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a  b  s  t  r  a  c  t

China  is  faced  with  a serious  water  shortage  problem,  and  industrial  sector  is  a  major  water  consumer.
How  to  improve  the  efficiency  of  industrial  water use is  extremely  important  for  sustainable  use  of water
in China.  This  paper  applies  a global  non-radial  directional  distance  function  (GNDDF)  to measure  the
green  use  efficiency  of industrial  water  (GUEIW)  incorporating  undesirable  outputs  during  2004–2012.
We  calculate  the  two  components  of GUEIW  named  economic  efficiency  of industrial  water  (ECEIW)  and
economic  efficiency  of  industrial  water  (ENEIW),  and  the  shadow  price  of  industrial  water  to  explore  the
bias between  the actual  prices  and  the  shadow  ones.  The  results  show  that  the  GUEIW  shows  a  W  type
curve  over  the  study  period,  and its  growth  is mainly  driven  by  the  ECEIW.  The regional  heterogeneity
lobal non-radial directional distance
unction (DDF)
hadow price
rbanization

of  the GUEIW  is  significant.  The  eastern  region  of China  enjoys  the  highest  GUEIW,  while  the  central
region  suffers  the poorest  performance  in  the  GUEIW.  The  western  region  has  the  largest  internal  gap  of
the GUEIW.  The  actual  prices  of  industrial  water  in all  the  provinces  are  much  lower  than  the  shadow
ones,  and  appropriate  increase  in  the  industrial  water  price  is  helpful  to raise  the  GUEIW.  Some  policy
implications  are  also  suggested.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

China’s urban industrial economy has achieved remarkable
rogress since the reform and opening up policy in late 1970s.
s an important input in the industrial production, the amount of

ndustrial water consumption has shown an obvious rising trend.
s shown in Fig. 1, the total amount of industrial water in China
hows an upward trend in 2004–2012, and it is as high as 142.2 bil-
ion tons in 2012. The water use efficiency in China’s industry sector
s relatively low, and millions of tons of water is wasted in the pro-
ess of industrial production in recent years (Deng et al., 2016).
Please cite this article in press as: Wang, W.,  et al., Sustainable wate
Conserv Recy (2016), http://dx.doi.org/10.1016/j.resconrec.2016.09.00

n the other hand, water pollution caused by industrial produc-
ion has posed great threat to people’s health. We  can find in Fig. 1
hat the amount of industrial wastewater discharge is up to 24.66

∗ Corresponding author at: Department of Economics, & Institute of Resource,
nvironment and Sustainable Development, Jinan University, Guangzhou, Guang-
ong 510632, China.

∗∗ Corresponding author.
E-mail addresses: landuse2008@126.com (H. Xie), zn928@naver.com

N. Zhang).

ttp://dx.doi.org/10.1016/j.resconrec.2016.09.005
921-3449/© 2016 Elsevier B.V. All rights reserved.
billion tons, and it shows a slight decrease trend since 2007. Specif-
ically, in 2012, the amounts of chemical oxygen demand (COD) and
ammonia nitrogen (AN) in industrial wastewater are 3.38 and 2.64
million tons, respectively. Unfortunately, most of them are directly
discharged into the water supply sources, which made almost each
province in China experience accidents of river and lake pollution.
It is well known that China is a nation with a serious water shortage
problem, and the amount of water available per capita is only about
a quarter of the world average level in 2012 (Wang et al., 2015).
The awful waste of water and frequent water pollution incidents
has made the problem of water shortage more severe, causing great
negative impacts on social and economic development (Cheng et al.,
2009; Xie and Wang., 2015a; Cai et al., 2016). Therefore, improving
the water use efficiency and abating water pollution are critical for
sustainable water use in China (Gao et al., 2014; Liu et al., 2014; Hu
et al., 2016; Tu et al., 2015).

Fortunately, the central government of China is now aware of
the problems and prepared to solve them. To save the precious
r use and water shadow price in China’s urban industry. Resour
5

water as much as possible, the State Economic and Trade Commis-
sion announced that the annual growth rate and the total amount
of industrial water in China should fall below 130 billion tons,

dx.doi.org/10.1016/j.resconrec.2016.09.005
dx.doi.org/10.1016/j.resconrec.2016.09.005
http://www.sciencedirect.com/science/journal/09213449
http://www.elsevier.com/locate/resconrec
mailto:landuse2008@126.com
mailto:zn928@naver.com
dx.doi.org/10.1016/j.resconrec.2016.09.005
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ig. 1. Industrial water consumption and industrial wastewater discharge,
004–2012 (http://nianjian.cnki.net/).

hich accounts for less than 1.2% of the national water consump-
ion during the 2001–2010.1 In 2011, Chinese central government
nnounced its most stringent water management plan known as
he “3 Red Lines” water policy, which clearly stipulates the total
mount of water consumption, the improvement of water use effi-
iency and water pollution treatment.2 On the other hand, to deal
ith the problem of water pollution, the National People’s Congress

tanding Committee issued the Law of Prevention and Control of
ater Pollution in 2008, which aimed at implementing strict regu-

ation on industrial water pollution.3 In addition, the Chinese State
ouncil issued the “Water pollution prevention action plan” in April
015, which consisted of a series of targets for water pollution regu-

ation. In particular, the water quality in more than 70% of the seven
ajor river basins in China should reach or exceed the class III stan-

ard by 2020, and this ratio should increase to 75% by 2030.4 The
ndustrial water use efficiency is expected to be greatly improved
nder those regulations (Cai, 2008). However, most of the poli-
ies from the central government are mainly based on the water
se status of the whole country, which tend to ignore the regional
eterogeneity. Actually, the characteristics of water use vary in dif-

erent provinces, and appropriate and targeted countermeasures
re necessary. For instance, since 2016, the Hebei Province has
ntroduced a pilot policy namely “water resource tax” for Small and

edium-sized Enterprises. Therefore, it is extremely important to
nalyze the status of industrial water use at a regional level.

