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Abstract: After decades of economic development in China, its energy consumption still relies
heavily on coal, and the dominant segment of our economy—the industrial sectors with large coal
input—have caused massive wastewater pollution. To provide a decision-making basis for the
sustainable development of Chinese industry and economy, this paper selected 39 industrial sectors
in China and studied their Total Factor Efficiency (TFE) using Dual Target Variables of coal input and
wastewater control during 2003-2014. The results showed that 82.05% of the total industries within
our study scope had an efficiency level below 0.5. Over the entire study period of 2003—2014, only the
national monopoly industries and high and new tech industries were able to maintain the optimal
efficiency level. In comparison with the existing Data Envelope Analysis (DEA) Model and studies
on TFE using multi-target variables methods, this paper has probably made two improvements.
First, we improved the original DEA model to calculate the TFE of two target variables (coal input
and wastewater control) at the same time. Second, we developed an algorithm to calculate the TFE of
industrial coal input and wastewater control from 2003 to 2014, based on the official input-output
statistics of China.

Keywords: DEA; dual target variables; industrial coal input; wastewater control; Total Factor
Efficiency (TFE)

1. Introduction

Although since the reform and opening-up in 1978, China has experienced astonishing economic
growth [1], its main energy sources are still limited to coal, oil, and gas; in which coal has taken the
biggest proportion in energy consumption, especially since 2000 (see Figure 1 below) [2]. This energy
consumption structure above is decided by the resource distribution and energy utilization technology
of China. In resource reserve and distribution, China is rich in coal but poor in oil and gas [1]. On the
other hand, the utilization and technology related to clean energy and renewable energy has just
recently begun in China [3-5]. As shown in Figure 1, the proportion of clean energy and renewable
energy in China’s energy consumption structure is very small, which will not overtake the dominant
position of fossil fuels in the near future [6,7]. Therefore, from 2015-2020 and even many years after,
China’s economy will remain dependent on coal as the main energy source.
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Figure 1. Energy consumption structure in China, 2000-2015 (measurement unit: 10 thousand tons of
standard coal.) [2].

As the biggest and most typical industry in China’s economy [2], the industrial sector has followed
an extensive development path, achieving growth in industrial added value through massive energy
input, especially from coal. This growth model has brought about two serious results. First, on
the input side, given the limited improvement in energy utilization efficiency, the increasing input
of coal and other energy resources has resulted in massive waste of energy. Second, on the output
side, with the rapid growth of industrial added value and Gross Domestic Product (GDP), industrial
production has also caused serious pollution issues, especially industrial wastewater, which has
become a growing threat to the environment and both physical and mental health of the population
(see Figure 2 below) [2].

100%

98%

96%

94%

92%

90%

88%

86%

Coal consumption structure (%)

84%

82%

80%

Figure 2. Coal consumption structure and industrial wastewater discharge in China, 2000-2015 [2].
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In China, the wastewater from industrial coal production is mainly due to the following:

First, at the stage of raw coal mining, large amounts of acid mine drainage is generated due to the
oxidation of sulfide contained in coal when exposed to air and water, which dissolves a large number
of heavy metal ions and cause great damage to water resources due to its low pH value [8-10].

Second, at the stage of coal processing and cleaning, the wastewater generated from the wet
process or wet techniques contains large numbers of particles with diameter less than 50 pm and made
of pulverized coal, sand, clay, and siltstone. This kind of wastewater is one of the major pollution
sources in the coal industry because it is very stable and cannot use methods of natural sedimentation
to separate the particles [11-13].

Last, at the stage of combustion, large amounts of liquid pollutant are emitted. The traditional
coal-cleaning techniques in China’s coal industry can only get rid of most of the inorganic sulfide in the
coal, while the rest enters the atmosphere in the form of SO, at the stage of combustion and eventually
enters and pollutes water resource in the form of acid rain. To make things worse, after absorbing tiny
fly ash particulates, the acid rain generates SOz with higher toxicity under the influence of ferric oxide
through catalyzed oxidation. The synergy effect between liquid pollutants and air pollutants causes
diseases, including fibrotic lesion of the lung and emphysema, resulting in huge health damage and
economic loss [14-16].

Integrated wastewater governance has become one of the key research areas in industrial
wastewater management [17,18]. When evaluating wastewater control, researchers are putting more
emphasis on comprehensive wastewater management, balancing both cost and effective supervision.
Various new techniques including recovering and recycling, treatment technologies, and efficient
operations have been recognized by the academia [19-21].

In recent studies, the multiple objective optimization model has been widely developed and
used [22-24]. However, in terms of the Chinese industry, there are a few studies that focus on multiple
target efficiencies by connecting the input and the output within the DEA model.

Therefore, the main contributions of this paper lie in:

(1) Considering the major input and output variables of China’s industry, this paper simultaneously
calculated the TFE of coal input and wastewater output in China’s industrial sectors, which
provided the decision-making basis for sustainable development.

(2) Through improvement of the DEA model and development of an algorithm, this paper realized
calculation of TFE of the input and output variables at the same time, enriching theoretical and
computational literature of the model.

In the following parts of this paper, we improved upon the traditional DEA Model in Section 2, by
putting total industrial coal consumption and industrial wastewater emission of China, respectively,
on the input and output side of the DEA Model and constructing a theoretical model that can calculate
the Dual Target Variable TFE of both the input factor and undesirable output factor. The data source of
the input and output variables was the State Statistical Bureau of China. In Section 3, we utilized the
MATLAB algorithm for Dual Target Variable TFE developed by ourselves to calculate the TFE of coal
input and industrial wastewater control in 39 Chinese industries. We further analyzed the difference in
TFE of different industries as well as the reasons for fluctuation in Section 4. Finally, Section 5 served
as the summary of this paper and provided related policy recommendations.

