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Abstract:

The increasingly high frequency of heavy air patiatin most regions of China
signals the urgent need for the transition to avirenmentally friendly production
performance by socioeconomic sectors for the sékeaple’s health and sustainable
development. Focusing on GGnd major air pollutants, this paper presents a
comprehensive environmental efficiency index baseeévaluating the environmental
efficiency of major socioeconomic sectors, inclgdiagriculture, power, industry,
residential and transportation, at the provinceellem China in 2010 based on a
slack-based measure DEA model with non-separabkk dnztput and weights
determined by the coefficient of variation methbidterms of the environment, 5, 16,
6, 7 and 4 provinces operated along the produdtantier for the agricultural, power,
industrial, residential and transportation sectoespectively, in China in 2010,
whereas Shanxi, Heilongjiang, Ningxia, Hubei anchvan showed lowest efficiency
correspondingly. The comprehensive environmentétiency index varied from
0.3863 to 0.9261 for 30 provinces in China, withaionwide average of 0.6383 in
2010; Shanghai ranked at the top, and Shanxi wsts Regional disparities in
environmental efficiency were identified. A morealked inefficiency decomposition
and benchmarking analysis provided insight for uwsi@d@ding the source of
comprehensive environmental inefficiency and, mepecifically, the reduction
potential for CQ and air pollutants. Some specific research andtyahplications
were uncovered from this work.
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Nomenclature

BC Black carbon Mt Megatons
CAY China Agriculture Yearbook NBSC National BureafuStatistics of China
China Emission Accounts and Non-methane volatile organic
CEADs NMVOC
Datasets compounds

CEPY  China Electric Power Yearbook NO Nitrogen dioxide
China Energy Statistical
ocC

CESY Yearbook Organic carbon

CO Carbon monoxide PM Particulate matter
CO, Carbon dioxide PM10 Particulate Matter 10
DDF Directional distance function PM2.5 Particulbtatter 2.5
DEA Data envelopment analysis RAM Range-adjusteadsone
DMUs  Decision making units SBMs Slack-based models
Kt Kilotons SQ Sulfur dioxide

MCDB Macro China Industry Database tce Tonne of eqaivalent
MEIC Multi-resolution Emission

Inventory for China
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1. Introduction

As the world’s largest energy consumer as welhadeading emitter of carbon
dioxide (Lin and Fei, 2015), China has been suffgfrom severe environmental
pollution, especially air pollution, due to its eg-intensive industrial structure
(Wang et al., 2016) and fossil fuel-based energyesy, seriously restricting the
sustainable development of its social economy hrehtening the health of its
citizens (MEP, 2012). During 2016, the air quatfy254 cities in China exceeded the
National Ambient Air Quality Standards, accountfog75.1% of 338 Chinese cities
at the prefecture level and above, according t@timeial report from the Ministry of
Environmental Protection of China (MEP, 2017). Sipeadly, 71.5%, 58.3%, 17.5%,
3.0%, 16.9% and 3.0% cities suffered from air galudue to PM2.5, PM10,
SO, NO, and CO, respectively (MEP, 2017).

Significant regional differences exist, and the gquality of northern China,
especially that of the second- or third-tier cities the Beijing-Tianjin-Hebei
metropolis circle, is relatively heavier pollutedhile people in the southeastern
coastal cities enjoy cleaner air (MEP, 2017). Torssents a dilemma for the Chinese
government. On the one hand, rapidly growing demarehergy use with continued
economic growth creates constant environmentalspres on the other hand, the
emergence of a growing middle class driven by esoagrowth in China increases
the demand for air pollution control.

The Chinese government first committed to achievanginding goal of reducing
SO, emissions by 10% during its "L Five-Year Period (2006-2010) (State Council,
2006). The prevention and control of air pollutiargeting compound pollutants
involving SQ, NO,, PM10 and PM2.5 in key regions of China was inocafed into
the 12th Five-Year Plan (2011-2015) (MEP, 2012).2013, the State Council of
China identified ten measures for the control ofpailution and established the goal
of a 10% reduction in the nationwide concentratidnPM (State Council, 2013).
Accordingly, Beijing-Tianjin-Hebei, the Yangtze Riv Delta and the Pearl River
Delta are recommended to cut concentration of PM2B%, 20%, and 15%,
respectively, from the 2012 levels by 2017 (Staeriil, 2013).

From the perspective of different sectors, takingl® as an example, for
agriculture, its major air pollutant NiWas estimated to be 9013.27 Kt according to
the MEIC databasgaccounting for 92.35% of total national Nemission§without
taking other greenhouse gases emitted from enesgyou attributed to agricultural
production into account. With regards to the posector, China relies heavily on
thermal power generation and mainly uses coalsasnergy input, which inevitably
produces large amounts of g@nd other air pollutants such as,Shd NQ; these
respectively accounted for 34.90%, 28.38% and 32.@f.the total amount in China.
Furthermore, as a major supplier of most induspraducts in the world, the energy

1

See the detailed information for the MEIC in http://www.meicmodeliadex.html. Emissions of air pollutants are all collected ftloenMEIC database,
with energy consumption and corresponding CO2 emissionsthe CEAD database; see http://www.ceads.net/.
2

Here, the percentage of air pollutants is calculated by seetaission divided by aggregated emissions from agricultpeaver, industry, residential and
transportation sectors, and the same below.
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consumption of China’s industrial sector increavsd134% from 1996 to 2010
(Wang et al., 2016). The industrial sector represéi.00% of the total energy
consumption in China and generates approximate489 of CQ emissions as well
as 58.60% of S§ 61.68% of NMVOC and 56.87% of PM10 in 2010. Aligb
energy consumption and GCmissions from the residential sector is relayivel
limited (both less than 10%), it produced 76552(83.2%), 906.83(51.68%) and
2750.77 (81.41%) Kt of CO, BC and OC, respectivielyChina in 2010, all of which
are major precursors of PM and may increase rapidtythe rising standard of living.
Meanwhile, the transportation sector’s energy consion is 268.73Mt standard coal
(6.98%), with 536.66Mt (6.57%) of GO 7000.87 Kt (24.54%) of N 273.65
(15.59%) Kt of BC and 20326.41Kt (11.95%) of COfrdstructure investment and
energy consumption will be further stimulated by thuge transportation demand
(Cui and Li, 2014).Therefore, the agricultural, mowindustrial, residential and
transportation sectors are all expected to playrgrortant role in the reduction of air
pollutant emissions in China. In the context of etew regional atmospheric
pollution along with traditional coal-based air lptibn, investigation into China’s
baseline environmental efficiency by major socioewunic sector and a
demonstration of regions with higher environmeueféitiency is of great importance
for the success of nationwide persistent air pfugovernance in China.

Many studies are making an effort to incorporate @gvelopment analysis (DEA)
into the evaluation of environmental efficiency fGhina considering undesirable
factors (see appendix Table Al) and are exploringrenmental performance in
different sectors, including agriculture (Lin andi,F2015; Fei and Lin, 2016, 2017),
power generation (Zhou et al., 2013b; Bi et al1£20.in and Yang, 2014; Song et al.,
2017), industry (He et al., 2013; Zhou et al., 281\8/ang and Wei, 2014; Wu et al.,
2014; Bian et al., 2015; Xie et al., 2016) and s@ortation (Cui and Li, 2015; Zhang
et al., 2015; Liu et al., 2016; Song et al., 2016),addition to limited research
regarding the residential sector without involvibgina (Haas, 1997; Grosche, 2009).

Most studies of agricultural efficiency evaluatiterget technical efficiency or
energy efficiency related to G@missions reduction (Lin and Fei, 2015; Fei and Li
2016, 2017); however, these overlook the most sogmt air pollutant, NH, from
agricultural sources as an undesirable output.cBogglated to the industrial sectors of
China include the evaluation of carbon efficien&mfouznejad and Yang, 2016;
Zhang et al., 2016) and environmental efficiendyinig NO, and SQ(Wang et al.,
2014; Wu et al., 2014, Bian et al., 2015) or wagds, waste water and solid waste
(He et al., 2013; Zhou et al., 2013a; Xie et al1@ as bad outputs, with decision
making units (DMUSs) varying from provinces to cgtier firms in industrial sectors of
China. In addition to studies considering £43 an undesirable output (Lin and Yang,
2014),studies focusing on Chinese power sectorg Ilgaxen the most attention to
emissions of SP@and NOx from thermal power generation (Zhou et2013b; Bi et
al., 2014; Song et al., 2017) Some studies contfremeed to evaluate environmental
performance and sustainability in the residentetar (Haas, 1997; Grosche, 2009)
but DEA analysis has not yet been applied to tbedas in China, let alone taking air
pollutants such as CO emitted from residents imiesleration. Similarly, with the

4
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power and industrial sectors, a growing literathas examined carbon efficiency in
the transportation sector of China (Cui and Li, 20Zhang et al., 2015; Liu et al.,
2016), and some studies have incorporated air faollsi such as S@Song et al.,
2016). However, based on the above, few studie® Ispecialized in evaluating
environmental efficiency considering the major @ollutants and providing a
comprehensive decomposable picture of environmeetiatiency based on the
primary socioeconomic sectors of China for indiatprovinces.

In addition, although a series of DEA models hagerbemployed in the literature
for efficiency evaluation, such as the CCR modédljestt to the strong hypothesis of
constant returns to scale and the DDF (He et @ll32Zhang et al., 2008), the BCC
model (Xie et al., 2016) and the RAM model(Wangakt 2016), as well as some
developed SBMs, such as weighted, dynamic, supgnatwork SBMs (Zhou et al.,
2013a; Li and Shi, 2014; Lin and Yang, 2014; Wand &eng, 2015; Song et al.,
2017); these models cannot serve our purpose afiigi@ag China’s comprehensive
provincial environmental efficiency performance major sectors, especially
considering that specific bad outputs such as Ritlksely related (non-separable) to
specific inputs such as coal consumption. Therefaue paper tries to fill the gaps by
employing a bad output model that considers nomssdye situations related to
inputs leading to undesirable outputs.

Thus, taking major air pollutants as an undesirabigut in a non-separable bad
output SBM model, this paper presents a comprehensationwide analysis of
China’s environmental efficiency based on a new m@hensive environmental
efficiency index derived from evaluations of thenpary socioeconomic sectors,
including the agriculture, power, industry, resiti@nand transport sectors, at the
provincial level. The proposed model offers an mtleat allows to characterize the
main environmental problems in the light of airlptbn in China, which would be of
great significance for the corrective actions ofhbthhe central government and local
governments. In addition, separate characterizatiand integration of major
socioeconomic sectors in term of environmentalcefficy would be helpful in
providing governments with a practical and tailorpdrspective to implement
performance measurement crucial in decision matongir quality controls at both
sector level and provincial level. The rest of ghéper unfolds as follows. The second
section introduces the methodology adopted in apep The variables and data
information are described in the third section. Tésults and discussion are presented
in Section 4. The final section concludes the pamed provides some policy
implications.
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2. Methodology

With increasing environmental conservation awargntee undesirable outputs of
production and social activities, e.g., air polhitsa and hazardous waste, are
increasingly being recognized as dangerous andsuatde. Thus, the development
of technologies emitting less undesirable outpsisn important subject of concern in
every area of production and social life. The ciote of efficiency in DEA is usually
to produce more outputs with lower resource inpliisghe presence of undesirable
outputs, however, technologies with more good (de&) outputs and fewer bad
(undesirable) outputs relative to fewer inputs $thdoe recognized as efficient. Thus,
this paper addresses the Chinese environmentalegitly problem by applying a
slack-based model, which is non-radial and nonntei#, and directly utilizing input
and output slack to produce an efficiency meastaldng undesirable outputs into
account based on Cooper et al. (2007); DEA Solver1B.2 is used to perform the
analysis.

2.1. An SBM with undesirable outputs

Suppose that there are n DMUs, each having threrfa inputs, good outputs and
bad (undesirable) outputs, as represented by thestorsx € R™, y& € R®1and
yP € RS2, respectively. The matriceX, Y8 andYP are defined as follows.
X = [Xq,*,X,] € R Y8 = [yl, ,yn] € RSt X"gnayb = [yl,- -,yn] € RS2X1 We
assume that> 0, Y8 > 0 and Y > 0.

The production possibility set (P) is defined by

P={(xy8y®)|x =X\ y& < Y&\y® > YP) A >0} (1)
Where A € R" is the intensity vector. This definition corresgerio the constant
returns to scale technology.