Additionally, as suggested by Kumbhakar and Bhattacharyya
1992), price plays an important role in determining the use effi-
iency of resource. Specifically, a relatively lower price can easily
romote waste of water, and a relatively higher price of water may

ead to higher production costs, which encourage producers to save
ater (Li and Ma,  2014). Thus, the price should be set within a rea-

onable range to achieve sustainable use of water. Unfortunately,
he government has long determined the price of resource in China,
nd the water market can hardly play the role of setting reasonable
rices and optimizing the allocations of resources. In particular,
he local governments always tend to distort the price of water for
heir own interests, e.g., lowering the water price to attract more
ndustrial investment, which could easily result in huge waste of

ater resource, and posing great threat to sustainable use of water
Please cite this article in press as: Wang, W.,  et al., Sustainable wate
Conserv Recy (2016), http://dx.doi.org/10.1016/j.resconrec.2016.09.00

esource (Fan and Mo,  2014). Therefore, how to calculate the rea-
onable price of water is a necessary and urgent issue.

1 http://www.gov.cn/gongbao/content/2001/content 60999.htm.
2 http://www.gov.cn/zwgk/2012-02/16/content 2067664.ht.
3 http://www.gov.cn/flfg/2008-02/28/content 905050.htm.
4 http://env.people.com.cn/n/2015/0416/c1010-26854928.html.
 PRESS
 and Recycling xxx (2016) xxx–xxx

Regarding the research methods for estimating the relative use
efficiency of resources, many related recent studies would prefer
distance function approach, which incorporates multiple input and
output factors simultaneously (Zhang and Xie, 2015; Shao, 2016;
Wu et al., 2014; Bian et al., 2014; Geissler et al., 2015; Jaeger and
Rogge, 2014). There are two main methods to estimate the dis-
tance function, i.e., the nonparametric data envelopment analysis
(DEA) approach and the parametric approach. The DEA approach,
which is first proposed by Charnes et al. (1978), has gained much
popularity in recent studies (Ren et al., 2013). A major advantage
of the DEA approach over the parametric method is that a spe-
cific functional form on the underlying technology is not required
(Zhang et al., 2014a,b; Zhang and Choi., 2014; Ren et al., 2014). As
for the studies on evaluating the water use efficiency in China, Hu
et al. (2006) conducted a pioneer empirical analysis in a total-factor
DEA framework to evaluate the water use efficiency at the country
level, and they presented the concept of water adjustment amount
to determine the optimal scale of water use. Liao and Dong (2011)
applied a similar approach to evaluate the water use efficiency at
a provincial level. However, these studies only consider the eco-
nomic efficiency, which might be regard as partial analysis because
they ignore the pollutants caused by industrial production (e.g.,
wastewater and greenhouse gases). Therefore, we should incorpo-
rate both of the desirable and undesirable outputs in the model,
and we  can call the efficiency computed from this model “green
use efficiency” (Wang et al., 2016; Xie et al., 2016; Zhao et al., 2009;
Manzardo et al., 2014). In addition, most previous studies tended to
apply a radial DEA approach, which aimed at expanding the good
outputs and the contracting the bad outputs at the same rate. This
is inconsistent with the actual production activities, and it often
leads to the case where many of the observations under evaluation
have the same efficiency value of 1, making raking the observa-
tions quite difficult (Zhou et al., 2007). Moreover, as Zhang et al.
(2014a) pointed out, many related studies applied cross-sectional
data other than time-series data, and the studies based on cross-
sectional data could be regarded as contemporaneous efficiency
evaluations. It is obvious that production technologies of each year
are always not the same, and results based on contemporaneous
production technology may  not be reasonable. To overcome the
problems, Zhang et al. (2014a,b) proposed a global non-radial DDF
(GNDDF) approach, which expanded the good outputs and the con-
tracted the bad outputs at different rates, and enveloped all of the
contemporaneous technologies over the study period.

Some studies have estimated the prices of resources mainly
based on cost or revenue function. However, as Atkinson and
Halvorsen (1984) suggested, the cost or revenue function is not
suitable when incorporating undesirable output and imperfect
markets of resources. There are two approaches to estimate the
shadow prices of input or output factors, i.e., the parametric and
nonparametric methods. With respect to the parametric approach,
which often takes a translog from, is widely applied in the studies
on estimating the shadow prices of inputs and undesirable out-
puts. Coggins and Swinton (1996) employed the output distance
function to compute the shadow price of sulfur dioxide of coal-
burning electric utility plants in Wisconsin, US. Lee (2005) proposed
an input distance functions to measure the shadow price of US elec-
tric power. Lee and Jin (2012) estimate the shadow price of nuclear
capital and thermal capital in Korea based on a similar approach.
Lee and Zhang (2012) computed the shadow price of carbon dioxide
(CO2) for the Chinese manufacturing industries. As for the nonpara-
metric methods, Choi et al. (2012) calculated the shadow price of
carbon dioxide in China based on the dual model of DEA approach.
r use and water shadow price in China’s urban industry. Resour
5

At the regional level, Zhang et al. (2014b) estimated the shadow
prices of wastewater, sulfur dioxide and soot in Poyang Lake Eco-
logical Economic Zone in China using a similar model.

dx.doi.org/10.1016/j.resconrec.2016.09.005
http://nianjian.cnki.net/
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Although there are many researches on the use efficiency and
hadow price for resources, however, to the best of our knowledge,
here is no study on analyzing the green use efficiency of industrial
ater (GUEIW) at the national and provincial levels in China. There-

ore, we apply a relatively advanced global non-radial DDF (GNDDF)
odel incorporating bad outputs to calculate the GUEIW in China

ver 2004–2012. We  further compute its two component indicators
amed the economic efficiency of industrial water (ECEIW) and the
nvironmental efficiency of industrial water (ENEIW) to find which
ne is the main contributor for the growth of the GUEIW. Then we
ompute the shadow price of industrial water from the dual model
f DDF, and explore the market-price bias of industrial water for
ach province (autonomous province and municipality) in China
ased on the shadow price and actual price of industrial water.