2. Methodology and Data

2.1. DEA Model with Dual Target Variable

This paper adopted an improved DEA Model to measure the Dual Target Variable TFE of coal
input and wastewater control of 39 industries in China. Based on existing studies using the DEA
Model for wastewater control efficiency assessment, we selected 39 industries as Decision Making
Units (DMU;, 1 < i < 39) adopted labor, capital, and coal input as input factors of the production
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process; chose industrial added value, industrial wastewater and waste gas emission, and industrial
solid waste emission as output factors; and calculated the optimal Total Factor Efficiency (TFE) of coal
input and wastewater control on the production possibility frontier with the help of the DEA Model.
The optimal TFE above is based on the assumption of maximum industrial output (calculated by the
Output Method) of each DMU (DMU;).

The input and output variables involved in the model are listed as follows:

L. Input variables

1) Labor. We measured the labor input of each DMU by the average number of employees in
those 39 industries from 2003 to 2014. The data source was the “China Statistical Yearbook
(2004-2015)”, published by the National Bureau of Statistics [25].

2 Capital: We calculated capital input of different industries from 2003 to 2014 based on
official statistics from the “China Statistical Yearbook (2004-2015)” [25]. The calculation
is more complicated than that of labor. Here, we defined capital input as the stock fixed
assets investment of the 39 industries, and adopted the “Perpetual Inventory” accounting
method to estimate the Capital Stock from annual fixed assets investment based on the
common practice of similar studies:

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

In Equation (9) above, K, is the capital stock from fixed assets investment of industry # in year
t, while K,, 1 is the capital stock of last year (year t — 1) by industry n. I, ; represents the new fixed
assets investment in year ¢ by industry #n; D, is the fixed assets depreciation of industry # in year ¢;
while d; stands for the fixed assets depreciation rate of that industry. Therefore, the capital stock from
fixed assets investment of each industry in the previous year (year t — 1) can be calculated by [26]:

Kpi-1 = Ins—1/(kn +dy) @

In Equation (10) above, I, ;1 is the new fixed assets investment in the last year of that industry;
ky is the growth rate of fixed assets investment in that industry. To align with the common practice in
similar studies, we used the geometric average to represent the average growth rate of fixed assets
investment k;, in an m-year period:

kn - (In,m/ln,O)l/m -1 (3)

From Equations (9)—(11), we can obtain the average capital stock of each industry in each year.
In order to ensure the comparability and accuracy of our results, we set 2003 as the base year and
adjusted the capital stock of the following years by using the Fixed Asset Investment Price Index.

(3) Coal input: We adopted the “Coal Consumption (10 thousand tons)” data of each industry
in each year from the “China Statistical Yearbook (2004-2015)” and “China Energy Statistical
Yearbook (2004-2015)”, published by the National Bureau of Statistics of China [25,27],
as our Coal Input Variable.

II. Output variables

(1) Industrial added value: This is a straightforward output measurement of each industry, and
a direct component of our country’s GDP, calculated by the Output Method. Throughout the
years, the industrial added value has taken the largest proportion in our country’s annual
GDP [1]. Therefore, the industrial added value is not only the most important indicator
of a certain industry’s output level, but also an important indicator for China’s economic
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growth. Our data came from the “China Statistical Yearbook (2004-2015)" published by the
National Bureau of Statistics of China [25], and we further adjusted the annual industrial
added value of each industry by use of the GDP Deflator with 2003 being the base year.

2) Industrial wastewater emission, waste gas emission, and solid waste emission as three
Undesirable Outputs. It is worth pointing out that although this study focused on the
efficiency of industrial wastewater control, in practice, industrial waste gas and solid waste
are also inevitable products of industrial production worldwide, especially for production
processes that involve coal as an input. As we all know, the calculation result of the
DEA Model is impacted by the choice of Input-Output variables. If we exclude these two
undesirable outputs, it would not comply with the actual industrial production process and
would cause inaccurate DEA calculation result due to neglect of major output variables.
Therefore, we decided to include waste gas and solid waste into our model as outputs to
reflect actual industrial production. It is also worth mentioning that many researchers put
undesirable outputs on the input side of the DEA Model [28-30]. Although this practice
has its rationality, given the setting of the DEA Model, undesirable output itself is still an
output; it is the product of various input factors. Therefore, we decided it is inappropriate
and contradictory to treat undesirable outputs as inputs for the purpose of assessing the
Dual Target Variable TFE of coal input and industrial wastewater control (as an output) at
the same time. Based on the theoretical model in Section 2.1 and with help of our MATLAB
algorithm, we were able to simultaneously calculate the TFE of coal input and undesirable
output (industrial wastewater) within the DEA framework by putting undesirable variables
on the output side. Our calculation was based on wastewater, waste gas and solid waste
emission data of various industries officially published in the “China Statistical Yearbook
(2004-2015)” by the National Bureau of Statistics of China [25].

First, the TFE of industrial coal input TFEC;; and TFE of wastewater control TFEPW;; can be

written as:
Cit

Cis

TFEC;; = 4)

Wit
TFEPW;; Wi, ®)

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

After defining the TFE of coal input (TFEC; ;) and wastewater control (TFEPW; ), let us introduce
the improved DEA-SBM Model. In our model, there are s Decision Making Units (DMU;, 1 <i <s).
For each DMU;, the input vector of m production factors at period f is x;; its desirable output vector of
ne products is written as y‘f , and its undesirable output vector of n, products is expressed as y?. Let
the Input Matrix X, Undesirable Output Matrix Y” and Desirable Output Matrix Y& be:

X = (in) € Ryxs 6)
Yb = (}/57,) S Rnbxs (7)
Y& = (]/}gl) € Rygxs ®)