Thus, a DMUo(xo,yfj’, yB) is defined as being efficient in the presence of
undesirable outputs if there is no vector,y8 y°) € P such thak, > x,y5 <
y8,y2 > yPwith at least one strict inequality.In accordandéhwhis definition, the
SBM is modified as follows:

[SBM-Undesirable] p* = min (2)

b
1 S1 S S2 Sr_
1+ (Z -+
1 1
S1+s2\ “r= g r= b0

Subject to
Xo = XA+ s~ 3)
Yo = YEL —s8 (4)
yo = YPA +sP (5)

sT>0,s2>0,s">0,1 >0
The vectors™ € R™ and sP € RS2correspond to excess inputs and badoutputs,
respectively, whila® € Rt expresses shortages in good outputs. Theobjective
function (2) is strictly decreasing with respecs;ttvi), s¢(vr)andP(vr), and the
objective value satisfie® < p* < 1. Let an optimal solution of the above program be
(A", s7*,s8%,sP*). Then, we hav@&heorem1:

The DMU, is efficient in the presence of undesirable outputsif and only if p* = 1,1i.e,
6
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s*=0., s9* = 0and sP* = 0.

If the DMU,is inefficient,i.e.,, p* < 1, it can be improved and become efficient by
deleting the excess inputs and bad outputs and enigrg the shortfall in good
outputs with the following SBM projection:

Ko« Xo =" (6)
yoe ys +s9° )

b, b _ b* 8
Yo« Yo — S (8)

2.2. Non-separable ‘good’ and ‘bad’ output model

It is often observed that certain ‘bad’ outputs aret separable from the
corresponding ‘good’ outputs; thus, reducing badpots inevitably results in a
reduction in good outputs. In addition, a certaad loutput is often closely related
(non-separable) to a certain input. For examplepawer generation, emissions of
nitrogen oxidesNO,) and sulphur dioxideSQ,) (bad outputs) are proportional to the
fuel inputs, which represents a non-separable dasaddress this situation, Cooper et
al. (2007) decomposed the set of good and bad tutfYs, YP)
into (YS8) and (YNS8,YNSP) | where Y8 € RS11*™ and (YNS8 g RS21*n, yNSb ¢
RSz2*M)denote the separable good outputs and non-sepajabte and bad outputs,
respectively. The set of inp is decomposed intgXS, XNS), where XS € R™1xn
andXNS € R™m2*"regpectively denote the separable and non-separghlés. For the
separable outputse, we have the same structure of productiorY&sin P. However,
the non-separable outp(rd'se, YNSP) need to be handled differently. The reduction
of the bad outputsyNS? is designated byayNS?, with0 <o <1 ;this is
accompanied by proportionate reductions in the gogighutsyNS8, as denoted by
ayNS8 and in the non-separable input, as denoted:0¥?.

The new production possibility seffunder CRS is defined by

S > w5y «NS = wNSy S s
X0, YRy, yNSg < yNSg), yNSb > yNsby ) > g

Basically, this definition is a natural extensidriPoin (1). We alter the definition of
the efficiency status in the non-separable cadellasvs:

A DMU, (xS, xNS,y8 yNS& yNsb) s calledNS-efficient if and only if (1) for
anyowith(0 < o < 1), we havéxS, xNS,y58, ay) °8, ayNsP) ¢ Pyg and (2) there is no

S NS
(XS,XNS,ySg, yNSe, yNSb) € Pys such thatxd > x5, xN5 = xNS, yog <yS8y, &=

yNS8 yNSb — yNSb \uith at least one strict inequity.
An SBM with non-separable inputs and outputs canirbplemented by the
program in (A, s57,s58, ), as below:
1—%2“‘15?—_—%(1—@

i=1Xi0

[SBM-NS] p* = min

(10)

Sg

1 S11 S

1+;<Zr=1—y§g+(521+522)(1—00)
ro

Subject to
x5 = XSA + 5~ (11)

7
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oxNS > XNS), (12)

yoB = YSe) — 558 (13)
ayn 8 < YNSE) (14)
ayNSP > yNSb), (15)

s57>0,s%>0,1 =200 <0< 1
wheren = m; + myand s = s;; + Sp1 + Sy,.

The objective function is strictly monotone decregs with respect to
sls‘(Vi),sf’g(Vr) and o . Let an optimal solution for [SBM-NS]
be(p*, A", s57%,s58%,a*), then we haved < p* < 1and the followingTheorem 2
holds:

The DMU, is non-separable (NS)-efficient if and only if p* =1, i.e, s5* =
0,559* = 0,0 = 1.

If the DMU, is NS-inefficient,i.e,, p* <1, it can be improved and become

NS-efficient by the following NS projection:

e xS — g5 (16)
Ko e a'xhS (17)
v;;g; yob + 550" (18)
Vo B a'yg 8 (19)

Vo ol ayNSh (20)

It should be noted that it holds that

sV = —a'xpS + XN A >0 (21)
sVSg* = —q yng + YNS&L" > 0 (22)
sNSb* = oryNSb _ yNSby* > ¢ (23)

This means that some of the slack in non-separapigs and outputs may remain
positive even after the projection and that thémseks, if they exist, are not accounted
for in the NS-efficiency score, since we assumerapqrtionate reductior(a”) in
these outputs. Thus, we apply the SBM for the sdparoutputs, whereas we employ
the radial approach for the non-separable outputs.

In actual situations, it is often required thataiddition to constraints (11)-(15), the
total amount of good outputs should remain unchanged the expansion rate of
separable good outputs should be bounded by areegag value. The former option
is described as

S11 (yrsg +5s g) + azsul yINOSg — 25111 Yro + 2:5211 yg)Sg (24)
where we assume that the measurement units argathe among all good outputs.

The latter condition can be expressed as
Sg

- < U, (vr) (25)

ro

wherdJ is the upper bound to the expansion rate for ¢éparble goodoutputs.
Furthermore, it is reasonable that the slacks m rbn-separable (radial) bad
outputs and non-separable inputs should affecotteeall efficiency, since even the
radial slacks are sources of inefficiency.
Summing all of these requirements, we have thevieilg model for evaluating
overall efficiency:

Sy
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= 171 271 (1_
1 mzi=1X$ mzi=1 NS~ (17%)

[NS-Overall] p* = min - Tio (26)

1 S11S§g S22 SNSP
1+3 Zr=1yTg+Zr 1yN5b+(Sz1+Szz)(1 )
ro

Subject to
= XS\ + 5~ (27)
axgls = XNS), 4 sNS- (28)
yo8 = ySE), — 558 (29)
ocyNSg < YNSg), (30)
(xyoNSb — YNSbX + SNSb (31)
511 (yfg + SSg) + az:ul yll:LSg — 218‘111 Yro + 25211 ylli)Sg (32)
Sg
yf?, < U(Vr) (33)

s >0,sN">0,55%>0,s" >0, 20,0 <a< 1
2.3. Decomposition of inefficiency

Using the optimal solutior{s5~*,sNS7*, s58*, sNSb* ) for [NS-Overall], we can
decompose the overall efficiency indicatptinto its respective inefficiencies as
follows:

* 1- Zl 10‘11 21 Zlai

P Ty b (34)

where
S
Separable input inefficiencyu,; = ; =1,-,my) (35)
NS

Non-separable input inefficienay; = ( a*) + ; NS (1 =1,,my) (36)
Separable good output inefficienpy; = (r “,S11) (37)
Non-separable good output inefficiengy: = ;(1 —a")(r=1,+,521) (38)
Non-separable bad output inefficiengy: = %(1 o) + NSb (r =, S5,)  (39)

Expression (34) is useful for finding the sourcémefﬁuency and the magnitude
of their influence on the efficiency scope.

2.4. A comprehensive environmental efficiency indesighting with coefficient of

variation method

Suppose that there are k sectors of n provincespocated in this study; when we
determine the environmental efficiency score vegipe R* for each province i
with the above non-separable ‘good’ and ‘bad’ outBBM, we can construct a
comprehensive environmental efficiency index using the coefficient of variation
method. The matrixP* and the row vectort are defined as follow®* =
[p5, -, pr] € R, T = [14,-,T,] € RPM,

9



The Coefficient of variation method is one of thgeative weighting method with
a direct use of the information contained in thdigators. The underlying logic is that
the greater variation of the indicator, the mor@amtant it is with higher capacity to
reflect the inequality and gaps between differesatigation units (Sheret, 1984). Thus,
it is an appropriate choice for weighting the seatcefficiency in this paper with the
purpose of clarifying the source of disparities aimprehensive environmental
efficiency on a sectoral basis. The coefficienafiation CV; for each sector can
be calculated as the ratio of the standard devidbahe mean of each row of matrix
P*; thus, the weight vector Ww, ---, w,] € R™K can be obtained (see the results of
the weights in Table A2), wherev; = CV]-/Z?‘=1 CcV;, (=1, --,k). Finally, the
comprehensive environmental efficiency index veatan be determine using the
following relation: Tt = WP~

10
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3. Variables and dataset

A total of 30 regions at the provincial level extdépr Tibet, due to partially
missing environmental data, in Mainland China aeced as DMUs in this study,
which is more than triple the number of inputs antpbuts considered by Cooper et al.
(2001). Variables involving inputs, desirable ougpand undesirable outputs are
tailored based on the characteristics of diffessators, including agriculture, power,
industry, residential and transport for provindi@Us®, with detailed definitions in
Table 1. To examine the existence of the relatignaimong the inputs and outputs
data set, we summarize the correlation analysislteesn Table A3-A7 of the
Appendix A. The correlation coefficients betweepuhindexes and output indexes
are significantly positive, indicating an isotonielationship. Also, the correlation

coefficients between input indexes as well as duitpdexes show that they are not
alternatives to each other and can be incorporasethputs or outputs in the DEA
framework simultaneously.
Table1
Variables, definitions and data sources
Sector Type Indicator Description Data source
Average annual number of
Labour . 4 Date’s Data
employees in agricultural sector
) Fixed capital investment in
Capital ) NBSC
agricultural sector
Inputs . . .
. Nitrogenous fertilizer used in
Fertilizer : CAY
agricultural sector
_ Energy i _
Agricultural 4l Energy use in agricultural sector CEADs
Desirable Value .
Agricultural value added NBSC
outputs added
Direct CG emissions from
: CO; . . CEADs
Undesirable energy use in agricultural sector
outputs NH3 emissions from agricultural
NH; MEIC
sector
Employment data of thermal
Labour ) MCDB
power generation sector
) Installed thermal generation
Capital ) MCDB
Power Inputs capacity
Energy-rel Coal inputs
atg)(; P Authors’ calculation
. Other fuel inputs based on CESY
inputs

® The reason these five sectors are selected and incorporated in our study is that they are regarded as major
sources in the MEIC data base, which is where the emission data are derived. In particular, the residential sector
data include air pollutants from both residential and commercial sectors, which cannot be divided manually.

11



Desirable Power  Amount of generated thermal CESY
outputs generation power CEPY
co, CO, emissions from fossil fuel Authors’ calculation
inputs in thermal power industry based on CEADs
o, SO, emissions from thermal
Undesirable power industry
outputs NH3 emissions from thermal
NO, , MEIC
power industry
NH3 emissions from thermal
PM10 .
power industry
Annual average number of
Labour employees in agricultural
industry NBSC
Inputs . Fixed capital investment in
Capital | .
industrial sector
Energy o .
Use Energy use in industrial sector CEADs
Desirable Value .
Industrial value added NBSC
outputs added
Industry Direct CG emissions from
energy use in industrial sector
CO, . . CEADs
and those from industrial
processes
Undesirable o, SO, emissions from industrial
outputs sector
NMVOC emissions from
NMVOC . . MEIC
industrial sector
PM10 emissions from industrial
PM10
sector
Urban . .
) . Floor space of urban residential
residential buildings
buildings ¢ Authors’ calculation
Rural . . based on NBSC
) . Floor space of rural residential
Inputs residential buildings
P buildings ¢
i i Appliance Numbers of appliances in Authors’ calculation
Residential . .
S residential sector based on NBSC
Energy . . .
Use Energy use in residential sector CEADs
Desirable  Populatio Provincial population by the end NBSC
outputs n of 2010
Undesirable Direct CG emissions from
CO, CEADs

outputs

energy use in residential sector
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CO emissions from residential
ofe]

sector
BC emissions from residential
BC MEIC
sector
oc OC emissions from residential
sector

Annual average number of
Labour employees in transportation,
storage and post industries

. o . NBSC
Inputs . Fixed caplt.al investment in
Capital transportation, storage and post
industries
Energy Energy use in transportation,
use storage and post industries CEADs
Desirable Value Value added in transportation, NBSC
Transport outputs added storage and post industries
Direct CGQ emissions from
CO, energy use in transportation CEADs
sector

SO, emissions from
transportation sector
CO emissions from
CcoO \ MEIC
transportation sector
BC emissions from

transportation sector

Undesirable NO,
outputs

BC

Notes: NBSC is available at http://www.stats.gok.8MCDB at_http://mcid.macrochina.com.cn/,
Date’s Data at http://cndata.datesdata.com.cn/, &t http://www.ceads.net/, MEIC at
http://www.meicmodel.org/tools.html.

