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考虑区域异质性的能源效率评价

———基于线性对数技术的共同前沿方法

昂 胜,邓 芳,杨 锋

(中国科学技术大学管理学院,安徽合肥230026)

摘要:中国各区域经济发展、资源分布、科技水平存在巨大差异,这些差异导致不同区域之间生产技术存在

异质性.为此,本研究将中国30个省份划分为东、中、西三个地区,基于线性对数技术的共同前沿方法,提出



了考虑生产技术异质性的数据包络分析模型.利用该模型对各省份和各地区在2006~2015年间的能源效率

进行了评价,并进一步分析了各省份能源无效的原因.研究结果表明,中国大部分的省份都有一定的能源效

率提升空间.东部地区年平均能源效率最高,中部次之,西部地区最低.东部地区应该通过提高管理水平来提

高能源效率,而中西部地区则需要同时提高技术和管理效率.
关键词:能源效率;数据包络分析;共同前沿;线性对数技术

0 Introduction
ThefastdevelopmentofChina’seconomyhas

broughtaboutalargeenergyconsumptionthathas
caused non-negligible environmental problems.
Growingenergyconsumptionandcarbonemissions
are serious threats to China’s sustainable
developmentstrategy.Chinabecamethelargest
energyconsumercountryin2010,andithasalso
becomethelargestemitterofcarbondioxideinthe
world[1].Controlling energy consumption and
reducing pollutantemissionsis now assuming
unprecedented strategic importance, and the
alleviationofenergyandenvironmentalcrisisisa
problemthatChinahastoface.Thus,theState
CouncilofChina[2]proposedsomepoliciesinthe
13thFive-YearPlanforenvironmentalprotection.
The targets include controlling total energy
consumptionwithin5billiontons(standardcoal)

andreducingCO2emissions(perunitofGDP)by
18%by2020,whichisoneoftheimportantways
for Chinato speed up theconstruction ofa
resource-conserving and environmentally-friendly
society. The improvement of environmental
efficiencyisgivencentralimportanceforitisan
importantwaytoreduceenergyconsumptionand
greenhousegasemissions.TheStateCouncil[3]

alsoallocatedcorrespondingenergyconsumption
andcarbonemissiontargetsforeachprovince.
Scientifically assessing regional environmental
efficiencycaneffectivelyurgeprovincestoimprove
their energy utilization technology and
environmental management, and achieve a
harmonious development ofthe economy and
environment.

Dataenvelopmentanalysis (DEA)method,

firstproposedbyCharnesetal[4]in1978,isa
nonparametricfrontieranalysis methodusedin
variousfieldforrelativeperformanceevaluationfor
asetofdecisionmakingunits(DMUs).Inthe
fieldofenergyefficiencyanalysis.HuandWang[5]

usedtheDEA methodtomeasurethetotal-factor
energyefficiency (TFEE)in China’senergy
industry,andthenvariousfactorsaffectingthe
total-factorenergyefficiencywereanalyzed[6-8].Hu
etal[9]usedtheDEAapproachwiththeTFEE
frameworkinAPECeconomiestodeterminetheir
energysavingtargets.Honmaetal[10]employed
themethodtocomputeJapan’sregionalTFEE.
Zhaoetal[11]analyzedTFEEinthethree-stage
DEAmethodfor35BRIcountries.
Itis known thatan energy consumption

processwillproducepollutants,andtheinclusion
ofthesepollutantsasundesirableoutputsinto
efficiency measurement is conducive to the
constructionofagreenecologicalenvironment.
Undertherequirementsofenergyconservationand
emission reduction with sustainable economic
development,ignoringepollutantsismeaningless
to evaluate energy efficiency and thus the
estimationofenergywillbeefficiencybiased[12].
SinceFäreetal[13]andFäreetal[14]addressed
undesirableoutputsasby-productsofproduction
and manufacturing process, mangy energy
efficiency studies usually include undesirable
outputsinadditiontotraditionalenergyefficiency
indicators[15-18].Ramlietal[19]proposedareview
on the undesirable outputs in efficiency
measurement;theyalsobroughtupadiscussion
about environmental efficiency measurement.
Valadkhanietal[20]usedthemultiplicativeDEA
approachbasedonthetraditionalenergyindicators
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andvariousundesirableoutputsto measure46
countries’environmentalefficiency.Zhouetal[21]

usedCO2asthedesirableoutputtomeasurethe
energyefficiencyundervariousDEA models.Liu
etal[22] proposed a DEA modelincorporating
MalmquistindextoevaluatetheTFEEwhileCO2
wasselectedasoneoftheundesirableoutputs.

Althoughalotofresearchesinthefieldof
energyefficiencyassessmentbasedonDEAhave
beenconducted,thereareseverallimitations.One
ofthelimitationsisthatpreviousstudiesrarely
considered the heterogeneity of production
technology. The gaps between economic
development,resourceendowments,andscientific
andtechnologicallevelsamongdifferentregions
are ubiquitous which leads to technology
heterogeneity.Meta-frontier methodemphasizes
theheterogeneityofproductiontechnology,which
cansolvethisproblem.Hayami[23]andHayamiet
al[24] first proposed the meta production
conception,anditisconsideredastheenvelope
curveofthegeneralproductionfunction.Battese
etal[25]developedmeta-frontiertheoryandbasedit
onthemetaproduction.O'Donnelletal[26]further
usedthe DEA modelsto constructthe non-
parametric meta-frontier,in which DMUsare
dividedinto dissimilar groupsin meta-frontier
method.Inapplication,Yuetal[27]appliedthe
meta-frontiermethodtodivideChina’sprovinces
intodifferentregionstomeasuretheirefficiency.
Wangetal[28]proposedanewTFEEindicator,and
usedthemeta-frontierDEA methodtocalculate
technologyheterogeneity.Sunetal[29]considered
management and technology heterogeneity to
measuretheERECefficiencyof211Chinesecities.
Sunetal[30]consideredtechnical-leveldifferences
tomeasuretheheterogeneousChinesebanksupply
chainsystem.

