
 

Water 2017, 9, 573; doi:10.3390/w9080573 www.mdpi.com/journal/water 

Article 

An Optimization Model for Waste Load Allocation 
under Water Carrying Capacity Improvement 
Management, A Case Study of the Yitong River, 
Northeast China 
Chong Meng, Xiaolei Wang and Yu Li * 

MOE Key Laboratory of Regional Energy Systems Optimization, North China Electric Power University, 
Beijing 102206, China; qq157661952@163.com (C.M.); 15501261066@163.com (X.W.) 
* Corresponding author: liyuxx8@hotmail.com or liyuxx@jlu.edu.cn;  

Tel./Fax: +86-10-6177-3886 

Received: 27 June 2017; Accepted: 27 July 2017; Published: 1 August 2017 

Abstract: In this study, a two-stage stochastic programming (TSP) model was developed for 
supporting regional waste load(chemical oxygen demand (COD)and NH3-N) allocation in four 
main pollution departments (industry, municipal, livestock breeding, and agriculture), constrained 
by the water carrying capacity, which can be improved by ecological restoration engineering, in the 
nine function zones of the Yitong River. A number of scenarios corresponding to different stream 
flow levels were examined. The results revealed that the carrying capacity of COD and NH3-N has 
a similar tendency with a positive correlation to stream flow levels. The allocation amount of each 
pollutant for the four departments was obtained differently in each zone, and ecological restoration 
engineering solutions were obtained for different zones to improve the carrying capacity of the 
pollutants in order to meet the permitted emission allocation and water qualities. The results are 
helpful in establishing a rational discharge permit system of each pollution unit under water quality 
targets, and provide a basis for production plans of these pollution units.  

Keywords: total amount control; carrying capacity improvement; two-stage programming; waste 
load allocation 
 

1. Introduction 

Water bodies (e.g., rivers and lakes), as significant carriers, not only supply various water 
resources, but also provide the corresponding environmental carrying capacity for supporting 
human survival and development [1–3]. However, with rapid population growth and economic 
development, more wastewater is generated and discharged into water bodies, which leads to 
environmental quality deterioration of water bodies and function loss, especially in China. For 
example, as documents show, in 2016, 15.6% of the river monitoring sections attained a grade V 
national quality standard or worse, and the majority of rivers and lakes could not meet the water 
quality targets, causing water security problems with respect to watersheds, agriculture, fisheries, 
industries, and eco-development [4–7].This indicated that pollutant emissions not only generate a 
significant number of environmental problems, but they also reduce water environmental capacity 
and affect environmental safety, which hinders regional sustainable development. Therefore, it is 
desirable to create an effective measure for controlling pollutant emissions and improve water 
environmental quality in order to balance the conflict between regional socioeconomic development 
and environment protection. 

Previously, in order to improve water environmental quality, the main studies were focused in 
two directions: (i) controlling the total pollutant emission amount related to water carrying capacity 
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[8–10]; and (ii) studies of technologies for water quality improvement according to ecological 
restoration engineering, such as wetlands, ecological floating beds, and artificial aeration [11–13]. In 
general, these two aspects were scarcely combined as an integrated water environmental 
management system, and led to many complexities, such as the tradeoff between treatment 
technology optimization, waste load allocation, and system cost in water quality management. 

Faced with those complexities, a number of optimization techniques were developed for water 
economic-environmentally sustainable development management [14–23]. Among the above 
approaches, two-stage stochastic programming (TSP) is an effective method for addressing problems 
where an analysis of policy scenarios is desired periodically over time, where uncertain parameters 
are expressed as probability distribution functions, and are widely applied to many water quality 
management problems. For example, Fan [24] developed an inexact two-stage stochastic partial 
programming method for tackling uncertainties presented as intervals and partial probability 
distributions; Li [25] proposed an inexact two-stage stochastic credibility-constrained programming 
method and applied it to the water quality management system. Xie [26] developed an inexact two-
stage stochastic downside risk-aversion programming model for supporting regional water resource 
allocation and water quality management problems under uncertainties. From the above analysis 
TSP is common and effective, suitable for water quality management, corresponding to a greater 
focus on water resource allocation, and few studies have focused on developing an optimization 
model for integrated engineering technologies and waste load allocation management by employing 
the TSP approach.  

