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Abstract: The issue of water pollution in river basins poses a serious threat to the economic develop-
ment of upstream and downstream regions. We have compared the water pollution control inputs
and benefits of upstream and downstream governments under different management scenarios:
non-cooperation, cooperation, and basin agency-led cooperation. The results show that the basin
agency-led cooperation has achieved remarkable results, significantly reducing water pollution emis-
sions, increasing input in treatment, and thereby maximizing the overall benefits of the basin. As the
cost of water pollution damage rises, while the initial increase in water pollution control investment
may temporarily compress the total basin income, the improvement in water quality eventually leads
to a rebound in total benefit, highlighting the critical role of collaborative governance and basin-level
management. The study emphasizes that establishing a collaborative governance system for river
basins is crucial. It can facilitate close cooperation and resource sharing between upstream and
downstream regions, optimizing water pollution control efforts and promoting sustainable economic
development within the basin.
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1. Introduction

With the rapid development of industrialization, urbanization and transport, the
problem of pollution in basins has become increasingly serious [1]. Water is a fundamental
natural resource necessary for the survival and development of human societies, and water
scarcity can greatly threaten the process of sustainable development in all countries [2].
The externalities and non-exclusivity of the basin environment as a public good have
led to the emergence of the “tragedy of the commons” [3,4]. Some local governments
have adopted “free rider” behaviors, shifting water pollution problems to other regions,
choosing not to bear or bear less responsibility for water pollution control, relying on
the efforts of other entities to maximize their own interests, increasing the environmental
burden and posing a potential threat to the global ecosystem [5]. With China’s increasing
attention to ecological environment, the State Council has proposed a new direction for the
governance of river pollution, namely the principle of beneficiary pays. In order to enhance
environmental quality and social welfare, local governments have implemented various
environmental policies, such as emission taxes and increased input in water pollution
control, to effectively regulate and reduce water pollution occurrence and spread [6,7]. The
control of watershed water pollution is primarily government-oriented, relying on policies
such as government environmental investment policies, command-and-control policies,
and ecological compensation policies [8]. Cross-border water pollution management faces
challenges, and there is a need to balance the costs and benefits between different regions
to ensure that management is comprehensive and sustainable [9].

For research on water pollution control, Lu and Yu [10] investigated the pollutant emis-
sions and regional pollution sources in cross-border river basins, analyzed their spatiotem-
poral characteristics, and established a comprehensive predictive model. El Ouardighi,
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et al. [11] used a non-cooperation two-stage game model to study the trade-off between
double marginalization on pollution discharge and abatement efforts. Guo and Duan [12]
used a computer-based simulation system to ascertain the scope of environmental harm
resulting from water pollution events. Furthermore, its scientific reliability was corrob-
orated through practical instances. Regional cooperation has become a popular means
of managing shared resources and resolving cross-jurisdictional boundary issues. Jing,
et al. [13] evaluated the effectiveness of China’s cross-border water pollution joint gov-
ernance policy and emphasized the importance of cooperation between upstream and
downstream regions. Jiang, et al. [14] analyzed the cross-border pollution control problem
using a stochastic differential game model, and the results showed that cross-regional
cooperation is more effective than non-cooperation in solving environmental challenges.
Benchekroun and Martin-Herran [15] investigated the impact of the relationship between
emissions and future pollution levels in the cross-border pollution game.

In terms of formulating environmental policies, Bellver-Domingo, et al. [16] argued
that ecological compensation can internalize the socio-economic and environmental costs of
implementing policies. Jiang and You [17] established a horizontal ecological compensation
mechanism to balance the losses in cross-border governance cooperation through local
compensation-based and central financial support. Hao, et al. [18] proposed a method
for calculating ecological compensation standards for cross-border river basins based on
water allocation and water quality control objectives. Li [19,20] found the non-cooperation
and cooperation optimal emission paths for two regions by considering emission permit
trading using optimal control theory. Huang [21] evaluated the effectiveness of combining
pollution taxes with pollution control in basin environmental management and highlighted
the importance of cooperation between upstream and downstream regions in addressing
cross-border water pollution, shedding light on the dynamic changes in environmental
and social welfare under pollution governance cooperation and ecological compensation
mechanisms. Chang, et al. [22] considered learning by doing in addition to the existing
framework. Zhao, et al. [23] proposed a transfer tax model that considers the geographic
structure of the basin, reducing the cost of pollution abatement across the basin by deter-
mining the optimal transfer tax rate. Song and Wu [24] devised a game model to study
stochastic water quality variations. It integrates “water quality currency” transactions by
pollution control firms, examining their interplay with pollution control efforts. Sheng and
Webber [25] examined the influence of local actors in cross-border water pollution control
and proposed incentive coordination as an effective solution that can contribute to water
quality improvement. Kolaolusanya, et al. [26] found that most people were aware of water
pollution and prevention strategies, but had poor attitudes toward water conservation. Jia,
et al. [27] evaluated pollution control issues concerning neighboring local governments
and the central government and found that subsidies from the central government can
incentivize local governments to actively address pollution.