Inthisstudywewillfurtherthemeta-frontier
method and combine it with Cobb-Douglas
(namelylog-linear)framework,whichisunder
geometric convexity postulate in DEA. We
propose the log-linear energy technology and

constructtheoutput-orientedDEA modelunder
thetwofrontiers.Ordinaryconvexitypostulatein
theBCCmodel[31]permitsvariouskindsofreturns
toscalesituationsintheproductionfunctionwhile
marginal products must be non-increasing.
However,thisrestrictionisinappropriateinnon-
concave regions or production possibility.
FollowingBankeretal[32]andValadkhanietal[20],

wetrytoaddresstheissuebyconvertingthe
convexitypostulateintoageometricconvexityin
BCC model, which means that Cobb-Douglas
frontierreplacesthepiecewiselinearfrontier.We
alsoproposeamultiplicativeenvironmentalDEA
approach based on the Multiplicative
EnvironmentalDEATechnologysetandTME

DEAits
log-transformationlogTME

DEA .The multiplicative
environmentalDEAtechnologyTME

DEAispiecewise
log-linear,andallowsforallkindsofproduction
structures.

Thelog-linearenergytechnologyweproposed
hasseveraldesirablefeatures.First,thelog-linear
technology set breaks the limitation of the
convexityassumptionoftechnology.Itallowsfor
allkindsofproductionstructures[33].Second,the
frontierofthelog-linearenergytechnologysetisto
piecewiseCobb-Douglastype[34],whichiswidely
used in practice. Third, we consider the
heterogeneity of the production technology
comparedwithformerlog-lineartechnologyrelated
researches.

Forapplicationweusetheproposedmodelsto
measureenergyefficiencyinChina’s30provinces
in2006~2015.Sinceundesired outputisan
essential indicator in energy efficiency
measurement to reflect the environmental
conditions,andthuswechoosetheoutput-oriented
model.Comparingtheefficiencyoftheevaluated
unitinthegroupfrontierandthemeta-frontier,

wedefinea measure oftechnology gap ratio
(TGR)to indicate the heterogeneity ofthe
productiontechnology[35].ThroughtheTGR,the
gapbetweentheenergyefficiencyoftheprovinces
and different groupsis analyzed. Wefurther
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decomposethe inefficiency of each unitinto
technicalinefficiencyandmanagementinefficiency.
From the perspectives of technology and
management,thereasonsforenergyinefficiencyin
eachprovinceareanalyzed.

Empiricalresultsindicatethat mostofthe
provincesinChinaexceptBeijing,Shanghaiand
Guangdong have great potential for energy
efficiencyimprovement.Italsoshowsthatthe
averageannualenergyefficiencyishighestinthe
east,andthelowestinthewesternregion,with
thecentralregionsomewhereinbetween.The
provincesintheeastshouldimprovetheirenergy
efficiency by improving their management
capabilities, while the central and western
provincesshouldimprove bothtechnology and
managementefficiency.

1 Methods
1.1 Log-linearenergytechnology

Suppose that there are N homogenous
DMUs,whoseinputsareascapital(k),labor
force(l)andenergy(e)anddesirableoutputis
GDP(y)whiletheundesirableoutputisCO2(u).
FollowingValadkhanietal[20],weformulatethe
output-oriented piecewise log-linear energy
technologyT as (1).ComparedwiththeBCC
model which,require convexity postulate,T
allowsforallkindsofproductionstructures.(θ1,…,
θn)TarethereductionfactorsamongDMUswhile
(λ)1,…,λn)T are the structural variables to
connectallindicators[36].

T= k,l,e,y,u  :∏
N

n=1
kλnn ≤k,∏

N

n=1
lλnn ≤l,

∏
N

n=1
eλnn ≤e,∏

N

n=1
yθnλnn ≥y,

∏
N

n=1
uθnλnn ≤u;λn ≥0;θn ≥0;n=1,…,N 

(1)

  TransformingTintothelogformas:

logT=
(logk,logl,loge,logy,logu)|
(k,l,e,y,u)∈T  (2)

  ThesetlogTisthelogformofsetT,and

thustheinputsandoutputsinT completealog
transformation.Thetwosetsareofamapping
relationshipforthestrict monotonicity ofthe
logarithmicfunction.
1.2 Log-linearenergyefficiency measurement

basedonmeta-frontier
Itisgenerallyassumedthateachevaluated

DMUhasthesameorsimilartechnicallevelin
traditionalDEA models.However,fordifferent
provincesinacountry,therearegreatdifferences
inresourceendowments,industrialstructureand
economicdevelopment.Ifthesedifferencesarenot
considered, comparisons of energy efficiency
among the provinces based on the same
technologicallevel will not produce credible
results.Assafetal[37]andChiuetal[38],Wedivide
theprovincesintoJ groups.Thequantityof

DMUsinthejthgroupisNj ,thus∑
J

j=1
Nj =N .

Referring to the log-linear energy technology
mentionedinSection1.1,wepresentalog-linear
energyefficiency measurementunderthe meta-
frontier.