For the agricultural, power, industrial and transgtion sectors, labour inputs are
measured by the average annual number of emplayeaxh sector (Zhang and Wei,
2015; Li and Lin, 2016). Capital inputs are indexsdthe fixed capital investment in
the agricultural, industrial and transportationtsex (Cui and Li, 2014; Wu et al.,
2014) and measured by the installed thermal gangragpacity in the power sector
(Xie et al., 2012; Song et al., 2017). In additibre amount of nitrogenous fertilizer
used was regarded as an important input relatetthe@qgoollution generated in the
agricultural sector (Zhang et al., 2011).

In particular, energy-related input is regarded as important resource for
production as well as a major source of pollution dach sector (Choi et al., 2012;
Du et al., 2016; Wu et al., 2016). In this paperergy consumption involving 20
energy carriers such as coal, coke products, eetmgl natural gas, electricity and
others are all converted into the standard coaivatgnt. As 94.67% of thermal
power generation was powered by coal in China itD2¢he energy-related inputs are
divided into coal inputs and other fuel inputs e power sector for each DMU. In

13



O 00 N O 1 & W N B

A W W W W WWWWWWNDNNDNNNDNNNNIRERRPRERRRPRR R B
O © O N O U D WN PR O WOOWNODOWUS-BISWNIEROWLOWLWNOOUMDMAWNIERO

addition, to evaluate the environmental efficietythe residential sector, residential
buildings, appliance usafnd residential energy use (Grésche, 2009) arentake
input variables.

The desirable output is expressed by the valuedcadfi¢he corresponding sector
for agriculture, industry and transport (Wu et @D16), while the amount of power
generation is considered for the power sector énd Yang, 2014). In particular, with
a certain amount of residential buildings, appleansage and energy input, the larger
the population being supported (Haas, 1997), theeratiicient the DMU would be,
and population has thus been treated as desiratgatdn this paper.

The undesirable outputs are considered to be tdofGin the one hand, GO
emissions are utilized to evaluate the environnieefizciency of each sector as
associated with greenhouse gas emissions and elio@nge. On the other hand,
confronting the greater and more serious air poltutvithin major economic circles
such as Beijing-Tianjin-Hebei Region, nine typesaaf pollutants, including S£
NO,, CO, NMVOC, NH, PM10, PM2.5, BC, OC (see detailed emission infdrom
in Table B1), are also considered in our study. E\mv, due to total number
limitations on inputs and outputs following the tmgtions of Cooper et al. (2001),
we introduce a screening principle (see the scngeresults in Table B1l) for air
pollutant indicators in which the top three airlptants are selected in accordance
with the significance of the severity of the palbut in each sector. First, for a certain
type of air pollutant, we calculate the % proportaf each sector in total emissions
for each DMU. Then, the average value of this paege within 30 DMUs can be
easily obtained. Finally, the nine air pollutants eanked by the value of the average
proportion; for example, considering the industgattor, S@ NMVOC and PM10
are selected as the top three significant pollstamitted from industry. However,
NHs; is the only air pollutant indicator in the agritubl sector released by MEIC and
is thus considered to be the most significant pafitifrom agriculture (Wagner et al.,
2017).

Data for the labour and capital input variablesa@ath sector are collected from
several sources, including the National Bureautafi§ics of China, Date’s Data and
the MCDB. The energy-related data of input varialalee obtained from CEADs (Mi
et al., 2017a,b) and the China Energy Statistiearlyook. Data for desirable outputs
such as the value added of each sector come frem th
National Bureau of Statistics of China. As for thedesirable outputs, G@missions
are collected from CEADs and all other air pollusaswre drawn from the MEIC
dataset. All data are collected for the year 2@b@, the descriptive statistics of the
data set are summarized in Table B2 of AppendiXiugh it is not the latest year
for the dataset, 2010 is taken as the referenaeiyear study due to several reasons.
On the one hand, a challenge that we have faceaticaly is that, in 2010, countries
around the world experienced the global finanaisli€ following with huge pressure

*Due to the various types of home appliances used in the residential sector and reported by the National Bureau
of Statistics of China, here we calculate the principal component scores based on primary appliance data and
then apply process normalization to satisfy the data demand of DEA, where the zero value was replaced by an
infinitesimal 107(-6) following the instruction of Cooper et al.(2007).
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of economic growth. However, the Chinese econong gaang through a "v-shaped"
rebound (Yao and Zhou, 2015) by stimulating donsedtimand which probably be at
the expense of a wasteful use of energy and ressard induce environmental
damage (Jin, 2010). On the other hand, from thepeetive of the top-level design of
China's air pollution prevention and control, thetfcomprehensive policy document
has been issued by the State Council of China@veption and control of air
pollution in 2010, which aims at establishing anjalefense mechanism to improve
the regional air quality. Thus as a response, apepinvestigates the environmental
efficiencies of China's major sectors in 2010, rigkenergy use and economic growth
as important input and output, providing the pokpgace to raise energy use
efficiency and realize the sustainable developroé@hina in that special context.
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4. Results and discussions

4.1. Environmental efficiency analysis by sectors

Some findings can be observed from the sectoraltsesased on the non-separable
bad output SBM shown in Fig.1 (detailed results lsarseen in Table B3, and results
from a conventional SBM with undesirable outpute ahown in Table B4 for
reference). For the agricultural sector, the emritental efficiency is relatively low,
with a nationwide average score at 0.6035. Fiveipoes (Shanghai, Jiangsu, Hainan,
Guangxi, Guangdong) operated along the productiomtier in 2010,and all five lie
in the coastal area of China (Qin et al., 20173tFgenerally, the modernization level
is higher in the eastern coastal areas of Chinarevhgriculture has been gradually
modernizing with the increased application of edint agricultural technology (Zhai
et al., 2009).Furthermore, the emerging middlesct#sChina are concentrated in the
developed eastern coastal provinces, which havégl@eh demand for green and
ecological agriculture (Shi et al., 2011),givingtbito a new agricultural pattern with
mutual assistance between urban and rural areasitgeh participation. Second, it
can be found that most provinces with higher rag&im environmental efficiency
have low proportions of animal husbandry in agtimd, generally less than 20%
(MA, 2011), with the exception of Guangxi. Guangeveloped a circular economy
in agriculture by promoting a series of measureshsas standardization farming,
water-saving irrigation, soil testing, formulatestilization, nutrition diagnosis, waste
disposal, biogas engineering, and breeding techgdMA, 2011). Taking soil testing
and formulated fertilization as examples, theseshHasen adopted in more than 90%
of the administrative villages in Guangxi, and thias effectively reduced fertilizer
use and agricultural costs (MA, 2011).

EIIF Mﬁhf&ﬁ)f;{

-~ R i {
103863 - 0.4840 [ AGRIC 3 & ..
@040 0sg3 [ POWER ) !

) [ INDUS R
OWOS9B-0758 o recio ME?
EMAT549- 09261 gy TRANS Hainag i

Fig. 1. Sectoral and Comprehensive environmental efficiency of Chinain 2010
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Note: AGRIC, POWER, INDUS, RESID and TRANS reprdséme sectoral environmental
efficiency of the agricultural, power, industrysidential and transportation sectors, respectively;
CEE denotes the comprehensive environmental effigiewhich was categorized into 4 groups,
where ‘I' represent the lowest environmental efficdy based on natural breaks (Jenks) in ArcGIS
10.

Second, the thermal power industry of China hadwamnage environmental
efficiency score of 0.8014 in 2010, with more ttmetf of the provinces operating
along the production frontier; this group interegty contains developed as well as
less developed provinces, consistent with the te&dm Bi et al. (2014). The
thermal power industry has achieved significantr@mmental development in China
on account of the promotion of clean coal technplsigce 1997 and of flue gas
desulphurization in thermal power plants durindlitie Five-Year Plah As for the
environmentally efficient DMUs, on the one hanaatlicity consumption in the
eastern coastal provinces of China largely relyransfers from central and western
regions, which have higher emissions and lowerrenmental efficiency, resulting in
better energy-environmental performance per setBl., 2014). On the other hand,
taking some provinces in northeast and central £agan example, the blind pursuit
of capacity without considering the balance betwsagrply and demand results in a
heavy market with oversupply and a generator st v energy efficiency (Lu et
al., 2011) for low environmental efficiency oveetlong term.

Considering the industrial sector, the averagerenuiental efficiency score in
2010 was 0.6471, indicating high potential for@éncy improvement. Only six
provinces (Tianjin, Shanghai, Beijing, Inner MongpHainan, Guangdong) were
shown to be environmentally efficient, with an eiéncy score of 1, in 2010. Most of
the environmentally efficient DMUSs in industry halveen experiencing a transition
since 2000, as Tianjin has been focusing on theldpment of strategic emerging
industries involving high-end equipment manufactgyithe new generation of
information technology, energy conservation andrenwnental protection industries.
Similarly, Shanghai has gradually been transforntimghdustry into cleaner
high-tech based industries through the promotiogl@ttronic information and
high-end equipment manufacturing in addition todwgting sewage removal and
replacing coal-fired boilers with alternative cleamergy sources within traditional
energy intensive industries. To facilitate energgservation and emissions reduction,
Guangdong has closed down backward and excessqpiaa€acilities in energy
intensive industries. The Beijing government heltto lead the tertiary industry to
dominate by shutting down or transferring environta#ly polluting industrial
enterprises. In particular, despite a weak foundati industry, the development
mode in Hainan is not at the expense of environrpelttion, as it has assumed
positioning as an international tourism island si@010.

*See “The 9™ Five-Year Plan of Chinese Clean Coal Technology and Development Outline in 2010” (In Chinese) in
http://www.coal.com.cn/coalnews/articledisplay_82257.html.

®See the “The 11" Five-Year Plan for SO2 Treatment of Existing Coal-fired Power Plants” (In Chinese) in
http://www.gov.cn/gzdt/2007-03/27/content_562672.htm.
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The nationwide average score for environmentatiefficy is 0.7196 for the
residential sectors in China. The analysis showasttiere are seven provinces
(Tianjin, Shanghai, Beijing, Ningxia, Hainan, Gan&uizhou) with an environmental
efficiency score of 1 in 2010. On the one handetlgyed provinces including Tianjin,
Shanghai and Beijing have a higher income levelstaddard of living, and the
residential buildings in these provinces may bhkzetl with higher efficiency due to
the concentration of population in these megacifieg second group includes
Ningxia, Gansu, Guizhou and Hainan, which have des®loped economies. Thus,
the energy use per capita in their residentialoseatould be much lower than the
average national level due to limited purchasinggrdor domestic appliances and
commercial energy products.

The average environmental efficiency score is shtmaye low in the transportation
sector, at 0.5179 for China in 2010, exhibiting ldrgest variation out of the five
sectors. Tianjin, Shandong, Jiangsu, and Hebdbared to be operating along the
production frontier in 2010.It is known that sonteypnces have taken a leading role
in the development of green transportation, suchiagin, Shandong, Jiangsu and
some cities in Hebei, where the construction ofartail transit, number of electric
buses and highway quality is among the hestd as a result, these have been
selected to be pilot and demonstration provinc#®$g in China in 2015.

4.2. Comprehensive environmental efficiency andorea) disparities

The results of the weighting of the sectoral ey using the coefficient of
variation method are shown in Fig. 1 as well, dreldetails are summarized in Table
B3. The index score of the comprehensive envirotahesfficiency for 30 DMUs
varies from 0.3863 to 0.9261; the nationwide aversgpre is 0.6383. Shanghai ranks
at the top, while Shanxi is last. The best fivédwing Shanghai are Jiangsu, Tianjin,
Hainan and Zhejiang, while Yunnan, Chongqging, Sachuand Xinjiang follow
Shanxi at the bottom. Taking Shanghai as an exampl®perated along the
production frontier (in an environmental context) most sectors, including
agriculture, power, industry and residential, wahtransport efficiency score of
0.7203.