These studies have taken into account a variety of approaches, including regional
cooperation, ecological compensation, optimal control theory, transfer tax modeling and
new trading mechanisms, and have provided extensive theoretical support and policy rec-
ommendations for solving cross-border water pollution problems. In the realm of research
on cross-border water pollution governance, scholars tend to concentrate on either a single
management strategy or an isolated analysis of cooperation and non-cooperation mecha-
nisms between regions. However, few studies have comprehensively and systematically
examined the three distinct strategic modes of non-cooperation, cooperation, and basin
agency-led cooperation, while also exploring the introduction of cost-sharing contracts
within the framework of cooperative strategies. Furthermore, given the regional charac-
teristics of water pollution issues, where the discharge of pollutants from upstream areas
inevitably causes environmental damage and economic losses to downstream areas, this
reality necessitates its incorporation into research designs. Therefore, this paper researches
and explores the management mechanisms under different management scenarios. This
paper systematically examines the decision-making of upstream and downstream govern-
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ments under non-cooperation, cooperation and basin agency-led cooperation scenarios,
and provides an in-depth analysis of their optimal inputs and optimal emission strategies
in pollution management, taking the pollution management inputs from basin agencies to
upstream and downstream regional governments as the object of the study. Notably, in the
cooperation scenario, this study also introduces the concept of cost-sharing contracts to
promote cooperation between upstream and downstream in pollution management.

The rest of the paper is organized as follows: in Section 2, the notation and basic
assumptions of the model are constructed. In Section 3, the models are constructed for
decision-making under the non-cooperation scenario, the cooperation scenario, and the
basin agency-led cooperation scenario, and the optimal pollution emissions and pollution
control inputs are obtained. Section 4 compares and analyzes the pollution control strategies
under different scenarios, and further examines the emission reduction input efficiency
and damage cost against the optimal strategy through the arithmetic example subsection.
Finally, Section 5 summarizes the full paper.

2. Model Notation and Basic Assumptions

This paper investigates the optimal water pollution control inputs and emissions
for upstream local governments (U) and downstream local governments (D) under three
management scenarios. Regional administrations upstream and downstream are rational,
and in order to minimize the environmental damage caused by water pollution, regional
administrations upstream and downstream will invest in water pollution control. Consider
three scenarios of water pollution control: (1) in the non-cooperation scenario, the regional
administrations upstream and downstream carry out water pollution control separately,
independently decide on the input in water pollution control, and pursue their own revenue
maximization; (2) in the cooperation scenario, since upstream local governments will benefit
downstream local governments by treating water pollution in their regions, downstream
regions will incentivize more water pollution control inputs by sharing the cost of water
pollution control inputs in upstream regions through cost-sharing contracts; (3) in the
basin agency-led cooperation scenario, where the upstream and downstream regions make
decisions to maximize the benefits of the basin as a whole. The equilibrium strategies of
regional administrations upstream and downstream under the three scenarios are brought
to the solution analysis. The main notation is illustrated in Table 1.

Table 1. Meaning of model parameters.