Theproductiontechnology (Tj
l )underthe

jthgroupfrontieris

Tj
l = kj,lj,ej,yj,uj  :∏

Nj

n=1
kj

n
λjn ≤kj,

∏
Nj

n=1
lj

n
λjn ≤lj,∏

Nj

n=1
ejλj

n ≤ej,

∏
Nj

n=1
yjθjnλ

j
nn ≥y,∏

Nj

n=1
ujθjnλ

j
nn ≤uj;

λj
n ≥0,θj

n ≥0;n=1,…,N (3)

  Theproductiontechnologyunderthemeta-
frontier(Tmeta

l )isshownasfollowing:

Tmeta
l = k,l,e,y,u  :∏

J

j=1
∏
Nj

n=1
kjnμ

j
nn ≤kj,

∏
J

j=1
∏
Nj

n=1
lj

n
μjn ≤lj,

∏
J

j=1
∏
Nj

n=1
ejμjnn ≤ej,∏

J

j=1
∏
Nj

n=1
yjθjnμ

j
nn ≥yj,

∏
J

j=1
∏
Nj

n=1
uj

n
θjnμ

j
n ≤uj;μj

n ≥0;θj
n ≥0;
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n=1,…,Nj (4)

Tj
landTmeta

l representthetechnologiesundertwo
kindsoffrontiersofeachDMU.λj

n≥0andμj
n≥0

representconstantreturnstoscaleassumption.
Referring to O’Donnell et al[26], the two
technologieshavefollowingproperties:

A1.If(k,l,e,y,u)∈Tj
lforanyjthen(k,l,

e,y,u)∈Tmeta
l ;

A2.If(k,l,e,y,u)∈Tmeta
l then(k,l,e,y,u)

∈Tj
lforsomek;

A3.Tmeta
l ={T1

l ∪T1
l ∪ …Tk

l}.
Basedontheestablishedenergyproduction

technologyTj
l andTmeta

l .wethenpresentthe
followingmathematicalprogramming(5)and(6)

tomeasuretheenergyperformanceofeachDMU.
Log-linearenergymodelundergroupfrontier

isshownas:

s.t.

ρj =Maxβjυ ×γjω

∏
Nj

n=1
kj

n
λjn ≤kj,∏

Nj

n=1
lj

n
λjn ≤lj,∏

Nj

n=1
ejλjnn ≤ej,

∏
n

n=1y
jθjλj
j ≥βjyj,∏

n

n=1u
jθjλj
j ≤γj-1uj;

λj ≥0,0≤θj ≤1,βj ≥1,γj ≥1    (5)

  Log-linearenergymodelundermeta-frontier
isshownas:

s.t.ρmeta=Maxβυ ×γω

s.t.∏
J

j=1
∏
Nj

n=1
kj

n
μjn ≤kj,∏

J

j=1
∏
Nj

n=1
lj

n
μjn ≤lj,    

∏
J

j=1
∏
Nj

n=1
ejμjnn ≤ej,

∏
J

j=1
∏
Nj

n=1
yjθjnμ

j
nn ≥βyj,∏

J

j=1
∏
Nj

n=1
ujθjnμ

j
nn ≤γ-1uj;

μj ≥0,0≤θj ≤1,β≥1,γ≥1 (6)

  Inthe models (5)and (6),νandωare
weightedvectorswhichareoftenuser-specified.
Thevariablesβandγareusedtoenlargeoutputs
and reduce bad outputs. which indicate the
inefficiencyofoutputdirection[39].ρj andρmeta

representthe maximum valueoftheobjective
function.
1.3 Thedefinitionofenergyefficiency

Ifβ=1,γ =1forthe DMUj,theDMUis
definedtobeenergyefficiency.Wedefinethe

groupfrontierenergyefficiency(GEE)asGEE=
(βj* ×γj*)-1/2 and meta-frontier energy
efficiency(MEE)asMEE=(β* ×γ*)-1/2.

Definition1.1 DMUjisenergy-efficientif
andonlyifMEE=1.

Sincetheproductiontechnologyofthemeta-
frontiercontainsthegroupfrontier,thatGEE≥
MEE.A DMU achieve energy-efficient when
MEE=1,anditsGEEmustbe1.

Theorem1.1 MEE =1ifandonlyifβ=1,

γ=1.GEE=1ifandonlyifβj =1,γj =1.
Whenβ=1,γ=1,theslacksofthedesirable

outputandtheundesirableoutputarebothzero
undermeta-frontier.Thismeanstheevaluatedunit
doesnot have room forimprovementin the
directionofoutputinthisoutput-orientedmodel,

thustheDMUjisenergy-efficient.SoitistheGEE
inthegroupfrontier.WhentheevaluatedDMU
attainsenergyfullefficiency,itsuggeststhatthere
isnoshortfallofdesirableoutputandexcessive
undesirables.Fromthedefinitionoftheenergy
efficiency,wecanconcludethatthebestwayto
improvetheefficiencyistogaindesirableoutput
andreduceundesirableoutputasmuchaspossible
whilekeepingtheinputunchanged.Thatistosay,

thevalueofβ,γshouldbecontrolledassmallas
possibletoimproveenergyefficiency.
1.4 Technologygapratioofenergyefficiency

ToevaluatetheperformanceofeachDMU
underdifferentfrontiers,technologygapratioof
energyefficiencyisdefined.TheTGRofthenth
DMUinthejthgroupisdescribedinEq.(7).
FollowingWangetal[40],wedefinetheaverage
TGRofthejthgroup,whichisshowninEq.(8).