This paper contributes to the current studies by presenting an
mpirical analysis of the actual status of China’s industrial water
reen use efficiency based on a GNDDF model. Secondly, we  calcu-
ate the ECEIWs and ENEIWs at the national and provincial levels, in
rder to find which one is the main driver for the growth of GUEIW.
astly, we compute the shadow prices of industrial water for each
rovince and propose a market-price bias index to show how to
djust the industrial water prices. Based on the previous studies,
e assume that the GUEIW, ECEIW and ENEIW for China would

how rising trends over the study period because of the continuous
fforts of the Chinese government in economic development and
nvironmental protection (Tian et al., 2014). In addition, the perfor-
ances of industrial use may  vary among provinces due to obvious

egional disparities in industrial development (Golley, 2002). The
hadow prices of industrial water may  be higher than actual ones
f all the provinces.

The remainder of this paper is organized as follows. Section 2
ntroduces the GNDDF approach and materials. Section 3 presents
he empirical results, and Section 4 concludes with some policy
mplications.

. Methods and data

.1. GNDDF (Global non-radial directional distance function)

The traditional directional distance function (DDF) proposed
y Chambers et al. (1996) is extended by Chung et al. (1997) to
valuate the environmental efficiency, which has been a widely
ccepted method in solving the problems of resources and envi-
onment efficiency estimation. However, as shown in Eq. (1), the
raditional DDF approach always assumes that we  can expand the
ood outputs and reduce the bad outputs at the same rate, which
s regarded as a radial measurement, and is not in line with the
eal production activities. Additionally, this method may  overes-
imate the efficiency because of the slack (Zhang et al., 2016a,b),
nd may  result in the case where most of the decision making
nits (DMU) under estimation have the efficiency values of 1, which
akes it difficult to rank the DMUs (Zhou et al., 2007). To overcome

his problem, a non-radial DDF approach is developed and widely
sed in the studies on resource efficiency evaluations, which can
e expressed as Eq. (2) (Chang and Hu, 2010):

D (x, y, b; g) = sup
{

 ̌ :
(

(x, y, b) + g × ˇ
)

∈ T
}

(1)

D (x, y, b; g) = sup
{
wT  ̌ :

(
(x, y, b) + g × diag

(
ˇ
))

∈ T
}

(2)

here wT = (x, y, b)T refers to the normalized weight vector with
espect to the inputs (x), desirable outputs (y) and undesirable out-( ) ( )
Please cite this article in press as: Wang, W.,  et al., Sustainable wate
Conserv Recy (2016), http://dx.doi.org/10.1016/j.resconrec.2016.09.00

uts (b). g = −gx, gy, −gb is a directional vector.  ̌ = ˇx, ˇy, ˇb
T

epresents a vector of scaling factors refer to the adjustment ratios
f expands for desirable outputs and reductions for inputs and
ndesirable outputs, and they are nonnegative numbers. Thus, the
 PRESS
 and Recycling xxx (2016) xxx–xxx 3

inputs and outputs would have different adjustment ratios, which
is more in line with the actual production. The symbol diag stands
for diagonal matrices. The symbol T refers to the environmental
technology possibility set as follows.

In this study, we  assume that there are N provinces under esti-
mation. Each province has inputs (x) to produce desirable outputs
(y) and undesirable outputs (b). Therefore, the environmental tech-
nology possibility set T1(x) can be expressed as follows:

T1 (x) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(x, y, b) |xcanproduce(y, b),

N∑
n=1

xn�n ≤ x,

N∑
n=1

yn�n ≥ y,

N∑
n=1

bn�n = b,

N∑
n=1

�n = 1, �n > 0, n = 1, ..., N

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(3)

where the T1(x) is assumed to satisfy the production function
theory, which states that finite amounts of inputs can only pro-
duce finite amounts of outputs, and inactivity is possible (Färe
and Grosskopf, 2005). Moreover, we impose weak-disposability
assumptions on T1(x), which means the reduction of undesirable
outputs comes at a cost. Considering that production technology
will change during the study period, we impose the constraints

of
N∑
n=1

�n = 1 into the function for the variable returns to scale

(VRS). However, the values estimated base on the contemporane-
ous benchmark technology, and the technologies over years are
obvious different. Thus, the values in different years cannot be com-
pared with each other. In order to solve this problem, Oh (2010)
proposed a global benchmark technology, which envelops all the
contemporaneous benchmark technologies. The global benchmark
technology can be expressed as the accumulation of each period:
that is TG = T1 ∪ T2 ∪ ... ∪ TN, and the global environmental tech-
nology possibility set T2(x) can be defined as follows:

T2 (x) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(x, y, b) |xcanproduce(y, b),

T∑
t=1

N∑
n=1

xtn�tn ≤ x,

T∑
t=1

N∑
n=1

ytn�tn ≥ y,

T∑
t=1

N∑
n=1

btn�tn = b,

N∑
n=1

�n = 1, �n > 0, n = 1, ..., N; t = 1, 2, ..., T

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭
(4)

In our study, according to the previous studies and data avail-
ability, the input contains three major indicators of industrial water
(WA), industrial labor (L) and industrial capital (K), which refer to
the amount of water used for industrial production, the number
of labor in industrial sectors and annual net industrial fixed asset,
respectively. The desirable output refers to industrial GDP (Y), and
the undesirable outputs refer to the amounts of chemical oxygen
demand (COD) and ammonia nitrogen (AN), which are two major
pollutants in industrial wastewater. In order to remove the dilut-
r use and water shadow price in China’s urban industry. Resour
5

ing effects of industrial labor and industrial capital, we  remove
them from the objective function and constraints. Therefore, we
can compute the GUEIW by solving the following global non-radial
DDF model:

dx.doi.org/10.1016/j.resconrec.2016.09.005
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→
D = max

(
wWAˇWA + wYˇY + wCODˇCOD + wANˇAN

)