Parameter Meaning
. Pollutant emission load from industry in upstream and downstream areas,
! wherei = U, D
I; Upstream and downstream water pollution control inputs, where i = U, D

Cost coefficients of regional administrations upstream and downstream for

i water pollution control, wherei = U, D

o Natural decomposition rate of pollutants

Unit emission reduction input efficiency, which measures the amount of
Mi pollutant emissions that can be reduced per unit of water pollution control
inputs, wherei = U, D

The degree of damage per unit of pollutant suffered by the region, where
i=UD

Assuming that the emissions of pollutants from industrial firms in the basin area
are linearly related to industrial output, the two regions can generate a certain amount
of revenue from industrial production, so that the revenue from industrial output can
be expressed as a function of emissions. Meanwhile, the revenue function is a quadratic
increasing convex function of emissions, indicating that pollutant emissions are taken
when the production yield is maximized, and the regional yield increases with pollutant
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emissions. Drawing on the classical model of Jergensen and Zaccour [28], the revenue
function of the region can be carved out, where the yield factor b; satisfies 0 < ¢; < b;,

(b — e, M)

2 1
The regional administrations upstream and downstream need water pollution control
input costs, such as water pollution control and public environmental protection awareness,
in addition to production activities for basin water pollution control [29,30]. It is assumed
that the regional administrations upstream and downstream water pollution control cost
inputs are C;, wherei = U, D:

q:%m 2

The actual emissions of pollutants in the basin are related to the upstream and down-

stream local government’s input in water pollution control and are also affected by the

natural attenuation rate of pollutants. Assuming that the reduction of pollutants in the

basin is linear in terms of financial inputs, the actual emissions of water pollution R; in the
region i, i = U, D can be expressed as follows:

R; = (1-0)e; — uili, 3)

Assuming that water pollution in a river basin is caused by mixed pollutants, it
primarily exerts a regional impact on both the local area and adjacent regions. Pollutant
emissions cause damage to upstream and downstream regional waters, with damage costs
depending on actual emissions, and assuming that damage costs to the region i, i = U, D
are linear, can be expressed as follows:

2
Di =d;y , | Ry, 4)

Therefore, the objective function under the non-negativity constraint in upstream and
downstream i, i = U, D areas is constructed as follows:

1 i 2
maxWi =€ (bz — 261') — %112 — diZkzl Rk/
st.(l1—0)e; —ul; >0, (5)

3. Model Modeling and Solution Analysis

In order to better investigate the impact of upstream and downstream areas governing
the water basin environment under different management scenarios, this paper exam-
ines and analyzes upstream and downstream government decision-making under a non-
cooperation scenario, a cooperation scenario, and a basin agency-led cooperation scenario.

3.1. Non-Cooperation Scenario

In the non-cooperation scenario, the decision-making processes of regional adminis-
trations upstream and downstream are independent and simultaneous. The objectives of
upstream and downstream governments are to find the optimal water pollution control
input strategies to maximize their respective benefits. W;" denotes the benefits of upstream
and downstream governments in the non-cooperation scenario, and the equilibrium out-
comes of upstream and downstream governments in the non-cooperation scenario are
distinguished by the superscript “N”. Therefore, the profit functions of regional admin-
istrations upstream and downstream under the non-cooperation scenario are given by
the following:

2 2
st.(1—=d)ey — uulu >0, (6)

maquN =ey <bu - 16u) - ﬂ]ﬁ — duRu,
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N _ 1 YD ;2
maxWp" =ep| bp — EeD — 7113 —dp(Ry + Rp),
S.t.(l — (S)ED — ﬂDID 2 0, (7)

Theorem 1. Feedback equilibrium in the non-cooperation scenario:
(1) The optimal solution for pollutant emissions and water pollution control inputs in the
upstream region is as follows:

by —dy(1-9), Eu g Ry>0
(e N I N) _ (U ZU( ) Tu U) u (8)
u s u (—Ly bu (1=d)puby ) Ry=0"
(1=0  yu+pu?’ (1-8) yu-+pu?

(2) The optimal solution for pollutant emissions and water pollution control inputs in the
downstream region is as follows:

(bD*dD(lfé), %dp) Rp >0

( #p*bp (1-8)upbp ) Rp=0 ¢

(eDN/ IDN) =
(1-8)*yp+up?’ (1-8)*yp+up?

Proof of Theorem 1. See Appendix A for proof. [J

Theorem 1 shows that in the non-cooperation scenario, the optimal water pollution
control inputs of upstream and downstream governments are positively correlated with
both the sensitivity coefficient of pollutant emissions to local inputs and the degree of
damage per unit of pollutant suffered by the region. Conversely, the degree of damage
per unit of pollutant suffered by the region is negatively correlated with the emissions
of pollutants, and the water pollution control inputs are negatively correlated with the
coefficient of water pollution control costs. This indicates that upstream and downstream
governments should consider the cost of water pollution control to promote the reduction
of pollutants as well as to bring their own benefits to determine the optimal amount of
water pollution control inputs in the river basin. In the non-cooperation scenario, both
upstream and downstream governments maximize their own benefits without considering
the interests of the basin as a whole.