TGRj
n =

MEEj
n

GEEj
n

(7)

TGRj =
∑
Nj

n=1
TGRj

n

Nj
(8)

  SinceGEE≥MEEehavethatthevalueof
TGRj

nbelongsto 0,1  .TGRj
nistheperformance

differenceundertwokindsoffrontiersofthenth
DMU,whileTGRj presentsthejth group’s
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averagetechnologygap.AsmallerTGRj meansa
greater heterogeneity of the production
technology.Based on the existence of such
differences,wecanfurtherdecomposeTGRto
analyzereasonsfortheinefficiency.

AsLinetal[41]andChiuetal[38]describedthe
energy inefficiency of the meta-frontier, we
decomposethetechnologyinefficiencyof meta-
frontier(MTI)intotwopartsinasimilarway.If
theunitunderthegroupfrontierisinefficient,its
inefficiency sourcein theinner-group can be
consideredasamanagementinefficiency.Thus,

MTIiscomposedofgroupfrontier managerial
inefficiency(GMI)andtechnologygapinefficiency
(TGI).

TGIjn =GEEj
n × 1-TGRj

n  (9)

GMIjn =1-GEEj
n (10)

TGIj =
∑
Nj

n=1
TGIjn

Nj
(11)

GMIj =
∑
Nj

n=1
GMIjn

Nj
(12)

1.5 Computationalprocedureforsolvingmodels
(5)and(6)

Models(5)and (6)presentedaboveare
complicated and hard to solve for they are
nonlinear.Takingthenaturallogarithmofmodels
(5)and(6),wegettheenergyefficiencymodel
undergroupfrontierasEq.(13)andtheenergy
efficiencymodelundermeta-frontierasEq.(14).

Wedefinethelinearprogrammingofthelog-
linearenergymodelunderthegroupfrontieras:

lnρj =Maxνlnβj +ωlnγj

s.t.∑
Nj

n=1
λj

nlnkj
n ≤lnkj,∑

Nj

n=1
λj

nlnlj
n ≤lnlj,

∑
Nj

n=1
λj

nlnen
j ≤lnej,

∑
Nj

n=1
θj

nλj
nlnyj

j ≥lnyj
j +lnβj,

∑
Nj

n=1
θj

nλj
nlnuj

n ≤lnuj -lnγj

λj ≥0,0≤θj ≤1,lnβj ≥0,lnγj ≥0,(13)

  Similarly,thelinearprogrammingofthelog-
linear energy model under meta-frontier is
definedas:

lnρmeta=Maxνlnβ+ωlnγ

s.t.∑
J

j=1
∑
Nj

n=1
μj

nlnkj
n ≤lnkj,∑

J

j=1
∑
Nj

n=1
μj

nlnlj
n ≤lnlj,

∑
J

j=1
∑
Nj

n=1
μj

nlnen
j ≤lnej,

∑
J

j=1
∑
Nj

n=1
θj

nμj
nlnyj

n ≥lnyj +lnβ,

∑
J

j=1
∑
Nj

n=1
θj

nμj
nlnuj

n ≤lnuj -lnγ;

μj ≥0,0≤θj ≤1,β≥1,γ≥1 (14)

  Supposingthat lnβj*,lnγj*,λn
*  isan

optimalsolutiontoEq.(13),lnβ*,lnγ*,μn
*  is

anoptimalsolutiontoEq.(14), βj*,γj*,λn
*  

and β*,γ*,μn
*  aretheoptimalsolutionto

Eqs.(5)and(6),respectively.MEEandGEEare
bothbelongto 0,1  .

2 Empiricalanalysis
2.1 Dataandgroups

Dataof30provincesinChinaintheperiodof
2006~2015arecollected(TibetandHongKong,

Macaoand Taiwanareexcludedduetolackof
data).Theenergyconsumptionindexincludesall
kindsofconsumption,suchascoalandcrudeoil.
Theconsumptiondataarederivedfromtheenergy
statisticsyearbookofChina(2006~2015).The
laborforceandGDPdataarederivedfromthe
statisticalyearbookofChina(2006~2015).GDP
hasbeenadjustedasthe2000constant-priceto
removetheinfluenceofpricefluctuations.Since
theenergyconsumptionwillbringtheundesired
outputofgreenhousegases,thecarbondioxide
emissionsfromvariousprovincesareselectedas
undesiredoutput[42].FollowingZhangetal[43],we
convert various energy consumption into
correspondingcarbon emissionsbased ontheir
respectiveconversioncoefficientstoestimatethe
carbonemissionsofeachprovince.Weusethe
perpetualinventory methodtocalculatecapital
stockKit =Iit + 1-δi  Ki,t-1,inwhich Kitis
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thecapitalstockoftheregioniintheyeart,Ii.t

istheinvestmentoftheregionaliintheyeart,

andδiisthedepreciationoffixedassetsofthe
regioniintheyeart[44-45].Here,thecapitalstock

isconvertedintothecorrespondingdatabasedon
the2000basis.Tab.1summarizesthestatistical
characteristicsoftheinputsand desirableand
undesirableoutputs.

Tab.1 Statisticalsummarysummaryoftheinputsandoutputsdata,2006~2015

Parameters Index Unit Average Max Min St.Dev

Input

Labor 104Persons 2600 6636 294 1721

Capital 109Yuan 26728 117106 1712 21440

Energy 104Tons 12914 38899 920 8060

Desirableoutput GDP 109Yuan 11464 54143 527 9762


Undesirableoutput CO2 104Tons 7546 22647 512 5033


  Accordingtothedivisionofthethreemajor
economic regions of the National Bureau of
Statistics,provincesaredividedintothreemajor
groups,eastern,centralandwesternregions[40,46].
Theeasternregionincludes11 provinces,the
centralregion includes 8 provinces,and the
western regionincludes11 provinces.Tab.2
showstheaverageofthevariousindicatorsof
inputsandoutputsinthesethreeregionsoverfive
years.From Tab.2,itisseenthattheeastern
regionhasthebesteconomicsituation,withthe
highestenergyconsumptionandcarbondioxide
emissions.Tables1and2alsoshowthatthe
indicatorsintheeasternregionareabovethe
average. The western region has the worst
economicsituation butrelativelylowerenergy
consumptionandcarbondioxideemissions,which
isofatypicallow-inputandlow-outputtype.The
differenceintheseindicatorssuggeststheimbalancein
economicdevelopment.Asaresult,thetechnical
heterogeneityofeachregionshouldbeconsideredwhen
evaluatingtheenergyefficiency.