To examine the comprehensive environmental effayemariation in different
Chinese regions in 2010, the 30 provinces of Chimagrouped into 7 areas, which
are termed east (Anhui, Fujian, Jiangsu, Shand8hgnghai, and Zhejiang), south
(Guangdong, Guangxi, and Hainan), central (Henaubeld Hunan, and Jiangxi),
north (Beijing, Hebei, Inner Mongolia, Shanxi, afanjin), northwest (Gansu,
Ningxia, Qinghai, Shaanxi, and Xinjiang), southwg&hongqging, Guizhou, Sichuan,
and Yunnan) and northeast (Heilongjiang, Jilin, Arabning),according to the history
of administrative and geographical regionalizatoérChina. A total of 30 DMUs are

7 See more information on green transportation in Tianjin
inhttp://www.chinahighway.com/news/2013/780610.php; Shandong in
http://my.icxo.com/4056579/viewspace-1325981.html; and Jiangsu
inhttp://news2.jschina.com.cn/system/2012/12/07/015471064.shtml. (In Chinese)

® Tibet, Taiwan, Hong Kong and Macao are not included in our analysis due to data limitations.
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classified in accordance with the abovementiondtepato study the differences in
average efficiency across the seven areas; thshosvn in Fig. 2.Someinteresting
regional differences can be observed from the redip averaged environmental
efficiencies in China based on our evaluation.

Northeast

Southwest Central

C
Northwest North
e Agriculture  e==@===Power Industry
Residential Transport e o o o Comrehensive

Fig. 2. Aver age efficiencies across seven regions of China.

Eastern China has the best comprehensive envirdamperformance, with an
average score of 0.7789, followed by southern Chwtach has a score of 0.7746.
Although the difference in the average index sesremall, the potential reasons for
the better environmental performance in easterm&imay depend on the sector
evaluation. In particular, eastern China has tighdst economic development level,
the greatest density of residents and, accordinghg highest demand for
transportation infrastructure; it therefore sholes hest environmental performance in
transportation in 2010. Green transportation anldtransit construction in eastern
China has been at the forefront of the countryesitie 11th Five-Year Plan. For
example, Jiangsu has been taking the lead in fbemwef a major traffic management
system, promoting the construction of comprehengnamsportation systems to
explore modernization and realize the preliminanplementation of an intelligent
traffic system and green circulating low-carborhtemogy.

For southern China, agriculture in all three proes operated along the production
frontier; most areas within southern China havegital climate with good rainfall
conditions. Thus, fertilizer inputs have a highglization efficiency. In addition,
seaside locations contribute through the developwfemarine fishery and sea
farming to low energy use and low emissions. Tlieigtrial sector of southern China
is the most environmentally friendly and operatetha forefront of energy
conservation and emissions reduction in China.nigagkbme southern provinces as
examples, Hainan has targeted the internationalktounarket since 2010, while
Guangdong has closed inefficient and outdated mtomtufacilities.

In contrast, southwestern, northeastern and nostene China exhibit the worst
performance, with average comprehensive environshefftciencies of 0.4909,
0.5893 and 0.5212, respectively. Taking the indalstector of southwestern China as
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an example, due to lying on the Qinghai-Tibet Rlatand within the Hengduan
Mountains, provinces in southwestern China hasvimekest industrial conditions and
the lowest starting point of industrialization.dddition, the sulphur content in the
coal of southwestern China is extremely high, mgkireSQ emissions per unit of
industrial value added reach2.37 and2.91 (Kt/mliRIMB), which is almost triple the
national average (0.86 Kt/billion RMB). In additigmower generation in northeastern
China has the lowest environmental efficiency. Adawg to the National Energy
Administration of China, there is a phenomenonechfNest Electricity®, which is a
serious issue in northeastern China that stems ffroitations in the coupling
components between the generator set, power ptaritszal power grid. In these
cases, extra power cannot be transferred to therrgagl, leading to huge amounts of
wasted electricity, which further indicates a ldgonstruction in power delivery.

4.3. Inefficiency decomposition and benchmarkinglgsis

Due to the application of an SBM in our study, ihieh an inefficient DMU can
reduce its input and undesirable output simultaskatiit intends to achieve
efficiency (Chen and Jia, 2017), the inefficiencgre and the benchmarks for each
DMU to be efficient by sector have been summarinethblesB5-B9 in the appendix.

Taking Shanxi, which had the lowest comprehensmgrenmental efficiency in
2010, as an example, it ranks 30th, 24th, 27tth a6t 19th out of 30 DMUs in the
agriculture, power, industry, residential and tggors sectors, respectively. Regarding
agriculture in Shanxi, the inefficiencies are atited to capital input that is higher
than the effective level, and this should corresjiogly be reduced by 15.35 billion
RMB in 2010. Meanwhile, NH3 should be reduced by81#ons in order to realize
environmental efficiency in Shanxi. As a provinoedted in the transition zone
between cropping and nomadic areas, Shanxi shoolthply consider improving its
feed nutrition formula and the development of auar economy based on nitrogen
uptake and utilization.

Ningxia, Guizhou, Gansu, Shanxi and Liaoning héeeldowest environmental
efficiency in the industrial sector in 2010. Ningxfor example, should decrease
labour, capital and energy use by 3.50 thousanpleeb7.33 billion RMB and 10.33
tce, respectively, by benchmarking. Correspondirfg®, PM10 and C@should be
reduced by 150.81 Kt, 43.94 Kt and 56.00 Mt.

For one of northeastern provinces, Heilongjiangctvlwvas discussed above in
terms of its low environmental efficiency in thewsr sector due to an over-supply
problem, the power sector should be decreased dy #ousand employees,
2594.0483 thousand kw of generation capacity, ab@ @illion tce of other fuel
inputs to attain efficiency in power generationabidition, it should also decrease its
SO, NO,, PM10 and C@emissions by 29.03 Kt, 22.85 Kt, 28.46 Kt and IV&3
respectively, based on undesirable outputs.

According to the environmental evaluation of theidential sector, people in

° For more information, seehttp://zfxxgk.nea.gov.cn/auto84/201607/t20160711 2274.htm?keywords= (In
Chinese).
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Hubei, Shandong, Chongqing, Hebei and Hunan liess&environmentally friendly
lifestyle; these are all provinces with a large ydapon in China. For example, Hubei
is shown to be in excess of the benchmark numbertain and rural residential
buildings as well as appliances. In addition, CG, BC and Cgshould respectively
be reduced by 800.77 Kt, 12.41 Kt, 1.93 Kt and MB8Potentially, a high number of
residential building per capita may lead to lowadincy in energy and resource
utilization for the area and thus low environmetficiency, where Hunan ranks top
in the number of urban residential buildings, alhdixee provinces have rura
residential buildings that are larger than thearatl average level per capita.

Yunnan has the second lowest comprehensive enveotatefficiency, and it is
the most environmentally inefficient in the trangption sector. To reach the
benchmark in transportation, Yunnan would needesese labour, capital and energy
inputs by 129.27 thousand people, 78.00 billion R 2.41 million tce,
respectively, as well as reduce emissions by 1&t880,, 133.01 Kt CO and 5.05 Mt
CO..

Fig. 3 shows the potential emissions reductiorfGy and three major air
pollutants (S@ NO,, PM10) for 30 DMUs based on the slack resultdfmt output
excess in 2010. As for GOthe provinces in the north of China show the most
reduction potential based on the benchmarking testithout reducing desirable
output, Shandong, Shanxi, Hebei, Henan and Liaocemgespectively reduce 352,
308, 306, 297 and 246 Mt G@om the five socioeconomic sectors compared to
2010. Regarding pollution emissions, Shandong shbevgreatest potential to reduce
the most pollutants, with 1515, 121 and 752 Kt 06,3NO, and PM10, respectively,
in order to reach its ideal benchmark point atftbatier of best practices, followed
by Shanxi, Hubei, Chongging and Henan for, $2luction; Zhejiang, Anhui, and
Guangdong for N@reduction; and Henan, Shanxi, Hebei and HunaR k10
reduction. In particular, Inner Mongolia has thegést potential out of 30 DMUs for
NO, reduction (170 Kt) from power generation and tpamtation. However, S£and
PM10 pollution is relatively more serious than Nébissions, which implies that
abatement measures need to be further taken tmttre SQ and PM10 emissions
to solve the increase in serious air pollution mr@.

CO2 Mt)

Gansu‘

Fujian |
Guangdong

Emission reduction potential
(S0O2, NO2 PM10 Kt;
Anhui
Beijing
Chongqing;
Inner Mongolia
Liaoning
Shandong
Xinjiang

mmm SO2 NO2 mmmPM10 ——o=—CO2
Fig. 3. Emission reduction potential for major air pollutants.
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4 4. Limitations and uncertainties

However, it is advisable to recognize some limatasi to this research and thus to
follow those directions as future possible extensidn the first place, only five major
socioeconomic sectors have been incorporatedsaptiint, leaving the commercial
and construction sectors, among others, out ofatesunting. Accordingly, it is
important to acknowledge that the results shoulthtezpreted with some caution
where reduction potentials need to be considergaudml amounts and as a bottom
line. Second, no attempt is made to measure emagatel efficiency over time,
which is certainly of great significance. Anotheenitation of the study is that the
DMUs and input—output indicators were selectedhatgrovince level, but more
targeted implications can be provided if air palhitdata aggregated at the city level
or below by sector can be reported and analyse@liora. Furthermore, there is a
need for investment in certain sectors to imprinegrtenvironmental efficiency; there
is also a need for research to understand themscA logical extension of the
present study would be to measure the relationstiyween the potential abatement
actions by sector and a realistic improvement wrenmental efficiency, which
would make the evidence for reduction potential stnategies more convincing.

A number of uncertainties may exist in the appiaat of DEA with diversiform
nature. Though it is not our key focus to handésé&uncertainties in our study, it is
important to reveal them so that we know the chghs facing an operational
research analyst in applying DEA in real- worldiations (Dyson & Shale, 2010).
When the dataset was adopted, in addition to pateneasurement error such as
human error or technical malfunction, it shouldnioéiced that, on the one hand, by its
nature a summary of environmental data may omifitieedetail and, on the other
hand, external data potentially has quality issuéside the control of the user, both
of which are hence potential sources of uncertalntgur study, most input and
output energy or environment related data are ateand precise, sourced from the
database developed, reviewed and updated by opecating teams from Tsinghua
University and University of East Anglia, keepirgetquality within the control.
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5. Conclusions and policy implications

5.1. Conclusions

This paper presents a comprehensive environmeaftiziency index based on
evaluating environmental performance as relatethéomajor air pollutant emissions
of China’s five socioeconomic sectors and weightbaged on the coefficient of
variation method. A non-separable bad output SBMIehds adopted to investigate
the variation in air pollutant emission performanaeross provinces to capture
environmental efficiency by sector. We can comth&following conclusions:

Firstly, the number of environmentally efficienbpimces varied by sector. In 2010,
16 provinces are at the production frontier of posector of China, while 5, 6, 7, 4
provinces for the agricultural, industrial, resitieh and transportation sectors.
Secondly, as to the comprehensive environmentatiezity, there is a large gap
between the best and the worst provinces. The sfatee comprehensive index for
30 provinces varied from 0.3863 to 0.9261, witreianwide average score of 0.6383;
Shanghai and Shanxi perform the best and worgiectisely. Furthermore, provinces
in the north of China have the greatest potentiattie emissions reduction of GO
while Shandong has potential for $&d PM10 reduction and Inner Mongolia for
NO, reduction. Finally, from a regional perspectivegre are great differences in the
air pollutants emission performance by sector engéven regions of China. Southern
China dominates in the agricultural, power and stdal sectors while eastern China
has the best environmental performance in transpont However, northeastern
China shows the largest improvement space in emviemtal efficiency for power
generation along with southwestern China in indudtess obvious differences in
regional environmental efficiency can be observethe residential sector.

5.2. Policy implications

Given a target of maintaining nationwide sustaiaatbevelopment, the Chinese
government should tailor emission reduction posickased on the environmental
performance of different provinces by sector.

