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Abstract: In order to control the discharge of regional total pollutants in the region and improve the
ability of water environment management and decision making, a multi-objective decision-making
optimization model of water pollution load allocation was constructed, which took into account
economy and fairness. The model takes the maximum environmental benefit and the minimum
weighted comprehensive Gini coefficient as the objective function and takes into account the uncer-
tainty and multi-objectives of the model, which is conducive to promoting economic development
and ensuring the fairness of regional water pollutant discharge. A method based on Monte Carlo
simulation coupled with a genetic algorithm was designed to obtain the optimal solution set through
multiple simulation optimization. This model is applied to Anhui Province to solve the allocation
optimization problem of total pollutant reduction in the 13th Five-Year Energy Conservation and
Emission Reduction Plan. After the optimization of water pollution load distribution, the comprehen-
sive Gini coefficients of COD and NHj3-N are reduced by different ranges. The comprehensive Gini
coefficient after COD optimization decreased by 2.4—4.6%, and the comprehensive Gini coefficient
after NH3-N optimization decreased by 25.1-32.5%, which verified the feasibility and rationality of
the model in the optimal allocation of the total discharge of regional water pollutants. The model
takes into account uncertain subjective and objective factors that have an important impact on water
pollutant discharge targets and decision variables, thus optimizing the total emissions of the entire
regional control unit in both space and time.

Keywords: water pollution load allocation; contribution coefficient; environmental Gini coefficient;
Monte Carlo simulation; Anhui Province

1. Introduction

With the rapid expansion of population and related economic activities and urbaniza-
tion, the contradiction of water shortage caused by water quality has become a bottleneck
restricting regional economic development [1,2]. In recent years, with the “13th Five-Year
Plan” energy conservation and emission reduction plans proposed by various provinces
and cities, the total amount of pollutant control has gradually become the main method of
water environment planning and management [3,4]. Therefore, how to distribute the pollu-
tion load fairly and effectively is crucial to controlling the total amount of pollutants [5-7].

Fairness and efficiency are the two basic decision-making principles for pollution
load distribution [8], which can be defined by the Gini coefficient. The Gini coefficient is
an index that comprehensively examines the difference in income distribution between
economic and social residents in economics. It was first proposed by Italian economist
Gini in the early 20th century. The lower the Gini coefficient, the higher the fairness and
efficiency of social distribution; on the contrary, the lower the fairness and efficiency, the
higher the Gini coefficient. Previous studies have often taken “efficiency first, taking into
account fairness” as the guiding principle of distribution, so that the overall interests are
emphasized and individual fairness requirements are ignored, resulting in the resistance of
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polluters due to unfair distribution, making it difficult to implement distribution plans. If
only the total amount of pollution is considered and some areas are overburdened, it will
inevitably discourage the environmental protection enthusiasm of regional governments,
which is obviously very unfavorable to the completion of emission reduction targets and
unfair [9]. Therefore, considering both fairness and economics is typical in multi-objective
optimal problems (MOPs). A multi-objective approach to decision-making can pursue
the best overall benefits based on the goal of taking into account the goals of fairness
and efficiency. Zhang Xuan et al. [10] proposed a two-level multi-objective optimization
model to solve the problem of water pollution load distribution at different management
levels. Li Ruzhong et al. [11] constructed a multi-objective decision-making model for water
pollution load allocation and applied it to water pollution load distribution in the Chaohu
Lake basin. This is a new method of controlling the total amount of water pollutants. Wang
et al. [12], on the basis of comprehensively considering various management requirements
and local hydrodynamic characteristics, proposed a multi-constraint multi-objective cal-
culation system that considers the requirements of different objectives on water quality,
which is used for the spatial distribution of load capacity. In terms of fairness goals, most
studies introduce the concept of an environmental Gini coefficient (EGC for short) [13-15]
to characterize the unfairness that leads to the uneven distribution of economic and envi-
ronmental endurance, which provides a strong basis for improving the fairness of the total
distribution of pollutants and optimizing the industrial layout, and is currently the most
widely used index.

However, existing allocation methods based on the Gini coefficient still have certain de-
ficiencies, such as excessive reliance on statistics, ambiguity [16] and inaccurate estimation
of statistical information, and “rigid” constraints that make the allocation scheme inflexible,
especially in water environment systems. Water management and water pollution control
in different regions have multiple uncertainties [17,18]. Therefore, when deciding the
optimal allocation of the total water pollutant load in large river basins, the uncertainty of
subjective and objective influencing factors should be comprehensively considered. Based
on the above train of thought, this study develops a set of allocation models that take
into account multiple objectives, are uncertain, reasonable, fair, and easy to operate, so
as to achieve the total distribution of regional water pollution load and provide scientific
reference for the formulation of regional water environment management strategies.

Taking Anhui Province as an example, an optimal model of water pollution load
allocation based on uncertain multi-objective decision making is established under the
premise of comprehensively considering the objective differences in economic, natural,
resource, and social conditions of the water environment in various urban areas of Anhui
Province. Using a Monte Carlo-coupled genetic algorithm [19] to solve the model, a series
of decision-making schemes are obtained. This model can play an important role in the 13th
Five-Year Plan for Economic and Social Development of Anhui Province (“13th Five-Year
Plan” for short). The “13th Five-Year Plan” mainly defines the work priorities of the Anhui
Provincial government, is an important basis for all levels of provincial governments to
perform their duties according to law, is a grand blueprint for the national economic and
social development of Anhui Province in the next five years, and is a common action
guide for the people of the province. The proposed multi-objective decision model aims
to solve the problem of total pollutant load control and control unit emission reduction
in the energy conservation and emission reduction plan of Anhui Province during the
“13th Five-Year Plan” period and provide theoretical guidance for the energy-saving and
emission reduction planning during the “14th Five-Year Plan”. This study can also provide
some decision-making support for future water environment improvement.