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

T∑
t=1

N∑
n=1

�tnWAn ≤ (1 − ˇWA)WA0,

T∑
t=1

N∑
n=1

�tnLn ≤ L0,

T∑
t=1

N∑
n=1

�tnKn ≤ K0,

T∑
t=1

N∑
n=1

�tnYn ≥ (1 + ˇY )Y0,

T∑
t=1

N∑
n=1

�tnCODn = (1 − ˇCOD)COD0,

T∑
t=1

N∑
n=1

�tnANn = (1 − ˇAN )AN0, ˇWA ≥ 0, ˇY ≥ 0, ˇCOD ≥ 0, ˇAN ≥ 0,

n  = 1, 2, ..., N; t = 1, 2, ..., T; �tn ≥ 0,

N∑
n=1

�tn = 1,

(5)

here the superscripts 0 represents the province under evaluation.
WA, ˇY , ˇCOD and ˇAN are the adjustment ratios of industrial water,

ndustrial GDP, the amounts of COD and AN. � is a non-negative
ector. The superscripts t and n refer to the year t in the study
eriod, and the number of provinces in the sample. The province is

ocated on the frontier of production if ˛i, �k and ˇj have zero values.
ccording to previous studies, we set the four weight vectors as

1/3, 1/3, 1/6, 1/6) since we include two undesirable outputs. Thus,
e can calculate the GUEIW and its two decompositions base on

he flowing equations:

CEIW =
(

1 − ˇWA
)

+
(

1 − ˇY
)

2
= 1 − ˇWA + ˇY

2
(6)

ENEIW =
(

1 − ˇWA
)

+ 0.5 ×
[(

1 − ˇCOD
)

+
(

1 − ˇAN
)]

2

= 1 −
ˇWA + 0.5 ×

(
ˇCOD + ˇAN

)
2

(7)

GUEIW =
(

1 − ˇWA
)

+
(

1 − ˇY
)

+ 0.5 ×
[(

1 − ˇCOD
)

+
(

1 − ˇAN
)

3

= 1 −
ˇWA + ˇY + 0.5 ×

(
ˇCOD + ˇAN

)
3

(8

The DMU  under estimation is efficient in the use of industrial
ater when the value of the GUEIW is equal to 1, and it is ineffi-

iently whenever the GUEIW is less than 1. The ECEIW and ENEIW
re the same case.

.2. The shadow price of industrial water

In order to provide reasonable suggestions to adjust the actual
rice of industrial water, we can use the dual model of the DDF
pproach to compute the shadow price of industrial water for each
rovince, and the dual form of Eq. (5) is as follows:

min  vmxm − wjyj + rkuk

s.t.vmxm − wjyj + rkuk ≥ 0

vm ≥
[

1
X1
, ...,

1
Xm
, ...,

1
XM

]
[

1 1 1
] (9)
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wj ≥
Y1
, ...,

Yj
, ...,

YJ

rk ≥
[

1
B1
, ...,

1
Bk
, ...,

1
BK

]
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where v ∈ Rm, w ∈ Rj and r ∈ Rk respectively refer to the dual
variables of the inputs, desirable outputs and undesirable outputs,
which can be solved by Eq. (9). The purpose of Eq. (9) is to minimize
the virtual cost in industrial production, and when the province
under evaluation is efficient in industrial water use, the virtual cost
is at best zero. Additionally, the symbols v ∈ Rm and r ∈ Rk refer to
the shadow prices of the inputs and undesirable outputs, which are
non-negative numbers. w ∈ Rj can be expressed as the marginal
virtual income of the desirable outputs. We  can assume that the
absolute shadow price of the desirable outputs is equal to its mar-
ket price (PX ), and the absolute shadow price of industrial GDP  is
equal to its market price (PY ) which is converted into 1 US $ constant
2004. Then the relative shadow price of inputs (PX ) with regard to
the desirable output (PY ) can be expressed as follows:

PX = 1USD × v
w

(10)

Therefore, the reasonable prices can be obtained from Eqs. (9)
and (10).

2.3. Data

Table 1 shows the descriptive statistics of the input and
output variables. The data are sourced from The China Environmen-
tal Statistics Yearbook (2004–2012), The China Statistical Yearbook
(2004–2012) and The China City Statistical Yearbook (2004–2012).
The industrial capital and GDP are converted base on the 2004 price.

According to the regional disparities of the provinces across
China, we  divide the provinces across China into three groups, the
eastern, central and western regions. The eastern region is com-
posed of three municipalities (Beijing, Tianjin, and Shanghai) and
nine coastal provinces (Hebei, Liaoning, Jiangsu, Zhejiang, Fujian,
Shandong, Guangdong, Taiwan and Hainan). This region enjoys the
highest level of industrial development in China, with advanced
industrial production technology and most of the foreign industrial
enterprises in the whole country. The industrial GDP  in this region
accounts for more than 55% of the national industrial GDP in 2012.
The central region consists of eight inland provinces (Shanxi, Jilin,
Heilongjiang, Anhui, Jiangxi, Henan, Hubei and Hunan). This region
is the main base of heavy industry of China, which requires huge
amount of energy supply and produces great amounts of pollutants.
The western region is composed of one municipality (Chongqing),
and eleven inland provinces and autonomous provinces (Inner
Mongolia, Guangxi, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu,
Qinghai, Ningxia, Xinjiang and Tibet). This region covers more ter-
ritory than the other two  regions, however, industry sectors in this
region is the least developed compared with the other two regions.
Some provinces in this region have even faced serious problem of
water shortage. Because the complete data over the study period
cannot be obtained, Tibet and Taiwan are not included in our sam-
ple.

3. Empirical results

3.1. GUEIW and its decompositions

In this subsection, we first calculate the GUEIW based on the
GNDDF model and NDDF model in order to do comparison. Sec-
ondly, the two decomposition indicators of the GUEIW named
ECEIW and ECEIW are computed based on Eqs. (6)–(8). Then we
explore the regional heterogeneity of these indicators.

