqing), SC (Sichuan), GZ (Guizhou), YN (Yunnan), SaX (Shaanxi), GS (Gansu), QH (Qinghai), NX (Ningxia), and X] (Xinjiang).
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