Tab.2 Theannualaveragevalueofinput-output
inthreeregions,2006~2015

Parameters Index East Central West

Input

Labor 2954 3165 1836

Capital 38366 25637 15883

Energy 16856 12846 9022

Desirableoutput GDP 18256 10155 5623


Undesirableoutput CO2 9619 7787 5298


2.2 Energyefficiencyundermeta-frontierand

groupfrontier
BeforeanalyzingtheenergyefficiencyofChina

in2006~2015,wefirstusethedataof2015to
compareourlog-linearmethodwiththedirectional
meta-frontier DEA approach. The directional
meta-frontiermethodiswidelyusedinefficiency
evaluation[47-48].Inthe Appendixdetailsofthe
directionalmeta-frontier methodareintroduced.
Wecalculatetheenergy efficiency underboth

groupfrontierand meta-frontiertocomparethe
twomethods.Tab.3showstheenergyefficiency
ofthesetwomethods.

In Tab.3,wecanfindthatthe energy
efficiency under the directional meta-frontier
methodislessthanourproposedlog-linearmethod
withinmeta-frontier.Theefficiencyusingdirect

groupfrontierisalmostlessthantheefficiency
usingthelog-linear method,exceptfor Hubei.
Obviously,theefficiencyvaluesobtainedthrough
thesetwomethodsarequitedifferent.Thereason
forthisdisparityisthedifferencebetweentheir

production possiblesets.Theresultsobtained
throughourmethodaremorerealisticsincethat
thefrontierofour methodispiecewise Cobb-
Douglas type. For example, Tianjin and
Guangdongareinefficientindirectionaldistance
method,but they are on the Cobb-Douglas

productionfrontierinourmethod.
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Tab.3 Comparisonofthelog-linearanddirectionalmeta-frontierDEAmethods

Province
MEE

Log-linear Directional-distance

GEE

Log-linear Directional-distance

TGR

Log-linear Directional-distance

Beijing 1.000 1.000 1.000 1.000 1.000 1.000

Tianjin 1.000 0.805 1.000 0.805 1.000 1.000

Hebei 0.445 0.302 0.445 0.302 1.000 1.000

Shanxi 0.366 0.182 0.581 0.398 0.630 0.457

InnerMongolia 0.355 0.181 0.478 0.219 0.742 0.826

Liaoning 0.533 0.315 0.533 0.315 1.000 1.000

Jilin 0.555 0.318 1.000 1.000 0.555 0.318

Heilongjiang 0.568 0.327 1.000 1.000 0.568 0.327

Shanghai 1.000 1.000 1.000 1.000 1.000 1.000

Jiangsu 0.674 0.470 0.674 0.470 1.000 1.000

Zhejiang 0.768 0.601 0.768 0.601 1.000 1.000

Anhui 0.542 0.302 1.000 0.719 0.542 0.420

Fujian 0.733 0.583 0.733 0.583 1.000 1.000

Jiangxi 0.640 0.397 1.000 1.000 0.640 0.397

Shandong 0.543 0.366 0.543 0.366 1.000 1.000

Henan 0.467 0.309 0.740 0.569 0.631 0.543

Hubei 0.619 0.417 0.980 1.000 0.632 0.417

Hunan 0.654 0.457 1.000 1.000 0.654 0.457

Guangdong 1.000 0.964 1.000 0.964 1.000 1.000

Guangxi 0.641 0.430 0.888 0.746 0.721 0.576

Hainan 0.642 0.323 0.642 0.323 1.000 1.000

Chongqing 0.728 0.514 1.000 1.000 0.728 0.514

Sichuan 0.749 0.606 1.000 1.000 0.749 0.606

Guizhou 0.450 0.256 0.586 0.310 0.768 0.826

Yunnan 0.634 0.409 0.854 0.675 0.742 0.606

Shaanxi 0.543 0.302 0.729 0.398 0.745 0.759

Gansu 0.499 0.298 0.644 0.361 0.774 0.825

Qinghai 0.523 0.273 0.663 0.330 0.790 0.827

Ningxia 0.296 0.090 0.376 0.108 0.786 0.833

Xinjiang 0.339 0.151 0.444 0.183 0.763 0.825

Average 0.617 0.432 0.777 0.625 0.805 1.000

East 0.758 0.612 0.758 0.612 1.000 1.000

Central 0.551 0.339 0.913 0.836 0.606 0.417
West 0.523 0.319 0.697 0.494 0.755 0.729

  Next,wewillcalculatetheenergyefficiency
MEE and GEE with the log-linear models

introduced.TheaverageresultsofMEEandGEE
in2006~2015areshowninTab.4.
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Tab.4 Annualaverageenergyefficiency
underdifferentfrontiers