In Formulas (3)-(5) above, x; = (x1;, X2, - - .,xmli)t; yf = (y?i,ygi, . .,yzgi)t; y‘lg = (y‘i., ygl., . .,yﬁgi)t,
which respectively represent the i column vector of Input Matrix X, Undesirable Output Matrix Y?
and Desirable Output Matrix Y8, i.e., the i Decision Making Unit (DMUj)’s actual input vector, actual
undesirable output vector and actual desirable output vector. When x;, yf»’ and y‘ig are all larger than
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zero, it means the actual input is higher than the optimal input on the production possibility frontier
(i.e.,, x > XA). It also means that the actual undesirable output is higher compared with the undesirable
output on the production possibility frontier (i.e., ¥’ > Y?1), and that the actual desirable output is
lower than the optimal desirable output level on the production possibility frontier (i.e., y§ < Y8A).
A stands for the ratio vector between the actual output compared with the optimal output on the
production possibility frontier. Therefore, the Input-Output possibility set (p;) of each DMU; could be
written as:

pi:{<x,yb,yg>‘x2X)t, ythb)t,ygng)\, )\20} )

The efficiency index p; of the i Decision Making Unit (DMU;) can be defined as below:

1 m ? 1 ]r/\r
m j=1 x/gz

pi =
1 e r 1yg r ny y]l
ng+ny <Z] 1 + Z

y]z 1):5 1}/],

(10)

By definition, the efficiency indicator p; should range from 0 to 1, and monotonically decrease
with the increase in “Input Slack” and “Output Slack”. The increase in “Input Slack” means there is
waste in input factors, so the efficiency is lower. The increase in “Undesirable Output Slack” means the
actual undesirable output is getting farther away from the undesirable output level on the production
possibility frontier, so the efficiency is also 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”, “Undesirable Output Slack”, and “Desirable Output Slack” are all 0, the input-output of DMU;
has reached optimization and the highest production efficiency.

Based on the discussion above, we established our improved DEA-SBM Model as below:

1< m ; 1;\}9,)‘7)
m j=1 S
ji
Y5 ¥ A
1 ng r=17jr ny ]1
ng+ny (Zj:] y}g,i +Z/ lzs 1y/r >
s.t. (11)
XEA < x8,
YA <P,
A>0

minp; =

This paper adopted the fmincon() Function in MATLAB software (The MathWorks, Inc. Natick,
MA, USA) widely used for optimization problems of multi-variable constrained nonlinear functions
to solve our DEA-SBM Model, 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 were able to keep our MATLAB algorithm in consistence with the form of the
target functions [31-33]. Through multiple tests, the results from this model were highly robust with
different initial variable values, and the calculation also showed good convergence and high accuracy.
Therefore, we have a good reason to believe that the calculation result from this model is the global
optimal solution rather than the local optimal solution of our optimization problem [34-36].

When calculating the Total Factor Efficiency (TFE) of industrial wastewater control with our
DEA-SBM Model, we selected three input variables X (labor, capital, and coal input), one desirable
output variable Y$ (industrial added value), and three undesirable output variables Y? (industrial
wastewater emission, industrial waste gas emission, and industrial solid waste emission).
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2.2. Industrial Classification in China

Based on the Industry Classification Guideline (GB/T4754-2002 and GB/T4754-2011) issued by
the National Bureau of Statistics of China [2], we have selected 39 industries as well as input and
output variables as below, based on our improved DEA Model (see Table 1 below):

Table 1. The industrial classification in China [2].

No. Industry
1 Coal mining and washing
2 QOil and gas extraction
3 Black metal mining
4 Nonferrous metal mining
5 Nonmetallic mining
6 Other mining
7 Sideline food processing
8 Food manufacturing
9 Beverage manufacturing
10 Tobacco products
11 Textile
12 Textile and garment, shoes, hats manufacturing
13 Leather, fur, feather (velvet) and its products
14 Wood processing and wood, bamboo, rattan, brown, grass products
15 Furniture manufacturing
16 Paper and paper products
17 Printing and recording media
18 Cultural and educational sporting goods manufacturing
19 Oil processing, coking and nuclear fuel processing
20 Chemical raw materials and chemical products manufacturing
21 Pharmaceutical manufacturing
22 Chemical fiber manufacturing
23 Rubber products
24 Plastic products
25 Nonmetallic mineral products
26 Ferrous metal smelting and rolling processing
27 Nonferrous metal smelting and rolling processing
28 Metal products
29 General equipment manufacturing
30 Special equipment manufacturing
31 Transportation equipment manufacturing
32 Electrical machinery and equipment manufacturing
33 Communications equipment, computers and other electronic equipment manufacturing
34 Instrumentation and culture, office machinery manufacturing
35 Handicrafts and other manufacturing
36 Waste resources and waste materials recycling
37 Electricity, heat production and supply
38 Gas production and supply
39 Water production and supply
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2.3. MATLAB Algorithm

We developed our own MATLAB algorithm (please see Appendix A) based on existing research
and the improved DEA Model in Section 2.1. Our algorithm simultaneously calculates the TFE of both
coal input and industrial wastewater control by putting the former on the input and putting the latter
on the output side, enabling calculation and assessment of Dual Target Variable TFE covering both the
input (coal) and the output (industrial wastewater) within the DEA Model.

3. Results

As shown in Section 2.1, there are three kinds of variables in the improved DEA-SBM model of
this paper: (1) Three input variables—labor input, capital investment, and total coal consumption; (2)
three undesirable output variables—industrial wastewater emission, industrial waste gas emission,
and industrial solid waste emission; and (3) one desirable output variable—industrial added value.

Based on the improved DEA-SBM Model and the input-output variables listed in Section 2.1,
this paper brought the values of the above variables into the improved DEA-SBM model, and solved
the optimization problem of the constrained multi-variable nonlinear functions with the “fmincon()”
function in MATLAB software. Therefore, the theoretical value of each variable can be calculated. We
finally obtained the TFE value of coal and wastewater through comparison between the theoretical
value and their actual values (as shown in Tables 2—4 below).
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Table 2. TFE of coal input and wastewater control in different industries of China, 2003—2006.

