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Abstract Low industrial water use efficiency has become a resource bottleneck to
industrial development in China. The SBM-undesirable and meta-frontier models were
used in combination with empirical data in 30 provinces in mainland China (Tibet
excluded due to data missing from 1999 to 2013), to compare industrial water use effi-
ciency in mainland China under meta-frontier and group-frontier, and explore the influ-
encing factors. The empirical results of the study reveal that: (a) there is a large difference
in the industrial water use efficiency between meta-frontier and group-frontier in mainland
China, due to the heterogeneity in the levels of industrial water use technology; (b) given
the low recycle rate of polluted industrial water, there is room for improvement in the
industrial water use efficiency in the 30 provinces in mainland China. Further, the study
finds that the current price of industrial water is distorted to some extent, failing to
coordinate with the use of water resources. Policy implications indicate that industrial
water use efficiency is not only related to technological heterogeneity in different regions,
but also the control and treatment of industrial water pollution. Therefore, the current price
of industrial water should be gradually raised. A scalar water pricing system as residential
water could also be applied to industrial water.
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1 Introduction

Essential to the survival of life on earth, water is also an irreplaceable and limited natural
resource to production and human livelihood. The degradation of the water quality leads to
scarcities and conflicts (Malley et al. 2008) and water resources relates to sustainable
development (Mwanza 2003). As previous research shown, China has been facing a water
resource crisis. But on the other hand, water use efficiency in agriculture, industry and
other sectors in China are much lower than that of the world level. Industrial water
utilization efficiency, in particular, is far below that in developed countries. As industri-
alization deepens in China, the dependence of industrial development on water has been
gradually increasing. Compared to the early stage of the “10th Five-Year” period,
industrial water consumption increased by over 27 % at the end of the “11th Five-Year”
period, with the average annual growth rate reaching 2.43 % and the proportion of
industrial water consumption in the total water consumption increasing to 24.1 % from
20.7 %. During the corresponding period, however, the average annual growth rate of the
total water supply in China was less than 1 %. What makes matters worse is that industrial
water pollution is still a serious problem. Although the discharge of chemical oxygen
demand (COD) and ammonia nitrogen (NH3-N) in industrial wastewater has decreased in
past years, it is still remains at a high level. In response, the State Council of the People’s
Republic of China released “Opinions on applying the strictest water resources man-
agement system” in January 2012. The Opinions says that currently, Chinese water
resources are faced with a severe situation, including increasing problems with water
shortage, water pollution, and deterioration of the water ecological environment, which has
become a crucial bottleneck to the sustainable development of the economy and the society
as a whole. The Opinions also propose a “red line” of water resources. Firstly, the total
water consumption in China should be controlled within 70 billion m’ by 2030. Secondly,
that the water utilization efficiency reaches or comes near to levels in the developed world.
Thirdly, water consumption intensity (consumption over industrial added value) should be
reduced to below 40 m* per ten thousand Yuan. Thus, industrial development in China
faces double constraints on water resources at present and in the future, namely, the total
industrial water supply and industrial water pollution control. In this context, it is critical to
gradually improve the industrial water utilization efficiency to maintain continuous
industrial development in the medium and long terms.

In recent years, scholars have done some valuable research in regional water use effi-
ciency. Qian and He (2011) used the input-orientated DEA model to compute the provincial
utilization efficiency of water resources in China from 1998 to 2008, which first decreased
and then increased. Spatially, different patterns were recognized among the eastern, central
and western regions, with the eastern region showing the highest efficiency, followed by the
central and western regions sequentially. They also pointed out that industry structure,
import and export demands, as well as water resources endowment exerted significant
impact on the utilization efficiency of water resources. In addition, previous studies have
demonstrated that influencing factors concerned with water utilization efficiency mainly
include: water price (Schneider and Whitlatch 1991; Bathla 1999), industry structure
(Romano and Guerrini 2011; Pan et al. 2011), and the development of economy and industry
(Hu et al. 2006). While many studies focus on water use efficiency in agriculture (Rimawi
et al. 2009; Latinopoulos 2009; Chowdhury and Al-Zahrani 2014). Only a few scholars have
paid attention to industrial water use efficiency (Sun et al. 2007; Lu 2008). Fujii et al. (2012)
measured the efficiency of water usage in the Chinese industrial sector and estimated the
shadow prices of fresh water and wastewater in each industry. In their opinion, shadow
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prices and inefficiencies differed among distinct provinces and business types from 1996 to
2007. Although numerous studies have been conducted to analyze water use efficiency
across countries from different perspectives with various methods, few of them considered
the impact of water pollution when measuring water use efficiency. Based on the data from
China’s typical industrial provinces from 2003 to 2009, however, Yue and Zhao (2011)
adopted the directional environmental distance function (DEDF) to measure the industrial
water use efficiency, and argued that industrial water use efficiency in most provinces
showed an increasing trend as time went by, with differences among regions. By using the
Malmquist-Luenberger (ML) index decomposition method, the authors concluded that the
efficiency change rate, other than technological progress, was the driving factor for
improved industrial water use efficiency in China. Although the authors considered the
impact of industrial water pollution on water use efficiency, there are still several defi-
ciencies: (a) only 13 provinces were included as DMUs, which violated the strict empirical
rule of DEA: the number of DMUs should not be less than twice the product of the number
of input and output variables' (Dyson et al. 2001); (b) industrial development discrepancies
among different regions in China were ignored, which might dramatically affect water use
efficiency; (c) the efficiency measured by the ML index here was actually not real industrial
water use efficiency, but the efficiency of industrial growth that took into account industrial
water use and industrial water pollution.