From Fig. 2 we  can see that the GUEIW values computed from
r use and water shadow price in China’s urban industry. Resour
5

the GNDDF model are always lower than those based on the NDDF
model over the study period, with the average values of 0.656 and
0.771, respectively. This means that the GUEIW based on NDDF
model is overestimated because it is based on the contemporane-
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Table  1
Descriptive statistics of input and output variables, 2004–2012.

Variable Unit Max Min Mean Std. Observations

Input Industrial water 108 m3 225.25 2.50 45.77 44.10 270
Labor 104 person 562.81 4.71 145.25 116.51 270
Capital 108 Yuan 23032.72 84.81 4455.71 4160.47 270

Desirable output GDP 108 Yuan 11520 119.68 3019.17 2691.53 270

Undesirable output COD 104 ton 69.35 0.33 15.33 11.92 270
AN  104 ton 5.69 0.04 1.15 1.01 270
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Fig. 2. Trends of the GUEIW for China based on GNDDF and NDDF models,
2004–2012.
Note: The GUEIW, ECEIW, and ENEIW represent the green use efficiency of industrial
water, the economic efficiency of industrial water and the environmental efficiency
of  industrial water, respectively. GNDDF and NDDF refer to global non-radial direc-
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ond in the three regions, with the values of 0.576, 0.480 and 0.629,
respectively. The central region shows the poorest performance in
the three indicators, with the values of only 0.485, 0.331 and 0.538,
ional distance function and non-radial directional distance function, respectively.
he  same as below.

us environmental production technology. On the other hand, the
alue computed from GNDDF model is more reasonable, because
he nodel is based on the global environmental production technol-
gy which envelops all the contemporaneous technologies in the
tudy period. In addition, the trend of the GUEIW shows a W type
urve, and it can be divided into two stages. The first one is from
004 to 2008, and the second one is from 2009 to 2012. The trend
f the first stage shows a U-type curve, with a decrease in 2005,
nd a continuous rising trend from 2006 to 2008. This indicates
hat the industrial water use had achieved obvious improvement
uring the three years. Unfortunately, a sharp decrease happened

n 2009, and another rising trend can be found after 2009. Thus,
e can see that the GUEIW in China has experienced several ups

nd downs over the study period. This is not consistent with the
ssumption in Section 1, which assume that the GUEIW shows a
ontinuous upward trend, and this may  due to the impacts of the
CEIW and the ENEIW. Thus, to provide further insight into the
ynamic change of the GUEIW, it is necessary to analyze the trends
f the two decompositions and find out which one is the main drive
or the growth of the GUEIW.

Fig. 3 presents the trends of the ECEIW and the ENEIW, we  can
nd that they share a similiar trend of the GUEIW. The ECEIW enjoys
igher values than that of the ENEIW in each year over the study
eriod, with the average value of 0.699, and the average value of
NEIW is only 0.556. This indicates that the growth of GUEIW is
ainly driven by the ECEIW, and the environmental problem is

n obstacle to achieve the green use of industrial water. This is
onsistent with Zhang et al. (2014a), and it is obvious that the envi-
onmental protection of the industrial sectors in China needs to be
mproved. In addition, it is worth noting that the ENEIW shows an
bvious rising trend during 2006–2008 and 2010–2012, indicating
Please cite this article in press as: Wang, W.,  et al., Sustainable wate
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n obvious environmental improvement happened in China. This
s may  be attributed to a series of laws and regulations such as the
amous “Outline of China’s water-saving technology policy” issued
2004 2005 2006 2007 2008 2009 2010 2011 2012

Fig. 3. Trends of GUEIW, ECEIW and ENEIW for China, 2004–2012.

in 2005 which vigorously promoted the development of recycling
water system in the industrial sectors, and the “water pollution pre-
vention law” that were issued and revised during the 11th five year
plan period (2006–2010) to strengthen the control of industrial
pollutant emissions and encourage research and development into
clean industrial production technology.5 It is clearly that after a long
period of rapid and extensive industrial development, the Chinese
government has finally accepted the importance of environmen-
tal protection. Therefore, this result provides evidence for the
Porter hypothesis (Porter and Van der Linde, 1995), which claims
that stricter environmental regulations can stimulate technological
innovation and improve production efficiency, leading to resource
savings and environmentally friendly industrial production. How-
ever, the unanticipated international financial crisis happened in
2008 had brought serious negative impact on China’s industrial
exports, which caused many factories closed down and the work-
ers lost their jobs. This forced the central government of China to
introduce a series of economic stimulus plans, including expand-
ing the scale of industrial investment across the whole country, in
order to ensure the industrial economic growth, which resulted in
the recovery of the ECEIW (Ouyang and Peng, 2015). On the other
hand, under the economic stimulus plans, some heavy industry was
overemphasized in most provinces across China, and the monitor-
ing and implementation of environmental policy were temporarily
suspected, which caused many rivers and lakes suffered serious
industrial pollution (Zhang and Xie, 2015). Fortunately, the Chinese
central government had timely recovered the normal development
of economy, and restarted many environmental protection policies.
Thus, the ENEIW value showed obvious increase after 2009.

At the provinceal level (Fig. 4), the eastern region enjoys the
highest average GUEIW, ECEIW and ENEIW, with the values of
0.861, 0.795 and 0.887, respectively. The western region ranks sec-
r use and water shadow price in China’s urban industry. Resour
5

5 Standing Committee of the National People’s Congress. The people’s Republic
of  China Water Pollution Prevention Law. Available online: http://www.gov.cn/flfg/
2008-02/28/content 905050.htm.
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Fig. 4. Average values of ECEIW, ENEIW and GUEIW at the provincial level.

espectively. This is not consistant with the conclusions of Li and
a  (2014), which stated that the central region performed much

etter in green use of industrial water than that in the western
egion. A plausible reason may  be that their results are based on
ontemporaneous environmental production technology, which is
ot suitable for comparison between the values of different years
s we mention in Section 1.