9 of 22

No. Industry
Coal Waste-Water Coal Waste-Water Coal Waste-Water Coal Waste-Water
1 Coal mining and washing 0.0370 0.3717 0.2159 0.0213 0.0208 0.1894 0.0266 0.1946
2 Oil and gas extraction 1.0000 1.0000 0.5804 0.6147 1.0000 1.0000 1.0000 1.0000
3 Black metal mining 0.1215 0.0440 0.0333 0.1393 0.2408 0.0716 0.2436 0.0477
4 Nonferrous metal mining 0.0718 0.0334 0.0505 0.1698 0.3013 0.0329 0.3436 0.0192
5 Nonmetallic mining 0.1201 0.5106 0.0337 0.0301 0.0388 0.0592 0.0400 0.0578
6 Other mining 0.0610 0.3663 1.0000 1.0000 0.1354 0.0169 1.0000 1.0000
7 Sideline food processing 0.2182 0.0522 0.1358 0.1060 0.1296 0.0315 0.1412 0.0442
8 Food manufacturing 0.1093 0.0603 0.4419 0.2382 0.0788 0.0372 0.0842 0.0407
9 Beverage manufacturing 0.0356 0.0877 0.2984 0.1720 0.0911 0.0366 0.0981 0.0307
10 Tobacco products 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
11 Textile 0.0296 0.0514 0.2511 0.1585 0.0835 0.0257 0.0833 0.0240
12 Textile and garment, shoes, hats manufacturing 1.0000 1.0000 0.9883 0.4360 0.7435 0.3713 0.4158 0.1604
13 Leather, fur, feather (velvet) and its products 0.7009 0.1505 0.5354 0.5631 0.5896 0.0702 0.6231 0.0691
14 Wood processing and wood, bamboo, rattan, brown, grass products 0.0259 0.1471 0.0925 0.0606 0.0769 0.1062 0.0939 0.2451
15 Furniture manufacturing 1.0000 1.0000 0.2765 0.5574 0.7719 0.6585 0.6314 0.9229
16 Paper and paper products 0.1501 0.0095 0.0436 0.0304 0.0220 0.0043 0.0307 0.0061
17 Printing and recording media 1.0000 1.0000 1.0000 1.0000 0.5176 0.6307 0.4578 0.8300
18 Cultural and educational sporting goods manufacturing 1.0000 1.0000 0.7850 1.0000 1.0000 1.0000 1.0000 1.0000
19 Qil processing, coking and nuclear fuel processing 0.0485 0.1072 0.0251 0.0079 0.0070 0.0426 0.0059 0.0394
20 Chemical raw materials and chemical products manufacturing 0.0998 0.0330 0.0523 0.0391 0.0635 0.0550 0.0390 0.0348
21 Pharmaceutical manufacturing 0.1441 0.0854 0.1756 0.1579 0.1464 0.0521 0.1453 0.0503
22 Chemical fiber manufacturing 0.0689 0.0193 0.0222 0.0358 0.0396 0.0138 0.0430 0.0147
23 Rubber products 0.0470 0.1922 0.1231 0.0856 0.0882 0.1327 0.0922 0.1440
24 Plastic products 0.3843 1.0000 0.4680 0.2716 1.0000 1.0000 0.3332 0.5913
25 Nonmetallic mineral products 0.0139 0.1048 0.0131 0.0202 0.0198 0.2147 0.0237 0.3181
26 Ferrous metal smelting and rolling processing 0.0199 0.0449 0.0205 0.0332 0.0315 0.0950 0.0222 0.0704
27 Nonferrous metal smelting and rolling processing 0.0223 0.1011 0.0151 0.0391 0.0512 0.0786 0.0694 0.1173
28 Metal products 0.2624 0.2003 0.3803 0.2923 0.3295 0.1097 0.3838 0.1188
29 General equipment manufacturing 0.0983 0.4481 0.4235 0.3881 0.4734 0.2585 0.5076 0.3624
30 Special equipment manufacturing 0.0548 0.2735 0.2143 0.1846 0.1994 0.2025 0.2336 0.2411
31 Transportation equipment manufacturing 0.0900 0.2694 0.2534 0.3103 0.2912 0.2124 0.3248 0.2298
32 Electrical machinery and equipment manufacturing 0.2584 0.7502 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
33 Communications equ}pment, computers'and other electronic 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
equipment manufacturing
34 Instrumentation and culture, office machinery manufacturing 0.4070 0.1824 0.1334 1.0000 0.9095 0.3252 0.9426 0.4014
35 Handicrafts and other manufacturing 1.0000 1.0000 0.4892 0.0566 1.0000 1.0000 0.0605 0.4565
36 Waste resources and waste materials recycling 0.0118 0.0009 0.0677 0.1487 0.5560 0.3478 0.7609 0.2633
37 Electricity, heat production and supply 0.0096 0.0676 0.0109 0.0052 0.0077 0.0769 0.0048 0.0610
38 Gas production and supply 0.0091 0.0630 0.0521 0.0123 0.0068 0.0452 0.0078 0.0703
39 Water production and supply 1.0000 1.0000 0.9424 0.5049 0.4510 0.0192 0.4605 0.0191
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Table 3. TFE of coal input and wastewater control in different industries of China, 2007-2010.
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Year