The main innovations of this paper include: (1) The Gini coefficient is used to mea-
sure fairness and efficiency, and the water pollution load distribution model is proposed.
The model takes into account uncertain subjective and objective factors that have an im-
portant influence on the water pollutant emission targets and decision variables and can
optimize the total emissions of the whole regional control unit in space and time. (2) A
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simulation—-optimization model coupled with genetic algorithm optimization and Monte
Carlo simulation is proposed, which can be used for optimization decision-making prob-
lems with a large number of uncertain variables. (3) The water pollution with COD and
NHj3-N as the target pollution has a significant decrease in the comprehensive Gini co-
efficient conforming to the allocation scheme, indicating the superiority of the optimal
allocation scheme. The contents of the following sections of this paper are as follows:
Section 2 firstly introduces the basic concept and calculation method of EGC, then gives the
information entropy calculation method of EGC control index weight, the third describes
the calculation formula of each control index contribution coefficient, and the fourth intro-
duces the current situation of the 13th Five-Year Plan of Anhui Province in the study area.
Section 3 presents the results of EGC calculation and water pollution load distribution in
the study area and discusses the rationality of the reduction plan and the decline of the
comprehensive Gini coefficient before and after the reduction of COD and NH3-N target
pollutants. Section 4 summarizes the main research conclusions of this paper.

2. Materials and Methods
2.1. Environmental Gini Coefficient

In 1922, the Italian economist Gini proposed an indicator of the degree of difference in
the distribution of national income based on the Lorenz curve, the Gini Coefficient [20]. It
was originally used as an important tool to study the gap between the rich and the poor.
The Gini coefficient is based on the Lorenz curve, so it is also called the Lorenz coefficient.
If the area between the actual distribution curve of income (i.e., the Lorenz curve) and the
absolute equal distribution curve is A, the area at the bottom right of the actual distribution
curve is B, and the value of A/(A + B) indicates the degree of unfairness, then this value is
the Gini coefficient. That is, the ratio of the area between the absolutely equal distribution
curve and the observed Lorenz curve to the area under the absolutely equal distribution
curve [21], which is shown in Figure 1.

-
>
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Actual distribution curve
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v
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Figure 1. Schematic diagram of Lorentz curve. A is the area between the actual distribution curve
and the absolute equal distribution curve; B is the area under the actual distribution curve.

The Gini coefficient is a comprehensive measure of income disparity among residents,
the values ranging from 0 (perfectly evenly distributed) to 1 (completely unequal). The
lower the Gini coefficient, the higher the degree of equality in society. The international
community usually takes 0.4 as the “warning line” of the distribution gap. When the
Gini coefficient is less than 0.2, the distribution is too even; between 0.2-0.3 is more even;
between 0.3-0.4 is more reasonable; 0.4-0.5, the distribution gap is too large; and greater
than 0.5, the distribution gap is huge [22]. The Gini coefficient has become an important
indicator of the degree of distribution difference in the world. In recent years, this parameter
has been cited in model research in the fields of environment and water conservancy [23,24].

The principle of the Environmental Gini coefficient and Gini coefficient is basically
the same, reflecting the ratio of indicators such as population, GDP, and environmental
capacity to pollutant emission loads. This means that for lower rates, the distribution of
pollutant emissions will be more equitable. On environmental issues, the environmental
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Gini coefficient may tend to zero without resource conflicts and inequalities in the selected
indicators. In addition, the EGC optimization method differs from the Gini coefficient
method. Firstly, the control of the total amount of pollutants is based on the optimization
of the current situation. Each region makes reductions in pollutant emissions based on its
current emission load. Secondly, when optimizing for the goal of EGC, the optimization goal
is to minimize the total EGC, while ensuring that the EGC for each indicator (population,
GDP, water resources, etc.) does not become larger because, during the optimization
process, the reduction of each indicator increases the fairness of distribution.

There are many ways to calculate the Gini coefficient, and the simple and easy trape-
zoidal area method is used to solve the calculation. Take the watershed control unit as the
basic unit to calculate the environmental Gini coefficient—the units are sorted according to
the water pollution load carried by the unit indicators, then the cumulative proportion of
each unit and the cumulative proportion of the pollution load are calculated. The slope of
each allocation index is first sorted in order from largest to smallest in the solution process,
the pollution load accumulation ratio is used as the vertical axis, and the cumulative pro-
portion of each index is used as the horizontal axis. Then, the Lorentz curve is plotted, and
the Gini coefficient is calculated. The calculation formula is:

n
Gini(j) =1 - ) (X — Xj—1,j) (Yi + Yi-1) 1
i-1

where j represents each allocation indicator; i represents the prefecture-level municipal
control unit; Gini is based on the Gini coefficient of different allocation indicators j; Xij
represents the cumulative percentage of the jth metric in the ith unit, %; Y; indicates the
cumulative proportion of pollutants discharged or allocated in Uniti, %;i=1,2,...,n(nis
the number of partitions), wheni=1, (X; — 1, Y; — 1) = (0, 0). In the application example
(see Table 1), the Gini coefficient of different pollutants based on each indicator in the base
year can be calculated according to the above formula. This allows for a fair analysis of
pollutant emissions in the base year and provides the underlying data for the next step of
optimal allocation. It is worth noting that when plotting the Lorenz curve, the sub-regions
should be sorted by the amount of contaminants per unit of index load. Normally, planning
does not exceed 5 years, during which time there is generally no qualitative change in the
situation in each sub-region. Therefore, when calculating Gini(j), the order of sub-regions
under the same contaminants and indicators should be roughly consistent with the base
year [25].

Table 1. Specific values of water pollution emissions and evaluation indicators of cities in Anhui
Province in 2015.

Pollutant Discharge Indicators of Evaluation
: . GDP Water Industrial Wastewater
Region o &)%]t)o - (101\(1)1(;[03 tlt:lns) (l(ll’ggglpag)ol}e) (CNY Volume Output Value Discharge
4 4 4 P 100 million) (100 million m?3) (CNY 100 million) (10,000 tons)

