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Abstract: With increasing emissions of industrial wastewater and poor control measures,
environmental pollution has become a serious issue haunting China’s economic development.
Meanwhile, the current pollution management policy system in China is mainly under the supervision
of the central government and executed by local governments. Under the current economic growth
model of China, the industrial sector remains the dominant segment of our economy, which makes the
Total Factor Efficiency (TFE) evaluation and policy analysis of industrial wastewater control decisive
factors concerning China’s future economic growth and sustainable development. Based on existing
studies of China and abroad, and with the help of a Data Envelope Analysis (DEA) model, this paper
used 39 industrial sectors and their input-output data from 2003 to 2014 of China as Decision Making
Units to calculate the TFE of wastewater control in different industrial sectors of China. Moreover,
we have designed and adopted our own MATLAB programming for optimization solutions of
multi-variable constrained nonlinear functions in order to obtain a more accurate estimation of
the TFE of wastewater control. Based on our calculation results, this paper further explained the
difference in TFE and policy implications across typical industries in China, and offered policy
recommendations accordingly.

Keywords: total factor efficiency (TFE); industrial wastewater; wastewater control policy; industrial
sector; DEA

1. Introduction

China has achieved remarkable economic growth since the reform and opening-up in 1978.
However, until today, the biggest segment of China’s economy, the industrial segment, still hasn’t
evolved out of the traditional extensive growth model. This growth model featured by “high energy
consumption, heavy waste, and heavy pollution” in order to pursue output has resulted in huge
amounts of industrial pollution and caused severe damage to the environment during China’s fast
industrial development, especially the industrial wastewater [1].

Industrial pollution refers to the waste or energy that directly or indirectly enters into the
environment during the industrial production process and that pollutes the air, water or land damaging
people’s health and living environments [2]. In the language of Economics, industrial pollution is
a typical example of a negative externality: the social cost of pollution is higher than the private
cost to the polluter, causing market failure due to the externality nature of the problem. The market
mechanism cannot incentivize the polluter to voluntarily bear the external costs incurred, which will
eventually be absorbed by the public, causing inefficiency in resource allocation and a decrease in the
aggregate welfare of society, curbing the sustainable development of a country.

With the growing emission of industrial wastewater, China’s future sustainable development
is facing serious challenges. In recent years, although the central government has been increasing
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investment in the treatment and management of industrial wastewater at the local level, as well
as imposing strict controls and supervision on wastewater emission of industrial producers, these
measures didn’t bring down the total emission of industrial wastewater. Therefore, the control and
management of industrial wastewater and water pollution is still one of the major tasks of China’s
environmental construction (Figure 1) [3].
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Figure 1. The GDP and industrial wastewater emissions of China, 2003—2014. Data source: National
Bureau of Statistics of China (2004-2015).

In terms of industrial wastewater emissions, the current pollution management system in China
has played an important and positive role and achieved a lot in regional environmental protection,
industrial structure optimization and wastewater emission reduction. However, this system is mainly
under the management and supervision of the central government and executed by various local
governments. It still has the following defects:

First, the current system overemphasizes the role of governments in the design and
implementation of industrial wastewater policies. Currently, the policy system for control and
management of industrial wastewater as well as water pollution treatment heavily rely on the
central government and various local governments. The government covers almost all functions
including policy design, implementation, policy monitoring and management, but rarely delegates the
tasks to social organizations, non-governmental organizations or individuals, resulting in a massive
and highly-complicated bureaucracy system, featured by vague roles and responsibility, inefficient
implementation and poor monitoring. Therefore, the industrial wastewater management system in
China has very clear characteristics of “Big Government” and “Planned Economy”, lacking the flexible
adjustment of the market mechanism.

Second, in the design of industrial wastewater control policy, the government over emphasizes the
trinity of “Resource, Environment, and Economy”. The policy-makers tend to base the design of such
policies on whether they can be tolerated by local companies and try to minimize the negative impacts
on local economic growth. In reality, the treatment and management of industrial wastewater always
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loses to economic growth in priority, resulting in a so-called “environment-and-economy-balanced”
wastewater management and water pollution control strategy.

Last, the industrial wastewater management policies tend to focus on the solution of current
issues, but lack the predictive and preventive thinking against potential issues of the future. China is
at a growth stage featured by fast industrialization and strong economic growth, which will inevitably
bring numerous environmental problems along the process. Therefore, the design of industrial
wastewater control policies needs to think beyond the current and existing environmental problems
and actively think about and prevent new issues that may appear related to the pollution of industrial
wastewater. Only in this way can we overcome the “shortsightedness” of current policies.