First, environmental policies should be discussadiaranged by echelon in terms
of environmental efficiency. On the one hand, fooyinces in the second echelon
which are approximately efficient environmentalty, in other words “next-best”,
they should place emphasis on transformation ofptfeeluction and lifestyle with
energy saving and emission reduction in specifitass, especially for those with
limited efficient DMUs such as the agricultural, dustrial, residential and
transportation sectors, while considering efficipnbvinces in the first echelon as
typical examples. On the other hand, it may reqarenandatory upgrade and
renovation on control or technological system faovinces with the lowest
comprehensive environmental efficiency, thus intthed echelon such as Shanxi.

Second, given different efficiencies and abatenspaces in terms of major air
pollutants such as SONO,, PMs in addition to C& though provinces in China may
be standardized to reveal the unique attractiomiofquality control, they should
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place different emphasis on emissions reductionsarea for selected pollutants and
avoid making one-size-fits-all environmental regiolas.

The last but not least, regional coordination anoperation guiding by the central
government of China would be the top issue of @luanportance. According to the
analysis in this study, it is important to priazéi improvement in environmental
efficiency for northeastern and southwestern Chasawell as to enhance the
benchmarking effect of southern and eastern Chmnspecific sectors. Also, given
great regional imbalances in environmental efficiemow to avoid pollution transfer
along with industrial transfer between regions withifferent stringency of
environmental regulations and policies, which magsibly result in the “pollution
haven” within China, would be worth discussing e agenda-setting mechanism for
environmental policy of China.
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9  AppendixA
10 Table A1 DEA efforts on evaluation of environmental efficiency of China with undesirable
11  factors
Desirable Undesirabl Orientati
Sector Authors I nput Type Models
output e output
Capital stock,
Lin & labor force, Agricultur Non-ra
. CcO, ) Output DEA
Fei(2015) energy al output dial
) consumption
Agriculture ,
Capital stock,
Fei & labor force, Agricultur Non-ra
. CcO, ) Output DEA
Lin(2017) energy al output dial
consumption
Radial
! Installed
Coal-fired power Yang & i Annual SO &
) capacity; Labor; . _ Input SBM
plants Pollitt(2009) Fuel generation emissions Non-ra
dial
labor;
. E-SBM
investment of ) )
. Zhou et ) Annual CO;;NO;N Non-ra Non-orien & Tobit
Power industry fixed assets; . . . i
al.(2013) generation 0SS0, dial tation regressio
standard coal 0
consumption
installed thermal
generating Annual net
Thermal power . ) . SO,,NOx,s Non-ra
i Bi et al.(2014) capacity; labor electricity ) Input SBM
generation ) oot dial
force; coal input; generated
gas input
, energy input; . .
_ Lin & Power Non-ra Non-orien Dynamic-
Power industry labor forces; . CO, . .
Yang(2014) generation dial tation SBM

Capital stock
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labor

force,
i industry
Thermal power Li & ZSG-DE
industr Tang(2016) CO: GDP and ) ) ) A
y g thermal
power
generation
Installed Power
Coal-fired Capacity; Labor; Generated;  Sulfur
i Song et i . on-ra Network
power generation Coal input; sulfur dioxide / Input
. al.(2017) ) . dial SBM
industry Operational dioxide generated
expense removed
COD;
. nitrogen;
Zhang et al. Materials; Value
Industry SO, soot; - Input CCR
(2008) energy added
dust;
waste solid
. Value Non-ra
Industry Zhang(2009) labor; capital waste gas ) Output DEA
added dial
Energy; fixed
Shi et al. assets Value )
Industry ) Waste gas  Radial Input SBM
(2010) investment; added
labor
Waste gas;
Net fixed assets; g
i Value Waste Non-ra CCR &
Iron and steel firms  He at al.(2013) Employees; ) ) Input
added  water; Solid dial DDF
Energy
Waste
Waste
Meng et al. Value .. Non-ra
Industry Energy; labor water, solid ) Output DEA
(2013) added dial
waste, CQ
SBM &
Pan et al. Energy; labor; Value ) .
Industry , Waste gas  Radial Input Tobit
(2013) capital added
model
Industrial A
) Waste gas, )
average annual Industrial ) weighted
) Zhou et al. . ) waste Non-ra Non-orien
27 Industrial sectors investment; production ) ) SBM &
(2013) water, dial tation )
labor; value ) Tobit
waste solid
energy model

26



, ) Li and Shi
36 industrial sectors
(2014)
Wang and Wei

Industry

(2014)
Industry Wu et al.(2014)

Bian et
Industry

al.(2015)

29 manufacturing

Xie et al.(2016)
sectors

Wang et

Industry al.(2016)

Energy_; labor; GDP
capital
Energy; labor; Value
capital added
Total investment
in fixed assets of Gross
industry; regional
Electricity product of
consumption industry
by industry
Fixed assets;
Labor; Energy
consumption;
Industrial GDP
pollution
abatement
investment
Expenditure
of facilities for
treatment; Ratio  Output
of value of
environmental  products
personnel, made from
Quantity of the wastes
facilities for
treatment
Energy; labor;
capital; R&D
investment;
i Value
investments on
L added
administering
industrial
pollutants
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Waste gas, Super-SB
waste . M model
Non-ra Non-orien .
water, . . & Tobit
. . dial tation i
industrial regressio
residue n
model
DEA &
. EKC
SO,; CO, Radial - .
regressio
n model
Fixed
. sum
NO, Radial Output
output
DEA
COD; SQ;
Ammonia
nitrogen
(NH4-N); ) Two-stag
Non-ra Non-orien
Output ) ) e SBM
dial tation
value from DEA
utilization
of industrial
waste
Solid
waste; Non-ra
) Input BCC
wastewater; dial
waste gas
CO,;
SO, ;solid
© - - RAM
waste;
wastewater



Industry

Chen & Jia Energy; labor;

DP SO;; Solid  Non-ra
(2017) capital

waste dial

Input

SBM
model

Residential

space
heating &
cooling,
water
heating, -
cooking,
and
electric
appliances

energy

Grosche (2009) ,
consumption

DEA

Transport

Transport

Transport

Transport

Transport

Chang et Energy; labor; Value co,
al.(2013) capital added dial
passenger
kilometers
;tonne
kilometer

Zhou et

Labor; E C -
al.(2013) abor, Energy ©:

freight
turnover
volume
and
passenger -
turnover

Energy; labor;

CUi&Li(2014) capital

volume
turnover
volume

passenger

kilometers Non-ra
; tonne dial

kilometer

Zhou et

Labor; Ener
al.(2014) .

freight
turnover

volume
Carbon and

Cui&Li(2015) inputs;labor; passenger
capital turnover
volume
turnover
volume
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Output
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Natural

disposabi
. lity DEA
Railway Song et Energy; labor; Non-ra
. ) GDP CQ; SO, ) - & Panel
transportation al.(2016) capital dial
data
regressio
n model
Passenger seats,
. . Passenger
capital, highway
, . turnover Non-ra
Transportation Wu et al.(2016) mileage, Cargo _ CO, ) Input DEA
and freight dial
tonnage; Energy
) turnover
input
Zhang et Energy; labor; gross Non-ra SBM &
Transport ) (6{0)) ) -
al.(2015) capital product dial DDF
DEA
passenger )
. ) window
Road and railway Liu et al(2016)  Labor: Ener turnover o, Non-ra Non-orien analvsis:
sectors ' ' 9 and freight dial tation y_ '
Tobit
turnover
model
1
2
3
4
5
6
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1  TableA2 Weightsinformation for non-separable bad output SBM model

Sector Agriculture  Power Industry Residential Transport Sum
Mean 0.6035 0.8014 0.6471 0.7196 0.5179 -
Standard
L 0.2629 0.2346 0.2268 0.2094 0.2550 -
deviation
Coefficient of
. 0.4357 0.2927 0.3505 0.2910 0.4924 1.8623
variation
Weights 23.39% 15.72% 18.82% 15.63% 26.44% 100.00%
2
3  TableA3Correlation coefficients among inputs and outputs of agricultural sector.
Labor Canital Energy nitrogenous NH co, Value
P use fertilizer s added
Labor 1.00 058  0.51" 0.80" 0.847 0.40~ 0.84"
Capital 0.58" 1.00 0.64" 0.65" 0.70°  0.53" 0.61"
Energyuse 051  0.64" 1.00 0.68" 052" 0.93" 0.71"
nitrogenous . - o -
" 0.80 0.65 0.68 1.00 0.88 0.58 0.91
fertilizer
NH; 084"~ 070" 0527 0.88" 1.00 037 0.84"
CO, 040" 053" 0937 0.58" 0.377 1.00 0.59"
Value added 0.84 061 0.71 0.917 0.84" 059" 1.00
4  Note: *, »» and+** present the significance at levels of 10%, 5% &¥drespectively, the same
5 hereinafter.
6
7  TableA4 Correlation coefficients among inputs and outputs of power sector.
Generation ) i Electricity
Labor . Coal input Other fuel input SO NO; PM10 CQ )
Capacity generation
Labor 1.00 0.65 0.67" 0.52" 054" 071" 0.80 068" 0.63"
G e n e ratl 0 n Fkk * Jkk Jkk kK Jkk Jkk Fkk
. 1.00 0.98 0.70 0.73 097 0.93 0.99 0.99
Capacity
Coalinput 0.67  0.98" 1.00 0.60" 0797 099" 095  1.00 0.97"
Other fuel Jkk Fkk Fkk kk Fkk Jkk Jkk Fkk
input 0.52 0.70 0.60 1.00 040" 0.627 0.59 0.63 0.70
SO, 054" 0737 0.79" 0.40" 1.00 079 076" 0.78" 0.73"
NO, 0717 097" 0.99" 0.62" 0797 100 0.97 099" 0.97"
PM10 080 0.93" 0.95" 0.59" 0.76° 097" 1.00 0.95 0.92"
CO, 0.68° 099" 1.00 0.63" 0.787 099" 0.95  1.00 0.98"
EIeCtrICIty Fkk Fkk Jkk Jkk Jkk Jkk Jkk Jkk
. 0.99 0.97 0.70 073 097 0.92 0.98 1.00
generation
8
9 TableA5 Correlation coefficients among inputs and outputs of industry sector.
Labor Capital Energyuse $SO NMVOC PM10 CQ Value added
Labor 1.00 055 066 047 091" 052" 066 0.96"
Capital 055  1.00 084 069" 0727 083" 085 0.73"
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Energyuse 0.66 0.84" 1.00 0777 081" 090" 095 0.81"
SO, 047" 069" 077 1.00 0.65 085 078" 0.62"
NMVOC 0.917 072" 081 065 1.00 071" 082”7 0.96"
PM10 052" 083" 090" 085 071" 1.00 0.91" 0.69"
CO, 0.66° 0.85° 095 078" 082" 091" 1.00 0.81"
Value added 0.96 0.73° 081" 0.62° 096 069 081 1.00
Table A6 Correlation coefficients among inputs and outputs of residential sector.
Urban
residenti Rural .
al residential Appliance - Energy CcoO BC oC ofe) ngula
building  buildings use tion
S
Urban
residential  1.00 0.77 0.96" 0.84" 039" 034" 044" o066 0937
buildings
Rural
residential  0.77" 1.00 0.67 0.65" 066 0637 071" 053" 091"
buildings
Appliances  0.96 0.62" 1.00 0.78 023" 019" 031 058 083"
Energy use  0.84 0.65" 0.79" 1.00 060° 056" 056 094 0.84"
co 0.39 0.66" 0.23 0.60° 1.00 0977 097 067 064"
BC 0.34 0.63" 0.19 0.56" 0.97" 1.00 0.93 063 060"
ocC 0.44 0.71 0.31 0.56" 0977 093" 100 058 0707
CcO, 0.66 0.53" 0.59" 0.94" 067" 0637 058 1.00 0.71
Populaton ~ 0.93 0.91" 0.83" 0.84" 064" 060" 0707 071" 1.00
3
4  TableA7 Correlation coefficients among inputs and outputs of transportation sector.
Labor Capital Energyuse NO CO BC CQ Value added
Labor 1.00 067 079" 0577 0727 045 078" 0.73"
Capital ~ 0.67  1.00 071" 065 075" 0547 0.70" 0.76"
Energyuse 0.79 0.71" 1.00 0.66° 0.79° 0.60° 1.00 0.80"
NO, 057" 065  0.66" 1.00 0.90° 098" 0.64" 0.85"
co 072" 0757 0797 090" 100 084 077 0.90"
BC 045" 054" 060" 098" 084" 1.00 059 0.79"
CO, 0.78" 0.70” 1.00 0.64° 0777 059" 1.00 0.78
Value added 0.73 0.76° 080"  0.85° 090" 0.79° 0.79" 1.00
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Appendix B