Hefei 11.4 0.92 717.72 5660.27 48.63 9345.59 5334.98
HuaiBei 2.8 0.36 216.5 760.39 5.99 1814.6 5377.67
Bozhou 6.81 0.7 634.95 942.61 22.25 959.39 3501.66
Suzhou 10.43 0.97 649.51 1235.83 22.39 1,623.25 6126.77
Bengbu 4.33 0.48 376.35 1253.05 20.82 2,596.82 2474.02
Fuyang 10.73 1.24 1042.65 1267.45 30.28 1989.69 2946.11
Huainan 5.9 0.7 383.39 901.08 9.94 970.42 9112.06
Chuzhou 6.67 0.89 449.06 1305.7 54.83 2567.11 5859.72
Lu’an 5.36 0.67 580.53 1016.49 123.57 1542.1 2443.29
Ma’anshan 2.79 0.35 228.5 1365.3 22.15 2540.75 7694.53
Wuhu 4.8 0.62 384.79 2457.32 41.34 5829.01 4933.27
Xuancheng 4.02 0.4 279.95 971.46 126.68 1796.38 3664.98
Tongling 2.38 0.25 170.43 911.6 9.25 2269.01 5338.25
Chizhou 1.92 0.22 161.61 544.74 103.13 740.43 1422.11
Angqing 5.15 0.7 525.48 1417.43 123.52 2723.16 4469.63
Huangshan 1.6 0.21 147.69 530.9 149.35 567.95 736.62
Total 87.09 9.68 6949.11 22,541.6 914.12 39,875.7 71,435.7
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2.2. Determination of Environmental Gini Coefficient Evaluation Indicators

In the process of using the Gini coefficient method for pollution load distribution,
the first problem that needs to be solved is the choice of the Gini coefficient index. The
core of the environmental Gini coefficient is to control the Gini coefficient of the control
index according to the current state of the environment. The environmental Gini coefficient
of each control index and the discharge load of water pollutants reflects the difference in
the discharge load of water pollutants of the corresponding control indicators in different
control areas. Considering that the selected control indicators directly determine the
feasibility and reliability of the decision-making scheme for the total load distribution of
water pollutants, the selection of control indicators that affect the total load distribution
of water pollutants should follow the typical, fair, scientific rationality, feasibility, and
especially the principle of fairness.

On the basis of comprehensively considering the main sources of regional water
pollutant (COD, NH3-N) emissions and social, economic, natural, and other influencing
factors, the control indicators represented by GDDP, total population, total water resources,
gross industrial production, and industrial wastewater emissions are finally selected [26] to
construct an index system for calculating the Gini coefficient.

2.3. The Environmental Gini Coefficient Controls the Determination of the Weight of the Indicator

The process of weighting and summing the selected evaluation indicators involves the
calculation of the weights of individual indicators. According to the relevant theoretical
knowledge, the entropy method is used to determine the weight, and the more information
the control indicator provides, the higher its sensitivity to the quantitative target. In this
case, the smaller the information entropy, the higher the weight value of the indicator and,
conversely, the lower the weight value. The process of calculating the weight coefficient by
the entropy weight method is as follows [27]:

a. Calculate the unit pollutant loads for different indicators in each sub-zone:
tij = Xi/zij 2

where 7;; represents the unit pollutant load of the jth indicator of the ith region; x;
indicates the existing sewage discharge in the ith zone; z;; is the indicator value
corresponding to the jth indicator in the ith subregion (i=1,2,... ,n;j=1,2,... ,m);
n is the number of subregions (where, n = 16); m represents the number of indicators

(here, m =5).
b.  Calculate the proportion of regional indicator values for the overall region under
different indicators: ;
pij = rij/ Y 1ij 3)
i=1
c. Calculate the information entropy of the unit pollutant load for each indicator:
l n
0; = —1— ) (pijInpy) 4)
1

1

where 0 < 9]« <1.
d. Combined with the above calculation results, the weight value of each indicator can
be expressed as:

1=

wj=(1-6;)/) (16 ®)

j=1

2.4. Contribution Factor

The degree of inequity in the study area can be expressed by the environmental Gini
coefficient to control the internal impact between units, while the contribution coefficient



Water 2023, 15, 309

6 of 21

can reflect the fairness of the external pollution load allocation of the unit to a certain extent.
The contribution coefficient refers to the ratio between the contribution rate of evaluation
indicators (population, GDP, total water resources, gross industrial product, and industrial
wastewater discharge) and the contribution rate of pollutant discharge load in each region,
and the calculation formula is as follows [28]:

CCij = (M;;/ M;) /(Wi / W) (6)

where CCZ-]- represents the contribution coefficient of each index, and j =1, 2, 3, 4, 5 rep-
resents the population contribution coefficient, GDP contribution coefficient, total water
resource contribution coefficient, industrial production contribution coefficient, and indus-
trial wastewater discharge contribution coefficient, respectively. M;; refers to the value
of the jth indicator in the ith region; M is the total value of the jth indicator in the study
area; M;;/M; represents the contribution rate of the jth indicator in Region I; Wj stands
for the emissions of k different pollutants in Region i; Wy represents the total emissions of
the kth pollutant across all study areas, where k =1, 2. COD and NHj3-N are represented
respectively. W/ Wk represents the contribution rate of different pollutant emissions in
Region i. If the contribution coefficient is greater than 1, it means that the contribution
rate of the indicator is greater than the contribution rate of pollutant emissions. If the
contribution coefficient is less than 1, it means that the contribution rate of the indicator is
less than the contribution rate of pollutant emissions, and there are unfair characteristics,
and the smaller the value of the contribution rate, the unfairness increases.

For the same study area, the contribution rate of different indicators has different
effects on the whole. Therefore, the comprehensive contribution coefficient of the region
can be calculated by combining the weights of the different indicators calculated above.
The calculation formula is as follows:

m
CCComprehensive = Z CCZ/w] @)
=1

2.5. Optimal Allocation Model of Water Pollution Load Based on Multi-Objective Decision Making
under Uncertain Conditions

2.5.1. Fairness Goals

Using the environmental Gini coefficient as an indicator, the distribution of water
pollution load in the base year is fairly assessed. According to the reduction target of the
total amount of pollutants in the 13th Five-Year Plan, a model is established to minimize
the existing environmental Gini coefficient. Increase the fairness of distribution schemes
while meeting emission reduction targets. Therefore, in order to establish an optimal
allocation model for the total load of water pollutants in the basin, the sum of the weighted
environmental Gini coefficients of each control index is the minimum function. Taking the
water pollutant discharge load of each control unit as the decision variable, the total water
pollutant load reduction target is introduced, and the environmental Gini coefficient of each
index in the base year and the upward and downward reduction ratio of each control area
are used as the constraints. A fair and efficient model for the optimal allocation of regional
water pollutants was established. The objective function of the distributive fairness row
based on the information entropy-environment Gini coefficient is as follows:

m n
Min GComprehensive(x) = Z wj 1- Z(Xij - Xifl,j) (Yi + Yifl) (8)
j=1 i1
In the above formula, G Composite refers to the weighted comprehensive Gini coef-

ficient of each index in the study area, and w; is the weight value of each index obtained
according to the above information entropy method.
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2.5.2. Economic Goals