Although end-of-pipe control is still the focus of wastewater management, theories about
regulation water quality in the receiving waters are proposed in a number of countries [4].
Regulating wastewater discharge is the most direct measure to limit passive influences to the
environment [5-7], but the cost is still somewhat prohibitive [8-12]. Researchers also consider the
relationship between spill frequency of wastewater and receiving water quality [13,14].

Moreover, operational regulations are proposed to control the wastewater pollution in a more
effective manner with lower cost than the conventional regulations. Integrated wastewater governance
became one of the most important topics in this area [15,16]. Researchers focused on recovering and
recycling, treatment technologies, and efficient operations [17-23], with argument that the relationship
between sewer and wastewater treatment plants should be considered carefully to provide accurate
evaluation of the urban wastewater system [13].

Mathematical models are developed and widely used for evaluating the wastewater
treatment [4,12,24-26], including multiple objective optimization ones [27,28]. Based on those
theoretical and empirical studies, we intended to construct a Total Factor Efficiency (TFE) model
of China’s industrial wastewater control practices, and a comprehensive research framework on
sustainable development based on theoretical and empirical analysis as well as data of wastewater
emission and water pollution control by various industries in China.

In the following parts, we will introduce the literature in the field of industrial pollution protection
and control in Part 2. In Part 3, we have adopted the Data Envelope Analysis (DEA) model commonly
used by studies on wastewater emission in order to calculate the wastewater management TFE by
controlling maximum expected output and minimum wastewater emission in various industries.
In Part 4, we have connected the theoretical model with our MATLAB programming to quantify and
analyze the wastewater management TFE of various industries in China under the assumption of
maximum output and minimum wastewater emission (undesirable output), and provided possible
reasons for the gaps in between. Part 5 serves as the conclusion of this paper and accordingly suggests
a few policy recommendations.

2. Literature Review

Using the argument of a lighthouse, Sidgwick illustrated in 1883 the so-called “Free-Riding”
phenomenon in Economics, and laid the foundation for the Externality Theory regarding pollution [29].
Based on Sidgwick’s theory, Marshall further introduced in 1890 the concept of “external diseconomy”,
and argued that externality is the impact of one economic agent’s behavior on another economic agent’s
welfare that is not reflected by monetary trade or market transaction [30]. Pigou (1920) extended the
externality theory to the field of environment pollution. He argued that environment resources have
the same traits as public goods. The plants do not need to bear the cost for emission of pollutants. As a
result, this cost is absorbed by the society and other individuals and there’s a huge imbalance between
the cost of polluting plants and social costs [31]. Dales introduced the Emission Trading Theory in
1968. He argued that the environmental pollution resulted from externality problems cannot be solved
simply by government intervention or market mechanism. The maximization of welfare relies on the
combination of government measures and market trade [32].
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As the research deepened in this field and development of analysis methods, the study on
wastewater emissions had gradually turned from qualitative study to quantitative analysis. Upton
(1968) argued that there is an optimal tax on water pollution for companies, and calculated the cost
that one society needs to bear in order to ensure clean water resources [33]. Based on the algorithm
developed by Dantzig-Wolfe and the data of the Miami River in Ohio, Hass concluded in 1970 that a
pollution management method both satisfying optimal pollution taxation and water quality even if
the central government doesn’t know the form of the cost function of pollution control [34]. However,
there are also quite a few studies that reached the opposite conclusion: based on their quantitative
analysis on the effects of taxation on wastewater and solid waste emission, Coeck et al. concluded in
1995 that taxation cannot obtain the optimal result of pollution reduction and tax income increase at
the same time. The reason is that the plants will view emission tax only as one of the commercial taxes;
therefore, this method has very limited incentive for emission reduction [35]. Schéb argued in 1997
that environmental taxation cannot necessarily improve the environment. On the contrary, it may even
result in negative effects on the environment [36]. After analyzing the taxation system of the US as
well as river transportation, Boyd concluded that a theoretically optimal water pollution taxation is
not practical in reality [37].