At the provicial level, as shown in Fig. 4, Beijing enjoys the high-
st average GUEIW value of 0.991 over the study period, followed
y Hainan with the average value of 0.982. It is worth noting that

 out of the 8 provinces with the GUEIW values more than 0.9 are
ocated in the eastern region of China (e.g. Beijing, Hainan, Jiangsu,
handong, Shanghai, Guangdong, Tianjin and Hebei). The average
alue of the GUEIW in this region is 0.862 over the study period,
hich is much higher than those of the central and western regions,
ith the average GUEIW values of only 0.485 and 0.576, respec-

ively. Additionally, out of 9 provinces whose average ECEIW values
re more than 0.9, 8 are located in the eastern region (e.g. Bei-
ing, Tianjin, Jiangsu, Zhejiang, Shandong and Hainan), and all the 5
rovinces with the ENEIW values more than 0.9 are located in the
astern region of China (e.g. Beijing, Hainan, Jiangsu, Shandong and
hanghai). In contrast, most provinces from the central and west-
rn regions suffer poor performances of the three indicators. Thus,
e can see that the eastern region shows better performance in

ndustrial economic development and environmental protection,
nd this is consistent with the assumptions in Section 1, which
tates significant provinceal heterogeneity may  exist. A plausible
eason may  be that the eastern region enjoys a more developed
conomy and obvious advantages of talents compared with the
Please cite this article in press as: Wang, W.,  et al., Sustainable wate
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ther two regions, which can well help achieve industrial struc-
ure transformation, and develop advaced production technology
o achieve sustainablr use of industrial water. This is consistant
ith the conclusion of Ouyang and Fu (2012), which stated that
Fig. 5. Boxplots of ECEIW, ENEIW and GUEIW for the eastern, central and western
regions in China.
Note: E, C, W represent the eastern, central and western China.

eastern provinces in China had achieved faster progress than the
central and western provinces in the production technology. More
importantly, the inter-regional spillover effect was obvious, which
indicated that the provinces in eastern China had brought posi-
tive and significant effect on the growth of central and western
provinces in industrial development. Therefore, this may  be a
good chance for the inland provinces with relatively less devel-
oped industrial production technology to learn from the eastern
provinces (Ouyang and Fu, 2012).

In order to show detail information about the internal gaps in
the GUEIW and its two decompositions within the three regions,
we present the boxplots of the three indicators. As shown in Fig. 5,
the central region has the smallest internal gap in the ENEIW and
GUEIW, and it has the smallest internal gap in the ECEIW except
for Henan and Hubei. Specifically, compared with those of other
provinces in the central region, the value of ECEIW in Henan is too
high while that in Hubei is too low. This indicates that the two
provinces are quite typical compared to other central provinces in
the ECEIW. This may  because that Henan has aimed to introduce
low polluting industrial enterprises in recent years. This policy has
brought great economic benefits, and environmental damage is not
that serious. However, as an important industrial base in China
for a long time, the heavy industry is overemphasized including
many industrial sectors with serious pollution problems, and this
has caused serious environmental damage in Hubei (Ding, 2014).
On the other hand, the western region suffers the greatest internal
gaps in the three indicators. This may  because that cooperation in
industrial development is not enough, which call for more com-
munication among the provinces in future. In addition, there is no
other typical province for the other two  indicators, which indicates
the internal gaps in the two  indicators are not that large.

In general, the GUEIW in China has experienced several fluctu-
ations over the study period. Its growth is mainly driven by ECEIW,
while the ENEIW appears to be a short board for achieving efficient
performance in industrial water use. The eastern region shows bet-
ter performances in all the three indicators than the central and
western regions, especially in the ENEIW. Considering the eastern
region in China enjoys most developed economy, and per capita
income is much higher than that of the central and western regions.
Therefore, the result provides support for the hypothesis of Kuznets
r use and water shadow price in China’s urban industry. Resour
5

curve, which states that people would pay more attention to envi-
ronmental protection and improve the use efficiency of resource
after their income exceeds a certain level (Li et al., 2016). Thus, the
central and western provinces should focus on economic devel-
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developed provinces, and focused on light industry sectors with less
Fig. 7. Relationship between the GUEIW and the SPIW.

pment as well as the environmental protection, and it would be
 wise choice to develop appropriate industries with less pollu-
ion and high output (Xie and Wang, 2015b). Additionally, internal
aps in the GUEIW are quite significant and deserve more attention.
o achieve balanced and sustainable industrial water use, China’s
entral government needs to take effective countermeasures, such
s strengthening supervision of local government to implement
he environmental protection policies, and encouraging the east-
rn provinces to provide necessary technical and financial support
or the provinces with relatively low GUEIWs.

.2. Shadow prices of industrial water (SPIW)

In this section, we calculate the shadow prices of industrial
ater base on Eqs. (9) and (10) for each province in China over

he sample period. As shown in Fig. 6, the average SPIWs for China
re much higher than the average actual prices of industrial water
APIW) in each year over the study period. This indicates great bias
etween the SPIW and the APIW. At the provincial level (Table 2),
e can note that Tianjin has the highest SPIWs for most years of

he sample period, and the SPIW is as high as 16.6 US $ per cubic
eter in 2012. Shandong and Beijing also have relatively higher

PIWs than those of other provinces, with the SPIWs of 11.21 and
Please cite this article in press as: Wang, W.,  et al., Sustainable wate
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.29 US $ per cubic meter. Xinjiang has the lowest SPIW of only 0.77
S $ per cubic meter. Fig. 7 presents the relationship between the
UEIW and the SPIW. We  can find that there is a significant pos-
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itive relationship between them, which indicates that an increase
in SPIW would help raise the GUEIW.

In order to represent the actual water pricing performance of
each province, as Eq. (11) shows, we  define the water pricing perfor-
mance index (WPPI) as the difference between estimated shadow
price and real purchasing price of industrial water to measure the
current price bias based on the market mechanism. Because the
shadow price refers to the marginal cost of the industrial water,
the shadow price would be greater than zero since the input of
water is necessary in industrial production. The value of WPPI has
an upper bound of unity, which would occur if the APIW is equal
to zero. However, this is not reasonable in practice and it is never
reached. In addition, the WPPI is bounded from below by 0 which
occurs if the APIW is less than SPIW, and the WPPI will be below
zero whenever APIW is greater than SPIW. Fig. 8 shows WPPI for
each province in 2012.