The economic goals are mainly set to reflect the level of environmental benefit in the
study area, so the environmental, economic efficiency coefficient is introduced, that is,
the total output of the study area per unit of pollutant discharge. It is intended to take
the maximum environmental, economic benefit as the objective function of the economic
target, and the water pollutant discharge load of each control unit as the decision variable.
Therefore, the change of decision variables makes the distribution results more conducive
to the maximization of regional benefits. The allocation of pollution load will also be tilted
towards the side with the largest benefit coefficient so as to achieve the result of the optimal
benefit of the allocation result. The specific goals are as follows:

Max Eb(x) = iaix,' 9)
i=1

where Eb(x) represents the environmental benefit of the pollutant; a; represents the en-
vironmental benefit coefficient of the ith region, where a; = x(;/GDP; (i=1,2, ..., n); x;
represents the pollutant load distribution in the ith region.

2.5.3. Conditions of Constraint

a.  Total pollutant discharge constraint. The reduction of pollutants during the planning
period determined by the relevant government planning documents is a target
that must be achieved, so the model developed in this study sets it as the primary
constraint. That is, the sum of pollutant emissions in each sub-region is not greater
than the control target after reduction. The details are as follows:

n
Y % <E (10)
i=1

where E represents the upper limit of the total regional pollutant discharge after
water pollution load allocation.

b.  Gini coefficient constraint. To make sure the comprehensive Gini coefficient is not
larger than the current value after model optimization, the fairness after optimiza-
tion will not be reduced. Model constraints should satisfy Ginicomprehensive) <
Ginig (Comprehensive)- ~ Rigid” constraint makes the allocation scheme inflexible, and in
order to increase the feasible domain, the maximum possible optimal value of the
objective function is sought. Under the premise of ensuring the global optimum, the
Gini coefficient of 0.4 is used as the warning value. Appropriate relaxation is given
to the index constraint that the Gini coefficient is less than the warning value; that is,
the current Gini coefficient in the fairness constraint ranges. For the index constraint
where the Gini coefficient is greater than the warning value, there is no need to give
looseness. When Ginioj <04, Ginij < Ginioji. When Ginioj >04, Gini]- < Ginioj. The
relaxation of the constraint here is the fuzzy interval of the constraint. The specific
constraint formula is determined based on the Gini coefficient of the base year of the
study area.

c. Pollution load reduction rate constraint. For the overall target reduction given in the
planning document, each sub-area should be tasked. Therefore, this model needs
to set limits on the pollutant reduction rate of each sub-region (that is, the upper
and lower limits of pollution load allocation) based on the given regional pollutant
reduction rate, combined with the economic development level and actual emission
reduction capacity of each sub-region. Due to different subjective and objective
reasons, the data information often has certain deviations or statistical inaccuracies—
that is, it is ambiguous. In order to better reflect the inaccuracy and incompleteness



Water 2023, 15, 309

8 of 21

of statistical information, and also to improve the flexibility of decision-making
schemes, it is necessary to consider setting an elastic constraint.

+ Yo —Xi +
umin(i) = < umax(i)

(11)
Xo(i)

where U~ . and U~ . represent the upper and lower limits of pollution load
min(7) max(i)
allocation for each study subregion, respectively, and are expressed as intervals.

2.5.4. The Solution of the Model

In the model of uncertainty, multi-objective water pollution load allocation optimiza-

tion is established by integrating equity goals and benefit goals, and the uncertainty only
involves the characterization of one interval number. Therefore, in the process of model
solving, it is necessary to simulate the interval parameters first, and then optimize the
genetic algorithm to solve the processed “deterministic” multi-objective model.

@

@)

Characterization of the number of intervals. Aiming at the uncertainty parameters in
the model, the model is intervalized, and the maximum and minimum values of the
interval are obtained by taking a certain amount of expansion. The specific values vary
within the interval. For this feature, let X* = [X~, X*] = {x€X*|X~ < x < X*}, which
is a uniformly distributed number of intervals with known upper and lower bounds.
X~ and X* are the upper and lower bounds of the interval number XE, respectively;
when X~ = X*, the X* becomes a definite value. For the number of intervals [X~, X*]
that follow a uniform distribution, a random simulation is performed using the rand
function provided by MATLAB to generate random numbers that follow a uniform
distribution. For this purpose, a sampling function for the number of intervals is
constructed as follows:

X(ﬂ;) =X 4+ (X" =X )rand(-) (k=1 ~K) (12)

where rand (-) is 0~1 distributed uniform random number; K is the number of random
simulations; X (l;) can be expressed as a random analog value for the kth time. These
simulated random numbers are real numbers that follow their distribution, which
we consider to be “deterministic numbers”. Later, Monte Carlo simulation was
introduced, and as the number of simulations increased, the calculation accuracy
gradually improved.
Solving the multi-objective decision model. The weighted objective programming
method is adopted to solve the above nonlinear multi-objective optimization prob-
lem, a. The multi-objective function is firstly dimensionless processed, and then
converted with weights into a single objective function to facilitate the optimization
and screening of subsequent solutions. For the fairness goal and efficiency target,
the equal weight coefficient method is used to construct the evaluation function. At
the same time, consider that if each objective function order of magnitude is not in
the same order of magnitude, there will be a phenomenon of large numbers eating
small numbers. In order to prevent this situation, the function is also normalized
by orders of magnitude. Due to the introduction of a genetic algorithm to solve the
problem, the total target value is first converted into a minimization function, and the
multi-objective evaluation function after preprocessing is as follows:

minF(x) =M GComprehensive(x)/D‘ - )\ZEb(x)/.B (13)

where A; and A, are multi-objective weight coefficients and 0 < A1, Ap <1, A; + Ay =1;
o, (3 are regularization factors.

Based on the single-objective comprehensive model preprocessed above, the genetic

algorithm [29] is introduced to solve the solution and store the solution of each optimization.
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After Monte Carlo reaches a certain number of iterations, the result converges, which is
used as the final solution of the optimization model in this paper and is expressed in the
form of a spatial solution set.