In the meantime, the quantitative analysis tools for wastewater emission studies have also grown
in complexity. Leontief adopted the input-output matrix and treated environmental pollution as an
endogenous variable in the production function, eventually including the environmental and pollution
factors into the National Economic Accounting System [38]. Kwerel adopted in 1977 the static model
with “Price-Quantity” variables in order to study the possibility and proper methods to encourage
competitive companies to publish their actual cost of pollution reduction to the authority [39].
Polinsky and Shavell introduced in 1979 the assumption of risk aversion of polluting companies
as an important constraint into their model. They set the total assets of one company or individual as
the maximum level of penalty, and discovered that due to low-efficiency supervision and penalties far
beyond the social cost of pollution, the incentive from penalties cannot apply to risk-averse companies,
and therefore the efficient allocation of resources cannot be realized [40]. Benford in 1998 further
developed Kwerel’s static model into a dynamic model, and obtained the optimal expansion path
of the Kwerel Model under perfect competition assumptions, with the finding that pollution would
gradually decrease as time passes under this model [41]. From the “Price-Quantity” point-of-view and
based on Weitzman's research approach, Newell et al. studied in 1999 the result of existing pollution
control measures, and found that when the slope of the marginal cost reduction curve is larger than
that of the marginal loss curve, the results of taxation is much better than that of emission quota
measures [42]. Moledina et al. (2003) analyzed the different results of taxation and emission licensing
measures from a dynamic view, and concluded that under the taxation scenario, the companies are
over-incentivized to reduce pollution now in order to enjoy a lower tax rate in the future; while under
the emission licensing measures, the companies are inclined to over-report their current pollution
emission volumes in order to get a higher emission quota in the future [43].

In recent years, Data Envelope Analysis (DEA) has been widely used in studies on ecological
efficiency evaluation of different industries, including farming, petroleum refining, and water
utilities [44—46]. One big advantage of the DEA model is that it doesn’t require a specific form
of the input-output production function, or an assumption and estimation of the parameters and
weight, so it can avoid the interference of subjectivity in model design and calculation results. In the
wastewater treatment field, Chen and Fan used the DEA model in 2009 to calculate the industrial
wastewater control efficiency of various provinces in China, and studied the developing trends of such
efficiency with help of the Malmquist Index [47]. Sala-Garrido et al. (2011) compared the technical
efficiency of different wastewater treatment systems based on a DEA meta-frontier model [48]. In 2013
Hu et al. adopted the panel data of 26 provinces in China from 2003 to 2010 and the DEA model
to assess the wastewater management efficiency of Hubei Province. Their results showed that the
wastewater management efficiency of Hubei Province had improved by 53% in 2010 compared with in



Energies 2017, 10, 1201 50f 18

2003, and showed a trend of simultaneous and balanced improvement [49]. Yin et al. have split the
Composite Technical Efficiency in the DEA model into Pure Technical Efficiency and Scale Efficiency,
and discovered that 1999 marked a turning point since when the dominant factor in China’s industrial
wastewater control efficiency has switched from Pure Technical Efficiency to Scale Efficiency [50].
Meanwhile, the slacks-based DEA model (SBM) is used for efficiency evaluation. Lorenzo-Toja et al.
evaluated the ecological efficiency of wastewater treatment plants in Spain with SBM and a life cycle
assessment (LCA) method [51]. Liu et al. adopted the DEA model that included undesirable outputs
to assess the wastewater control efficiency of 10 industries in China including steel smelting from 2003
to 2012. They pointed out that the wastewater control efficiency of the mining sector in China has
shown an improving trend, but with different efficiency levels in different industries [52]. Moreover,
Dong et al. measured and explained ecological efficiencies of wastewater treatment plants in China.
By assessing 736 sample plants across China under the framework of uncertainty research, they found
that size of plant, overcapacity, climate type, and influent characteristics significantly influence the
mean efficiency and performance sensitivity of wastewater treatment plants [53].

In conclusion, there is a lot of established theory and literature in the field of industrial wastewater
control efficiency studies in China and abroad. However, in terms of the study on the TFE of wastewater
control in China, most researchers set the Decision Making Units (DMU) based on regions or provinces,
but not by industries. This paper intends to calculate and analyze the TFE of wastewater control in
different industrial sectors of China by the DEA model based on the input-output data of 39 different
industries from 2003 to 2014 in order to add innovation and improve existing studies.