Therefore, the research discovers industrial water use efficiency under double con-
straints of resource and environment in 30 provinces (excluding Tibet due to data missing)
in mainland China. In addition, a series of influencing factors on industrial water use
efficiency are studied, especially the price of industrial water. Several contributions have
been made. Firstly, industrial waste was incorporated into the measurement of industrial
water use efficiency. For instance, chemical oxygen demand (COD) and ammonia nitrogen
(NH;-N) discharges were put into the water use efficiency model as undesirable outputs.
Secondly, the meta-frontier function was employed to investigate the effects of industrial
development on industrial water use efficiency, due to the heterogeneity of industrial
development among provinces in China. Thirdly, several influencing factors were selected
as control variables. Specifically, the effects of industrial water price on water use effi-
ciency were taken into account. Finally, the current water price and the shadow price were
compared to explore whether the current price of industrial water has been distorted.

The meta-frontier model, SBM-undesirable model and data sources are introduced in
Sect. 2, respectively. In Sect. 3, industrial water use efficiency is elaborated under meta-
frontier and group-frontier in the eastern, central and western regions in China. Section 4
presents the empirical results. Section 5 compares the shadow price with the current price
of industrial water and discusses price distortion. Finally, some conclusions and policy
implications related to the article are put up.

2 Methodology and data
2.1 Meta-frontier model

When using data envelopment analysis (DEA) to measure industrial technology efficiency
in different regions, the underlying assumption is that decision making units (DMUs) have

! The authors selected 13 provinces as DMUs and indicators of three inputs and three outputs. The number
of DMU is less than twice the product of the number of input and output variables.
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the same or similar technology levels, so as to explore a potential technology gap and
management levels. In addition to industrial development and technology discrepancies,
however, there are huge differences among the provinces in China in terms of industrial
structure, resources endowment, and the level of urbanization, leading to various pro-
duction frontiers in different provinces in mainland China. Thus, it will be difficult to
accurately measure the real industrial development efficiency and industrial water use
efficiency in mainland China if these differences are not considered into the research. In
response to this issue, meta-frontier was first presented by Battese and Rao (2002). They
divided DMUs into different groups based on a certain criteria and then used the stochastic
frontier method (SFA) to identify the different group-frontiers and meta-frontier. Finally,
they estimated technical efficiency scores and the technology gap ratio (TGR) under group-
frontier and meta-frontier. However, SFA assumes that all DMUs have the potential to
reach the same technological frontier, meaning that the meta-frontier will not be able to
envelope all group-frontiers. In addition, SFA fails to deal with the multi-input and output
situation (Rao et al. 2003). Therefore, Battese et al. (2004) expanded their research and
addressed the aforementioned problems using the DEA model.

2.1.1 Meta-frontier and group-frontier

While the meta-frontier indicates the potential technology level of all DMUs, the group-
frontier is the actual technology level of DMUSs in each group. Thus, the main difference
between them is the technology set. For this reason, the 30 provinces in mainland China
(excluding Tibet due to data missing) are divided into eastern, central and western groups”
according to the homogeneity of industrial development. Though the three regions are
roughly partitioned here, they have always been adopted in regional economy and
industrial development in China. According to the rule of thumb of DEA on the number of
variables and DMU, it is more suitable to divide the groups generally. Besides, there is a
tendency of gradient development in the three regions in terms of water resources per
capital, natural resources, level of urbanization, industrial structure, level of industriali-
zation etc. The differences within regions are smaller than those between regions.
Therefore, it is necessary and reasonable to divide the provinces into three groups to
investigate industrial water use efficiency under each group-frontier and meta-frontier. As
a demonstration, using a meta-frontier model with one input and one output, the group-
frontiers and meta-frontier are shown in Fig. 1.

Based on the meta-frontier (Battese et al. 2004) (Model 1), the meta-technology set
incorporated in undesirable outputs is:

" = {(x,y%,5") : x>0, y* >0, y* > 0; xcanproduce (y¢,y")} (1.1)

where the vectors of the input, desirable output and undesirable output are denoted by x, y*
and y®, respectively. The corresponding production possibility frontier (meta-frontier) is:

P"(x) = {05 : (x,3%,)") e T"} (1.2)

% The east group includes Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shan-
dong; the central group includes Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, He’nan, Hubei, Hu’nan; the
west group includes Inner Mongolia, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu,
Qinghai, Ningxia, Xinjiang.
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Fig. 1 Meta-frontier and group-
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Let D™ (x, y*, y*) represent the input meta-distance function defined using the meta-
technology T, which is defined by:

D’”(x,yg,yb) = supi{). >0:(x/1) € P"’(yg,yb)} (1.3)

Dividing 30 provinces in mainland China into three groups (i = 1, 2, 3) according to the
level of industrial development, the group-technology set is:

Tl:{(xl)yfvyf)x1207 y§207 ny(), xl_>(y§7y1b)}7 1217273 (14)
The corresponding production possibility frontier (group-frontier) is:
Pllx) = {0f07) : (ayfyf) €T}, i=1,2,3 (15)

Let Di(x;, ¥§, yf»’) denote the input group-distance function for region i (i = 1, 2, 3)
technology, which is defined by:
Di(x;,y8,y7) = sup, {2 >0:(x;/2) € Pi(yf,yﬁ’)}, i=1,2,3 (L.6)
For any input vector, x; belongs to the boundary of P! (yg Y ), D (xi, ¥, y? ) > 1, and if
x; belongs to the interior of P! (yg7 yb), then D(x;, ¥%, yf?) =1.