3.2. Cooperation Scenario

In the cooperation scenario, the downstream local governments share the water pollu-
tion control costs of the upstream local governments in order to incentivize them to increase
their input in water pollution, and thus, further increase their incentives to address water
pollution, with a cost-sharing ratio of a. In this way, the regional administrations upstream
and downstream form a Stackelberg game model in which the downstream government
is the leader, and the downstream government is the follower. W;® denotes the benefit of
region i in the cooperation scenario, and the equilibrium results of each region under the
consideration of cost-sharing decision are distinguished by “S” as a superscript. There-
fore, under the cooperation scenario, the objective functions of regional administrations
upstream and downstream are as follows:

1
WlﬂquS =ey (bu — 2€u) — (1 - &)%Ié — duRu,

S.t.(l - 5)€u —uuly >0, (10)

2 2
S.t.(l — 5)€D — ]ADID >0, (11)

maxWp~ =ep (bD — ;ep> - EI‘% —dp(Ry+Rp) — “ﬂla,
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Theorem 2. Feedback equilibrium in cooperation scenario:
(1) The optimal solution for pollutant emissions and water pollution control inputs in the
upstream region is as follows:

_ _ rudu
s 1.5) = (bu du(1-29), (1*06)%1) Ry >0 (12)
cus tu - ( F‘lz,lbu (1=9)puuby ) RU =0 ’
(1—a)(1=0) " yu+pu?’ (1—a)(1=0) yy+puu?

(2) The optimal solution for pollutant emissions and water pollution control inputs in the
downstream region is as follows:

bp —dp(1—19), £24 R 0
(e0®, 1p°) = (b0 ol ) fpdo) P (13)
D 1D ( UD bp (l*ts)HDbD ) RD —0 7
(1-8)*yp+up?’ (1-8)*yp+up?

(3) The proportion of the downstream region’s share of the water pollution control cost to the
upstream local government is as follows:
dy

Proof of Theorem 2. See Appendix B for proof. U

From Theorem 2, under the cooperation scenario, when the upstream and downstream
regions actually have water pollution emissions, the optimal water pollution control inputs
are positively related to both the sensitivity coefficients of the pollutant emissions to the
local inputs, and the degree of damage per unit of pollutant suffered by the region; whereas
the degree of damage per unit of pollutant suffered by the region is negatively related to
the emissions of pollutants, and the water pollution control inputs are negatively related to
the coefficients of the water pollution control costs. At the same time, the optimal water
pollution control inputs of the upstream region are positively related to the downstream
cost-sharing ratio. The upstream and downstream governments still make decisions based
on their own revenue maximization, but cost sharing from the downstream government to
the upstream government can promote the upstream government’s efforts to increase water
pollution control inputs. The cost-sharing coefficient of downstream regions to upstream
regions is related to the degree of damage per unit of pollutant suffered by upstream and
downstream regions, and downstream governments will share costs with upstream regions
only if they fulfill certain conditions, that is, 2dp > dy;.

3.3. Basin Agency-Led Cooperation Scenario

In the basin agency-led cooperation scenario, regional administrations upstream and
downstream do not only consider their own benefits but also make decisions with the goal
of maximizing the benefits of the basin as a whole. W® denotes the benefit of region i under
the cooperation scenario led by the basin agency, and the equilibrium results of each region
under the cooperation scenario led by the basin agency are distinguished by “C” as the
superscript. The decision-making objective function at this point is as follows:

1 1
maxW¢ = ey <bu - 2€u) +ep <bD - ZED) - 77111%[ — WTDI% — (dy+dp)Ry —dpRp

st.(1—9%8)ey — uyly >0, (1—28)ep — uplp >0, (15)
Theorem 3. Feedback equilibrium in the basin agency-led cooperation scenario. The optimal

solutions for upstream and downstream governments’ pollutant emissions and water pollution
control inputs are as follows:
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(bu = (du +dp) (1 - ), Mulutdod) (b —dp(1-0), 122 Rp >0, Ry >0
) B
{(ew 1), (60, 1) } = (u—a’iz”wfl‘iyuz' (1(—15)3")7}:1Lfﬁu2)’ (b0 —ap(@ “52)' i) - Rp >0, Ry =0 »
(= a1 -0, i), (e gt ) =0, Ry 2o
2 2
<(1*f5];§1751114u2’ (1(*157);5“)7}::f;u2 >' ((1*5];?7?#@2' (19(5;§2YI;TEDZ> Rp =0, Ru =0

Proof of Theorem 3. See Appendix C for proof. []

Theorem 3 shows that, under the cooperation scenario led by the basin agency, when
the upstream and downstream areas actually have water pollution emissions, the optimal
water pollution control inputs are positively related to both the sensitivity coefficients of the
pollutant emissions to the local inputs, and the degree of damages suffered by the area per
unit of pollutant; whereas the degree of damages suffered by the area per unit of pollutant
is negatively related to the emission of pollutants and the coefficient of water pollution
control inputs and water pollution control costs. In this case, upstream and downstream
decision-making not only considers their own benefits, but also takes into account the
interests of the basin as a whole.

In summary, the optimal decisions of upstream and downstream governments under
the non-cooperation scenario, the cooperation scenario, and basin agency-led cooperation
scenario are presented in Table 2.
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Table 2. Optimal decisions under three management scenarios.

Ry>0 Ry=0 Rp>0 Rp=0
ey Iy ey Iy ep Ip ep Ip
i bu —du(1-9) TR = e S i e I A v ST
Cooperation scenario by —du(1—9) (1"7“:;;(1 (1—04)(1]4—%5??711-%%2 (1706;}172})‘%17:;%2 bp —dp(1—9) %dD (17;;?2114132 (1(71;);5,):;[;!751)2
co?)i)sei?a?i%inscge;rlliiio by — (du +dp)(1-9) W % % bp —dp(1-9) %dD (17(5};?;?1141:2 (1(715;5');;[;!7502
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4. Comparative and Simulation Analyses
4.1. Comparative Analysis

After the cooperation scenario, the economic increase of the basin as a whole is
improved compared with the decision under the non-cooperation scenario, and in some
cases, it reaches the level of the decision under the cooperation scenario led by the basin
agency, but the economic increase of each upstream and downstream local government
may not be improved compared with that under the non-cooperation scenario. Here, as an
example of the transition from the non-cooperation scenario to the cooperation scenario,
when water pollution is discharged in the upstream area, the increase in profit for the basin

. S N apy2dy? 2452 . .. .
as a whole is AW = W° — WN = 2(’;‘1 T D, Regional administrations upstream
and downstream negotiate to determine the allocation of the overall economic increase in
this basin in order to achieve a win-win situation.

The optimal solutions under the non-cooperation scenario, the cooperation scenario,
and basin agency-led cooperation scenario are compared and analyzed. The downstream
pollutant discharges under different management scenarios are consistent, indicating that
downstream areas are committed to maintaining water quality and keeping pollutant
discharges stable at certain levels under different management scenarios. The specific
results are presented in Tables 3 and 4. See Appendix D for proof. [

Table 3. Comparison of equilibrium results in three management scenarios.

Comparison Results

Ry>0 Ry=0

Strategy Selection

Comparison between non-cooperation and
cooperation scenarios

eus 7€uN =0
Ius — IUN >0

EUS 7€UN >0
Ius — IUN >0

Comparison between non-cooperation and basin ey© —eyN <0 ey —eyN =0
agency-led cooperation scenarios L -1N >0 Lc-1N=0
Comparison between cooperation and basin ey —ey® <0 ey€ —ey® <0
agency-led cooperation scenarios LC—1,°5>0 015 <0

Table 4. Comparison of profit values in three management scenarios.

Profit Values Comparison Results

Ry>0 Ry=0

Strategy Selection

Comparison between non-cooperation and basin agency-led
cooperation scenarios
Comparison between cooperation and basin agency-led
cooperation scenarios

WE—WN>0 WC—wWN>p

WE—WS>0 WC—_WS=0

Through Tables 3 and 4, we have discovered the following:
i) ey€ <ey® =eyN, Iy > 15 >IN, WE > WS > WN(Ry > 0);
() ey’ >ey€ =eyN, Iy° > Iy¢ = [NWE = WS > WN(Ry = 0).