3. Methodology and Data

3.1. The DEA Model

This paper has adopted the DEA model to measure the TFE of wastewater control in different
industrial sectors of China. The DEA model, which was first introduced by Charnes and Cooper in
1984 [54], is the application of mathematical programming model to evaluate the relative effectiveness
of the “department” or “unit” with multiple inputs and outputs. As a nonparametric estimation
method, the DEA model can be used to determine the structure of the production frontier. In particular,
there is no need to estimate the parameters in advance when the DEA model is used. It has great
advantages in avoiding subjective factors, simplifying algorithms and reducing errors. Hence we chose
it instead of other alternative assessment methods, such as Analytic Hierarchy Process (AHP) [55-58],
Principal Components Analysis (PCA) [59,60], and Technique for Order Preference by Similarity to
an Ideal Solution (TOPSIS) [61-63], etc. In recent years, the DEA model has been widely used in the
study of industrial wastewater control efficiency. For example, in 2011 Zheng chose eight districts of
Hangzhou (Zhejiang Province, China) as DMU, and constructed input-output variables for assessment
of industrial pollution control based on the DEA model. From an empirical analysis, he concluded
that among the eight districts, there were three districts, including the main urban area, with high
wastewater control efficiency, while the remaining five districts had low wastewater control efficiency
and required stronger measures [64]. By using the DEA Model, Wang and Sun analyzed in 2017 the
efficiency of environmental investment in Shandong Province of China in terms of wastewater, exhaust
gas and pollution control efficiency from 2005 to 2010. The results showed that the wastewater control
efficiency of Shandong Province was highly unstable and the economic development of some regions
was not proportional to their achievement in wastewater control [65].

Based on the existing practice by academia to calculate wastewater control efficiency with help of
the DEA Model, this paper used the 39 industries of China as DMU, adopted labor, capital, and total
energy consumption as input factors of the production process, and calculated the optimal TFE on
the production possibility frontier of wastewater control. The optimal TFE is based on the maximum
industrial output of various DMU’s calculated by the DEA Model. The TFE of industrial wastewater
control (TFEPW; ) can be written as below:
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Wi t
Wi s

TFEPW;; = (1)

In the equation above, w;; is the expected wastewater emission on the production possibility
frontier of DMU;, while W; ; is the actual wastewater emission of DMU; at period t.

After introducing the TFE of wastewater control (TFEPW; ), let us construct the DEA-SBM Model.
In our model, for each DMU;, the input vector of m production factors at period t is x;; its desirable
output vector of ng products is written as ylg , and its undesirable output vector of 1, products is
expressed as yf?. Let the Input Matrix X, Undesirable Output Matrix Y and Desirable Output Matrix
Y$ be:

X = (xij) S Rme (2)
Y0 = (4";) € Ruyxs ®3)
YE = (5;) € Rigcs (4)
. t
In Equations (2)—(4) above, x; = (xy;,x;,--- ,xm,s)t; y? = (y?i,ygi,--- ,yﬁgs); yig =

(y‘f i ygi, Ly gs)t, which respectively represent the i-th column vector of Input Matrix X, Undesirable
Output Matrix Y? and Desirable Output Matrix Y¢, i.e., the i-th DMU;’s actual input vector, actual
undesirable output vector and actual desirable output vector. When x;, ¥ and ¢ are all larger than
zero, the Input-Output possibility set (p;) of DMU; could be written as:

pi={ (% 9" 98) | = X090 = YPA, 48 < Y82, > 0} ®)

In Formula (5) above, A represents the ratio vector of the actual output compared with the optimal
output on the production possibility frontier of DMU;. If x > XA, it means that the actual input
is higher compared with the optimal input on the production possibility frontier. If y* > Y?A, it
means that compared with the undesirable output on the production possibility frontier, the actual
undesirable output is higher. If y§ < Y8A, it means that the actual desirable output is lower than the
desirable output level on the production possibility frontier.

Therefore, based on our DEA-SBM model, we could obtain the efficiency index p; of the ith DMU;
from the Optimization Target Function as below:
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b
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This paper has used the fmincon() Function in the MATLAB software (version R2016a) which
is widely used for the optimization solution of multi-variable constrained nonlinear functions, and
made a few adjustments on the form of the target functions in our DEA-SBM model. By using matrices
of known variables and ratio vectors to express the Slack Variable Vector, we are able to keep the
MATLAB programming functions in consistence with the form of the target functions in our DEA-SBM
model. Through multiple tests, the results from this model are highly robust with different initial
variable values, and the calculations have shown good convergence and high accuracy. Therefore, we
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have good reason to believe that the calculation result from this DEA-SBM model is the global optimal
solution rather than the local optimal solution of an optimization problem.

The efficiency indicator p obtained from this optimization model above should range between 0
and 1, and decreases monotonically with the increase of “Input Slack” and “Output Slack”. The increase
in “Input Slack” means there’s waste in input factors, so the efficiency is lower. The increase in
“Undesirable Output Slack” means the output is getting farther away from the undesirable output level
on the production possibility frontier, so the production efficiency is lower. The increase in “Desirable
Output Slack” means the actual output is moving away from the optimal desirable output level on
the production possibility frontier, and therefore the production efficiency is also lower. When p =1,
which means the “Input Slack” and “Output Slack” are both 0, the input-output level or ratio of this
DMU has reached optimization and the highest production efficiency.