2.6. Case Study
2.6.1. Overview of the Study Area

Anhui, the provincial capital of Hefei, is located in the Yangtze River Delta region. It
is located between 114°54” and 119°37’E longitude and 29°41” and 34°38’N latitude and is
in the middle and lower reaches of the Yangtze River. It is bordered by Jiangsu to the east,
Henan and Hubei to the west, Zhejiang to the southeast, Jiangxi to the south, and Shandong
to the north, with a width of 450 km from east to west and a length of 570 km from north
to south. It covers an area of 140,100 km?2 and a land area of 139,400 km?2, accounting for
1.45% of the country and ranking 22nd. Anhui Province has a total of 16 prefecture-level
cities under the jurisdiction of the province. The specific location of Anhui is as follows in
Figure 2, in which the diagonally filled part is the location of Anhui Province.
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Figure 2. Location of Anhui Province in China. From the website of the Ministry of Natural
Resources of the People’s Republic of China, Figure Number: GS (2019) No.1674, downloaded at:
http:/ /bzdt.ch.mnr.gov.cn/index.html (accessed on 10 November 2022). The broken line indicated
by the arrow on the map is the study area of Anhui Province.

Anhui Province is an important administrative region for the rapid economic develop-
ment of eastern China, located in a typical north-south climate transition zone, crossing
three major river basins: the Yangtze River Basin, the Huaihe River Basin, and the Xin’an
River Basin. The north of the Huaihe River has a warm temperate semi-humid monsoon
climate, and the south of the Huaihe River has a subhumid monsoon climate [30]. Its
main characteristics are obvious monsoon, four distinct seasons, warm spring, more rain-
fall in summer, high temperature in autumn, and cold winter. Anhui is also located in
the mid-latitudes; with the transition of the monsoon, precipitation has shown obvious
seasonal changes, thus becoming one of the most significant regions of continental mon-
soon climate in China. Spring and autumn are the transition seasons between winter
and summer and summer and summer and winter. The annual frost-free period is about
200-250 days. The average annual temperature is 14-17 °C, the average temperature in
January is —4 °C, and the average temperature in July is 28-29 °C. The average annual pre-
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cipitation is 773-1670 mm, showing the climate characteristics of more south and less north,
many mountains, low flat hills, and abundant summer rainfall, accounting for 40-60%
of the country’s perennial rainfall [31]. However, due to the influence of the changing
average annual precipitation, the spatial distribution of water resources in Anhui Province
is obviously uneven. The amount of water resources in the north is significantly lower
than in the south, and the per capita water resources in cities vary significantly. Prominent
water resource problems such as uneven distribution of water resources and poor water
quality in Anhui Province have seriously restricted the sustainable economic and social
development of Anhui Province.

2.6.2. Status of Sewage Discharge in the Base Year of Anhui Province

In order to implement the spirit of the Notice of the State Council on Printing and
Distributing the Action Plan for Water Prevention and Control, adhere to the concept of
green development, effectively strengthen the prevention and control of water pollution,
strive to improve the quality of the water environment, and guarantee the health of peo-
ple, combined with the actual situation of Anhui Province, the “13th Five-Year Plan for
Environmental Protection of Anhui Province” [32] has been formulated. The plan clearly
stipulates the emission reduction target for the total amount of water environment pollu-
tants in 2020. By 2020, the total emission of chemical oxygen demand, ammonia nitrogen,
sulfur dioxide, and nitrogen oxides in the province will be controlled within 785,000 tons,
83,000 tons, 403,000 tons, and 606,000 tons, respectively, down 9.9%, 14.3%, 16%, and 16%
from 2015. In order to ensure the completion of the keyboard task of the total amount of
water pollutants in Anhui Province during the 13th Five-Year Plan, it is urgent for us to
conduct a systematic study on the allocation of regional pollution indicators for emission
reduction. This study takes 2015 as the base year, takes total control in 2020 as the goal,
allocates the proportion of pollutant reduction that should be borne by 16 municipalities in
Anhui Province, and formulates a scientific and reasonable total water pollutant control
plan. COD and NHj3-N loads were selected as the main control factors to construct an
optimal distribution model for water pollution load. In 2015, the total COD emissions
in the province reached 870,900 tons, so at least 85,900 tons need to be reduced within
five years; the total ammonia nitrogen emissions reached 96,800 tons, which needs to be
reduced by 13,800 tons. According to the 2016 Anhui Statistical Yearbook [33] and the water
resources annual reports provided by the municipal water bureaus, the specific values
of water pollution discharge and evaluation indicators in each city can be calculated, as
shown in Table 1. Among them, the total population of the province is 69.4911 million,
the total GDP is CNY 2.254162 trillion, the total water resources are 91.412 billion m?, the
total industrial output value is CNY 3.987566 trillion, and the total discharge of industrial
wastewater is 714.3569 million tons.

3. Results and Discussions
3.1. Rationality Evaluation of the Current Situation of Pollutants

The rationality evaluation of the current situation of sewage discharge in Anhui
Province is the premise for the implementation of the total allocation of water pollutants
based on the principle of fairness. The rationality evaluation can use the contribution
coefficient as an index to reflect the degree of unfairness in the distribution of pollution
load outside the study area, while the environmental Gini coefficient shows the internal
impact between control units, which can be used as the basis for distinguishing internal
fairness [34].

3.1.1. Study of the Regional Environmental Gini Coefficient

The Lorenz curve plots the cumulative proportion of GDP, population, water resources,
industrial wastewater discharge, and industrial output value and the cumulative proportion
of water pollutant (COD, ammonia nitrogen) emissions. When plotting the curve, the
cumulative proportion should be sorted and calculated in order of the amount of sewage



Water 2023, 15, 309

11 of 21

discharged from smallest to largest for each unit of index load. Take the plotting of the
Lorenz curve of population-COD emissions as an example. Firstly, the municipalities of
Anhui Province are sorted according to per capita COD emissions, and the cumulative
proportion of population and COD emissions are statistically calculated according to the
ranking, and the Lorenz curve chart (see Figure 3) is used to calculate the Gini coefficient of
population-COD emissions according to the Lorenz curve. By analogy, according to the
same method, the Lorenz curves of the remaining indicators and water pollutants can be
plotted separately to obtain the Gini coefficient of all indicators, see Figures 3-7.
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Figure 3. Lorenz curves of COD and NHj3-N based on population.
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Figure 4. Lorenz curves of COD and NHj3-N based on GDP indicators.