Therefore, as an extension of the previous studies, the objective of this study is to develop a TSP 
programming model for integrated engineering technologies and waste load allocation management in 
the Yitong River basin. The modeling results could help allocate total pollutant amounts to different 
pollution departments, and generate cost-effective ecological restoration engineering schemes, which are 
valuable for supporting local decision-makers in generating regional water pollution control schemes that 
conform to the idea of economic-environmentally sustainable development. 

2. Case Description 

The Yitong River is located in Jilin province, China, and originates from Yitong County, flowing 
through Changchun City, Dehui City, and Nongan County. It covers a total length of 342.5 km, and 
an area of more than 9600 km2. The river is an important water source of Changchun City, and the 
annual runoff is usually from 3.5 × 108 to 6 × 108 m3 [27]. 

However, as the main water body for receiving pollutant discharge from municipal and 
agricultural sectors, the Yitong River suffers growing environment problems, such as serious water 
pollution and ecological function loss, and the main pollutants are chemical oxygen demand (COD) 
and ammonia nitrogen (NH3-N). In order to specify the various function and protection targets for 
water environmental management, the Yitong River was divided into nine function zones. Table 1 
shows the detailed description of the functions’ division and the corresponding quality targets. Zones 
1–5 are marked as the upstream, 6 and 7 as the midstream, and 8 and 9 are labeled as the downstream 
areas. Figure 1 shows the geographical position and details of function zones of the Yitong River. 
From the view of pollutant emission, the amounts of COD discharged into the river were 1838 tons 
upstream, 742 tons midstream, and 9070 tons downstream in 2014, in which the emission amounts 
from non-point sources were 1347, 740, and 3590 tons in the upstream, midstream, and downstream, 
respectively; for NH3-N, the total discharge amounts in the upstream, midstream, and downstream 
were 263, 95, and 984 tons, and the emission amounts from non-point sources were 57, 19, and 109 
tons in the upstream, midstream, and downstream, respectively, which were far beyond the carrying 
capacity. In recent years, measures, such as control of the total emission amount, wastewater 
treatment improvement, and sewage interception have been implemented.  
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Figure 1. The geographical position and function zones of the Yitong River. 

Table 1. Water functional zones in the Yitong River. (COD = chemical oxygen demand, NH3-N = 
ammonia nitrogen). 

Zones Functions Length(km) 
Quality Targets (mg/L) 

COD NH3-N 
1 Springhead protection area 22.80 15.00 0.50 
2 Agricultural water area 29.00 20.00 1.00 
3 National nature protection area 50.30 20.00 1.00 
4 Agriculture and fishery water area 15.00 20.00 1.00 
5 Drinking and fishery water area 11.40 20.00 1.00 
6 Agriculture and fishery water area 12.80 20.00 1.00 
7 Landscape and recreation water area 19.00 20.00 1.00 
8 Agricultural water area 137.20 40.00 2.00 
9 Agricultural water, transition area 45.00 30.00 1.50 

However, water quality has not been significantly improved in the Yitong River. The main 
reasons include the following: (1) due to economic development requirements, the available total 
emission amount still exceeds the carrying capacity, and the amount could not be fairly and 
effectively allocated to each polluter in different water zones; (2) the implemented measures could 
reduce pollutants discharged into the river. Nevertheless, these do little for improving the 
contaminated status. In the Yitong River basin, engineering projects, such as wetlands, ecological 
floating beds, and artificial aeration technology, have been found to effectively reduce pollutants in 
the river and improve the carrying capacity through ecological restoration, all of which affect water 
quality significantly, but are never taken into account with the total amount control.  

Therefore, this study attempts to formulate an optimization model in order to deal with these 
questions: (1) how do were flect the carrying capacity improvements together in the total amount 
controlled in the Yitong River basin; and (2) how do we allocate the total amount to various polluters 
under the improved carrying capacity of the water function zones. Figure 2 presents the general 
framework of the TSP model for integrated engineering technologies and waste load allocation 
management in the Yitong River basin. 
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Figure 2. Framework of the two-stage stochastic programming model. 