In order to obtain the TFE of industrial wastewater control from the DEA-SBM Model, we
introduced three input variables X (capital, labor, and total energy consumption), one undesirable
output Y? (industrial wastewater emission) and one desirable output Y3 (industrial value-added).

However, the use of the DEA model may also have its limitations in our research because it only
treats a single objective, which may cause uncertainty [66,67]. To deal with this problem, researchers
have made a number of improvements to the original DEA model, such as chance-constrained and
imprecise method [68], tolerance method [69], Monte Carlo method [70], and tolerance method
combining with the system of ranking indicators [71,72]. In 2017 Dong et al. combined the DEA
with uncertainty analysis, and added the negative environmental factors into the measurement of
efficiencies [53].

Considering the advantages and limitations of DEA method, we carefully choose the input and
output variables and use the official data released by National Bureau of Statistics of China. Moreover,
we do the calculation work using a MATLAB algorithm designed by ourselves, to achieve originality
in our research and high calculation accuracy. At last, we explain the results by contrasting the total
factor efficiency of water resource and total factor efficiency of energy, in addition to comparing those
efficiency in different regions and main provinces in China. We also further improve our algorithm,
hoping to develop multiple-objective calculation algorithm in the near future.

3.2. Variables and Data Selection

Based on the official statistical data of China from 2003 to 2014 from National Bureau of Statistics
of China, China Industrial Statistical Yearbook and Energy Statistical Yearbook, this paper constructed
a database for the DEA Model on wastewater control TFE analysis by various industries. At the
same time, based on the industry classification guideline (GB/T4754-2002 and GB/T4754-2011)
published by the National Bureau of Statistics of China, we have standardized and aligned the
industry categorization of our industry-level data in the research period. The input variables adopted
in this paper include:

(1) Capital. Based on the common practice in similar studies, we chose capital stock from annual
fixed assets investment in different industries as our Capital input factor. In our calculation, we
adopted the commonly used “Perpetual Inventory” accounting method to estimate the Capital
Stock from Annual Fixed Assets Investment of each industry in each year K;; ;:

Kn,t = Kn,tfl + In,t - Dn,t = (1 - dn)Kn,tfl + In,t (7)

In Equation (7) above, K;, ;1 means last year’s capital stock from fixed assets investment of
certain industry; I, ; is the new fixed assets investment in current year by that industry; d;, is the
depreciation rate of fixed assets of that industry. Based on the estimation method of Capital Stock
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@)

®)

@

by Hall and Jones [73], the capital stock from fixed assets investment by that industry in last year

could be written as:
In,tfl
kn +dy

Kn,t—l - (8)

In Equation (8), I, ;1 means the new fixed assets investment in last year in that industry; k,
is the growth rate of fixed assets investment in that industry. In order to generalize the estimation,
we used the geometric method to calculate the average growth rate of fixed assets investment k;,
in an m year period:

k= 3/ ©)

From Equations (7)—(9), we can obtain the average capital stock of each industry in China
each year. In our calculation, we adjusted the “Fixed Assets Investment” amount of each year
based on the “Price Indices of Investment in Fixed Assets” (PIIFA) with year 2003 being the base
period. Our data source was the “China Statistical Yearbook” officially published by the National
Bureau of Statistics of China [3].

Labor. The average number of workers in different industries of China each year. The data source
was also the “China Statistical Yearbook” published by the National Bureau of Statistics [3].
Total Energy Consumption. In order to better measure the efficiency of industrial wastewater
control, we chose the total energy consumption in different industries of China as our most
important input factor in this research. According to Fan, industrial wastewater is not just
the product of water resource input in the industrial production process [74]. Therefore, it is
more appropriate to use the total energy consumption of each industry to assess their efficiency
of industrial wastewater control. Our data here came from “China Statistical Yearbook” and
“China Energy Statistical Yearbook” published by the National Bureau of Statistics [3,75].

The output variables adopted in this paper include the below two categories:

Industrial Value Added. This is a direct component of our country’s GDP based on the Output
Method. Across the years, the industrial value added has taken the largest proportion in our
country’s annual GDP calculated by the Output Method [76].Therefore, the industrial value
added is not only the most important indicator of certain industry’s output level, but also an
important indicator to measure China’s economic growth. Our data came from the “China
Statistical Yearbook” published by the National Bureau of Statistics of China, and we adjusted
the annual industrial value added of each industry within the study period by use of the GDP
Deflator in our computation [3].