1.  In cases where upstream areas are actually discharging water pollution, the basin
agency-led cooperation scenario demonstrates remarkable advantages. It not only
effectively reduces the discharge volume from upstream, but also prompts the high-
est level of water pollution control inputs, thereby maximizing the total profit for
both upstream and downstream. This indicates that the cooperation model led by
river basin entities possesses greater efficiency and effectiveness in addressing water
pollution issues.

2. Regardless of whether there is water pollution discharge from upstream, the coopera-
tion scenarios consistently exhibit higher levels of treatment investment and better
overall benefits. Notably, even when upstream areas are not actually discharging
pollutants, the cooperation scenario, though resulting in slightly higher discharge
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volumes compared to the basin agency-led cooperation scenario, also invests more
in water pollution treatment. At this point, the total benefits remain on par and
optimal, underscoring the vital role of cooperation mechanisms in water resource
protection. This also suggests that downstream governments are willing to share the
cost of upstream governments” water pollution control inputs, as they are aware of
the benefits that upstream governments” water pollution control can bring to them.

3. In the non-cooperative scenario, emissions, treatment investments, and total revenues
are all the worst. This reaffirms the significance of cooperation and coordination in
addressing cross-regional water pollution problems.

4.2. Simulation Analysis

After analyzing the equilibrium strategies for water pollution control under three sce-
narios, some conclusions could not be clearly presented due to the complexity of scenarios.
This section employs MATLAB software as an analytical tool to verify the calculation results
of water pollution in the river basin under different scenarios through practical examples.
A sensitivity analysis is conducted on the optimal strategies of local governments and
their influencing factors, aiming to gain more insightful understanding. Drawing reference
from relevant data in the Three Gorges Reservoir Region of the Yangtze River Basin, where
water pollution control is jointly undertaken by the river basin management authority and
the upstream and downstream local governments, model parameters are assigned values
under this context as follows:

bu = 30, bD = 40, Yu = 0.6, YD = 0.4, Hu = Up = 0.2, du =2, dD =3,6=0.1, a =0.25.

By substituting each parameter into the analytical equation in the previous section,
the decision-making and benefits of the upstream and downstream regional governments
can be obtained, as well as the profit situation.

Based on the comparative analysis, as well as the assignment of parameters, the impact
of changes in emission reduction input efficiency on pollutant control inputs, as well as
profits in the upstream areas under three management scenarios is analyzed, as shown in
Figures 1 and 2.

60 T T T T T
non-cooperation
cooperation

50 | agency-led cooperation |

»
o
T

1

pollution control input
N w
o o
.
.

10

0.2 0.3 0.4 0.5 0.6 0.7 0.8
emission reduction input efficiency

Figure 1. Impact of emission reduction input efficiency on water pollution control inputs in upstream
areas under three management scenarios.
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1055 cooperation .
agency-led cooperation

1050 1

1045 1

1040

profit

1035

1030

1025

1020

L L

1015 * : !
0.2 0.3 0.4 0.5 0.6 0.7 0.8

emission reduction input efficiency

Figure 2. Impact of emission reduction input efficiency on the total profits of the three management
scenarios.

As can be seen in Figures 1 and 2, water pollution control inputs and total basin
revenues under the non-cooperation scenario, the cooperation scenario, and the basin
agency-led cooperation scenario all rise as emission reduction efficiency increases. The
water pollution control inputs and total basin revenues under the cooperation scenario led
by the basin agency are the highest, followed by water pollution control inputs and total
basin revenues under the cooperation scenario, and the lowest are water pollution control
inputs and total basin revenues under the non-cooperation scenario. The results indicate
that improving abatement efficiency contributes to increased water pollution control inputs
and total basin revenues. In the cooperation scenario led by the basin agency, both water
pollution inputs and total basin revenues are at the highest level because the basin agency
is able to coordinate the interests of all parties, integrate resources, and promote the joint
management of the water pollution problem. In contrast, in the cooperation scenario,
although the parties may coordinate their actions, the lack of a central steering body may
result in lower water pollution inputs and lower total basin revenues than in the cooperation
scenario led by the basin agency. In contrast, in the non-cooperation scenario, parties tend
to put their own interests first, resulting in relatively low water pollution control inputs
and total basin revenues. These results highlight the importance of basin-level governance
mechanisms and suggest that synergies and basin-level governance mechanisms need to
be taken into account to achieve optimal levels of water pollution inputs and total basin
revenues when managing water pollution problems.

