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a b s t r a c t

City is the core for carbon emission reduction. This paper examines CO2 emission efficiency and pro-
ductivity in 286 Chinese cities under different production scenarios using a non-radial directional dis-
tance function approach. The examination is conducted via three scenarios, namely CO2 emission
reduction (ER), emission reduction and energy conservation (EREC), and emission reduction, energy
conservation, and economic growth (ERECEG). The results show substantial differences in total-factor
emission efficiency and productivity across the three scenarios. We also found that total-factor emis-
sion efficiency varies considerably across regional and different-sized city groups. However, the distri-
bution dynamics analysis provides strong evidence for the convergence of total-factor emission
efficiency across Chinese cities in the long run. Efficiency change contributes of the majority of cross-city
variation in productivity growth for the sample period. However, low average total-factor emission ef-
ficiency and large disparity in emission efficiency indicate great potential for future CO2 reduction.
Regional development programs tend to drive economic activities into low CO2 emission performance
regions. Our empirical findings provide valuable policy implications for achieving the joint targets of
economic growth and CO2 emission reduction.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing concern about global warming has brought about
great pressure to reduce greenhouse gas emissions in both devel-
oped and developing countries. As the world’s largest energy
consumer and CO2 emitter, China has made substantial efforts to
reduce its CO2 emissions in the past decade. In 2009, the China
State Council declared the goal of reducing CO2 emission intensity
by 40e45% by 2020 compared to 2005 levels. China achieved 17% of
this CO2 emission intensity (CO2 emission per unit GDP) reduction
in the 12th five year plan (FYP) (2011e2015), and aimed to reduce
CO2 emission intensity by 18% with 2015 as the base year in the
13th FYP (2016e2020). As a further step, the government has
committed to cap total CO2 emissions by the end of 2030.

Technological innovation and efficiency improvement are both
important ways to reduce CO2 emissions. However, as indicated by
some studies (Wang et al., 2013a,b; Lin and Du, 2015), Chinese
economy suffers from low CO2 emission efficiency. Thus improving

emission efficiency is more cost-effective for achieving the emis-
sion reduction target than technological innovation. Therefore, the
estimation of CO2 emission performance provides important in-
formation for environmental policy making. CO2 emission intensity
and CO2 emissions per capita were the most often used emission
performance indicators initially (Wang and Zhang, 2014; Wu et al.,
2017). However, these two indicators are single factor emission
efficiency measures which provide only a partial view of emission
performance. Chinese regions differ greatly in factor endowment,
natural resources, and industry structures. These single factor ef-
ficiency measures neglect the input and output interactions in the
production process. For example, when the production technology
remains unchanged, CO2 emission reduction is closely related to
energy conservation, while increases in desirable output may be
accompanied by more CO2 emissions. The producer has to trade off
among inputs, desirable outputs, and undesirable outputs. Thus, a
more appropriate approach is to incorporate all production factors
in the estimation of CO2 emission performance.

Several studies have examined CO2 emission performance in
China under a total-factor production framework. The first strand of
literature uses data envelopment approaches (DEA) for the evalu-
ation of CO2 emission performance in Chinese regions or power
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plants. Guo et al. (2011) estimated CO2 emission performance in 29
provinces for the period 2005e2007. Choi et al. (2012) introduced a
non-radial slacks-based DEA model to estimate the emission per-
formance of 30 Chinese provinces for the period 2000e2010. Zhang
and Choi (2013a) investigated CO2 emission performance of fossil
fuel power plants in China using a non-radial metafrontier Malm-
quist index. Zhang and Choi (2013b) further compared the emission
performance of fossil fuel power plants in China and Korea. Du et al.
(2014) adopted a non-parametric metafrontier approach to
examine the CO2 emission efficiency in 30 provinces for the period
2006e2010. Lin and Du (2015) studied the joint performance of
energy and CO2 emissions in 30 China provinces for the period
1997e2009 with a directional distance function approach. Zhang
and Chen (2017) used the non-parametric approach to measure
environmental performance for China’s ecological counties.

A second strand of literature uses parametric approaches to
estimate CO2 emission performance in China. Wang et al. (2013a,b)
employed a parametric stochastic frontier approach to examine
CO2 emission performance in Chinese provinces for the period
1995e2009. Dong et al. (2013) examined the regional CO2 emission
performance for 29 Chinese provinces in the period 1997e2010
using a stochastic frontier model. In sum, though the literature on
estimating the CO2 emission performance in China is expanding
rapidly, almost all existing studies on CO2 emission performance
focus on Chinese provinces or power plants. A comprehensive
literature review is beyond the scope of this paper. For more
detailed reviews of similar studies please refer to Zhang and Choi
(2014) and Sueyoshi et al. (2017). However, as nonparametric ap-
proaches aremore flexible and thus aremore popular in application
(Lampe and Hilgers, 2015).