Table B1 Emission Information for Major Air Pollutants from Socioeconomic Sectors

3 (Kt,%)
Air . . .
Agriculture Power Industry Residential Transport
pollutants
SO, - - 8081 28.38% 16686 58.60% 3483 12.23% 223 0.78%
NO; - - 9330 32.71% 11069 38.81% 1123 3.94%  700124.54%
Cco - - 2021 1.19% 71157 41.84% 765525.02% 20326 11.95%
NMVOC - - 251 1.09% 1416061.68% 6194 26.98% 2354 10.25%
NH; 9013 92.35% 0 0.00% 238 2.44% 442 4.53% 67 0.69%
PM10 - - 1387 839% 9403 56.87% 5238 31.68% 506 3.06%
PM2.5 - - 891 7.34% 6033 49.66% 4730 38.93% 494 7%.0
BC - - 2 0.10% 573 32.62% 907 51.68% 274 15.59%
ocC - - 0 0.00% 528 15.64% 275181.41% 100 2.95%
4  Note: % Data in bold are those corresponding air polistaelected into DEA model as bad

5
6

outputs for specific sectors based on our scregmingiple.
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1  TableB2 Descriptive statistics of the data set

Std.
Sector Variable Unit M ean Min M ax
Dev.
(IS)Labor Thousand 9,371.41 6,889.19 363.5 27,1M7.2
) Billion
(IS) Capital 13.03 9.7 0.42 31.15
RMB
(INS)Nitrogenous
. Kt 783.90 582.57 35.00 2439.00
fertilizer
Agriculture (INS)Energy use Mt ce 2.17 1.27 0.16 4,92
Billion
(OSGood)Value
RMB 134.88 95.14 11.41  358.83
added
Yuan
(ONSBad)NH Kt 298.01 25451 275 1,199.44
(ONSBad)CQ Mt ce 3.72 2.18 0.32 7.72
(IS)Labor Thousand  23.54 24.09 0.56 100.8
(IS)Generation Thousand
) 23,645 17,443 1,930 60,020
capacity kw
(INS)Coal input Mt ce 36.28 27.56 3.37 98.91
(INS)Other fuel input Mt ce 2.04 2.26 0.06 8.77
(ONSGood)Electricity  Billion
Power . 113.86 88.6 10.21  330.48
generation kWh
(ONSBad)SQ@ Kt 269.38  214.62 7.2 787.7
(ONSBad)NQ Kt 311.01 24235 28.1 945.2
(ONSBad)PM10 Kt 46.24 35.59 2.5 139
(ONSBad)CQ Mt ce 97.41 73.79 9.4 260.83
(IS)Labor Thousand 3,180.93 3,596.90 124.4 15,880.0
) Billion
(IS)Capital 326 230.24 17.41  855.53
Industry RMB
(INS)Energy use Mt ce 65.44 45.66 5.76 183.87
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(OSGood)Value Billion
643.67 547.79 38.52 2,146.27

added RMB
(ONSBad)s@ Kt 556.19  436.18 13.63 1,981.22
(ONSBad)NMVOC Kt 471.91 3594 39.74 1,446.63
(ONSBad)PM10 Kt 313.34 23426 21.33 982.12
(ONSBad)CQ Mt ce 236.29 164.79 18.92 652.96
(IS)Urban residential  Million
. 698.09 506.92 63.41 2300.60
buildings m2
(IS)Rural residential  Million
. 757.84 567.80 66.55 1995.48
buildings m2
(IS)Appliances - 0.22 0.21 ob 1.00
(INS)Energy use Mt ce 7.93 4.67 0.76 19.73

Residential (OSGood)Population Thousand 44,362 27,088 5,630 ,4104

(ONSBad)CO Kt 2,550.43 1,714.07 191 6,357.30
(ONSBad)BC Kt 30.21 19.67 2.4 67.7
(ONSBad)OC Kt 91.62 61.79 4.3 246.2
(ONSBad)CQ Mt ce 11.46 6.98 0.89 26.05
(IS)Labor Thousand 24191 14112 34.45 649.22
) Billion
(IS)Capital 74.83 38.83 8.39 163.69
RMB
(INS)Energy use Mt ce 8.96 6.07 1.1 26.32
(OSGood)Value Billion 21,63 5164 6.13 1671
Transport added RMB ' ' ' '
(ONSBad)NQ Kt 23253 157.28 31.6 704.4
(ONSBad)CO Kt 675.66 486.75 97.1  2,044.30
(ONSBad)BC Kt 9.09 7.44 11 354

% The zero value of principal component score after normalization processing was been replaced by a
infinitesimal 107(-6) for DEA processing following the instruction of Cooper et al.(2007).
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(ONSBad)CQ Mt ce 17.89 1241 2.24 53.1

Notes: IS, INS, OSGood, ONSGood and ONSBad resmdgtidenotes separable input,
non-separable input, separable good output, noargble good output and non-separable bad

output.
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Table B3 Sectoral and comprehensive environmental efficiency (Based on non separable bad

output SBM)
. . . . Comprehensive
Region DMU Agriculture Power Industry Residential Transport Index
East Anhui 0.6816 0.7426  0.4901 0.6254 0.4979 ®597
North Beijing 0.3321 1.0000  1.0000 1.0000 0.5068 7184
Southwest Chongging 0.2453 0.5912  0.6066 0.4540 0.3626 0.4313
East Fujian 0.8434 1.0000 0.5973 0.5246 0.7793 40.75
Northwest Gansu 0.3064 1.0000 0.3718 1.0000 0.3914 0.5586
South Guangdong 1.0000 0.7667  1.0000 0.7335 0.5385 0.7997
South Guangxi 1.0000 1.0000  0.5490 0.8266 0.3393 7133
Southwest  Guizhou 0.3839 1.0000 0.3226 1.0000 0.7050 0.6504
South Hainan 1.0000 1.0000  1.0000 1.0000 0.2844 108.8
North Hebei 0.7682 1.0000 0.5456 0.4704 1.0000 w77
Northeast Heilongjiang 0.3904 0.3697  0.7778 0.7727 0.3305 0.5040
Central Henan 0.5948 0.4254  0.5979 0.7573 0.4849 565Q.
Central Hubei 0.5904 1.0000 0.4621 0.3975 0.3989 549@
Central Hunan 0.4811 1.0000 0.5505 0.4805 0.5375  5906.
North  Inner Mongolia 0.2952 0.7202 1.0000 0.5639 0.5322 0.5993
East Jiangsu 1.0000 1.0000  0.6508 0.5034 1.0000 560.8
Central Jiangxi 0.8820 0.7153  0.5727 0.7209 0.4829 0.6669
Northeast Jilin 0.7119 0.4673  0.5519 0.7348 0.3383 0.5481
Northeast Liaoning 0.6218 0.4809  0.4247 0.6552 &840 0.5115
Northwest  Ningxia 0.3641 1.0000  0.2987 1.0000 0.8057 0.6679
Northwest  Qinghai 0.5972 1.0000 0.8046 0.9750 0.2172 0.6581
Northwest ~ Shaanxi 0.4711 1.0000 0.8119 0.5272 0.2859 0.5782
East Shandong 0.8407 0.6660  0.5404 0.4463 1.0000 737D.
East Shanghai 1.0000 1.0000 1.0000 1.0000 0.7203 9260D.
North Shanxi 0.1930 0.5695  0.3827 0.4805 0.3952 8633
Southwest  Sichuan 0.6786 0.4274  0.4549 0.5347 0.2420 0.4591
North Tianjin 0.2735 1.0000  1.0000 1.0000 1.0000 8300
Northwest  Xinjiang 0.4654 0.4469  0.6112 0.8299 0.2275 0.4840
Southwest  Yunnan 0.3182 0.6526  0.5125 0.7853 0.1006 0.4228
East Zhejiang 0.7752 1.0000 0.9245 0.7885 0.6247  8009.
Nationwide  Average 0.6035 0.8014 0.6471 0.7196 0.5179 0.6383
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Table B4 Sectoral and comprehensive environmental efficiency (Based on traditional SBM

with undesirable output)

) Agricu Indust Residenti Transpo Comprehens
Region DMU ow )
lture ry al rt ive Index
East Anhui 0.7375 0.7627 0.5642 0.7034 0.5536 @653
North Beijing 0.3610 1.0000 1.0000 1.0000 0.5394 7102
Southwest Chongging 0.2623 0.6601  0.7347 0.5155 076.4 0.4816
East Fujian 1.0000 1.0000 0.6386 0.7208 1.0000 43.89
Northwest Gansu 0.3234 1.0000 0.4199 1.0000 0.4364 0.5675
South Guangdong 1.0000 0.7882  1.0000 0.7517 0.5883 0.8195
South Guangxi 1.0000 1.0000 0.6121 1.0000 0.3633 7536.
Southwest Guizhou 0.4079 1.0000 0.3696 1.0000 Q0.745 0.6654
South Hainan 1.0000 1.0000 1.0000 1.0000 0.3086 08a.8
North Hebei 1.0000 1.0000 0.6123 0.5308 1.0000 086
Northeast  Heilongjiang 0.4114 0.4318 1.0000 0.83480.3607 0.5679
Central Henan 0.6275 0.4797 0.7182 0.7904 0.5407 622Q.
Central Hubei 0.6224 1.0000 0.5176 0.4555 0.4256 579D
Central Hunan 0.5166 1.0000 0.7102 0.5276 0.5782 6396.
North Inner. 0.3174 0.7588  1.0000 0.6354 0.5832 0.6237
Mongolia
East Jiangsu 1.0000 1.0000 0.7102 0.5389 1.0000 808.8
Central Jiangxi 1.0000 0.7385 1.0000 1.0000 0.5187 0.8291
Northeast Jilin 1.0000 05065 0.6081 0.8086 0.3702 0.6561
Northeast Liaoning 0.6970 0.5526  0.4668 0.7394 ™43 0.5689
Northwest Ningxia 0.3872 1.0000 0.3449 1.0000 10000 0.7263
Northwest Qinghai 1.0000 1.0000 1.0000 1.0000 01244 0.7907
Northwest Shaanxi 0.4941 1.0000 1.0000 0.5868 3316 0.6222
East Shandong 1.0000 0.7251 0.6085 0.5007 1.0000 8179.
East Shanghai 1.0000 1.0000 1.0000 1.0000 1.0000 0o00Q.
North Shanxi 0.2092 0.6420 0.4594 0.5542 0.4272 24
Southwest Sichuan 0.7084 0.4915 0.5028 0.5871 0.267 0.5005
North Tianjin 0.2949 1.0000 1.0000 1.0000 1.0000 8200
Northwest Xinjiang 0.4889 0.5148 0.6849 0.8739 2925 0.5202
Southwest Yunnan 0.3362 0.7137 0.5815 0.8633 0.1170 0.4504
East Zhejiang 1.0000 1.0000 1.0000 1.0000 0.6692 9083
Nationwide Average 0.6734 0.8255 0.7288  0.7840 0.5686 0.6923
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Table B5 Decompasition of inefficiency and benchmarksfor agricultural sectors