To ensure the convexity property, the study defines the meta-technology as the convex
hull of three group-technologies, denoted by 7" = Convex Hull {7' UT> UT*}.

2.1.2 Technology gap ratio

The input-orientated technical efficiency of an observed input—output set (x;, y¢, y*), with
respect to the technology of group i (i = 1, 2, 3), is defined as:

TEi(xivy?)’y?) = 1/Di(xi7)’§»Y?)’ i= 1a273 (17)

The input-orientated technology gap ratio can be defined using the distance functions
from technologies 7" and T' as:
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TGRi(xi7y§7y?) = Di(xiayfay?)/Dm(xayg7yb) = TEm(-xayg7yb)/TEi(xi:y§ayl}'))a (1 8)
i=1,23 :

For example, in province R in Fig. 1, the technology gap ratio is:
TE"(R) = 0X,/0X3; TE(R) = 0X,/0Xs;

TGR'(R) = TE" /TE' = (0X,/0X;3)/(0X,/0X;) = 0X;/0X, (19)

The technology gap ratio combines the meta-frontier with the group-frontier and
measures the same DMU’s difference of technical efficiency under meta-frontier and
group-frontier. If the TGR is higher (or TGR equals 1), the actual efficiency will be close to
the potential production efficiency. Moreover, it can be used to judge the necessity of
dividing into different groups. If the mean of the TGR is less than 1, dividing different
groups is appropriate and necessary, and vice versa.

2.2 SBM-undesirable model

Many DEA models can solve the group-distance and meta-distance functions that include
industrial water pollution (Liu and Wu 2011). However, such methods, including the
transposed method, the hyperbolic method and the direction distance function, either
violate the essence of production or have obvious limitations. For instance, when unde-
sirable output and desirable output will decrease and increase proportionally, it cannot
address the slacks in input—output models. However, the SBM model (Tone 2004) directly
introduces the slack values of input and output to the objective function, which solves the
aforementioned problem and radial orientation bias. Therefore, the industrial water use
efficiency is measured under the SBM-undesirable model, evaluating the relative efficiency
of DMUj, incorporated the industrial pollutants as followings (Model 2):

pr=min[1=1/mY " (57 fxi)| /{11 s (300 68 /) + 307 62 /)]

subjectto xo = X¢ + 5~
¥ = Y — 5
Yo ="p+s
s=>0, >0, >0, ¢>0

(2.1)

where X, Y%, Y’ represent the input, desirable output and undesirable output for one
province each year, respectively. The meta-frontier represents 30 provinces, while the
group-frontier includes corresponding provinces for each group in the eastern, central and
western regions. Moreover, s, s¢ and s” denote the slacks of input, desirable output and
undesirable output, respectively. The objective function strictly decreases with respect to
s (Vi), s8(Vr), s2(¥r) and the objective function value satisfies 0 < p* < 1. An optimal
solution of the above program is (¢, s, 5", s”"). The DMUj, is efficient in the presence
of undesirable outputs if and only if p =1, ie, s*=0,5# =0, and s> = 0. If the
DMU is inefficient, i.e., p* < 1, it can be improved and become more efficient by deleting
the excesses in inputs and undesirable outputs.

If the industrial water consumption (X,,) and its slacks (S,,) are isolated from the input
variable vector (X), the industrial water use efficiency under meta-frontier can be denoted
by TE! = (X" — S,™)/X", while the industrial water use efficiency under group-frontier

@ Springer



Econometric analysis of Industrial water use efficiency in China 1215

isTE! = (X! — S.7)/X (i = 1,2,3). Similarly, the study can define the TGR of industrial
water as TGR,, = TE, /TEiv. And whether the means of TE;] and TEfV show a huge
difference or TGR,, is significantly smaller than one, the partition of three groups is
necessary to study the industrial water use efficiency.

2.3 Data

In the research, industrial water consumption (indu_water), industrial workers (labor), and
industrial net assets (net_asset) are selected as input indicators, while output indicators
include desirable output: industrial added value (VA) and undesirable outputs of chemical
oxygen demand (COD) and ammonia nitrogen (NH3-N) emissions in industrial waste-
water. After industrial water use efficiency scores are determined, the influencing factors
on efficiency will be examined. The data have been derived from the China environment
Statistical Yearbook (2000-2014), China Statistical Yearbook and 30 Provinces Statistical
Yearbook (2000-2014), China’s water resources bulletin (1999-2013), China Compen-
dium of Statistics 1949-2008, and other databases such as SouShu® and Ceinet statistics
database” etc. All price indicators are deflated to the 1999 constant price. The level of
industrialization is denoted by the ratio of industrial added value over total GDP, the prices
of industrial water of cities at prefectural level for each province are collected from China
Water Net (1999-2013),° and the average prices are treated as proxies of the price of
industrial water for corresponding provinces. The mean of prices is also taken in prefec-
ture-level cities. Descriptive statistics about input and output indicators and the influencing
factors of industrial water use efficiency are shown in Table 1.