In Figures 3-7, the cities corresponding to the points on the Lorenz curve of different
pollutant emissions under each indicator are different, and they are sorted according to
the amount of pollutants per unit before making the map. By plotting the Lorenz curve
and combining the trapezoidal area calculation method, the Gini coefficient Go) based
on the corresponding pollutant emissions under different indicators is calculated, and the
calculation results are shown in Table 2.
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Figure 5. Lorenz curves of COD and NHj3-N based on total water resources indicators.
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Figure 6. Lorenz curves of COD and NHj3-N based on total industrial output indicators.
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Table 2. Gini coefficient of corresponding pollutants under each evaluation index in Anhui Province
in 2015.

Evaluation
Indicators

Population GDP

Total Water Gross Industrial Industrial Wastewater
Resources Output Discharge

COD
NH;-N

0.11 0.30 0.59 0.33 0.34
0.10 0.32 0.57 0.39 0.32

According to Figures 3-7 and Table 2, it can be seen that the difference in the Gini
coefficient of pollutants under different indicators is large, but the difference in the Gini
coefficient of different pollutants in the same index is very small. This may be due to
the similarity of the environmental media in which these two pollutants exist, so the
distribution ratio in different regions is similar. The population-based COD and NHj3-
N Gini coefficients are less than 0.2 and are considered highly average. The COD and
NHj3-N Gini coefficients based on GDP, industrial output value, and industrial wastewater
discharge are between ~0.2 and 0.4, which is already in a relatively unfair state, but does not
exceed the warning value. COD and NHj3-N Gini coefficients based on total water resources
were the largest, exceeding the warning value of 0.4. It shows that there is still a big conflict
between the distribution of pollutant loads in Anhui Province and the current situation of
the regional water resources environment, and the pollutant discharge in different regions
is not balanced enough, and it is necessary to optimize the distribution. In addition, the
reduction of the Gini coefficient of the total water resources should be paid attention to in
the total water pollution load allocation model.

The allocation of total water pollutants involves the adjustment of the Gini coefficient
of multiple indicators, and the importance and impact of different indicators on the alloca-
tion are different. The allocation weights of each index involved in the fairness target in the
allocation model are calculated by the entropy method, and the weights of population, GDP,
total water resources, gross industrial production, and industrial wastewater discharge in
the COD and NH;3-N allocation models are calculated according to the data in Table 1, as
shown in Table 3.

Table 3. Information entropy weight of each evaluation index in fairness objective.

Pollutants

Population GDP

Total Water Gross Industrial Industrial Wastewater
Resources Output Discharge

COD
NH;-N

0.022 0.130 0.417 0.247 0.184
0.021 0.126 0.430 0.232 0.191

3.1.2. Study of the Environmental Contribution Factor of the Region

The rationality analysis of the current situation of sewage discharge in Anhui Province
is the premise for the implementation of the total allocation of water pollutants based
on the principle of fairness. The environmental Gini coefficient represents the internal
influence between control units and can be used as a basis for distinguishing internal
fairness [34]. The degree of fairness within the control unit should be quantified by reference
to the contribution coefficient, and the main factors that cause the unfair gap should be
identified, providing a basis for the fairness of subsequent distribution schemes. According
to the above calculation formula of the specific values of each evaluation index and the
environmental contribution coefficient in Anhui Province, the contribution coefficient
under different indicators of the two pollutants was obtained, and the comprehensive
contribution coefficient of each pollutant was calculated by combining the weight coefficient
calculated by the entropy value method. The calculation results are statistically analyzed
and plotted by ArcGIS Desktop 10.7.1 software (ESRI Inc., Redlands, CA, USA), and the
specific distributions are shown in Figures 8 and 9.
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Figure 8. Distribution of COD index contribution coefficient in the benchmark year of Anhui Province.
(a) GDP contribution factor. (b) Contribution factor of industrial wastewater discharge. (c) Population
contribution factor. (d) Contribution factor of gross industrial production. (e) Total water contribution
factor. (f) Comprehensive contribution factor.
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Figure 9. Distribution of NH3-N index contribution coefficient in Anhui Province in the benchmark
year. (a) GDP contribution factor. (b) Contribution factor of industrial wastewater discharge. (c) Pop-
ulation contribution factor. (d) Contribution factor of gross industrial production. (e) Total water
contribution factor. (f) Comprehensive contribution factor.

Figures 8 and 9 show the distribution of contribution coefficients of COD and NH3-N
indicators in Anhui Province in the benchmark year. Since the index (population) with a
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Gini coefficient of less than 0.2 is highly average, other indicators were selected for analysis.
The Gini coefficient of total water resources-COD/NHj3-N is the largest, and the analysis
of the distribution map of the contribution coefficient to total water resources shows that
the contribution coefficient of total water resources in Anhui Province shows an increasing
trend from northwest to southeast. The contribution coefficients of the northern and central
eastern parts of Anhui Province are less than 1. The water contribution coefficients of
Fuyang, Bozhou, Huaibei, Suzhou, Bengbu, Huainan, and Tongling are less than 0.5, which
is the main unfair factor. Combined with the data in Table 1, these cities accounted for
13.23% of the total water resources in Anhui Province, but COD and NH;3-N emissions
accounted for 49.81% and 48.56% of the total pollutant emissions. This shows a high degree
of inequity in the indicator of total water resources. Due to the excessive weight of the index
of total water resources, the distribution map of the comprehensive contribution coefficient
of COD/NHs3s-N is basically consistent with the distribution map of the contribution
coefficient of total water resources. Regional differences in total water resources are a major
contributor to the uneven distribution of pollutants, indicating that the amount of water
resources varies from region to region and the rate of economic development. Therefore,
for regions with a large amount of water resources, the amount of pollutants allocated
should be increased to indirectly promote the development of a regional economy. Areas
with less water resources should pay attention to controlling and reducing the allocation
of pollutants to control the discharge of pollutants from the source and avoid pollutants
exceeding the carrying capacity of the water environment. The analysis of the contribution
coefficient of GDP shows that the contribution coefficients of Hefei, Wuhu, Ma’anshan, and
Tongling are greater than 1 based on the two pollutants, among which Hefei and Wuhu
are among the best. It shows that the contribution rate of the city’s GDP is greater than
the contribution rate of pollutant emissions, and the benefits brought by the discharge of
pollutants are relatively high, which is manifested as a green economic development model.
The contribution coefficients of Fuyang, Suzhou, Lu’an, Huainan, Bozhou, and Chuzhou
are less than 1, especially Fuyang City, which is less than 0.5, which is the main factor
causing inequality. Combined with the distribution map of the contribution coefficient
of gross industrial production-COD/NHj3-N, it can be found that the distribution of the
two is basically the same in Anhui Province, indicating that the main source of GDP in
Anhui Province is industrial production. In terms of future economic development, it is
necessary to gradually realize industrial upgrading, reduce or even abandon high-pollution,
low-value-added industries, and improve the efficiency of pollutant treatment.