No. Industry 2007 2008 2009 2010
Coal Waste-Water Coal Waste-Water Coal Waste-Water Coal Waste-Water
1 Coal mining and washing 0.0122 0.0697 0.0119 0.0957 0.0201 0.1613 0.0184 0.1241
2 Oil and gas extraction 0.6958 0.6657 0.7008 0.5751 0.3538 0.7053 0.3143 0.5112
3 Black metal mining 0.2653 0.0604 0.1728 0.0583 0.2063 0.0830 0.1598 0.0834
4 Nonferrous metal mining 0.3734 0.0232 0.3334 0.0230 0.3256 0.0302 0.2846 0.0247
5 Nonmetallic mining 0.0317 0.0589 0.0345 0.0709 0.0240 0.0749 0.0255 0.0672
6 Other mining 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0983 0.0229
7 Sideline food processing 0.1267 0.0308 0.0920 0.0294 0.0848 0.0360 0.0749 0.0297
8 Food manufacturing 0.0751 0.0428 0.0566 0.0390 0.0715 0.0476 0.1075 0.0624
9 Beverage manufacturing 0.0927 0.0294 0.3062 0.0979 0.1891 0.0861 0.1692 0.0467
10 Tobacco products 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
11 Textile 0.0740 0.0218 0.0634 0.0214 0.0619 0.0230 0.0578 0.0196
12 Textile and garment, shoes, hats manufacturing 0.3621 0.1539 0.3209 0.1498 0.3156 0.1714 0.2663 0.1726
13 Leather, fur, feather (velvet) and its products 0.5919 0.0626 0.5625 0.0567 0.5278 0.0661 0.5406 0.0481
14 Wood processing and wood, bamboo, rattan, brown, grass products 0.0962 0.2102 0.0763 0.2216 0.0713 0.1871 0.0654 0.1874
15 Furniture manufacturing 0.8279 0.3445 0.6288 0.3542 0.6646 0.3884 0.5250 0.2760
16 Paper and paper products 0.0573 0.0097 0.0254 0.0060 0.0232 0.0067 0.0247 0.0059
17 Printing and recording media 0.5961 0.3782 0.5317 0.4623 0.5358 0.4324 0.4246 0.4015
18 Cultural and educational sporting goods manufacturing 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
19 Qil processing, coking and nuclear fuel processing 0.0074 0.0604 0.0061 0.0726 0.0101 0.1180 0.0224 0.1891
20 Chemical raw materials and chemical products manufacturing 0.0372 0.0396 0.0294 0.0431 0.0308 0.0477 0.0294 0.0394
21 Pharmaceutical manufacturing 0.1385 0.0525 0.1037 0.0477 0.1013 0.0487 0.0886 0.0401
22 Chemical fiber manufacturing 0.1058 0.0416 0.1050 0.0391 0.0648 0.0372 0.1228 0.0408
23 Rubber products 0.0892 0.1467 0.0681 0.1488 0.0646 0.1576 0.0780 0.1811
24 Plastic products 0.3177 0.5072 0.2225 0.4411 0.1778 0.5429 0.1555 0.3953
25 Nonmetallic mineral products 0.0209 0.3018 0.0173 0.3693 0.0171 0.4227 0.0171 0.3862
26 Ferrous metal smelting and rolling processing 0.0306 0.1170 0.0220 0.1167 0.0241 0.1584 0.0425 0.2811
27 Nonferrous metal smelting and rolling processing 0.0652 0.1386 0.0443 0.1491 0.0501 0.1921 0.0258 0.1564
28 Metal products 0.3838 0.0889 0.2859 0.1065 0.2748 0.1070 0.2615 0.0915
29 General equipment manufacturing 0.5180 0.4127 0.3807 0.3572 0.3676 0.4241 0.3237 0.3583
30 Special equipment manufacturing 0.2282 0.3205 0.1821 0.2916 0.1629 0.3113 0.1344 0.2901
31 Transportation equipment manufacturing 0.3340 0.3114 0.2719 0.2448 0.2524 0.2839 0.2240 0.2436
32 Electrical machinery and equipment manufacturing 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
33 Communications equ}pment, computers'and other electronic 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
equipment manufacturing
34 Instrumentation and culture, office machinery manufacturing 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
35 Handicrafts and other manufacturing 0.0750 0.2399 0.0595 0.4879 0.0613 0.2851 0.0534 0.3283
36 Waste resources and waste materials recycling 0.9494 0.1662 0.5540 0.2506 0.4781 0.1883 0.3436 0.1295
37 Electricity, heat production and supply 0.0041 0.0942 0.0033 0.0774 0.0061 0.1755 0.0058 0.1914
38 Gas production and supply 0.0085 0.1064 0.0099 0.1329 0.0077 0.1730 0.0064 0.1483
39 Water production and supply 0.2649 0.0467 0.3156 0.0204 0.5187 0.0199 0.1509 0.0108
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Table 4. TFE of coal input and wastewater control in different industries of China, 2011-2014.