Industrial Wastewater Emission as an Undesirable Output. Regarding the Undesirable Output,
some studies categorized it as an input factor. As stated above, this practice has its rationality
given the setting of the DEA Model. However, undesirable output itself is still an output,
a product of various input factors. Therefore, in this study;, it is inappropriate to set undesirable
outputs as inputs for the purpose of estimating its influence on the TFE of energy consumption
and wastewater control. Based on the theoretical model in Part 3.1, we enhanced our model
by treating the undesirable output as the output in the DEA Model. In their recent empirical
studies, Ma [77] and Li et al. [78] have also adopted the same treatment. In our computation, this
paper introduced the Annual Total Wastewater Emission by different industries published by the
National Bureau of Statistics of China as our undesirable output [3].

3.3. Calculation Method and MATLAB Programming

Before we started the calculation, we had tried almost all the available DEA software including

DEAP, DEA-Solver, MaxDEA, etc. Although the calculation results from these different software were
quite similar, there were still some differences. Moreover, these commonly used DEA software packages



Energies 2017, 10, 1201 9of 18

didn’t provide explicit calculation procedures. While one could easily obtain the results by feeding
the input and output data of various DMU’s into the computer, we were unable to decide which DEA
software could provide the most accurate results, or was the best fit for our study. In order to achieve
the highest calculation accuracy and the originality of our calculation method, we therefore designed
and developed our own MATLAB programming based on the assumption of maximized industrial
value added and minimized unfavorable output in order to check whether each DMU in China’s
industrial sector has reached the optimal efficiency in terms of wastewater control. Our purpose is to
accurately assess the TFE of wastewater control in different industries and ensure the effectiveness of

our calculation results.

4. Results and Discussion

Based on the DEA Model and the MATLAB programming designed by ourselves, as well as the
input-output variables listed in Section 3.2, we obtained the TFE in wastewater control of different
industries in China from 2003 to 2014 (please refer to Table S1 in the Supplementary Materials and

Figure 2).
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Figure 2. TFE of wastewater control in different industries of China, 2003—2014: (a) TFE of wastewater
control in different industries of China, 2003-2006; (b) TFE of wastewater control in different industries
of China, 2007-2010 and (c) TFE of wastewater control in different industries of China, 2011-2014 (the
serial numbers from 1 to 39 in Figure 2 correspond to the industrial sectors in Table S1).
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From Table S1 and Figure 2, we can conclude that from 2003 to 2014, the TFE of wastewater

control in different industries of China has presented clear patterns as discussed below:

)

@)

®)

4)

)

Generally speaking, the TFE of wastewater control in the industrial sectors of China is quite low
and far from satisfactory. Taking the year 2014 as an example, in that year, only 15 industries
or 38.46% of the total industries in the list had reached a wastewater control TFE of above 0.5.
Among these 15 industries, except for the tobacco industry which is under a national monopoly
and maintained the optimal TFE of 1 throughout the study period, there were six industries that
experienced efficiency declines compared with 2003, and the other eight industries had all shown
fluctuations in wastewater control TFE during the study period.

The paper manufacturing industry, chemical industry and textile industry—the three biggest
wastewater emission industries of China [3]—had not shown clear improvement in the TFE of
wastewater control in the study period. For the paper manufacturing industry, its TFE had been
declining all the way from the peak level of 0.016 in 2003, especially after 2009, with its TFE in
2014 decreasing by 21.05% compared with its 2009 level. For the textile industry whose TFE of
wastewater control had also been decreasing since 2003, although its TFE has recovered a little
in 2014, its level in 2014 was still 65% lower than its level in 2003. Furthermore, as the lowest
point in the entire study period, the TFE of the textile industry in 2013 was only 33.68% of that
in 2003. The chemical industry was better than the other two industries, with its TFE in 2014
reaching a peak and increased 29.49% compared with its 2003 level. However, this industry still
had two major problems. First, the absolute level of its TFE was comparatively low throughout
the study period, which had never reached higher than 0.07. Second, its TFE was quite unstable
in the study period, with two big fluctuation occurring between 2004 and 2007, and between 2010
and 2013.