3.2. Optimal Allocation Results of Pollution Load in Anhui Province

Optimal allocation is solved by combining the model established by Equation (8)-(11)
above and the solution method proposed in this paper. In the model of the Gini coefficient
constraint, appropriate relaxation is given to the index constraint where the Gini coefficient
is less than the warning value. The scaling amount is 10%, and the current Gini coefficient
in the fairness constraint is ranged. For indicator constraints where the Gini coefficient is
greater than the warning value, there is no need to give loose restrictions. Then, the Gini
(COD-population) < [0.11, 0.121], Gini(COD-GDP) < [0.30, 0.33], Gini (COD-Industrial
Production) < [0.33, 0.363], and Gini (COD-industrial wastewater discharge) < [0.34, 0.374],
ammonia nitrogen allocation constraints are similar. In the allocation constraint of pollutant
reduction rate, by 2020, the province’s chemical oxygen demand and ammonia nitrogen
emissions will be reduced by 9.9% and 14.3%, respectively, compared with the base year.
In order to ensure the realization of the reduction target and the optimal solution value of
the model goal, the feasible domain should be appropriately increased within a reasonable
range. It is advisable to set the chemical oxygen demand reduction rate of each sub-region
at 5%~20% and the reduction rate of ammonia nitrogen at 10~30%. Among them, the lower
limit of the reduction rate is the minimum reduction task that needs to be completed during
the “13th Five-Year Plan” period in the study area, and no loose restrictions are given. In
order to better reflect the inaccuracy and incompleteness of statistical data information,
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and also to improve the flexibility of decision-making schemes, the upper limit can be
fuzzy, and the extension can be 5%. Therefore, the upper limit of COD emissions in each
sub-region is Umax (COD) =[20%, 25%], and the upper limit of ammonia nitrogen emissions
is umax (NH3-N) = [300/0, 350/0].

During the model-solving process, the regularization factor « is determined to be 1
and {3 to 100,000 according to the size of the allocation target value. The solution process
is based on Matlab software programming. The GA parameters are designed as follows
through multiple algorithm debugging: Monte Carlo sampling times are 8000; genetic
algorithm population size, popsize = 100; crossover probability, 0.8; mutation probabil-
ity, 0.2; termination iteration genetic algebra, 500. Finally, the uncertain multi-objective
optimization allocation results are obtained, as shown in Table 4.

Table 4. Water pollution load distribution and reduction plan of Anhui Province in 2020.

Benchmark

Distributed

Amount of

Pollutants Region Annual Emissions Emissions Reduction R (I;at:. of /% Raductt 10/1;/0f
(x10%) (x10%) (x10%) eduction/% uotas/%

Hefei 114 [10.69, 10.83] [0.57,0.71] [5.0,6.2] 6.5
HuaiBei 2.8 [2.51, 2.66] [0.14, 0.29] [5.0,10.4] 2.1
Bozhou 6.81 [5.11, 5.60] [1.21, 1.70] [17.8, 24.9] 14.6
Suzhou 10.43 [7.82,8.52] [1.91,2.61] [18.3, 25.0] 22.9
Bengbu 4.33 [3.97,4.11] [0.22,0.36] [5.1,8.3] 2.9
Fuyang 10.73 [8.05, 8.68] [2.05, 2.68] [19.1, 25.0] 24
Huainan 5.09 [4.43, 4.83] [0.26, 0.66] [5.1,13.0] 44
Chuzhou 6.67 [6.11, 6.34] [0.33, 0.56] [5.0,8.4] 4.4
COD Lu’an 5.36 [4.76, 5.09] [0.27, 0.60] [5.0,11.2] 4.2
Ma’anshan 2.79 [2.56, 2.65] [0.14, 0.23] [5.0,8.2] 1.8
Wuhu 4.80 [4.47,4.56] [0.24, 0.33] [5.0,6.9] 2.9
Xuancheng 4.02 [3.75, 3.82] [0.20, 0.27] [5.0, 6.7] 24
Tongling 2.38 [2.16, 2.26] [0.12,0.22] [5.0,9.0] 1.6
Chizhou 1.92 [1.72,1.82] [0.10, 0.20] [5.0,10.4] 15
Anqing 515 [4.76, 4.89] [0.26, 0.39] [5.0,7.6] 3.2
Huangshan 1.60 [1.46, 1.52] [0.08, 0.14] [5.0, 8.8] 1.0
Total 87.09 [74.33,78.28] [8.00, 11.95] [9.2,13.7] 100
Hefei 0.92 [0.68, 0.828] [0.09, 0.24] [10,26.1] 8.4
HuaiBei 0.36 [0.25, 0.32] [0.04,0.11] [11,30.6] 3.8
Bozhou 0.7 [0.49, 0.63] [0.07,0.21] [10, 30] 7.1
Suzhou 0.97 [0.68, 0.84] [0.13,0.29] [13.4,29.9] 10.6
Bengbu 0.48 [0.34, 0.43] [0.05,0.14] [10.4, 29.2] 4.8
Fuyang 1.24 [0.87,1.03] [0.21,0.37] [16.9, 29.8] 14.7
Huainan 0.7 [0.49, 0.63] [0.07,0.21] [10, 30.0] 7.1
Chuzhou 0.89 [0.62, 0.80] [0.09, 0.27] [10.1, 30.3] 9.1
NH3-N Lu’an 0.67 [0.48, 0.60] [0.07,0.19] [10.4, 28.4] 6.6
Ma’anshan 0.35 [0.25,0.31] [0.04, 0.10] [11.4,28.6] 35
Wuhu 0.62 [0.44, 0.55] [0.07,0.18] [11.3,29.0] 6.3
Xuancheng 0.4 [0.29, 0.36] [0.04,0.11] [10, 27.5] 3.8
Tongling 0.25 [0.18, 0.22] [0.03, 0.07] [12.0, 28] 2.5
Chizhou 0.22 [0.16, 0.19] [0.03, 0.06] [13.6, 27.3] 2.3
Angqing 0.7 [0.49, 0.63] [0.07,0.21] [10.0, 30] 7.1
Huangshan 0.21 [0.15, 0.18] [0.03, 0.06] [14.2, 28.6] 2.3
Total 9.68 [6.86, 8.60] [1.13,2.82] [11.7,29.1] 100