3 Industrial water use efficiency

According to the testing results, the mean of technology gap ratios is significantly smaller
than 1. The average technology gap ratio in the eastern group is at a higher level (close to
1) from 1999 to 2013, indicating that the eastern group is close to the meta-frontier. The
central and western groups, however, are far from it. It proves again that dividing the
provinces into three groups is reasonable according to the level of industrial development.

Firstly, the industrial water use efficiency in the eastern, central and western regions is
estimated under meta-frontier and group frontier along the temporal trend using a meta-
frontier model. The results are displayed in Figs. 2, 3.

Figure 2 indicates that, in average, the efficiency in the eastern region under meta-
frontier between 1999 and 2013 is higher than that in the central and western regions. In
particular, industrial water use efficiency in the eastern region is higher, though it supposes
a downward trend. However, the efficiency values in the central and western regions are
lower. Therefore, the technology frontiers in the central and western regions are far behind
the meta-frontier in the eastern region, indicating more room for technology improvement.

The efficiency trend under group frontier is not the same as that under meta-frontier,
which further proves the necessity to divide the provinces into three groups. In practical
terms, the average efficiency value in the eastern region shows a downward trend from

* http://www.soshoo.com/index.do.
* http://db.cei.gov.cn/.
5 http://price.h20-china.com/.

@ Springer


http://www.soshoo.com/index.do
http://db.cei.gov.cn/
http://price.h2o-china.com/

J. Li, X. Ma

1216

(194 1L°66 107 9°¢t €69 % Tojyem [ernsnput jo oner pajesridng ook
juowageuew uonnfjod
(194 LTI LTS 171 0r°ot1 uenx 000°01 JoyeMm [ELNSOPUL U JUSUNSIAUL JO O] Y], IseAuru]
oSy LL'S 0c'1— 0zl [S%4 uenx 1anuolj-dnoig topun ooud mopeys 1a1em jo S0[ oyl dSup
oSy 09°S 8L 1— 201 e uenx Ionuolj-eow Jopun 20ud mopeys 19rem jo Jof ay, duwug
oSt 90'C €10 wo $6°0 Jw/ueng soud 191eM JULLIND JO Sof Ay, dup
(194 £7'€68 56 L1°691 80°L0T ueng 00001/ W on[eA pappe [eLnsnpul/uondunsuod 13)e M R
(194 80°S9 109 Ly'8 ST6¢e % UoneZI[eLnsnpur Jo [9AJ[ YL, put
0S¥ 90l IS'L ¥S'0 €6'8 ueng endes 1od g@o jo Sof oy Au
oSt 1L'6 Ge'e 97’1 0L uosad/ w soo1nosar 1a1em ejides 1ad jo Sof oy, odmug
oSy 001 ov'L 1182 €C6L % 1onuoly-dnoid 1opun ASUsaIoyye I19jem Y, 933
oSt 001 osy 98°¢c¢ L£°9G % ISTUOIJ-BJOU Jopun AJUSIOYJQ I9)em ], 0w s10j0By Surousnguy
0st 0508 €C0 6501 1811 suo} 001 SUOISSTII® URS0MNIU BIUOUIUIY N-*HN
(194 Ge'69 6¥°0 geel 0991 suo1 00001 suolsstwa 0D aodn
(1197 LESTT £9°0 798¢ 09°¢e uenx Uoriq | on[eA pappe [ernsnpuf VA
0st 8L°608 ey 10°¢el LTLIT uenX uolqq | Josse Jou [ernsnpuj 10888 10U
(194 €6'81C €6°C SI'8y 86°CS suosad 000001 SISYIOM [ernsnpuf loqe]
oSt STSTT 8€T ST 1Y by W worpu O] uondwnsuod I13jem [eLHSnpu]  IJeM T pul s10jeotpur jndino pue nduy
Sq0 XeN UIAL as UBIN nupn uontuyesqg S[qeLieA 1oyedIpuy

SoNsTE)s ATewIwns pue suONIUGAp d[qeLeA [ el

pringer

Qs



Econometric analysis of Industrial water use efficiency in China 1217

----¢--- East — @ —Center — A— West —@— China

ey
o
J

o
(=]
1

o
=}
1

il
S
1

Theefficiency value

°©
Y

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Year

Fig. 2 The industrial water use efficiency under meta-frontier in the eastern, central and western regions of
China
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Fig. 3 The industrial water use efficiency under group frontier in the eastern, central and western regions of
China

1999 to 2009 (except in 2003 and 2004). It goes upward in 2010, but declines again from
2011 to 2013. However, the average efficiency value in the central and western regions
changes slightly, as Fig. 3 showed.

Moreover, this paper compares the average efficiency scores of the 30 provinces in
mainland China under meta-frontier and group frontier between 1999 and 2013 (Table 2).