3. Model Formulation 

In this study, we consider a one-year programming horizon, with three periods: the wet season 
(June, July, August, and September), the normal season (October, November, April, and May), and 
the dry season (December, January, February, and March), with three different flow levels (low, 
medium, and high). The carrying capacity changes in each season, and the engineering 
improvements have different applicability in different water function zones, and cause a necessary 
adjustment of the initial allocation of pollutants. The proposed TSP method is considered suitable for 
such a problem, and the two-stage stochastic programming model for integrated engineering 
technologies and waste load allocation management in the Yitong River can be formulated as follows: 
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(3) Constraints for water resource projects: 

 il il ilEQ MS Y
 

(12) 
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(4) Constraints for regional industry development: 
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(5) River ecological development requirements: 
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(6) Technology constraints: 

 , , 0, , , , , ,ijrt ijrth ilW Q EQ i j r t h l
 

(17) 

where f is the total expected system benefit over the planning year(RMB); h denotes various runoff 
levels in every period (h = 1, 2, 3 for low, medium, and high levels, respectively);i is the water function 
zone, j denotes the production departments (j = 1 for industry, j = 2 for municipal industry, j = 3 for 
livestock breeding, and j = 4 for agriculture, respectively); l is the engineering for carrying capacity 
improvement (Engineering 1–7 are wetland, ecological floating bed, conservation forest, pre-tank 
construction, ecological corridor, artificial aeration, and dredging engineering, respectively);r is the 
water pollutant (r = 1 for COD, r = 2 for NH3-N);t denotes different periods in the planning horizon 
(t = 1 for the wet season, t = 2 for the normal season and t = 3 for the dry season).The detailed 
nomenclatures for the variables and parameters of are described as follows: irC  = section 

concentration of pollutant r in zone i(mg/L); jrCD  = reduction of net benefit to department j per unit 

of pollutant r not delivered (104 RMB/kg); irCS  = standard concentration of pollutant r in zone 

i(mg/L); ilEC  = cost of engineering l in zone i(104 RMB/unit); ilrtEE = improving amount of carrying 
capacity for pollutant r by engineering l in zone i during period t (tons);  

ilEQ  = quantities of engineering l in zone i; rk  = fall coefficient of pollutant r (d-1); jrlr  = river load 

ratio of pollutant r from department j; irthM  = carrying capacity of pollutant r in zone i during period 

t under scenario h; jrNB  = emissions benefit of pollutant r from department j (104 RMB/kg); thp  = 

occurrence probability of scenario h in period t; ijrthQ  = allocation reduction of pollutant r for 

department j during period t in zone i under scenario h (tons); itQD  = sewage flows in zone i during 

period t (m3/s); ithQR  = runoff in zone i during period t under scenario h (m3/s); iv  = flow velocity in 

zone i (m/s); ijrtW  = pre-allocation of pollutant r for department j during period t in  

zone i (tons); ix  = length of function zone i (km). 
The objective is to maximize the total system benefit in the river basin, which includes the related 

benefit from various production departments under the planned permitted pollutant emission, the 
penalties when the permitted allocation is not delivered, and the cost of improvement engineering. 
The constraints are for the relationships between decision values and water quality requirements, 
including the regional total amount controlled, water carrying capacity, ecological engineering, and 
so on. Table 2 shows the stream flow levels of water zones in different periods, which were obtained 
from the latest 20 years of hydrological data of the river. The fall coefficients of each pollutant (COD 
and NH3-N) are 0.165 d−1 and 0.065 d−1, respectively. 

Table 2. Stream flows of the Yitong River in the three periods. 