11 0f 22

Year
No. Industry 2011 2012 2013 2014
Coal Waste-Water Coal Waste-Water Coal Waste-Water Coal Waste-Water
1 Coal mining and washing 0.0189 0.2541 0.0160 0.2545 0.0152 0.2501 0.0158 0.2595
2 Oil and gas extraction 0.4309 0.5271 0.2913 0.5270 0.2870 0.5270 0.5903 0.5142
3 Black metal mining 0.3063 0.1503 0.1513 0.0867 0.0507 0.0655 0.0401 0.0576
4 Nonferrous metal mining 0.3509 0.0255 0.2031 0.0256 0.1121 0.0254 0.0812 0.0243
5 Nonmetallic mining 0.0559 0.1375 0.0181 0.0638 0.0111 0.0648 0.0110 0.0689
6 Other mining 0.1974 0.0334 0.0552 0.0113 0.0429 0.0115 0.0850 0.0164
7 Sideline food processing 0.1010 0.0306 0.1060 0.0497 0.0309 0.0306 0.0298 0.0306
8 Food manufacturing 0.0597 0.0328 0.0321 0.0328 0.0204 0.0322 0.2159 0.1311
9 Beverage manufacturing 0.1926 0.0474 0.3729 0.0914 0.1184 0.0498 0.1290 0.0499
10 Tobacco products 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
11 Textile 0.0829 0.0186 0.0699 0.0212 0.0366 0.0184 0.0360 0.0184
12 Textile and garment, shoes, hats manufacturing 0.3996 0.1723 0.2140 0.1723 0.1538 0.1723 0.1367 0.1726
13 Leather, fur, feather (velvet) and its products 0.8041 0.0482 0.4038 0.0483 0.1733 0.0483 0.1628 0.0469
14 Wood processing and wood, bamboo, rattan, brown, grass products 0.0895 0.1893 0.0529 0.1877 0.0363 0.1894 0.0286 0.1850
15 Furniture manufacturing 0.7134 0.2760 0.4118 0.2773 0.1983 0.2780 0.1902 0.2692
16 Paper and paper products 0.0259 0.0059 0.0475 0.0097 0.0189 0.0057 0.0191 0.0057
17 Printing and recording media 0.8083 0.4015 0.4654 0.4015 0.2140 0.4020 0.1504 0.4035
18 Cultural and educational sporting goods manufacturing 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
19 Qil processing, coking and nuclear fuel processing 0.0034 0.0405 0.0019 0.0408 0.0193 0.1924 0.0186 0.2136
20 Chemical raw materials and chemical products manufacturing 0.0322 0.0456 0.0252 0.0435 0.0474 0.0739 0.0192 0.0459
21 Pharmaceutical manufacturing 0.1149 0.0415 0.0607 0.0398 0.1160 0.0704 0.0294 0.0400
22 Chemical fiber manufacturing 0.0468 0.0176 0.1084 0.0415 0.0155 0.0175 0.0138 0.0177
23 Rubber products 0.0771 0.1257 0.0434 0.1248 0.0417 0.1249 0.0324 0.1254
24 Plastic products 0.2279 0.3986 0.1274 0.3944 0.1208 0.3947 0.0975 0.3963
25 Nonmetallic mineral products 0.0182 0.4051 0.0186 0.4401 0.0159 0.3825 0.0163 0.4253
26 Ferrous metal smelting and rolling processing 0.0316 0.2242 0.0147 0.1324 0.0062 0.0744 0.0076 0.0880
27 Nonferrous metal smelting and rolling processing 0.0274 0.1355 0.0151 0.1318 0.0104 0.1332 0.0105 0.1599
28 Metal products 0.4010 0.0918 0.1874 0.0940 0.1000 0.0916 0.1031 0.0919
29 General equipment manufacturing 0.4783 0.3583 0.4099 0.3582 0.2655 0.3583 0.2620 0.3599
30 Special equipment manufacturing 0.2075 0.2944 0.1545 0.2904 0.1686 0.2894 0.1612 0.2975
31 Transportation equipment manufacturing 0.3265 0.2436 0.2604 0.2436 0.2653 0.2436 0.2649 0.2506
32 Electrical machinery and equipment manufacturing 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
33 Communications equ}pment, computers'and other electronic 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
equipment manufacturing
34 Instrumentation and culture, office machinery manufacturing 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
35 Handicrafts and other manufacturing 0.0752 0.3283 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
36 Waste resources and waste materials recycling 0.4504 0.1381 0.2425 0.1381 0.0552 0.1381 0.0445 0.1361
37 Electricity, heat production and supply 0.0042 0.1713 0.0049 0.1997 0.0028 0.1246 0.0061 0.2009
38 Gas production and supply 0.0423 0.3446 0.0072 0.1717 0.0171 0.2539 0.0077 0.1537
39 Water production and supply 0.3160 0.0115 0.1253 0.0115 0.1464 0.0117 0.1456 0.0113
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The TFE of coal input and wastewater control of different industries from 2003 to 2014 are also
shown in Figure 3 below.
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Figure 3. TFE of coal input and wastewater control in different industries in China, 2003-2014 (the
serial numbers from 1 to 39 in Figure 3 correspond to the industries in Table 1).

4. Discussion

Based on results in Tables 2—4 and Figure 3, the main characteristics of coal input TFE and
wastewater control TFE of the various industries in China from 2003 to 2014 can be summarized and
analyzed as below:

(1) The polarization of TFE results

In terms of the TFE in coal input and wastewater control of various industries in China, the
calculation results showed huge gap between different industries. Take the example of 2014—there
were six industries (No. 10, 18, 32, 33, 34 and 35) that reached the optimal Dual Target Variable
efficiency of 1, including the tobacco products industry (No. 10); the efficiency of the oil and gas
extraction industry (No. 2) exceeded 0.5, while the rest 32 industries (or 82.05% of the total industries



Sustainability 2018, 10, 2121 14 of 22

within our study scope) only ended up with an efficiency level below 0.5. Among those 32 industries,
there were 11 industries (No. 3,4, 5, 6,7, 11, 16, 20, 21, 22 and 26) whose Dual Target Variable efficiency
was lower than 0.1, accounting for 28.21% of the industries within our study scope. Over the entire
study period of 2003-2014, only national monopoly industries (such as the No. 10 tobacco industry)
and high and new tech industries (such as the No. 33 communications equipment, computers and
other electronic equipment manufacturing industry) were able to maintain the optimal efficiency level
of 1, while the remaining industries experienced different levels of fluctuation in terms of Dual Target
Variable efficiency.

L. Good TFE results of manufacturing industries

Manufacturing industries showed outstanding performance in terms of TFE throughout the study
period. The coal input TFE and wastewater control TFE of the communications equipment, computers
and other electronic equipment manufacturing industry (No. 33) maintained optimal level throughout
the study period. The electrical machinery and equipment manufacturing industry (No. 32) achieved
a high efficiency level during the study period, except in 2003. The instrumentation and culture, office
machinery manufacturing industry (No. 34) experienced some fluctuation during 2003-2006 in terms
of TFE, but they all reached optimal efficiency in the following years. The cultural and educational
sporting goods manufacturing industry (No. 18) maintained optimal efficiency throughout the study
period, except for the coal input efficiency in 2004. Despite some fluctuation, the handicrafts and other
manufacturing industry (No. 35) also achieved optimal efficiency in 2003, 2005, and 2012-2014. It is
worth noticing that since 2003, China has initiated the second round of development planning for the
manufacturing industry since the reform-and-opening-up, which focuses on the fields of equipment
manufacturing, shipbuilding, high-speed train, nuclear power and new energy and has achieved
world-leading progress. By 2014, which is also the end of our study period, the “Made in China 2025”
Strategy, which aims to comprehensively improve the quality of Chinese manufacturing industry by
2045 has also taken shape [37]. The time between 2003 and 2014 was the “Golden Age” of the Chinese
manufacturing industry. According to the statistics of the United Nations Industrial Development
Organization, in 2014, the net export of the Chinese manufacturing industry ranked first worldwide,
and among the 22 industry categories defined by the International Standard Industrial Classification,
China achieved top rank in seven industry categories with more than 220 industrial goods” production
ranking first worldwide, including steel, cement and automobile [38].