3.3. Discussions

The optimization distribution results have been simulated 8000 times in Monte Carlo,

and the optimization results have converged. Therefore, the final optimization result
is based on the results of the 8000 times simulation. Each interval in the optimization
allocation results is the result of 8000 times Monte Carlo simulations. In order to visualize
the results, the values of each interval are averaged cumulatively and compared with the
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pollutant emissions in the base year. We plotted the distribution in ArcGIS software as
follows (Figures 10 and 11).

From the final pollutant discharge load distribution results of each sub-region, it can
be seen that the water pollutant reduction quota of each municipality in Anhui Province
is roughly similar to the proportion of pollutant discharge in the base year, which shows
the fairness idea that the larger the pollutant discharge, the greater the regional reduction.
However, it is not just that, it is also the result of a combination of contribution coefficients,
Gini coefficients, and environmental, economic benefit coefficients. For example, in the
distribution of the COD-comprehensive contribution coefficient, Fuyang City, Suzhou City,
and Bozhou City have the lowest contribution coefficient. This means that the base year
pollutant allocation is the highest in the three regions. Therefore, in the final allocation
results, the allocation reduction of the three control areas was 24%, 22.9%, and 14.6%,
respectively. Ranked in the top three in all control areas, the distribution results are
reasonable and fair. On the contrary, for areas with a large contribution coefficient in the
base year, such as Huangshan City, Xuancheng City, Chizhou City, and Ma’anshan City,
which are more equitable in the basic comprehensive allocation, the reduction ratio in the
final allocation result is relatively low. From the perspective of the environmental and
economic benefit coefficient, Hefei’s base year GDP index is as high as CNY 566.027 billion,
surpassing other research areas, indicating that its economic development momentum is
better and more capable of supporting environmental protection expenditures generated
by energy conservation and emission reduction. Therefore, in the final distribution results,
the reduction ratio in Hefei is high.
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Figure 10. Distribution chart of comparison between COD optimized distribution results and
base year.

In order to reflect the change in the Gini coefficient before and after optimization,
Table 5 lists the comprehensive Gini coefficient of COD and NHj3-N pollutants in the base
year and the Gini coefficient after the optimized distribution scheme.
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Table 5. Changes in the comprehensive Gini coefficient after optimal allocation.
Pollutants Benchmark Year After Optimization Range of Reduction
COD 0.4315 [0.4117, 0.4210] [—4.6%, —2.4%]
NH;3-N 0.4295 [0.2901, 0.3216] [—32.5%, —25.1%]

Combined with Table 5, it can be seen that the optimized comprehensive Gini coeffi-
cient decreased relative to the base year Gini coefficient, of which the comprehensive Gini
coefficient after COD optimization decreased by 2.4~4.6%, and the comprehensive Gini
coefficient after NH3-N optimization decreased by 25.1~32.5%. Obviously, COD is reduced
relatively little. This is directly related to the pollutant reduction target in the 13th Five-Year
Plan, and the appropriate emission reduction target needs to be formulated on the basis of
a comprehensive review of the actual emission situation and the bearing capacity of the
study area, and it is impossible to require a one-time emission reduction in order to reduce
the Gini coefficient, which is often unrealistic. The control of total pollutant emissions is a
long-term and continuous task, and the fairness of distribution is gradually optimized and
adjusted [34].
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Figure 11. Comparison distribution of NH3-N optimized distribution results with base year.

After the above analysis and discussion, the optimal allocation results are in line with
the principle that the pollutant reduction rate of the control unit with high water pollution
discharge load should be increased accordingly under the premise of coordinated economic
and social development. This verifies the feasibility and rationality of the model for optimal
allocation of total water pollutant discharge in large areas.

4. Conclusions

(1)  Under the principles of sustainable development of the water environment, economic
and social fairness, and efficiency, this paper proposes a comprehensive manage-
ment model of multi-objective and uncertain optimization of the total amount of
regional water pollution discharge and constructs a multi-objective decision-making
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optimization model of water pollution load (COD and NH3-N) allocation that takes
into account economic optimum and fairness.

(2) A solution method for the uncertain multi-objective allocation model is designed in
this study, and the practicability and feasibility of the model solution method are
verified by a case study. The results of multiple simulation-optimization can generate
a series of decision schemes under uncertain objective functions and constraints and
provide a more reasonable decision range for decision makers.

(3) The model was applied to the allocation of total pollutant reduction in Anhui Province’s
13th Five-Year Plan for Environmental protection. Based on the environmental Gini
coefficient, the rationality of the total pollutant distribution system in Anhui Province
was evaluated, and the comprehensive Gini coefficients of COD and NH3-N were
calculated to be 0.43152 and 0.42952, respectively. The Gini coefficients based on the
total water resources were 0.59 and 0.57, which exceeded the warning value and were
the main inequity factors.

(4) After the optimization of water pollution load distribution, the comprehensive Gini
coefficients of COD and NHj3-N are reduced in different ranges. The comprehensive
Gini coefficient decreases by 2.4~4.6% after COD optimization and 25.1~32.5% after
NH3-N optimization. The control of total pollutant discharge is a long-term and
continuous task, and the fairness of distribution is also gradually optimized and
adjusted, which is the direction of further research.

The model proposed in this study takes into account the uncertain subjective and
objective factors that have an important influence on the water pollutant emission targets
and decision variables, so it can optimize the total emissions of the whole regional control
unit in space and time and can be applied to the water pollution load allocation problem in
similar provinces or regions.
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