 Periods 
Levels

h = 1(L) h = 2(M) h = 3(H) 
Probability 

 
t = 1 0.25 0.50 0.25 
t = 2 0.25 0.25 0.50 
t = 3 0.50 0.25 0.25 

Steam flows (m3/s) 

i = 1 
t = 1 0.30 0.60 1.40 
t = 2 0.10 0.15 0.20 
t = 3 0.03 0.07 0.16 
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i = 2 
t = 1 0.30 0.60 1.40 
t = 2 0.10 0.15 0.20 
t = 3 0.03 0.07 0.16 

i = 3 
t = 1 0.30 0.60 1.40 
t = 2 0.10 0.15 0.20 
t = 3 0.03 0.07 0.16 

i = 4 
t = 1 0.55 0.85 1.65 
t = 2 0.35 0.40 0.45 
t = 3 0.28 0.32 0.41 

i = 5 
t = 1 0.001 0.001 0.001 
t = 2 0.001 0.001 0.001 
t = 3 0.001 0.001 0.001 

i = 6 
t = 1 0.02 0.04 0.08 
t = 2 0.02 0.04 0.08 
t = 3 0.02 0.04 0.08 

i = 7 
t = 1 0.02 0.04 0.08 
t = 2 0.02 0.04 0.08 
t = 3 0.02 0.04 0.08 

i = 8 
t = 1 0.50 0.70 0.90 
t = 2 0.35 0.40 0.50 
t = 3 0.10 0.15 0.20 

i = 9 
t = 1 4.00 4.30 4.70 
t = 2 3.80 3.85 4.00 
t = 3 3.70 3.75 3.80 

4. Results Analysis and Discussion 

4.1. Carrying Capacity Analysis 

Figure 3 shows the carrying capacities of COD and NH3-N in the Yitong River. This indicates 
that the carrying capacity of each pollutant is obviously different in the nine function zones. For 
example, in the wet season under the high flow level, the available capacities for COD in the upstream 
increase gradually from Zone 1 to 3, with values of 132.76, 221.49, and 421.06 tons, respectively, 
whereas it suddenly decreases to 99.98 tons in Zone 4. The main reason is that, from Zone 1 to 2, COD 
capacity is mainly influenced by the river length with a positive correlation relationship; in Zone 3, 
it is affected by runoff, which is apparently increased by discharging municipal sewage; and in Zone 
4, the shorter flowing distance leads to a lower capacity. In the midstream, there is nearly no natural 
runoff caused by the upper reservoir closure and lower retaining dam. Thus, the COD capacity in 
Zone 6 is only 6.92 tons, and the difference is that there is a larger amount supplemented from the 
water plant for the landscape system in Zone 7, and the capacity significantly increases to 502.20 tons. 
It is obvious that the COD carrying capacity is mainly concentrated in the downstream, accounting 
for more than 72% of the total available amount, especially in Zone 8; the amount is about 63% of the 
total capacity. The main reasons include high natural runoff, a lower quality target, and vast water 
drainage of tributaries and sewage plants in Zone 8. In addition, due to a higher quality target than 
the transition area, the capacity in Zone 9 decreases to 725.13 from 3549.38 tons. With a similar trend, 
the carrying capacities of NH3-N of the river are 3.98, 9.84, 9.22, 1.96, 0.01, 0.14, 19.76, 93.80, and 13.20 
tons in Zone 1 to 9, respectively, in the wet season under the high flow level. The concentration 
standards from Zone 1 to 2 increase from 0.5 to 1.0 mg/L, and that leads to an obvious increase of 
carrying capacity in Zone 2.  

In different periods, the carrying capacities of the pollutants decrease gradually from  
Period 1 to 3. For example, the total capacities of COD are 166.80, 119.48, and 102.07 tons, and the 
available NH3-Namounts are 4.60, 3.76, and 3.43 tons in Zone 3 from Period 1 to 3, respectively. 
Moreover, as the inflow level increases, the pollutant capacity increases. For example, in Zone 3 
during Period 1, the total capacities of COD are 166.80, 237.78, and 427.06 tons, under low, medium, 
and high levels, respectively. The available NH3-Namounts are 4.60, 5.86, and 9.22 tons under low, 
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medium, and high levels, respectively. However, due to significantly more drainage water than the 
runoff in Zone 7, the COD capacities are 493.85, 493.85, and 489.80 tons from Period 1 to 3, under the 
low level, respectively; and in Period 1, the amounts are 493.85, 496.63, and 502.20 tons, under low, 
medium, and high levels, respectively, showing slight changes with different periods and flow levels. 
These demonstrate that the stream flow is of great significance for pollutant carrying capacity. 