Province MEE GEE TGR

Beijing 1.000 1.000 1.000

Tianjin 0.829 0.829 1.000

Hebei 0.486 0.486 1.000

Shanxi 0.407 0.599 0.678

InnerMongolia 0.394 0.716 0.590

Liaoning 0.594 0.594 1.000

Jilin 0.566 0.982 0.579

Heilongjiang 0.662 1.000 0.662

Shanghai 1.000 1.000 1.000

Jiangsu 0.711 0.711 1.000

Zhejiang 0.773 0.773 1.000

Anhui 0.609 0.976 0.625

Fujian 0.788 0.788 1.000

Jiangxi 0.710 1.000 0.710

Shandong 0.582 0.582 1.000

Henan 0.561 0.817 0.686

Hubei 0.615 0.891 0.692

Hunan 0.691 0.993 0.696

Guangdong 1.000 1.000 1.000

Guangxi 0.676 0.963 0.703

Hainan 0.827 0.827 1.000

Chongqing 0.727 0.988 0.736

Sichuan 0.718 1.000 0.718

Guizhou 0.432 0.575 0.753

Yunnan 0.585 0.792 0.739

Shaanxi 0.585 0.797 0.733

Gansu 0.535 0.706 0.758

Qinghai 0.571 0.742 0.770

Ningxia 0.338 0.440 0.766

Xinjiang 0.448 0.601 0.743

Average 0.647 0.806 0.811

East 0.781 0.781 1.000

Central 0.603 0.907 0.666

West 0.546 0.756 0.728

  In Tab.4,wecan seethatonlythree
provincesareefficientunderthe meta-frontier,

namelyBeijing,ShanghaiandGuangdong.They
areallintheeastregion.However,underthe
groupfrontier,therearesixefficientprovinces,

namelyBeijing,Heilongjiang,Shanghai,Jiangxi,

Guangdong,andSichuan.Sincethemeta-frontier
productionpossibilitysetcontainsallunits,the
measuredefficiencyvalueunder meta-frontieris
lessthanorequaltothegroupfrontierefficiency
value.Wecanseethattheefficiencyscoreunder
thegroupfrontierishigherinthewesternregion
andthecentralregion.Beijing,Shanghaiand
Guangdongareallefficient under both group
frontierandmeta-frontier.Itshowstheyarethe
best-performing provinces in energy efficiency
evaluation, which has nothing to do with
technologicalheterogeneity.Forthetechnology
gapratio,wecanseethattheratioofallprovinces
intheeasternregionis1.Itmeansthatthegroup
frontiersofallprovincesintheeasternregionare
partofthe meta-frontier.Thereasonforthis
phenomenonisthatthetwoprovincesthatare
efficientundermeta-frontierarebothintheeastern
region.Asaresult,whenthegroupevaluationis
conducted,thereferenceunitsoftheineffective
provincesintheeasternregionarestillthethree
efficient provinces. As a result,there is a
coincidencebetweenthegroupfrontierandpartof
meta-frontier, resulting in the consistent
performanceoftheeasternregion underboth
frontiers. Take Inner Mongolia in western
provinces as an example. Its meta-frontier
efficiencyis0.394,butthegroupefficiencyhas
increasedto0.716.Thisbiggap meansthat
technologicalheterogeneityhasagreaterimpacton
theenergyefficiencyevaluationinInnerMongolia.
Itis worth noting that despitethetechnical
heterogeneity,thereisstill28.4%potentialroom
forimprovementinInner Mongolia withinthe
groupfrontier.Incontrast,thereisasmuchroom
forimprovementas60.6% underthe meta-
frontier. In either case, this space for
improvementislarge.In other words,Inner
Mongoliahasarelativelylow energyefficiency
value.Itneedstoimproveefficiencybyreducing
energyconsumption,increasingGDPandreducing
carbon dioxide emissions. The average meta-
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frontierefficiencyoftheeasternregionisthe
highest,thecentralregionisthesecondandthe
westisthelowest,asseenfrom Tab.4.The
averageefficiency ofthecentralregionisthe
highestundergroupfrontier,whichisrelatedto
thesmallnumberofprovincesinthecentral
region.Ingeneral,energyishigherinareaswith
bettereconomicdevelopment.

Fig.1reflectsthetrendofthemeta-frontier
efficiencyin each province yearly.From the
figure,wecanseethatmostprovinceshavehad
relativelystableefficiency valuesovertheten
years.TheannualenergyefficiencyofBeijing,

ShanghaiandGuangdongare1,andthustheyare
benchmarksofallprovinces.TakingTianjinasan
example.Theenergyefficiencyvaluesgrewevery
yearexcept2009inTianjinduringthe2006~2015

period,which indicatesincreasing energy use
technology with economic development and
environmental protection are coordinated in
Tianjin.Thereasonforthedeclinein2009isthat
therewasalotofgrowthinTianjin'scapitalstock
andcarbonemissionsinthatyear,buttheGDP
growthratewassmallerthanotherprovincesin
thesameperiod.Ingeneral,energyefficiencyin
mostprovincesshowsadeclining-risingtrend,

suchasJilinandGuangxi.Onesituationthatcalls
forattentionisthattheenergyefficiencyofmost
provinceswasdeclining,comparedwiththeinitial
energyefficiencyduringtheperiod.Managersneed
togivesomeattentiontothisphenomenonandfind
outthereasonsforthedecline.Comparedwiththe
energy-efficientprovinces,mostprovinceshave
considerableroomforimprovement.