WPPI = 1 −
(
APIW

SPIW

)
(11)

As shown in Fig. 8, we can find that the WPPI values of each
province are greater than 0, indicating that the SPIW values in all
the provinces are higher than APIW values. Specifically, 10 of all the
30 provinces in our samples are painted red, and they have the WPPI
values lie between 0.9 and 1, which means that the SPIWs for these
provinces are more than 10 times the APIWs (e.g. Shandong, Qing-
hai and Shaanxi). Shangdong suffers the largest WPPI value of 0.959,
indicating that the SPIW is about 24 times as much as the APIW.
Qinghai and Shaanxi rank second and third with the WPPI values
of 0.956 and 0.943, which means the SPIWs in the two provinces are
around 23 and 18 times as much as the APIWs. This indicates ridicu-
lous gaps between the shadow prices and the actual ones in these
provinces. A plausible reason may  be that most of these provinces
are facing the problems of water shortage and overpopulation. This
is especially for Beijing and its surrounding provinces, which is
known as the political and financial center of China, has been suf-
fering the problem of water shortage for a long time. Although the
central government of China has tried many ways to solve the prob-
lem, such as the famous project named “the South-to-North Water
Diversion”, the results are unsatisfactory (Chen and Wang, 2012).
In fact, the APIWs in these provinces are around 0.64 US $ per cubic
meter, which are only a little higher than those of the provinces
with relatively richer water resource (e.g. Hunan and Guangxi),
with the prices about 0.5 US $ per cubic meter, making it difficult to
improve the consciousness of the people to save water. Addition-
ally, the reason why Xinjiang and Qinghai have relatively higher
WPPIs might be that most regions of these two provinces are filled
with the desert, and water is very limited and precious (Thevs et al.,
2015). This is the similar case with Shaanxi. Zhejiang is the only one
province painted red in southern China, and this may  because that
the APIW is too low, which is only 0.27 US $ per cubic meter in 2012.
Thus, provinces in the red region need to raise the APIWs greatly
raised.

The WPPIs of provinces in the blue region lie between 0.80.9,
indicating that the SPIWs for these provinces are 5–10 times as
much as the APIWs. Some provinces are located in southern China,
which enjoy relatively richer water resource (e.g. Guangdong and
Jiangsu), this is may  be the reason why  they are not facing seri-
ous water shortages though huge industrial water consumptions
exist. Several provinces in northern China (e.g. Inner Mongolia,
Ningxia and Shanxi) and Sichuan in southwestern China are also
painted blue, this may  because that scales of industrial develop-
ment in these provinces are relatively small than the economically
r use and water shadow price in China’s urban industry. Resour
5

pollution. The provinces painted yellow have the WPPIs between
0.5 and 0.8, which indicates the SPIWs for these provinces are 1–5
times as much as the APIWs. These provinces are mostly located in
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Table 2
The SPIW values for each province of China, 2004–2012.

Province Region 2004 2005 2006 2007 2008 2009 2010 2011 2012

Beijing E 9.03 11.93 13.09 13.95 18.57 15.33 15.02 16.84 16.60
Tianjin E 8.75 12.55 12.96 12.24 13.06 12.60 11.55 11.82 11.21
Hebei  E 5.36 7.17 7.43 7.97 8.46 8.16 8.97 8.90 9.29
Liaoning E 2.72 3.46 4.01 4.80 5.12 5.65 6.21 7.21 7.12
Shanghai E 4.54 4.72 4.49 4.70 5.47 5.33 5.78 6.37 6.97
Jiangsu E 5.17 5.19 5.29 5.78 6.32 6.20 6.81 7.58 6.86
Zhejiang E 3.60 4.34 4.08 4.79 5.82 6.15 6.08 7.04 5.37
Fujian E 0.97 0.93 0.96 1.06 1.13 2.90 3.09 3.66 4.95
Shandong E 3.11 3.21 3.00 3.46 3.72 3.96 4.09 4.68 4.55
Guangdong E 3.07 3.12 3.06 3.12 3.40 3.50 3.48 3.66 3.49
Hainan E 3.06 3.05 3.16 3.22 3.72 3.41 3.53 3.73 3.43
Shanxi C 2.96 3.35 3.64 3.35 3.67 2.85 3.17 3.59 3.18
Jilin  C 1.87 2.23 2.33 2.33 2.52 2.45 2.54 2.64 2.93
Heilongjiang C 2.20 2.07 2.19 2.45 2.79 2.38 2.47 2.80 2.85
Anhui  C 1.22 1.27 1.38 1.46 1.71 1.70 1.94 2.25 2.67
Jiangxi C 1.84 1.89 2.11 2.38 2.95 2.61 2.56 2.96 2.48
Henan C 1.25 1.41 1.46 1.31 1.31 1.42 1.65 1.86 1.89
Hubei  C 1.15 1.24 1.39 1.67 1.87 1.70 1.92 2.09 1.82
Hunan C 0.95 0.89 0.81 0.85 0.89 1.13 1.28 1.47 1.75
Inner  Mongolia W 1.69 1.39 1.34 1.27 1.37 1.17 1.35 1.49 1.74
Guangxi W 1.88 1.83 1.90 1.69 1.86 1.71 1.68 1.75 1.71
Chongqing W 1.35 1.28 1.28 1.27 1.44 1.56 1.65 1.73 1.71
Sichuan W 1.36 1.28 1.25 1.21 1.26 1.22 1.29 1.40 1.56
Guizhou W 0.80 0.80 0.86 0.96 1.02 0.98 1.15 1.31 1.42
Yunnan W 0.68 0.81 0.90 0.86 0.93 1.11 1.23 1.40 1.37
Shaanxi W 1.43 1.45 1.51 1.43 1.46 1.18 1.27 1.27 1.35
Gansu W 0.74 0.78 0.83 0.90 1.04 1.06 1.15 1.35 1.29
Qinghai W 0.87 0.77 0.70 0.72 0.82 0.80 0.94 1.12 1.12
Ningxia W 1.00 0.84 0.85 0.79 0.89 0.95 0.94 1.09 1.11
Xinjiang W 0.68 0.72 0.79 0.70 0.74 0.68 0.73 0.79 0.77

U

t
T
m

v
m
o
m
p
l
G
a
h
a
a
s
p
r
i
i
t

p
n
d
v
w
t
a
p
l

nit: US $ per cubic meter.

he central and western regions of China with relatively low GUEIW.
herefore, APIWs of provinces in the blue and yellow regions need
oderate increase.