 
Figure 3. Environmental carrying capacities of chemical oxygen demand (COD) and NH3-N in the 
Yitong River. 

4.2. Pollutant Allocation 

Table 3 shows the pre-allocation of pollutants for different departments during the planning 
period, which were derived from the regional pollution census in 2015 and the emission reduction 
requirement from the latest development plan. This reveals that sustainable development for the 
long-run should be on the basis of water environmental carrying capacity. For example, in Period 1, 
the pre-allocated emissions of COD into the river are 26.11, 783.42, 1522.30, 1149.90, 0, 960.57, 467.09, 
5633.33, and 3468.13 tons in Zones 1 to 9, respectively. For different pollution departments, obviously 
in Zone 5 there are no pollutant emissions allowed due to its significant function as a municipal 
drinking water reservoir. In Zone 1, as the springhead of the river, with only a few villages, there 
were no pollutants discharged from industry and the municipality. Pollutants from industry and the 
municipality were mainly allocated in Zones 3, 7, 8, and 9, in which areas there were municipal 
sewage drains. The main reason is that in the Yitong River basin, industrial wastewater is not allowed 
to be discharged directly into the river, and after pretreatments it should be discharged into the 
municipal sewage plant for further treatment.  
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In addition, pollutant allocation amounts are decreased gradually from Period 1 to 3.For 
example, in Zone 3, the COD allocations to industry are 187.23, 163.82, and 117.02 tons from 
Period 1 to 3, respectively, and NH3-N amounts are 22.39, 19.59, and 13.99 tons; for the municipality, 
the COD amounts are 683.10, 609.25, and 553.86 tons, and NH3-N amounts are 77.78, 69.37, and 63.06 
tons. For livestock breeding, the COD amounts are146.34, 130.08, and 0.00 tons, and NH3-N amounts 
are 5.05, 4.49, and 0.00 tons, whereas, due to the fact that agricultural irrigation and fertilization 
mainly appears in Period 2, the COD allocations to agriculture are505.63 tons, 632.04 tons, and 0.00 
tons, and NH3-N amounts are 18.50, 23.12, and 0.00 tons, showing the maximum pollutant allocation 
in Period 2.  

Table 3. Pre-allocation of the pollutants for different departments. 

Zones Periods 
Pre-Allocation of the Pollutants (tons)

Industry Municipal Livestock Breeding Agriculture 
  COD NH3-N COD NH3-N COD NH3-N COD NH3-N 

i = 1 
t = 1 0.00 0.00 0.00 0.00 5.05 0.17 21.07 0.77 
t = 2 0.00 0.00 0.00 0.00 4.49 0.15 26.33 0.96 
t = 3 0.00 0.00 0.00 0.00 1.68 0.06 5.27 0.19 

i = 2 
t = 1 0.00 0.00 0.00 0.00 151.39 5.22 632.04 23.12 
t = 2 0.00 0.00 0.00 0.00 134.57 4.64 790.05 28.90 
t = 3 0.00 0.00 0.00 0.00 50.46 1.74 158.01 5.78 

i = 3 
t = 1 187.23 22.39 683.10 77.78 146.34 5.05 505.63 18.50 
t = 2 163.82 19.59 609.25 69.37 130.08 4.49 632.04 23.12 
t = 3 117.02 13.99 553.86 63.06 0.00 0.00 0.00 0.00 

i = 4 
t = 1 0.00 0.00 0.00 0.00 201.85 6.96 948.06 34.68 
t = 2 0.00 0.00 0.00 0.00 179.42 6.19 1185.07 43.36 
t = 3 0.00 0.00 0.00 0.00 67.28 2.32 237.01 8.67 

i = 5 
t = 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
t = 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
t = 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

i = 6 
t = 1 0.00 0.00 0.00 0.00 189.22 6.52 771.35 28.22 
t = 2 0.00 0.00 0.00 0.00 168.19 5.80 964.19 35.28 
t = 3 0.00 0.00 0.00 0.00 63.07 2.17 192.84 7.06 