Fig.1 Energyefficiencyundermeta-frontierin2006~2015

  Fig.2reflectsthetrendofthegroupfrontier
efficiency in each province yearly. Combined
resultsinTab.1,wecanseethattheprovinces
thatareenergyefficienthaveincreasedgreatly.
Thegroupfrontierenergyefficiencyvaluesofthe6
provincesareall1from2006to2015,whichare
Beijing, Heilongjiang, Shanghai, Jiangxi,

Guangdong and Sichuan. Thirteen provinces
achievedatleastone-timeenergyefficientduring

theten years.Insomeprovinceslike Hebei,

Shandong,GuizhouandNingxia,theannualintra-
groupenergyefficiencyvaluesaremuchlowerthan
thoseofotherprovinces.Excludingthecausesof
technologicalheterogeneity,theseprovincesshould
strengthenthelevelofenergymanagement,reduce
energyconsumptionandreduceundesirableoutputto
improveenergyefficiency.
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Fig.2 Energyefficiencyundergroup-frontierin2006~2015

2.3 Technologygapandenergyinefficiency
decomposition
WehavealreadyshowninTab.4theannual

averageTGRofeachprovince.Detailedinefficient
decompositionofallprovincewillbediscussedin
thissection.FromFig.3,wecanseeeachregion's
annualtechnologygapratiotrends.Theeastern
regionisundifferentiatedunderthetwotypesof
frontiers,which wasanalyzedintheprevious
section.TheTGRbetweenthecentralandwestern
regionsisalmostthesame.However,bothof
themarefarlessthantheeasternregion,which
indicatesthatthey had a greaterinfluenceof
technologicalheterogeneity.

Fig.3 Technologygapratioineastern,centraland
westernregionin2006-2015

We divide the energy inefficiency into
technology inefficiency and managerial
inefficiency.TheTGIand GMIarecalculated
accordingtoEqs.(9)and (10).Theaverage
valueofTGIandGMIisshowninTab.5.TheTGR

Tab.5 Decompositionofenergyinefficiencyforallprovinces

Province TGI GMI
Beijing 0.000 0.000
Tianjin 0.000 0.156
Hebei 0.000 0.468
Shanxi 0.174 0.365

InnerMongolia 0.293 0.258
Liaoning 0.000 0.369
Jilin 0.379 0.016

Heilongjiang 0.308 0.000
Shanghai 0.000 0.000
Jiangsu 0.000 0.262
Zhejiang 0.000 0.206
Anhui 0.333 0.022
Fujian 0.000 0.193
Jiangxi 0.264 0.000
Shandong 0.000 0.380
Henan 0.233 0.167
Hubei 0.252 0.099
Hunan 0.275 0.007

Guangdong 0.000 0.000
Guangxi 0.261 0.034
Hainan 0.000 0.158
Chongqing 0.237 0.011
Sichuan 0.256 0.000
Guizhou 0.130 0.386
Yunnan 0.189 0.189
Shaanxi 0.193 0.184
Gansu 0.155 0.267
Qinghai 0.156 0.234
Ningxia 0.093 0.509
Xinjiang 0.140 0.362
Average 0.144 0.177
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valuesofalleasternprovincesare1,andthusall
the TGI valuesin eastern provinces are 0.
Namely,theeasternregiononlyhasmanagement
inefficiency.TakeHunanintheCentralregionas
anexample,itstotalenergyinefficiencyis0.282,
whichcontains0.275TGIvalueand0.007GMI
value.Theinefficiencycausedbythetechnicalgap
isfargreaterthanthemanagementinefficiency.
ThisalsohappenstoprovincessuchasJiangxiand
Anhui.Theseprovincescanreducetheenergy
inefficiency by improving their management
efficiency.

Fig.4showsthedecompositionoftheenergy
inefficiencyofthethreeregions.The Eastern
regionhasonly managementinefficiency,while
TGItakesupalargerproportionofinefficiencyin
thecentralandwesternregions.Especiallyinthe

central region, the inefficiency caused by
technologicalheterogeneityisfargreaterthanthat
causedbymanagementinefficiency.However,in
the western region,itis worth noting that
managementinefficiency hasshownan upward
trend. Managementinefficiencyin 2010 went
beyondtechnicalgapinefficiencyandhasbecome
the main source of inefficiency since then.
Therefore,reducing energy consumption and
reducing pollutant emissions are of great
importancetoimprovingtheenergyefficiencyof
thewesternregion.Asawhole,theproportionof
managementinefficiency grows year by year.
Thereismuchroomforpotentialimprovementin
China'senergyefficiency.Thisalsoexplainsthe
factthatChina'senergy management mustbe
coordinatedwitheconomicdevelopment.

Fig.4 Decompositionofenergyinefficiency

3 Conclusion
Forasustainabledevelopmentstrategy of

energy-saving and emission-reduction, energy
efficiency measurementhasgraduallytakenthe
environmentintoconsideration.Reducingenergy
consumptionandcarbonemissionsareimportant
waystoimproveenergyefficiency.Consideringthe
heterogeneity of technology among China’s
provinces due to economic development and
geographicalfactors, we propose a log-linear
energytechnologybasedandoutput-orientedDEA
modelcombiningthemeta-frontiermethod.Inthe
study,weuseapaneldatainChinafrom2006to
2015to measurethe energy efficiency of30

provincesundermeta-frontierandgroupfrontier.
Weselectenergyconsumption,capitalstock,and
laborinputasinputfactors,regionalGDPas
expectedoutputandCO2 emissionasundesired
output.Aftercalculatingthegroupefficiencyand
meta-frontier efficiency of each province, we
analyze the reasons for their inefficiencies:
technology inefficiency and management
inefficiency.

Through empirical study, we find most
provinceshavegreatpotentialforenergyefficiency
improvement,andtherearesignificantdifferences
betweendifferentregions.