As for the average technology gap ratio, the TGR in the eastern region is 0.9777,
meaning that the eastern-frontier reaches 97.77 % of the meta-frontier. This is mainly due
to the fact that the eastern region enjoys the best economy and pays much attention to the
introduction and dissemination of technologies. Similarly, the central and western regions
reach 66.86 and 47.70 %, respectively. In terms of the average efficiency in the eastern,
central and western regions under meta-frontier, there is much room for improvement in
the three regions (22.53, 47.86 and 61.64 %, respectively). As for the average efficiency
score group-frontier, it is 20.76, 22.02 and 19.60 % for the eastern, central and western
regions, respectively.

As for the industrial water use efficiency among the provinces, Beijing, Tianjin,
Shanghai, Shandong in the eastern region and Heilongjiang in the central region under
meta-frontier and group frontier exhibit the best performance, with a full score of 1. Hainan
performs the worst in the eastern region, with a score of 0.2504. Similarly, Jilin is the worst
in the central region under meta-frontier, and Hubei under group frontier, with efficiency
scores of 0.3226 and 0.5049, respectively. In the western region, Inner Mongolia performs
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Table 2 Average scores of the industrial water use efficiency under different frontiers and technology gap
ratio by province in China

Region Province mee gee TGR Province mee gee TGR
The East Beijing 1.0000 1.0000 1.0000 Zhejiang 0.4932  0.4932  1.0000
Tianjin 1.0000  1.0000 1.0000  Fujian 0.8925 0.9697 0.9204
Hebei 0.8167 0.8167 1.0000  Shandong 1.0000  1.0000  1.0000
Liaoning 0.6929 0.7955 0.8711 Guangdong 0.9025 0.9175 0.9837
Shanghai 1.0000  1.0000 1.0000 Hainan 0.2504 0.2504  1.0000
Jiangsu 0.4734 04734 1.0000 Mean 0.7747  0.7924  0.9777
The Center  Shanxi 0.3782  1.0000 0.3782  Jiangxi 04167 0.5141 0.8107
Jilin 0.3226 09921 0.3251 He’nan 0.7433  1.0000 0.7433
Heilongjiang 1.0000  1.0000 1.0000  Hubei 0.4192 0.5049 0.8303
Anhui 04164 0.5880 0.7081 Hu’nan 04747 0.6394  0.7425
Mean 0.5214 0.7798  0.6686
The West Inner Mongolia  0.8318  1.0000 0.8318  Shaanxi 0.4902  1.0000 0.4902
Guangxi 0.4970 1.0000 0.4970 Gansu 0.2296 0.7815  0.2938
Chongqing 0.4577 0.6520 0.7020  Qinghai 0.1546  0.5070  0.3049
Sichuan 0.3049 0.8293 0.3676 Ningxia 0.2039 0.5624  0.3625
Guizhou 0.2619 0.8906 0.2941  Xinjiang 0.2775 0.7489  0.3706
Yunnan 0.5101 0.8729 0.5843 Mean 0.3836 0.8040 0.4770

The Eastern China is abbreviated the East, the Central China the Center, and the Western China the West

the best, and Qinghai the worst under meta-frontier, with room for efficiency improvement
of 17.82 and 84.54 %, respectively. As for the group frontier, the efficiency scores are 1 for
Inner Mongolia, Guangxi and Shaanxi, while the lowest score is in Qinghai, 0.5070, which
implies room for efficiency improvement of 49.30 %.

Thus, there is a vast difference for the industrial water use efficiency between meta-
frontier and group-frontier, probably because large technology gaps exist among the 30
provinces in mainland China with respect to the two technology frontiers. Overall, only a
few provinces enjoy high industrial water use efficiency in the three regions. Most prov-
inces, particularly those in the central and western regions, get scores of less than 50 %. So
the conclusion comes to that industrial water use efficiency is generally low in mainland
China. In other words, industrial water is still extensively used in China, which might be
caused by low level of water use technologies, low price of industrial water, unreasonable
industrial structure and other factors.

4 Major influencing factors of industrial water use efficiency
4.1 The mechanism for influencing industrial water use efficiency
According to the general law of economics, industrial water use efficiency in China might
be influenced by the following factors.
The first factor is the abundance of water resources. Apparently, if a region has a large

amount of water, it will have a low price. Consequently, people will be less aware of water-
saving activities, thus leading to low industrial use water efficiency. This paper uses the
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total water resources and water resources per capita in mainland China to measure the
efficiency. Compared with total water resources, analysis of water resources per capita
considers demographic factors. Therefore, both indicators are used to better explore the
negative effect of the first factor on the efficiency.

The second factor is the water price. According to the general theory of economics, the
price is the most effective means for market regulation to determine the resource use
efficiency. Generally, the higher the water price is, the higher the industrial water use
efficiency will be in a region. Thus, the price of industrial water has a positive effect on the
efficiency. The price of industrial water in any prefecture-level cities of a province (further
calculating their mean as the water price of the province) is able to unveil its effects.