Separable I nput NonSepar able | nput Excess NSBad Output
Sco Excess Excess
DMU ;
re L abor Capital Energy Nltrog(_enous NHa co,
use fertilizer
. 4171.07 5.08 0.00 584.14 165.14 0.92
Anhui 0.68
(0.07) (0.13) © (0.13) (0.17) (0.09)
Beijing 0.33 139.20 0.25 0.10 0.00 14.98 0.09
(0.05) (0.15) (0.17) (0.13) (0.26) (0.21)
Chongging  0.25 3507.63 16.08 0.26 106.03 0.00 1.15
(0.14) (0.24) (0.13) (0.16) (0.14) (0.21)
Fujian 0.84 755.42 4.65 0.95 299.59 0.00 1.10
(0.03) (0.18) (0.1) (0.16) © (0.09)
Gansu 0.31 4849.43 7.60 0.51 231.42 168.87 0.00
(0.17) (0.23) (0.08) (0.15) (0.25) 0)
G q 1.00 0.00 0.00 0.00 0.00 0.00 0.00
R () ©  © (©) ©  ©
Guangxi 1.00 0.00 0.00 0.00 0.00 0.00 0.00
(0) (0) (0) (0) (0) (0)
. 9350.00 0.90 0.00 289.56 193.87 0.31
Guizhou 0.38
(0.2) (0.13) (0.01) (0.16) (0.25) (0.05)
Hainan 1.00 0.00 0.00 0.00 0.00 0.00 0.00
(0) (0) (0) (0) (0) (0)
Hebei 0.77 0.00 24.14 2.45 1206.43 883.66 0.00
(0)] (0.19) (0.18) (0.2) (0.39) ©
Heilongjian 0.39 2387.92 21.17 0.00 257.67 82.41 0.01
g (0.08) (0.23) (0.06) (0.14) (0.18) (0.08)
Henan 058 0.00 9.42 0.00 426.89 327.74 0.01
(0)] (0.08) (0.06) (0.11) (0.18) (0.09)
Hubei 0.59 373.69 16.40 0.15 1141.73 97.68 0.00
(0.01) (0.21) (0.01) (0.18) (0.11) 0)
Hunan A 9151.76 19.12 1.81 722.95 187.48 0.00
(0.12) (0.22) (0.09) (0.16) (0.18) 0)
Inner 5 30 1204.34 29.50 0.06 99.11 34.28 0.00
Mongolia (0.05) (0.24) (0.14) (0.16) (0.21) (0.18)
Jiangsu 1.00 0.00 0.00 0.00 0.00 0.00 0.00
(0) (0) (0) (0) (0) (0)
Jiangxi 0.88 843.37 8.23 0.00 18.13 73.83 0.47
(0.02) (0.18) © (0.01) (0.14) (0.08)
. 0.00 12.08 0.00 631.42 272.30 0.34
Jilin 0.71
(0)] (0.21) (0)] (0.24) (0.34) (0.05)
Liaoning 0.62 291.82 19.46 0.02 347.20 185.51 0.00
(0.01) (0.22) © (0.13) 0.2 ©
Ningxia 0.36 627.90 1.74 0.14 186.38 82.28 0.00
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A W N

Qinghai

Shaanxi

Shandong

Shanghai

Shanxi

Sichuan

Tianjin

Xinjiang

Yunnan

Zhejiang

(0.12)
0eo 000
' (0)
o4y 000
' (0)
0ga 000
' (0)
Loo 000
' (0)
4101.34
0.1
(0.16)
0es 000
' (0)
159.90
0.27
(0.05)
o7 000
' (0)
12155.65
0.32
(0.18)
74151
0.78
(0.03)

(0.22)
1.52
(0.14)
14.00
(0.16)
12.51
(0.15)
0.00
(0)
15.35
(0.24)
4.74
(0.05)
3.91
(0.24)
8.39
(0.21)
10.34
(0.22)
0.40
(0.04)

(0.11)
0.18
(0.28)
0.37
(0.13)
0.37
(0.02)
0.00
(0)
0.03
(0.16)
0.18
(0.07)
0.04
(0.15)
0.44
(0.07)
0.00
(0.02)
2.18
(0.16)

(0.26)
0.00
(0)

262.69

(0.13)

918.29

(0.14)
0.00
(0)
6.85

(0.16)
0.00

(0.05)
15.08

(0.17)

384.76

(0.15)

623.95

(0.18)

361.89

(0.17)

(0.36)
124.59
(0.43)
0.00
(0.07)
715.09
(0.29)
0.00
(0)
17.81
(0.24)
24.54
(0.08)
4.98
(0.22)
163.64
(0.21)
185.20
(0.22)
0.00

©)

(0)
0.39
(0.41)
0.43
(0.15)
0.00
(0)
0.00
(0)
0.00
(0.21)
1.18
(0.15)
0.00
(0.19)
0.00
(0.03)
0.44
(0.06)
4.51
(0.23)

Notes Data in the bracket is the corresponding inefficieacore of inputs and outputs and the

same below.
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1  Table B6 Decomposition of inefficiency and benchmarksfor power sectors

Separable Input Excess

NonSepar able I nput Excess

NonSepar able I nput Excess

DMU Score
Labor Generation Capacity Coal Other fud SO, NO, PM10 CO,
. 07a 867 0.00 0.40 1.70 0.00 1287 968 14.99
0 ) ) 0.1) 0) (0.01) (0.04) (0.03)
seiing Lop 000 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) 0) ©) ) ©) ) ©)
choncaina osg 274 223,53 0.00 0.00 90.08 856 458 1.09
gang Y (0.13) (0.01) (0.04) (0.04)  (0.13) (0.05) (0.09) .0
jan oo 000 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) 0) ©) 0) ©) ) ©)
Sane oo 000 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) (0) ©) ) ©) ) ©)
cuanadona 077 &5 0.00 2.15 2.85 75.09 000 820 10.44
gaong 217 0.08) ) (0.01) 009)  (0.05) (0) (0.02) (0.01)
cuangd 100 0% 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) (0) ©) ) ©) ) ©)
cushoy 100 000 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) 0) ©) ) ©) ) ©)
o oo 000 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) 0) ©) ) ©) ) ©)
b oo 000 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) 0) ©) ) ©) ) ©)
etongiong o7 9548 2594.05 0.00 0.19 20.04 22.86 28.46 1.28
grang 5= 0,24y (0.04) (0.08) 0.1) 01) (0.08) (0.15) (0O
58.50 4794.54 1.23 371 27128 000 1889 9.84
Henan 0.43
0.2) (0.03) (0.05) (0.15)  (0.13) (0.04) (0.08) 0@
b oo 000 0.00 0.00 0.00 0.00 000 000 0.00
' ©) )] (0) ©) ) ©) ) ©)
e oo 000 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) 0) ©) ) (©) ) ©)
o oncoia o072 815 0.00 19.82 0.22 0.00 156.69 33.01 51.82
g % (0.03) ) (0.05) (0.08) 0) (0.04) (0.06) (0.04)
Jiangsu o 0.00 0.00 0.00 0.00 0.00 000 000 0.00
Jiangsu ' ©) ©) ) ©) ) ©) ©) ©)
Janen 07y 000 201.03 0.05 0.30 38.94 000 284 0.00
g 20 ) (0.01) (0.18)  (0.06) (0.01) (0.04) (0.01)
S oay 1250 2888.82 0.12 0.00 000 11.34 17.73 0.8
0 017) (0.05) (0.07) 007)  (0.06) (0.07) (0.14) .0
Lo oag 1897 3502.95 0.34 0.00 10674 3414 2412 549
g “°017) (0.03) (0.06) 006)  (0.12) (0.07) (0.11) .08
Ningia 100 0% 0.00 0.00 0.00 0.00 000 000 0.00
' (0) (0) (0) (0) (0) (0) (0) (0)
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onghai 100 9 0.00 0.00 0.00 0.00 000 000 000
' ©) ) 0) ©) ) ©) ) ©)

s 100 O 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) 0) ) ) ©) ) ©)

Shandon ogr 313 0.00 0.00 0.00 33146 120.68 3258 6.06

g 7 0.11) ) (0.02) (0.02) 0.1) (0.04) (0.07) (0.02)

shanghai 100 °° 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) 0) ©) ) ©) ) ©)

_ 17.61 877.29 0.00 0.08 39543 844 2141 467

Shanxi 0.57

(0.13) (0.01) (0.05) (0.05)  (0.14) (0.04) (0.08) .04

schuan o4z 877 1530.28 0.00 062 17216 106 870 1.86
2 0.17) (0.03) (0.06) (0.14)  (0.16) (0.05) (0.1) O)

Hanin Loo 000 0.00 0.00 0.00 0.00 000 000 0.00
' ©) ) 0) ) ) ©) ) ©)

N ous 1032 1168.64 0.00 0.26 79.87 2273 2059 0.62
jiang “0.18) (0.02) (0.05) 0.1) (0.14) (0.07) (0.14) 08)

vurran ogs 109 411.54 1.97 0.00 0.00 000 252 502
% (0.04) (0.01) (0.08) (0.05)  (0.04) (0.04) (0.06) .06

shejong 100 % 0.00 0.00 0.00 0.00 000 000 0.00
' (0) (0) (0) (0) 0) (0) (0) (0)
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1  TableB7 Decomposition of inefficiency and benchmarksfor industry sectors

Separable Input Excess NonSeparable Input Excess

NSBad Output Excess

DMU Score -
L abor Capital Energy use SO, NMVOC PM10 CO,
. 236.13 367.99 17.66 119.71 0.00 286.26 161.01
Anhui 0.49
(0.03) (0.27) (0.11) (0.07) 0) (0.17) (0.14)
Beii 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
=i | (©) (©) (©) © © © ©
Chongging 0.61 0.00 70.60 17.64 845.03 0.00 134.31 48.83
0) (0.12) (0.14) (0.19) 0) (0.15) (0.09)
Fujian 0.60 0.00 157.01 12.45 115.66 0.00 70.20 55.81
(0)] (0.2) (0.08) (0.06) © (0.08) (0.07)
Gansu 0.37 0.00 88.07 11.68 21.61 0.00 69.37 48.10
(0)] (0.25) (0.21) (0.09) (0.05) (0.16) (0.14)
Guangdong 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(0) (0) (0) (0) (0) (0) (0)
Guangyi 0.55 0.00 90.03 11.62 236.88 0.00 208.22 42.40
0) (0.13) (0.12) (0.13) (0.02) (0.15) (0.08)
. 126.23 64.61 19.75 340.22 0.00 156.70 112.25
Guizhou 0.32
(0.05) (0.24) (0.22) (0.17) (0.01) (0.17) (0.16)
Hainan 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(0) (0) (0) (0) (0) (0) (0)
. 0.00 72.03 85.43 509.42 0.00 511.32 298.48
Hebei 0.55
0) (0.04) (0.19) (0.12) (0.02) (0.15) (0.12)
Heilongjiang 0.78 0.00 9.54 0.00 141.44 91.69 75.40 65.66
()] (0.01) © (0.09) (0.05) (0.09) (0.07)
Henan 0.60 0.00 343.51 54.52 588.29 0.00 709.49 285.28
0) (0.15) (0.14) (0.12) 0) (0.18) (0.12)
. 0.00 253.87 33.53 1182.30 0.00 316.06 126.02
Hubei 0.46
0) (0.22) (0.13) (0.16) 0) (0.15) (0.1)
Hunan 0.55 0.00 222.44 35.45 494.42 0.00 408.58 139.18
(0)] (0.2) (0.18) (0.16) © (0.2) (0.13)
inner Mongolia 1.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(0) (0) (0) (0) (0) (0) (0)
Jiangsu 0.65 0.00 500.00 27.96 103.30 0.00 208.55 199.73
(0)] (0.2) (0.06) (0.02) © (0.08) (0.08)
Jiangxi 0.57 79.02 401.95 17.27 214.00 0.00 313.66 103.83
(0.01) (0.28) (0.17) (0.14) 0) (0.23) (0.16)
Jilin 0.55 0.00 221.65 5.65 93.19 0.00 80.07 48.72
(0)] (0.17) (0.09) (0.09) (0.03) (0.11) (0.09)
Liaoning 0.42 95.98 537.90 66.75 246.22 0.00 260.35 219.94
(0.01) (0.26) (0.17) (0.07) 0) (0.13) (0.11)
Ningxia 0.30 3.50 57.33 10.33 150.81 0.00 43.94 56.00
(0)] (0.28) (0.25) (0.17) (0.04) (0.17) (0.17)
Qinghai 0.80 0.00 4.35 17.80 0.00 43.22 87.95 31.20
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Shaanxi

Shandong

Shanghai

Shanxi

Sichuan

Tianjin

Xinjiang

Yunnan

Zhejiang

0.81

0.54

1.00

0.38

0.45

1.00

0.61

0.51

0.92

(0)
0.00
(0)
899.76
(0.03)
0.00
(0)
120.60
(0.02)
201.08
(0.02)
0.00
(0)
0.00
(0)
0.00
(0)
0.00

©)

(0.03)
0.00
(0)

538.85

(0.21)
0.00
(0)

173.80

(0.23)

302.21

(0.24)
0.00
(0)
8.83

(0.02)

35.75

(0.07)

24.28

(0.04)

(0.52)
0.00
(0)
33.39

(0.07)
0.00
(0)
51.79

(0.21)
36.78

(0.14)
0.00
(0)
3.82

(0.12)
14.55

(0.18)
15.84

(0.08)