Comparingtheannualaveragemeta-frontier
efficiencyofeachprovince,itwasfoundthereare
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onlythreeprovinces,namelyBeijing,Shanghai
and Guangdong, that have reached energy
efficiency, which means there is room for
improvementfor most provinces.The energy
efficiencyoftheeasternregionishigherthanthe
averageefficiencyof20.7%,anditisaheadofthe
other two regions. When it comes to the
comparisonofmeta-frontierandgroupfrontier,
theefficiencyintheeasternregionisthesame
undertwotypesoffrontiers.Nevertheless,there
are significant differences between the two
frontiersinthecentralandwesternprovinces.The
mainreasonisthatthe highlevelofenergy
utilizationtechnologyin the eastern provinces
representsa potentialoptimallevelofenergy
efficiencyinChina,whiletheenergyutilization
levelsoftheprovincesinthecentralandwestern
regionsarerelativelylow.

Second,theresultsshowthatthesourcesof
inefficiencyamongdifferentregionsaredifferent.
Themainreasonforenergyinefficiencyinthe
easternregionislowmanagementefficiency,while
thatofthecentralandwesternregionsisduetothe
technologygap.However,itisworthnotingthat
themanagementefficiencyofthewesternregion
hasshownatrendofdeclineyearbyyear.

Third,the energy efficiency of different
regionsvariesfromhightolowaccordingtothe
degreeofeconomicdevelopment.Mostofthe
provincesinthecentralandwesternregionsare
economically underdeveloped. Economic
developmentisrelatedtoenergyconsumption,and
thelevelofenergytechnologyinthecentralregion
andwesternregionbeinglowerthanthatofthe
eastern region results in higher energy
consumptionandpollutionemissions.

Basedontheaboveanalysis,somemanagerial
suggestionsare given.First,differentregions
shouldreducetheirenergyinefficiencyindifferent
directions.Theprovincesintheeasternregion
should improve their energy efficiency by
improvingtheirownmanagementcapabilitiesand
complete energy conservation and emission
reductions effectively. The provinces in the

westernandcentralregionsshouldimproveboth
theirmanagementandtechnologycapabilities.

Finally,exchangesbetweendifferentregions
shouldbestrengthenedtoreducethegapinenergy
utilizationtechnologyandenvironmentalprotection
technologycausedbypooreconomicdevelopment,
which resulted in low energy efficiency.In
particular,intryingtoeliminatepovertyandboost
economic developmentin the western region,
energysavingandemissionreduction workface
greaterdifficulties.Thegovernmentshouldfully
considerthedifferencesinthetechnicallevelsof
variousregionswhenformulatingpoliciesrelated
to energy-saving and emission-reduction.
Governmentsandenterprisesintheeasternregion
shouldexchangeexperiencesintheutilizationof
energyandenvironmentalmanagementwithother
regionstopromotetheefficiencyoftheutilization
ofenergyinthecentralandwesternregions.At
the same time, the concept of eco-energy
consumptionshouldbeadheredtosoastoprevent
thewideninggapinenergyefficiencyinthecentral
andwesternregions.Inshort,intheprocessof
economic development, all provinces should
controlenergyconsumptiontoprotectourcommon
livingenvironment.
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Appendix
FollowingRefs.[40,47-48],weintroducethedirectional-distancemeta-frontiermethodtocompare

withourlog-linearmethod.Theproductionpossibilitysetsundergroupfrontierandmeta-frontierare
shownasEqs.(15)and(16),respectively.
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T= k,l,e,y,u  :∑
Nj

n=1
λnkn ≤k,∑

Nj

n=1
λnln ≤l,∑

Nj

n=1
λnen ≤e, 

∑
Nj

n=1
λnyn ≥ 1+βj

y  y,∑
Nj

n=1
λnun ≤ (1-βj

u)u,λn ≥0,n=1,…,Nj 

Tmeta= k,l,e,y,u  :∑
J

j=1
∑
Nj

n=1
λnkn ≤k,∑

J

j=1
∑
Nj

n=1
λnln ≤l,∑

J

j=1
∑
Nj

n=1
λnen ≤e, 

∑
J

j=1
∑
Nj

n=1
λnyn ≥ (1+βy)y,∑

J

j=1
∑
Nj

n=1
λnun ≤ (1-βu)u,λn ≥0,n=1,…,Nj (16)

  Basedontheproductionpossibilitysets,thedirectionalDEAmodelsundergroupfrontierandmeta-
frontierareshownasmodels(17)and(18),respectively.

s.t. 

D→j = k,l,e,y,u;g  =Maxωyβj
y +ωuβj

u

∑
Nj

n=1
λnkn ≤k,∑

Nj

n=1
λnln ≤l,∑

Nj

n=1
λnen ≤e,

∑
Nj

n=1
λnyn ≥ (1+βj

y)y,∑
Nj

n=1
λnun ≤ (1-βj

u)u,

λj ≥0,βj
y ≥0,0≤βj

u <1

(17)

s.t. 

D→j = k,l,e,y,u;g  =Maxωyβy +ωuβu

∑
J

j=1
∑
Nj

n=1
λnkn ≤k,∑

J

j=1
∑
Nj

n=1
λnln ≤l,∑

J

j=1
∑
Nj

n=1
λnen ≤e,

∑
J

j=1
∑
Nj

n=1
λnyn ≥ (1+βy)y,∑

J

j=1
∑
Nj

n=1
λnun ≤ (1-βu)u,

λj ≥0,βy ≥0,0≤βu <1,

(18)

  Throughmodels(17)and(18),theenergyefficiencyundergroupfrontierasGEEandmeta-frontier
asMEEarecomputedasfollows.

GEE=
1-βj

u

1+βj
y

(19)

MEE=
1-βu

1+βy
(20)
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