II. Poor TFE performance of natural resource industries

The natural resource industries suffered poor TFE performance. The oil and gas extraction
industry (No. 2) reached optimal efficiency of 1 in 2003, 2005 and 2006, but experienced huge fluctuation
in the other years. Its efficiency level at the end of the period (2014) was only 59.03% and 51.42%at
its beginning in 2003. The ferrous metal smelting and rolling processing industry (No. 26) and the
nonferrous metal smelting and rolling processing industry (No. 27) shared a similar trend in TFE. Their
coal input TFE reached top levels during 2005-2011, and a sharp drop afterwards. In contrast, their
wastewater control TFE did not show similar fluctuation, as its coal input TFE during the study period.
One possible reason is this: As the direct oversight and management department of these resource
industries, the National Development and Reform Commission (NDRC) of China abolished the old
industry standards and started to revise 16 oil and gas industry standards, 61 ferrous metal metallurgy
industry standards, and 46 nonferrous metal industry standards in 2005 [39]. This industry standard
amendment enhanced the input-output efficiency of these industries to some extent. In addition, since
the mid-2005, the supply and demand of the coal industry reached a balance and the coal price slowed
down its pace of increase. Therefore, the coal input efficiency of these industries has shown clear
improvement since 2005. However, in terms of sustainability, improvement in coal input TFE is driven
by policy factors cannot continue in the long term.
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(2) The effects of “Chinese characteristics” policies

L. Effect on the electricity, heat production and supply industry (No. 37)

As the biggest consumer of coal resources throughout the study period, the electricity, heat
production and supply industry [25] has maintained a comparatively low TFE in coal input and
wastewater control. Except for 2004, its TFE in coal input was below 0.01 throughout the study period;
its TFE in industrial wastewater control was below 0.1 from 2003 to 2008, which improved a little
during 2009-2014, but only achieved 0.2009 as the highest level. The low efficiency of the power
industry has its own historical reasons, and reflects the inherent characteristics of the Chinese energy
system, where government interference overrules market mechanism.

The electric supply industry reform in China began in the early 1990s. At that time, the electric
supply industry established seven nationwide power enterprises, including Huaneng, five regional
power groups, and Gezhou Dam Hydropower Corporation. Although these enterprises represented
state-owned capital, and their operation and management were based on administrative orders, until
the market reform focusing on “Separating Plant and Grid and Electric Power Bidding” in 2002,
the electric supply industry had already reached a high level of marketization compared with other
industries in the energy sector [40]. However, under the unique energy management system of China,
the pricing of energy products is determined by the National Development and Reform Commission
(NDRC) [41]. Therefore, although the market reform within the electric supply industry itself had
made great achievement, despite the continuous increase in coal price since 2001, the price of electric
power to the end user failed to rise. Furthermore, to make it worse for the TFE of this industry, the
government did not allow the market mechanism to adjust electric power price automatically given
coal price increase, but issued a price adjustment policy in 2004—the “Coal-Electricity Price Linkage”
policy—that had a profound and lasting impact on the electric supply and coal industries. According
to this “price linkage” policy, with a review cycle of no less than six months, the cost of electric power
will only be adjusted when the average coal price in that cycle has changed more than 5% compared
to the last cycle [42]. In 2012, the State Council of China furtherly issued a policy that the on-grid
price will only be adjusted if the coal price has changed more than 5% compared with last year [43].
Within the study period, the total upward price adjustment of electric power due to coal price increase
was 11.92 cents/KWH, while the total downward price adjustment due to coal price decrease was
7.44 cents/KWH under this “price linkage” policy, which means that the actual movement of the
electric power price within this period was merely 4.48 cents/KWH [44].

This “price linkage” policy had brought huge negative impact on the Dual Target Variable TFE
of the electric power industry: (1) As a price adjustment mechanism regulated by the government,
the “price linkage” policy cannot absorb the impact of coal price change on electric power enterprises
timely as in the free market. (2) In reality, this policy cannot guarantee simultaneous movement of
coal price and the price of electric power. According to this policy, there will be at least six months lag
between coal price change and electric power price adjustment (since 2012, the time lag has increased
to 12 months). Moreover, if the fluctuation of coal price did not reach 5%, then the price of electric
power would not be possible. Such stubborn system deficiency had severely impaired the coal input
TFE of the electric power industry in China. (3) This policy neglected the variety of electric power
enterprises in China, i.e., their difference in type, region and coal cost. The fixed threshold of 5% coal
price change had caused inflexibility and had a negative influence on the coal input TFE of different
electric power enterprises. (4) This “price linkage” mechanism did not take into account the output
side, especially undesirable outputs (industrial wastewater emission). Therefore, from the perspective
of policy orientation, this policy overemphasized the input and cost factors, but neglected wastewater
control and environmental concerns. Although the more strict environmental protection policies and
regulations after 2009 [45-49] improved wastewater control TFE of the electric power industry over
the entire study period, we have to admit that this “price linkage” mechanism in fact did not have a
positive influence on the wastewater control TFE of this industry.
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II. Effect on the coal mining and washing industry (No. 1)

As a direct coal production and major coal consumption industry, the coal mining and washing
industry (No. 1) has maintained a low coal input TFE. Except for 2004 in which it reached a TFE of
0.2159, its coal input TFE had always been below 0.04 throughout the study period. The “price linkage”
policy that started in 2004 clearly benefits the coal input TFE of coal production companies. First,
this mechanism squeezed the abnormal profits between coal production and sales, which would help
guarantee the completion of contracts and therefore improve coal input efficiency. Second, this policy
generated greater anticipation on the future return to coal production and therefore further motivated
the competitiveness of the coal production industry. However, as mentioned above, this planned
economy mechanism cannot achieve the same price adjustment result as under market mechanism.
The coal input TFE did increase in 2004, but the improvement was quite limited and the TFE dropped
quickly after 2004, which proved that although the planned economy mechanism may have some
positive effect, it would be very limited and unsustainable.