(0)
277.21
(0.12)

1183.74

(0.12)
0.00
(0)
814.67
(0.17)
444.09
(0.11)
0.00
(0)
99.61
(0.11)
163.19
(0.14)
0.00

©)

(0.22)
78.83

(0.05)

0.00
(0)
0.00

(0)
0.00
(0)
0.00
(0)

0.00

(0)

155.58

(0.13)
0.00

(0.05)

645.23

(0.12)

(0.35) (0.26)
126.88  40.10
(0.11) (0.05)
719.69 337.01
(0.15)  (0.1)
0.00  0.00
(0) (0)
504.72 291.79
(0.18) (0.16)
336.01 104.51
(0.14)  (0.09)

0.00  0.00
(0) (0)
41.65  0.00
(0.11)  (0.05)
135.43 56.73

(0.15) (0.12)
132,55 169.83
(0.09) (0.11)
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1  TableB8 Decomposition of inefficiency and benchmarksfor residential sectors

NonSepar abl
Separable I nput Excess e lnput NSBad Output Excess
Excess
DMU Score
Urban Rural )
. . . . Applia
residential residential e Energy use CcoO BC oC CO,
buildings buildings
Anhui 0.63 0.00 342.13 0.12 0.56 314051 29.32 104.89 0 0.0
(0)] (0.08) (0.12) (0.02) (0.14) (0.12) (0.12) 0)
Beijing 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
) (0) (0) (0) (0) (0) (0) )
. 0.45 9.84 153.40 0.09 0.00 452.98 6.65 3.52 0.48
Chonggqing
(0.01) (0.08) (0.15) (0.12) (0.13) (0.14) 0.1) 100.
Fujian 0.52 248.23 296.59 0.18 4.38 164.41 4.28 0.00 3.53
(0.08) (0.1) (0.17) (0.18) (0.04) (0.07) © (0.12)
Gansu 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
) (0) 0) ) (0) (0) (0) )
Guangdong 0.73 785.75 0.00 0.43 0.99 108.64 0.00 9.98 0.64
(0.09) 0) (0.12) (0.02) (0.02) (0.01) (0.03) (0.01
Guangyi 0.83 0.00 336.63 0.11 2.63 4895.29 47.43 24210 00.0
(0)] (0.09) (0.13) (0.14) (0.25) (0.23) (0.27) 0)
. 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Guizhou
(0) (0) 0) ) 0) (0) (0) )
Hainan 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
) (0) (0) ) 0) (0) (0) )
Hebei 0.47 0.00 391.59 0.13 2.87 1099.46 11.95 0.00 7.94
(0)] (0.08) (0.11) (0.14) (0.12) (0.11) (0.07) (0.13
Heilongjian  0.77 0.00 0.00 0.00 0.02 958.55 2.45 43.47 0.00
g (0)] ©) ©) (0.03) (0.09) (0.04) (0.1) (0.03)
Henan 0.76 0.00 800.19 0.11 1.12 601.15 3.78 0.00 1.13
(0)] 0.1) (0.09) (0.02) (0.03) (0.02) (0)] (0.01)
Hubei 0.40 163.30 474.23 0.14 0.00 800.77 12.41 1.93 1.68
(0.04) (0.1) (0.13) (0.13) (0.14) (0.15) (0.11) 1.
Hunan 0.48 158.47 753.60 0.11 2.19 821.42 16.40 0.00 0.46
(0.04) (0.12) (0.1) (0.11) (0.1) (0.12) (0.04) ®.0
Inner 0.56 56.52 0.00 0.02 0.00 856.62 7.14 9.11 1.34
Mongolia (0.04) 0) (0.06) (0.1) (0.12) (0.11) (0.2) (0.09)
Jiangsu 0.50 481.48 465.00 0.38 4.55 907.69 2.93 0.00 4.29
(0.08) (0.08) (0.17) (0.1) (0.07) (0.02) © (0.07)
Jiangxi 0.72 114.91 447.68 0.07 0.00 304.61 4.90 0.36 1.25
(0.04) (0.11) 0.1) O (0.05) (0.06) (0)] (0.05)
Jilin 0.73 6.14 0.00 0.00 0.00 1046.19 8.85 28.74 0.14
(0)] ©) ©) (0.03) (0.12) (0.09) (0.09) (0.02)
Liaoning 0.66 85.30 0.00 0.01 0.00 1690.90 16.90 567 1.78
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Ningxia

Qinghai

Shaanxi

Shandong

Shanghai

Shanxi

Sichuan

Tianjin

Xinjiang

Yunnan

Zhejiang

1.00

0.97

0.53

0.45

1.00

0.48

0.53

1.00

0.83

0.79

0.79

(0.03)
0.00
(0)
0.00
(0)
0.00
(0)

167.08

(0.03)
0.00
(0)
0.00
(0)
0.00
(0)
0.00
(0)
0.00
(0)
0.00
(0)

387.81

(0.08)

(0)
0.00
(0)
0.00
(0)
163.90
(0.06)
490.19
(0.07)
0.00
(0)
82.82
(0.04)
735.13
(0.1)
0.00
(0)
21.86
(0.02)
284.97
(0.08)
901.05
(0.18)

(0.01)
0.00
(0)
0.00
(0.03)
0.05
(0.09)
0.30
(0.14)
0.00
(0)
0.03
(0.06)
0.16
(0.12)
0.00
(0)
0.00
(0)
0.03
(0.06)
0.00

©)

(0.01)
0.00
(0)
0.00
(0)
0.78
(0.12)
3.80
(0.13)
0.00
(0)
1.05
(0.16)
0.67
(0.08)
0.00
(0)
0.00
(0.02)
0.60
(0.03)
0.44
(0.01)

(0.14)  (0.13)
0.00 0.00
(0) (0)
0.00 0.00
(0) (0)
258.74  2.42
(0.1)  (0.09)
1666.84  13.56
0.12)  (0.11)
0.00 0.00
(0) (0)
795.80  10.17
(0.15)  (0.15)
1389.59  8.92
(0.09)  (0.08)
0.00 0.00

(0) (0)
213.80  2.25
(0.05)  (0.04)
589.90  11.20
(0.05)  (0.07)
51045  4.03
(0.15)  (0.1)

(0.12)
0.00
(0)
0.00
(0)
0.00
(0.08)
0.00
(0.06)
0.00
(0)
0.00
(0.1)
4553
(0.09)
0.00
(0)
6.13
(0.04)
24.17
(0.05)
29.15
(0.21)

(0.04
0.00
(0)
0.00
(0)
1.63
(0.1)
8 8.5

1@)

0.00
(0)
4.78
(0.15)
0.00
(0.05)
0.00
(0)
0.01
(0.02)
0.00
(0)
0.00

©)
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1  TableB9 Decomposition of inefficiency and benchmarksfor transport sectors

Separable Input Excess NonSeparable Input Excess

NSBadOutput Excess

DMU Score -
L abor Capital Energy use NO, CcO BC CO,
Anhui 0.50 88.07 0.00 0.61 52.94 0.00 1.78 1.46
(0.16) © (0.16) (0.1) (0.07) (0.1) (0.1)
Beijing 0.51 429.63 1.49 3.88 23.70 21751 0.00 6.95
(0.24) (0.01) (0.14) (0.04) (0.07) (0) (0.08)
Chongging 0.36 95.91 29.46 4.09 45.64 0.00 0.27 8.61
(0.2 (0.16) (0.25) (0.06) 0) (0.01) (0.15)
Fujian 0.78 4.60 35.22 1.24 24.32 0.00 091 273
(0.01) (0.1) (0.06) (0.03) 0) (0.04) (0.04)
Gansu 0.39 74.05 1.14 0.95 6.46 0.00 0.21 1.65
(0.22) (0.02) (0.22) (0.09) (0.08) (0.08) (0.13)
Guangdong 0.54 249.31 2.01 5.56 57.34 239.61 0.00 11.26
(0.13) © (0.16) (0.08) (0.08) (0.05) (0.1)
Guangxi 0.34 125.60 37.81 5.16 17.18 98.96 0.00 10.99
(0.2) (0.17) (0.23) (0.02) (0.04) (0) (0.15)
Guizhou 0.70 11.72 6.37 1.06 30.44 0.00 0.60 1.87
(0.03) (0.04) (0.09) (0.07) (0.01) (0.05) (0.05)
Hainan 0.98 30.10 8.08 2.76 3.99 48.14 0.00 5.82
(0.21) (0.17) (0.31) (0.03) (0.09) 0) (0.19)
Hebei 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(0) (0) (0) (0) (0) (0) (0)
Heilongjiang 0.33 197.75 36.10 1.48 20.14 1850 0.00 3.22
(0.23) (0.16) (0.18) (0.07) (0.06) (0.05) (0.11)
Henan 0.48 156.27 0.00 0.72 35.14 0.00 259 0.90
(0.17) © (0.16) (0.1) (0.08) (0.11) (0.09)
. 151.57 27.24 8.69 22.27 0.00 1.24 16.16
Hubei 0.40
(0.18) (0.1) (0.24) (0.02) (0.01) (0.03) (0.14)
Hunan 0.54 109.05 44.22 6.50 17.83 66.82 0.00 13.69
(0.14) (0.13) (0.25) (0.02) (0.02) (0) (0.16)
inner Mongolia  0.53 42.78 33.63 9.25 13.78 0.00 1.16 18.93
(0.07) (0.12) (0.25) (0.01) © (0.02) (0.15)
Jiangsu 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(0) (0) (0) (0) (0) (0) (0)
Jiangxi 0.48 99.78 6.59 1.53 17.07 0.00 0.20 3.33
(0.19) (0.05) (0.17) (0.05) (0.03) (0.04) (0.11)
Jilin 0.34 104.74 22.85 1.87 0.00 38.13 0.04 3.86
(0.21) (0.14) (0.21) (0.05) (0.07) (0.05) (0.13)
Liaoning 0.41 176.08 31.13 9.02 0.00 36.90 0.14 19.02
(0.17) (0.1) (0.23) (0.02) (0.03) (0.02) (0.14)
Ningxia 0.81 452 0.00 0.56 1439 10.94 0.00 1.07
(0.04) © (0.12) (0.06) (0.02) ©) (0.07)
Qinghai 0.22 28.29 7.79 0.40 3.14 16.55 0.00 0.85
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Shaanxi

Shandong

Shangha

Shanxi

Sichuan

Tianjin

Xinjiang

Yunnan

Zhejiang

0.29

1.00

0.72

0.40

0.24

1.00

0.23

0.10

0.62

(0.24)
154.94
(0.22)
0.00
(0)
199.04
(0.18)
121.21
(0.17)
172.22
(0.21)
0.00
(0)
85.18
(0.23)
129.27
(0.26)
133.27
(0.14)

(0.21)
31.87
(0.15)
0.00
(0)
0.00
(0)
33.95
(0.13)
90.27
(0.22)
0.00
(0)
19.20
(0.17)
77.99
(0.28)
5.26
(0.02)

(0.24)
4.10
(0.25)
0.00

(0)
26.24
(0.45)
3.66
(0.2)
6.03
(0.24)
0.00
(0)
1.52
(0.26)
2.41
(0.3)
11.03
(0.33)

(0.09)
0.00
(0.05)
0.00

(0)
43.47
(0.07)
11.09
(0.04)
41.59
(0.06)
0.00
(0)
11.60
(0.11)
15.88
(0.14)
78.35
(0.06)

(0.11)
72.23
(0.08)
0.00
(0)
38.27
(0.02)
94.79
(0.06)
435.13
(0.11)
0.00
(0)
60.67
(0.12)
133.01
(0.16)
1042.12
(0.17)

(0.07)
0.54
(0.07)
0.00
(0)
0.00
(0)
0.00
(0.03)
0.00
(0.03)
0.00
(0)
0.00
(0.09)
0.00
(0.12)
0.00

©)

(0.15)
8.05
(0.15)
0.00
(0)
55.45
(0.27)
6.98
(0.12)
12.00
(0.15)
0.00
(0)
3.17
(0.16)
5.05
(0.18)
22.87
(0.2)
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Highlights

A comprehensive environmental efficiency index is proposed.

Sectoral environmental efficiency of Chinainvolving air pollutants is assessed.
Some provinces operated along the production frontier in environmental terms.
There are regional disparitiesin overall and sectoral environmental efficiency.
Abatement potential for CO, and air pollutants exists in specific sectorsin China.