The TFE of wastewater control was lower in the industrial raw material industry than in the
finished industrial product industry. For example, the non-ferrous metal mining and dressing
industry’s TFE of wastewater control had never reached a value higher than 0.05 throughout
the entire study period, with its level being even below 0.035 from 2004 to 2008. Despite its
distinct improvement in the study period, the TFE of the chemical raw material industry had
been lingering below 0.07. Therefore, in order to improve the wastewater control TFE of Chinese
industrial sectors, we must put great emphasis on the raw material industry; otherwise, it will be
difficult to ensure the improvement of TFE from its origin.

The wastewater control TFE of the food and beverage industry in China had been comparatively
low. In the study period, the wastewater control TFE of China’s food manufacturing industry,
beverage manufacturing industry and farm and sideline product processing industry were all
below 0.15. Moreover, the TFE of the food and beverage manufacturing industry had also been
declining with their level dropping below 0.08 in 2014. The component of the wastewater from
food and beverage industries were highly complicated. For example, for the industries that
process food products of animal origin, their wastewater could contain animal fur, grease, feces
and probably animal germs, and therefore could cause great damage to the environment and
human being as serious as those from the industrial raw material industries [79]. To make things
worse, the entry barrier of the food and beverage industry is not high in China, especially in
small towns and villages where numerous food processing companies and workshops prosper.
Although these food processing companies have been improving their wastewater control
technology as they expand their business, it is an indisputable fact that the wastewater from
the food and beverage industry has become a growing issue with difficulty in management,
regulation, and supervision [80]. Therefore, we must put great effort on the wastewater control
issue in the food and beverage industry to ensure food and environment safety in this country
with rich food culture.

There are still big improvement areas in the wastewater control TFE of high and new tech
industries. In the current industry structure of China, the high and new tech industries
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(6)

are represented by the Information Communications Technology (ICT) industry, computer
manufacturing industry and instrument and apparatus manufacturing industry. Although
the TFE in wastewater control of these industries was better than that of the above industries
such as paper manufacturing industry, chemical industry, textile industry and food and beverage
industry, the TFE of high and new tech industries was far from optimal. The TFE of the ICT
industry and computer manufacturing industry had shown a declining trend in the study
period, which decreased by 52.20% from the almost optimal level of 0.9647 in 2003 to the lowest
point of 0.4611 in 2013, and recovered a little in 2014 to barely reach 0.5. The situation in the
instrument and apparatus manufacturing industry was better than the other two industries,
but its TFE in 2014 was only 0.4453, lower than 0.5 and its peak level within the study period.
One interesting comparison is that also within the same study period, our ICT industry and
computer manufacturing industry had made remarkable achievements, especially in the area of
supercomputer. After one of our supercomputers was ranked the world’s second-fastest machine
by U.S. and European researchers in 2010, the Tianhe-series supercomputers that came out after
2011 had been ranked the world’s fastest computer for several years [81]. This means as China is
achieving more and more breakthroughs in the field of high and new technologies, and these
industries should also make every effort to improve its TFE in wastewater control. Only in this
way can we ensure sustainable development of these high and new tech industries. The new
ICT, combined with advanced modelling tools, contributes a lot to the wastewater management.
Schutze discussed the optimization methods to achieve the best system performance with various
objectives [82]. After that, integrated modelling of the receiving water body, the sewer system,
and wastewater treatment plants (WWTP) begin to provide a comprehensive evaluation of
wastewater treatment system [83,84]. Researchers also consider the uncertainty in new ICT
and advanced modelling application [85-87], and use the genetic algorithm to find optimal
solutions [88-90]. By using genetic algorithm (NSGA II), Fu et al. discussed the optimization of
multi-objective control of urban wastewater system [28].

The tobacco industry was the only industry within our study scope to keep the optimal
wastewater control TFE of 1 throughout the study period. According to our analysis, this
is probably due to the management and operational system of this industry in China. Because
this is an industry with its own specialty and concerns the country’s tax revenue, in 1981, the
State Council of China decided to use the system of “State Tobacco Monopoly” to centralize the
management of this industry, covering manufacturing, distribution, sales as well as management
of employees and properties. In January 1982, the State Council officially named China Tobacco
Corporation as the administration and management institution of this industry. In January 1984,
the State Tobacco Monopoly Bureau of China was officially established to work with China
Tobacco Corporation to centrally manage the tobacco industry of China with exclusive state
manufacturing, distribution and selling or so-called “Monopoly Franchise Model”. Therefore,
the tobacco industry was a completely state monopoly and state controlled industry, with its
employee, property, manufacturing, supply, sales, and trading all under central management
and all the tobacco companies in this industry belonging to state-owned enterprises (SOE) [91].
Under such management structure, it was easier to execute the environmental protection policies
and regulations of the central government in this industry. Not only did this industry have less
wastewater emission, but it was also equipped with more advanced wastewater control facilities
and procedures. Taking a typical state-owned cigarette factory as an example, it normally has
both above-ground and under-ground wastewater waste water treatment stations, including the
above-ground integrated equipment room and the under-ground concrete basins. The former
is equipped with devices including air flotation, belt pressure filter, deodorizing plant and
laboratory, while the latter is equipped with underground equipment room and blower room.
Meanwhile, the harmful gas from the wastewater treatment stations was also collected and
cleaned by special equipment before released into the atmosphere [92,93]. Of course, since the
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tobacco industry is a specially industry with unique management system. Therefore, it is not
practical to require all the other industrial sectors to follow the practice in the tobacco industry in
terms of wastewater treatment and control. However, there are still valuable lessons for the other
industries in terms of equipment and management.