The third factor is the level of economic development and industrialization. The study
investigates whether the industrial water use efficiency improves with increasing GDP per
capita or exhibits an inverted U-shaped as some literature suggest, meaning that the effi-
ciency improves first and then decreases as the GDP per capita increases. The level of
industrialization is also an important factor that influences the efficiency. In fact, it directly
determines industrial water consumption and affects the efficiency through the income
effect and the technology effect. On the one hand, when the industry is more developed,
the income will be higher and the sensitivity to water price lower, leading to weaker water-
saving awareness and thus lower efficiency for enterprises. On the other hand, developed
industry encourages enterprises to use more efficient water-saving technologies, thus
improving the industrial water use efficiency. So this influencing factor represents two
conflicting effects. If the technology effect is greater than the income effect, the efficiency
will improve, and vice versa.

The fourth factor is water-saving technology and regulation of industrial water pollu-
tion. The technology can be expressed by industrial water consumption per ten thousand
Yuan industrial value-added and industrial water reuse rate. Obviously, the lower the water
consumption per unit output is, the higher industrial water use efficiency will be. Likewise,
the higher the industrial water reuse rate is, the higher industrial water use efficiency will
be. In addition, since the environmental quality is considered when measuring the indus-
trial water use efficiency in this paper, the investment in industrial pollution regulation may
also exert a significant impact on the industrial water use efficiency.

4.2 Modeling and regression results

To better discover the industrial water use efficiency and its differences, the paper is
focusing on the investigation of its influencing factors. The regression equations between
the industrial water use efficiency under meta-frontier and group-frontier and influencing
factors (such as the price of industrial water) are as follows (Model 3):

mee = o + a1, Y; + o Inp + o3 tge + oy Inwpe + 05;Z; (3.1)

gee = fy + By, Y: + B, Inp + B3 Inwpe + B4,Z; (3:2)

where Y, includes three variables: the logarithm of GDP per capital (Iny), its square and the
level of industrialization (ind). Z; includes three variables: the water consumption per ten
thousand Yuan industrial value added (tc), industrial water reuse rate (cycle) and the
logarithm of investment in industrial water pollution regulation (Ininvest).

Since the efficiency scores in some provinces in mainland China are 1, this paper uses
the model of special dependent variable to distinguish the differences among these prov-
inces. It is a Tobit model that can truncate from the left and right tails (Two-limit Tobit).
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Since the treated efficiency scores are between 0 and 100, the right of the Tobit model is
truncated at 100. Additionally, the estimator of the fixed-effect Tobit model for panel data
is proved to be biased (Anderson and Hsiao 1982). Honoré (1992) has developed a semi-
parametric estimator for the fixed-effect Tobit, model with some conditional restrictions in
the process. There is, however, no effective solution for this problem, so the academic
community mostly uses the random-effects Tobit model at present. Its form is as follows
(Model 4):

e, =n+E,0+vi+e
ey = e}, (0<ej, <100)
eir = 0(e;; <0)

eir = 100 (e;, > 100)

(4.1)

where e, e, El,, v; and ¢, state a latent variable, an observed variable, a vector of
explanatory variables, a random variable that changes with individuals rather than time and
a random variable that changes with individuals and time, respectively. The latter two
random variables are independent and follow normal distribution. 7 is a constant, and J is a
parameter vector.

Regression results of the Tobit model between industrial water use efficiency and
influencing factors (the current price of industrial water) under meta-frontier and group
frontier are shown in Table 3.

Table 3 illustrates that p values of the four models are all zero, meaning that they are
significant. In addition, rho values are all above 0.82, showing that the efficiency change is
mainly explained by the change of individual effect.

As for the logarithm of GDP per capita and its square, the relationship is U-shaped,
showing a trend that the industrial water use efficiency decreases first and then increases

Table 3 Regression results of the Tobit model (the current price of industrial water)

The industrial water Meta-frontier Eastern group Central group Western group
use efficiency

Iny (—6,401.85)%%  —21346.28 (—20,906.45)%%%  —6,108.47
(Iny)? (325.52)%%% 1,063.11 (1,042,815 287.16
Inwpe (—5.69) —5.55 ~12.16 -3.62

tc -2.79 26.43 (31.22)* (32.49)+
tge (076 - - -

cycle (0.59) %+ (1.48)%* —0.05 (1.07y*
ind (0.81)%% 032 0.55 0.98

Inp 9.12 —47.65 (—24.08)* (28.13)*
Ininvest —573 36.27 ~1.65 233

_cons (31,4752 113,521.9 (94,278.7y* 30,563.3
sigma_u (32.15)% (70.02)* (31.92)* (50.19)%+
sigma_e (14.92)+ (30.05)# (13.75) (17.28)%+
rho 0.82 0.84 0.84 0.89

Wald 306.43 41.34 44.19 35.22

p 0.0000 0.0000 0.0000 0.0000

* #% and *** indicate that the coefficients are significant at 10, 5 and 1 %, respectively
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with the growth of the logarithm of GDP per capita. The turning point of the U-shaped is
around 18,582.95 Yuan. The actual GDP per capita in mainland China is 7,555.27, which
is still at the left side of the turning point. So the industrial water use in mainland China is
still in the period when industrial water use efficiency declines with the increase of GDP
per capita.