This paper estimates the total-factor CO2 emission efficiency and
productivity for 286 Chinese cities for the period 2002e2013. It
differs from existing studies in several respects. First, we consider
three different production scenarios in the estimation of CO2
emission efficiency and productivity within a total-factor produc-
tion framework. Since China has set targets to reduce energy and
CO2 emission intensity, incorporating economic growth, CO2
emission reduction, and energy conservation in the evaluation of
CO2 emission performance may be more appropriate. This
approach offers greater insight into the interactions among inputs
and outputs. Second, both static and dynamic, short run and long
run performance of CO2 emissions are analyzed in this study. This
provides a more comprehensive picture of CO2 emission perfor-
mance in Chinese cities. Third, our emission performance analysis
of Chinese cities is conducted by using a unique set of panel data of
286 cities for the period 2002e2013. Urban areas account for more
than 84% percent of total energy consumption in China (Dhakal,
2009). Because of data availability, no studies have examined CO2
emission performance in Chinese cities. Since DEA approaches are
very sensitive to sample size, more data is required for accurate
estimation of the production frontier. The sample size of our PAA
level city panel data is nearly ten times the size of the provincial
data set, which may provide more accurate estimation of CO2
emission performance in China. Moreover, China is experiencing
rapid urbanization. The examination on CO2 emission performance
in Chinese cities may contribute to the establishment of low carbon
urban system.

The remainder of the paper is arranged as follows. Section 2
describes the research method. Section 3 introduces the data. The
results are presented in Section 4. Section 5 concludes the paper
and provides several policy implications.

2. Methodology

The directional distance function approach is a popularly used

method in the evaluation of environmental efficiency. However, the
conventional radial directional distance function approach has
weaknesses. The radial measures may overestimate the efficiency
when non-zero slacks exist in inputs or outputs. Moreover, it ad-
justs all inputs and outputs using the same proportion rate. This
paper uses a non-radial distance function approach to estimate the
total-factor efficiency and productivity. This approach has two ad-
vantages. First, it can identify all the slacks in inputs and outputs.
Second, it can provide efficiency measures under various produc-
tion scenarios through different directional vector specification.
This paper assumes that each city use capital (K), labor (L) and
energy (E) as inputs to produce gross city product (GCP) (Y) as the
desirable output and CO2 emissions(C) as the undesirable output.
Then we can define a production technology set as follows:

T ¼ fðK; L; E; Y ;CÞ : ðK; L; EÞcan produceðY ;CÞg (1)

In order to estimate a technology that produces reasonable
amounts of both desirable and undesirable outputs, two assump-
tions are usually imposed:

(i) Weak disposability condition of undesirable output: if
ðK; L; E;Y;CÞ2T and 0 � q � 1, then ðK; L; E; qY; qCÞ2T .

(ii) Null-jointness condition of desirable and undesirable out-
puts: if ðK; L; E;Y;CÞ2T and C ¼ 0, then Y ¼ 0.

The weak disposability assumption shows that the undesirable
output cannot be reduced freely. However, proportional reduction
in undesirable and desirable outputs is feasible in the production
process. This assumption is used to capture the opportunity cost in
reducing undesirable outputs. The Null-jointness assumption in-
dicates that the production of desirable outputs must be accom-
panied by undesirable outputs.

After the definition of production technology set, following
Zhou et al. (2012), Wang et al. (2013a,b), and Zhang et al.
(2013,2016), we can then define a non-radial directional distance
function as follows:

D
!ðK; L; E; Y;B; g!Þ ¼ maxðbK þ bL þ bE þ bY þ bBÞ
s:t:

PN
n¼1

ZnKn � Ko þ bK$gK

PN
n¼1

ZnLn � Lo þ bL$gL

PN
n¼1

ZnEn � Eo þ bE$gE

PN
n¼1

ZnYn � Yo þ bY$gY

PN
n¼1

ZnCn � Co þ bC$gC

Z � 0;n ¼ 1;…N
bK ; bL;bE;bY ; bC � 0

(2)

where g
. ¼ ðgK ; gL; gE; gY ; gCÞ is the directional vector determining

the directions for each city to be adjusted to the best practice
frontier. b ¼ ðbK ;bL; bE; bY ; bCÞ � 0 is the vector of scaling factors
representing individual inefficiency measures for inputs and out-
puts. Subscript o denotes the city to be evaluated. Z is a non-
negative intensity vector, indicating the above definition corre-
sponds to the constant returns to scale (CRS) technology.

D
.ðK; L; E;Y;C : gnÞ ¼ 0 implies that the city being evaluated is
located at the frontier of best practice and is efficient in the
directiongn. With this definition, we can estimate CO2 emission
performance under various production scenarios through different
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