i = 7 
t = 1 83.93 10.04 383.16 43.63 0.00 0.00 0.00 0.00 
t = 2 73.44 8.78 369.95 42.12 0.00 0.00 0.00 0.00 
t = 3 52.46 6.27 310.67 35.37 0.00 0.00 0.00 0.00 

i = 8 
t = 1 519.43 62.11 2028.78 231.00 651.30 22.46 2433.82 89.04 
t = 2 454.50 54.34 1809.45 206.03 578.94 19.96 3042.27 111.30 
t = 3 324.64 38.82 1644.96 187.30 217.10 7.49 608.45 22.26 

i = 9 
t = 1 173.14 20.70 869.48 99.00 434.20 14.97 1991.31 72.85 
t = 2 151.50 18.11 775.48 88.30 385.96 13.31 2489.13 91.07 
t = 3 108.21 12.94 704.98 80.27 144.73 4.99 497.83 18.21 

Figures 4–6 show the two-stage allocation amounts of COD and NH3-N in different periods. 
These indicate that contributions of pollution departments for the two pollutants in each function 
zone are different. For example, in Zone 8, the contribution order for COD is agriculture, municipal, 
livestock breeding, and industry, whereas, for NH3-N, it is municipal, agriculture, industry, and 
livestock breeding, and due to different regional industrial structures, in Zone 3, the orders are 
municipal, agriculture, industry, and livestock breeding for COD, and municipal, industry, 
agriculture, and livestock breeding for NH3-N.  
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Additionally, these figures show a two-stage reduction compared to the pre-allocations. 
Reductions mainly appear in periods with low stream flow or under the lower flow level, and the 
reduction amounts increase as the flow levels decline. For example, in Period 1, only in Zone 7 are 
there reductions of NH3-N for the municipal department, with amounts of 17.01, 16.96, and 16.85 tons 
under low, medium, and high levels, respectively; in Period 2, reductions appear in more areas, such 
as in Zones 7 and 9. In Zone 7, the amounts are18.39, 18.34, and18.23 tons of NH3-N for the municipal 
department under low, medium, and high levels, and in Zone 9, the amounts are 52.46, 39.61, and 
10.34 tons of COD for livestock breeding under low, medium, and high levels. In Period 3, reductions 
appear in more zones and pollution departments, such as in Zone 3, the reductions are 170.46, 161.07, 
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Figure 6. Allocation amounts of the controlled pollutants in Period 3. 
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Figure 7. Environmental carrying capacities and pollutants into the Yitong River under the low flow 
level. 
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Figure 8. Environmental carrying capacities and pollutants into the Yitong River under the medium 
flow level. 

 
Figure 9. Environmental carrying capacities and pollutants into the Yitong River under the high flow 
level. 
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5. Conclusions 

In this study, a TSP model was developed for supporting waste load allocations of COD and 
NH3-N, for different pollution departments, which have to be constrained by the regional total 
amount controlled and improved water carrying capacity. In the Yitong River, with different 
probabilities of stream flow levels in each period, carrying capacity shows an obvious positive 
correlation with stream flows. A water quality simulation model was provided for reflecting the 
relationship between the waste load allocation, carrying capacity, and implementation of ecological 
restoration engineering. Allocation amounts depend on the type of pollutant, pollution departments, 
and carrying capacity improvement through ecological restoration engineering. With different 
applicability and efficiency, engineering selections are different in each of the function zones of the 
Yitong River for the purpose of meeting different improvement requirements of COD and NH3-N 
simultaneously. The results of the waste load allocation could be used for guiding and providing a 
basis for regional development and a discharge permit system for different departments. 

This study is an attempt to plan a waste load allocation system through the TSP approach, firstly 
considering the total reduction amount together with improvements of the water environmental 
carrying capacity, and the results suggest this idea is applicable to water environmental quality 
management. However, compared with other studies, there is still much room for improvement in 
the proposed model. This model does not consider the uncertainties in practical water management, 
such as hydrodynamic conditions, coefficients of producing and emitting pollutants, and improving 
efficiency, which would unavoidably bring errors to the system. In addition, the selection of 
ecological restoration engineering is of significant complexity under such uncertainties. Further 
studies are desired to mitigate these limitations. 
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