Firstly, there are only negative relationships between water resources per capita and
industrial water use efficiency under meta-frontier and group frontier, i.e., the higher the
water resources per capita is, the lower industrial water use efficiency will be. Secondly,
the relationship between industrial water use efficiency under meta-frontier and water
consumption per ten thousand Yuan GDP is negative, while the relationships between them
under three group frontiers are positive, though not statistically significant. Thirdly,
industrial water use efficiency under meta-frontier and the technology gap ratio are posi-
tively correlated and the coefficient is 76 %, which proves again it necessary and rea-
sonable to divide the provinces into three groups when measuring industrial water use
efficiency. Fourthly, the relationship between industrial water use efficiency and the
industrial water reuse rate is significantly positive as a whole. The higher the industrial
water reuse rate is, the higher the industrial water use efficiency will be. Fifthly, the
relationships between the level of industrialization and industrial water use efficiency
under meta-frontier and group frontier are positive. It indicates that the technology effect
will be larger than the income effect when the level of industrialization is higher. Sixthly,
under meta-frontier, the relationship between industrial water use efficiency and the current
price of industrial water is positive, but not significant. Though the relationship under the
eastern group is negative yet not significant, they are significant under the central group
and the western group, with one positive and the other negative. The results indicate that
the current price of industrial water fails to reflect the actual status of water resources
accurately. Finally, the relationship between industrial water use efficiency and the
investment in industrial water pollution management is not significantly positive, meaning
the latter does not play an appropriate role in improving efficiency.

5 Further discussion of price distortion

According to the results above, the current price of industrial water fails to accurately
reflect the scarcity of water resources in the eastern, central and western regions. The main
reason is probably that the price of industrial water in mainland China follows a non-
market pricing behavior. It has followed the government pricing model for a long time.
Additionally, to maximize tax revenue under a fiscally decentralized system, many local
governments implement various preferential policies, such as the low price of land, water,
electricity, etc., to attract foreign investment, leading to further distortion of industrial
water price. Therefore, the research not only collects the current price of industrial water,
but also estimates the shadow price of industrial water® to measure the real market price
and compare the difference. Then, the study examines the effects of the two prices on
industrial water use efficiency, respectively, and determines whether the price of industrial
water has been distorted. The estimation of that the current industrial water price does not
play an appropriate role in improving the efficiency and is much lower than the shadow

® The shadow price of industrial water can be interpreted as the economic cost of industry when reducing
unit water consumption and reflects the marginal cost of industrial water.
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Fig. 4 Distribution of the shadow price and the current price (natural logarithm) of industrial water

price. The shadow price of industrial water is more likely to exert more positive effects on
efficiency improvement than the current price.

To reveal the underlying relationship between the price of industrial water and its
efficiency, the shadow price is used to investigate the effect of real market price on
industrial water use efficiency. The difference between the shadow price and the current
price of industrial water is shown in Fig. 4.

There is a big gap between the current price and the shadow price of industrial water,
which is calculated by the dual price of the SBM model under meta-frontier (see the
“Appendix”). The current price of industrial water is 2.7 Yuan/m® during the research
period, while the shadow price is 36.3 Yuan/m>, which is 12 times higher than the former.
This difference is clearly indicated in Fig. 4. So the research reveals that the lower price of
industrial water has been seriously deviated from the real price in a complete market,
leading to the adverse effect on efficiency. To test this estimate, the current price of
industrial water is replaced with the shadow price under meta-frontier and group-frontier,
and kept the other variables unchanged. To testify this estimate, the current price of
industrial water is replaced with the shadow price under meta-frontier and group frontier,
while the other variables kept unchanged.

The regression results of the Tobit model between industrial water use efficiency and
the influencing factors (including the shadow price of industrial water), with the current
price replaced with the “real” price of industrial water, under meta-frontier and group-
frontier are shown in Table 4.

Compared with that in Table 3, the relationship between industrial water use efficiency
and GDP per capita also exhibits a U-shaped (Table 4). Besides under meta-frontier, the
turning points under group-frontier in the eastern, central and western regions are at around
10,488.14 Yuan, which is higher than the actual GDP per capita. The correlation between
industrial water use efficiency under meta-frontier and the shadow price is significantly
positive, while for the current price, it is not significant in Table 3. So these results
illustrate that the shadow price of industrial water can better reflect the scarcity of water
resources, thus helping to improve industrial water use efficiency. The correlation between
efficiency and the shadow price is not significant in the eastern region, but the significance
level in the central and western regions changes from 10 to 1 % relative to the current
price, meaning that the shadow price will have a more significant positive effect on
efficiency improvement.
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Table 4 Regression results of the Tobit model (the shadow price of industrial water)

The industrial water Meta-frontier Eastern group Central group Western group
use efficiency

Iny (=3,711.32)%* —21,221.05 (—16,992.26)%** (—6,219.74)%*
(Iny)? (174.22)%* 1,023.8 (917.65)%* (316.64)*
Inwpe (—6.54)%* 377 (—12.16)%** 2.08

te (18.11)%** (37.62)* (6.81)%+* (A7)
tgc (0.68) - - -

cycle —0.22 1.84 —0.03 —0.71

ind (0.48)* 0.53 0.04 0.54
Inmp/Ingp (2.72)%x 7.05% (2.18)%+ (2.52)%%%
Ininvest —3.86 —37.02 2.85% —3.88
_cons (18,539.15)%* 108,216.19 (87,829.44)%* 29,352.50
sigma_u (24.16)%+ (70.23)%+ (22.79)%* (38.29)
sigma_e (12.18)%%% 30.16 (12.48)%x+ (14.02)%x
tho 0.80 0.84 0.77 0.88