5. Conclusions and Policy Recommendations

This paper has conducted both a theoretical and empirical study on the wastewater control TFE
of various industrial sectors in China from 2003 to 2014. Based on the DEA model and MATLAB
programming calculations, we have discussed the wastewater control and sustainable development of
China’s industrial sectors. Our conclusion is that although China has experienced continuous GDP
growth and remarkable industrial development, the TFE of wastewater control in the industrial sectors
is still far from optimal. Furthermore, in some industries, the low efficiency in wastewater control
has become one of the obstacles to its sustainable development. Therefore, we propose the following
policy recommendations in order for China to improve its industrial wastewater control efficiency:

(1) Strengthen government supervision and management as well as legal construction in the field
of environmental protection. All levels of the government and environmental protection
departments should learn from the successful experience of the tobacco industry, and
continuously upgrade industrial structure based on the overall urban planning and environmental
planning of different regions and cities as well as making appropriate industrial policies
accordingly. The government should enhance the monitoring and regulation on the structure
of industrial products and their raw materials in different regions and work closely with the
environmental protection departments to strictly regulate and monitor the wastewater emission
volumes, standards and methods, and strengthen the law enforcement on companies that violate
wastewater treatment and control regulations.

(2) Enhance the awareness of environmental protection of various industrial companies, and help
them improve their wastewater control equipment and procedures. Currently, one of the
main reasons of high industrial wastewater emission and low wastewater control efficiency in
China is industrial companies’ poor environmental awareness and outdated wastewater control
equipment and procedures. Therefore, at the same time of enhancing industrial wastewater
treatment technology and emission monitoring, it is crucial for us to improve industrial companies
environmental awareness, and improve the TFE of industrial wastewater control from the origin

7

by integrating factors such as environment management system, wastewater management and
control performance into the industrial companies’ production and management processes.

(3) At the same time government regulation and company environmental awareness are
strengthened, make every effort to improve the TFE of industrial wastewater control by
technology advancements. The government should design appropriate incentives for industrial
companies to upgrade and improve their wastewater treatment and disposal technology.
By adopting clean production technology with high utilization efficiency and low pollutant
emission, timely replacement of outdated technology and equipment that cause serious water
pollution, improving the recycle rate of water resources in the production process, and reducing
wastewater emissions, the companies can achieve continuous improvements in the TFE of
industrial wastewater control.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/10/8/1201/s1,
Table S1: TFE of Wastewater Control in Different Industries of China, 2003-2014.
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Appendix A. MATLAB Algorithm

function DEASBMG = DEA(x)

cle
clear
global N s Ig Ib Og Ob;
global XYmni;
=[I;
=[I;
=[I;
Yb (I;
Var = [];
[s,N] = size(Var);
g=

r0 = zeros(s,1);

R = zeros(s,s);

fval = zeros(s,N);
Theta = zeros(s,N);

fork=1N
Ig =Xg';
Ib = Xb';
Og =Yg’
Ob = Var(:,k);
X = [Ig;Ob];
= [Ib;Og];
A=[X-Y];

[m,s] = size(X);

[n,s] = size(Y);

fori=1s

[R(:i),fval(i k)] = fmincon(@Efficiency,r0,A,A(:,i),[],[],zeros(s,1),[1);
Theta(i,k) = (X(g,:)*R(:1))/X(g,1);
end
end
function P = Efficiency(r)
global m;
global n;
global X;
global Y;
global i;
Input = 0; Output = 0;
forj=1m
Input = Input+(X(j,:)*r) /X[ i);
end
forj=1mn
Output = Output+(Y(j,:)*r)/ Y(ji);

end
P = (n*Input)/(m*Output);
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