On the other hand, the wastewater control efficiency of the coal mining and washing industry
was also quite low throughout the study period, which reached its highest level of 0.3717 in 2003,
while remained a declining trend in the following years. Its wastewater control efficiency improved
a little in 2009, but still failed to exceed 0.3. The main reason behind may be the fact that currently
there is still 13.37% of the coal-washing wastewater that escapes from the closed cycle [50]. With
increasing coal input, more coal-washing wastewater escapes from the closed cycle and is emitted into
the environment, which will not only hurt the wastewater control TFE of the coal mining and washing
industry, but also pose a great threat to the environment.

5. Conclusions

Based on our previous studies [51-54] and improved DEA Model specialized for Dual Target
Variable TFE calculation with the MATLAB algorithm developed by us here, this paper conducted both
theoretical and empirical study on the Dual Target Variable TFE of both coal input and wastewater
control of various industry sectors in China from 2003 to 2014. We found that 32 industries (82.05%
of the total industries within our study scope) ended up with an efficiency level below 0.5. Among
those industries, there were 12 industries whose Dual Target Variable efficiency was lower than 0.1.
Moreover, only the national monopoly industries and high and new tech industries maintained the
optimal efficiency level of 1 during the study period of 2003-2014, while the rest experienced different
levels of fluctuation in Dual Target Variable TFE, especially in the electric and thermal power industry,
and the coal mining and washing industry.

Overall, the coal input and wastewater control TFE of these 39 industries was quite low, which
has to some extent become a major obstacle for the sustainable development of the Chinese industry.
Therefore, we propose the following policy recommendations:

(1) Improve technologies and innovation skills in the field of coal utilization and wastewater
treatment. Currently, coal mining technology and equipment in China’s major coal production
areas are not very advanced, resulting in a huge gap in terms of coal utilization and wastewater
treatment capabilities, compared with the international standard. Therefore, advanced mining,
smelting and cleaning technologies in the exploitation and industrial production stage of coal
resources should be actively developed and adopted in order to minimize the environment
impact of wastewater emission from coal production with the help of modern technologies.
At the same time, the R&D investment in the field of coal utilization and wastewater treatment in
the industrial production process should be increased.

(2) The government should also learn from the lessons of the “coal-electric power price linkage”
policy and introduce more market mechanisms. For example, it could develop and implement
a compensation mechanism on natural resource utilization and environment pollution, and
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minimize the external cost and external benefit with the help of market mechanism and
market economy.
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Appendix A

We designed the following MATLAB algorithm to calculate the TFE of both coal input and
industrial wastewater control.

Algorithm Al.

function DEASBMG = DEA(x)
cle

clear

global N;
global s;
global Ig;
global Ib;
global Og;
global Ob;
global Nlg;
global NIb;
global NOg;
global NOb;
global X;
global Y;
global m;
global n;
global i;
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Xeg=[I;
Xb=[];
Ye=[I;
Yb=[];
Var=[];
[s,N]=size(Var);
r0=zeros(s,1);
R=zeros(s,s);
fval=zeros(s,N);
Theta=zeros(s,N);
Thetalgl=zeros(s,N);
Thetalgll=zeros(s,N);
Thetalglll=zeros(s,N);
ThetaOg=zeros(s,N);
ThetaObl=zeros(s,N);
ThetaObll=zeros(s,N);
ThetaOblll=zeros(s,N);
for k=1:N
Ig=Xg’;
Ib=Xb’;
Og=Var(;k)’;
Ob=YDb’;
X=[Ig;ObJ;
Y=[Ib;Og];
[NIg,s]=size(Ig);
[NIb,s]=size(Ib);
[NOg,s]=size(Og);
[NOb,s]=size(Ob);
[m,s]=size(X);
[n,s]=size(Y);
A=[X-Y];

fori=1:s
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[R(:i),fval(i k)]=fmincon(@Efficiency,r0,A,A(:i),[],[],zeros(s,1),[]);
ThetalgI(i,k)=(Ig(1,:)*R(:i))/1g(1,i);
ThetalgIl(i,k)=(Ig(2,:)*R(:,1))/Ig(2,i);
ThetalglIl(i,k)=(1g(3,:)*R(:,i))/1g(3,i);
ThetaOg(i,k)=0Og(1,1)/(Og(1,:)*R(:,1));
ThetaOblI(i,k)=(Ob(1,:)*R(:,i))/Ob(1,i);
ThetaObII(i,k)=(Ob(2,:)*R(:,1))/Ob(2,i);
ThetaObIII(i,k)=(Ob(3,:)*R(:,1))/Ob(3,i);

end

end

Thetag=[Thetalgl’;Thetalgll’;ThetalgIll’;ThetaOg’;ThetaObl’;ThetaObIl’;ThetaObIII']’

function P=Efficiency(r)

global m;

global n;

global X;

global Y;

global i;

global Ig;

global Ib;

global Og;

global Ob;

global NIg;

global NIb;

global NOg;

global NOb;

Input=0; Output=0;

for j=1:NIg
Input=Input+{Ig(j,)*r)/1g( i)

end
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for j=1:NIb
Input=Input+Ib(j,i)/(Ib(j,:)*r);

end

for j=1:NOg
Output=Output+(Og(j,:)*r)/Og(.i);

end

for j=1:NOb
Output=Output+Ob(j,i)/(Ob(j,:)*r);

end

P=((NOg+NOb)*Input)/((NIg+NIb)*Output);
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