Wald 562.55 46.72 173.47 82.24

p 0.0000 0.0000 0.0000 0.0000

* #% and *** indicate that the coefficients are significant at 10, 5 and 1 %, respectively
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Fig. 5 The effect of the shadow price on efficiency

The effects of shadow price on the efficiency in the three regions of China are different,
which largely stems from the different level of economic development, the specific natural
resource conditions and the unbalanced industrial development. To better explain the effect
of the change in shadow price for example on the efficiency. In order to describe in
numerical values the effect of the change in shadow price on the efficiency, the data graph
is obtained as below:

As shown in Fig. 5, a sensitivity analysis shows the effect of the changes. The efficiency
improves 0.3 % when the shadow price of industrial water raises 1 Yuan and is statistically
significant.
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6 Conclusions and policy implications

The shortage of water resources has become a bottleneck for industrial development in
mainland China, and industrial water pollution further deteriorates industrial water supply
and industrial development. So it is necessary to study industrial water use efficiency under
both constraints. The research investigates the industrial water use efficiency of 30
provinces in mainland China under the two constraints of industrial water resources and
industrial water pollution. Then, the research introduces an undesirable output (industrial
water pollutants) to the DEA-SBM model and tests the industrial water use efficiency of 30
provinces using the meta-frontier model according to the difference of industrial devel-
opment technology in detail. Finally, the effect of industrial water price and its distortion
on industrial water use efficiency is obtained. In summary, the conclusions are as
following:

(a) The empirical results show that the technology gap ratio in the eastern region is
close to 1, while it successively decreases in the central and western regions. The
values of the TGR in the central and western regions are 0.632 and 0.401,
respectively. So it would be difficult to accurately measure the industrial water use
efficiency in these 30 provinces if the heterogeneity of industrial technology among
these three regions is neglected. The research adopts the meta-frontier and SBM-
undesirable models to address this issue.

(b) Although industrial water use technology has improved continuously, industrial
water use efficiency does not increase over the years, and even decreases when
industrial water pollution is taken into consideration. After controlling other
influencing factors, such as regional economic development, the level of industri-
alization, industrial water-saving technology, and industrial water pollution
governance, the current price of industrial water does not exert any positive impact
on efficiency improvement.

(c) After estimating the “real” market price of industrial water, there is a big difference
between the shadow price and the current price of industrial water. The current price
has been distorted and fails to play an appropriate role in improving the allocation of
water resources. By replacing the current price with the shadow price, it shows that
the industrial water use efficiency will increase by 2.63 % when the shadow price
increases by 1 %. The regression results in three regions display the same trend.

The above results have important policy implications, which are as follows:

(a) The industrial water use efficiency is influenced by not only industrial development
and the utilization status of water resources, but also industrial water pollution
control. So water resources governance also plays an important role in improving
industrial water use efficiency. Therefore, to improve industrial water use efficiency,
the value and sustainability of water resources should be taken into account.

(b) When exploring industrial water use efficiency, the difference in the industrial water
use technologies in three regions should be also considered. The eastern region
enjoys more advanced water-saving technologies. Hence, the eastern region should
effectively promote economic development in the process of industrial transfer by
using the advanced industrial water-saving technology. In addition, the study
supposes more investment in water-saving technologies in the central and western
regions to upgrade the industrial water use technologies, so as to improve industrial
water use efficiency.
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(c) Itis necessary to gradually raise the price of industrial water according to the current
situation of water resources and water pollution governance. The ladder pricing
system of industrial water should also be implemented to redress the current price
distortion gradually. When the price of industrial water accurately reflects the value
of water resources, it will address the problem of industrial wastewater more
effectively.
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Appendix

The derivation process of the shadow price of industrial water incorporating
the industrial water pollution

The dual form of the SBM-undesirable model can be written as follows:

max usys —vx, — ubyb
subjectto ufY® —vX — u?Yt <0
v>1/m(1/xp) (7.1)

u > [(1+usyg —vxo — u’yg) /5] (1/55)
ub > [(1 + usyg — vx, — ubyg)/s} (1/y8)

where s = s1 + s2, and denote v € R™, u® € R*' and u” € R* as the virtual price of input,
desirable output and undesirable output, respectively. Similarly, this paper isolates the dual
variable (Vyy) of industrial water input from v. Assuming that absolute shadow price of the
desirable output is equal to its market price, so the relative shadow price of industrial water
compared with industrial production is as follows: p¥ = p** - v,, /u8. It can be interpreted as
water price per unit industrial output, or the reduced industrial output by saving per unit
water (Coggins and Swinton 1996; Lee 2005). The shadow price can measure the real price
of industrial water when it cannot be got directly or distorted seriously. This paper mainly
compares the average price of 30 provinces in mainland China with the shadow price to
investigate whether the current price of industrial water has been distorted. In addition, this
paper explores its effect on industrial water use efficiency.
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