The only one province painted grey is Guizhou, with the WPPI
alue of 0.484, which indicates the SPIW is about 1.9 times as
uch as the APIW. This may  because that scale of industrial devel-

pment is relatively smaller in Guizhou compared with that of
ost provinces in China, which results less water for industrial

roduction. Actually, the industrial GDP in Guizhou is relatively
ow, which only accounts for around 1.1% of the national industrial
DP, and much less than that of some developed provinces such
s Guangdong (12.93%) and Jiangsu (11.97%).6 In addition, Guizhou
as done a good job in environmental protection in recent years,
nd it is famous for tourist attractions with beautiful mountains
nd rivers. (Shang et al., 2014). However, the local government has
hown a strong interest in industrial development, and a series of
olices aiming at achieving a vigorous development in industry in
ecent years, especially for the heavy industry sectors. This would
nevitable result in a huge water demand. Therefore, a moderate
ncrease in the APIW may  help improve the GUEIW by increasing
he production cost to force producers to save water.

In a word, the actual prices of industrial water in all the
rovinces across China are lower than the shadow ones, and they
eed appropriate increases. The provinces enjoy rapid industrial
evelopment and less water should greatly increase their APIW
alues to alleviate water shortage, and those with relatively richer
ater should make moderate increase in the prices. More impor-

antly, in order to realize the function of price optimizing allocation
nd utilization of industrial water, the power of determining the
Please cite this article in press as: Wang, W.,  et al., Sustainable wate
Conserv Recy (2016), http://dx.doi.org/10.1016/j.resconrec.2016.09.00

rice should be returned to the market rather than hold by the
ocal government.

6 http://www.stats.gov.cn/tjsj/ndsj/2013/indexch.htm.
4. Conclusions and policy implications

As the water shortage and industrial water pollution have posed
great threat to sustainable water use in China, it is an urgent work
to estimate the state of green use efficiency of industrial water
(GUEIW), and provide some useful policy recommendations. Based
on a global non-radial DDF model, this paper computes the GUEIWs
for 30 provinces in China during 2004–2012 as well as its two
decomposition indicators (i.e., the ECEIW and the ENEIW). We  then
compute the shadow prices of industrial water based on the dual
model of DDF at the provincial level, and analyze the bias between
the actual price and the shadow ones for each province.

The empirical results show that the GUEIW shows several fluc-
tuations over the study period and most provinces in China have not
achieved performed efficiently in industrial water use. The ECEIW
is the main contributor of the growth of GUEIW. Thus, the environ-
mental protection in the process of industrial production deserves
more attention. The eastern region of China enjoys better perfor-
mance in the GUEIW and its two  decomposition indicators than
those in the central and western regions. Regarding the provincial
heterogeneity, the provinces in the central region show the least
internal gaps in the GUEIW, while those in the western region suffer
the largest internal gaps. The shadow prices of industrial water are
much higher than the actual ones in all the provinces, and an appro-
priate increase of industrial water prices would result in obvious
improvement of GUEIW.

We  can put forward some policy implications based on the
empirical results. To improve the economic efficiency of industrial
water, we  should develop or introduce advanced water use technol-
ogy to make full use of water resource in the industrial production,
r use and water shadow price in China’s urban industry. Resour
5

and provinces enjoy advanced technology should help provinces
with less developed technology to achieve balanced development
of industrial water use. In addition, to encourage industrial pro-
ducers to save water, the government can provide subsidies to the
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Fig. 8. The WPPI value for each province of China, 2012. 

roducers with outstanding performance in saving water. More-
ver, the application of multistep water price, which means that
he water price would increase with the increase of water con-
umption, may  help save water resource and raise the water use
fficiency, especially in provinces with relatively high WPPI values.

To raise the environmental efficiency of industrial water, the
entral government of China should carry out more strict regu-
ations to deal with the problem of water pollution. Considering
hat local government officials often lack of motivation to imple-

ent policies out of their own benefit, the central government
hould severely punish illegal officials and remove them from their
ositions. Additionally, equipment and technology for processing

ndustrial wastewater should be developed or introduced as soon
s possible, and the industrial producer tend to adopt environmen-
ally friendly production technology should be given incentives and
ubsidies. Lastly, industrial wastewater needs to be treated care-
ully by physical or chemical methods, and it can be discharged into
he natural environment after passing through the examinations by
he environmental authorities.

There are also some limitations in this study. For instance,
Please cite this article in press as: Wang, W.,  et al., Sustainable wate
Conserv Recy (2016), http://dx.doi.org/10.1016/j.resconrec.2016.09.00

ur empirical analysis is based on data only for the 2004–2012
eriods, and a longer period would help improve the accuracy
f empirical analysis. Additionally, we have only selected the
Note: WPPI represents the water pricing performance index.

amounts of chemical oxygen demand and ammoniac nitrogen in
industrial wastewater as environmentally undesirable outputs, and
some other pollutants (e.g., phosphorus and heavy metals) are not
considered, which mainly due to the unavailability of data. In addi-
tion, factors from the humanistic aspect such as human capital
are not included in this study for the same reason, and we will
make improvements in further studies to provide more convincible
empirical results.
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