Water pollution discharges not only cause damage to local ecosystems, water resources
and environmental quality, but may also affect upstream and downstream areas, leading to
economic losses and social problems. Analyzing damage costs can help decision-makers
better understand the severity of the water pollution problem and the extent of its impacts,
so the impacts of damage costs on water pollution control inputs and total basin revenues
are analyzed for the three management scenarios, as shown in Figures 3 and 4.
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30 T T T T T T T T T T
non-cooperation
cooperation
agency-led cooperation

25 1

pollution control input

1 1 1 1 1 1 L 1 L 1

15 20 25 30 35 40 45 50 55 60
damage cost

Figure 3. Impact of damage costs on water pollution control inputs of the three management
scenarios.
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agency-led cooperation
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1200
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1100

1000

900

800

700 1 1 1 1 1 1
10 20 30 40 50 60

damage cost

Figure 4. Impact of damage costs on total basin profits of the three management scenarios.

As can be seen in Figure 3, as damage costs increase, water pollution control inputs
increase in the non-cooperation scenario, the cooperation scenario and the basin agency-led
cooperation scenario. The highest inputs occur in the cooperation scenario, followed by the
basin agency-led cooperation scenario, and lowest in the non-cooperation scenario. The
results show that water pollution inputs increased in all scenarios as the cost of damages
increased, suggesting that parties are more willing to invest more resources in combating
water pollution problems in the face of more severe environmental damages. In the
cooperation scenario, the parties work together and integrate resources, so they can achieve
more efficient water pollution control inputs and better water pollution control results.

As can be seen in Figure 4, as the cost of damages increases, the overall basin revenue
decreases and then increases for the non-cooperation scenario, the cooperation scenario,
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and the basin agency-led cooperation scenario. Overall basin revenues are the highest in the
basin agency-led cooperation scenario, followed by the cooperation scenario, and lowest in
the non-cooperation scenario. The results suggest that overall basin revenues may decline
first in the face of higher impairment costs, due to the fact that increased costs of water
pollution control inputs may have some negative impact on economic activity within the
basin. However, to a certain extent, environmental quality may improve as water pollution
control inputs increase, thereby increasing the sustainability and effectiveness of economic
activities within the basin, which in turn leads to an increase in overall basin benefits. In a
cooperation scenario led by the basin agency, the overall basin benefits can be maximized
due to organized cooperation and coordination of resources, as all parties are able to
address environmental challenges more effectively, achieving optimal governance effects
and economic benefits. As the downstream local governments share the upstream local
governments’ water pollution control and emission reduction costs under the cooperation
scenario, the upstream local governments will be motivated to control water pollution and
emission reduction, resulting in the improvement of the basin’s ecological environment.

5. Conclusions and Implications

This paper investigates the collaboration between upstream local governments and
downstream local governments in the management of cross-border water pollution, taking
into account the cost of water pollution control inputs, the natural attenuation rate of
pollutants, the emission reduction input efficiency, and damage costs on regional profits.
The equilibrium values of the three strategies are solved by establishing the non-cooperation
scenario, the cooperation scenario, and the basin agency-led cooperation, and a comparative
analysis is conducted. The results of the study show that the model is stable and reliable,
and the conclusions obtained have a certain degree of credibility.

5.1. Conclusions

(1) The balanced results comparing the three management scenarios indicate that, when
the upstream region actually discharges water pollution, the scenario led by the river
basin authority results in the lowest upstream emissions, the highest investment
in water pollution treatment, and the highest total benefit for both upstream and
downstream regions. Therefore, the cooperation strategy under the leadership of the
river basin authority is optimal.

(2) Improving abatement efficiency helps increase water pollution control inputs and
total basin revenues. This highlights the importance of basin governance mechanisms
and emphasizes the key role of synergies and basin management in addressing water
pollution.

(3) As damage costs increased, water pollution control inputs increased in all scenarios,
with the highest total revenues in the basin agency-led cooperation scenario, followed
by the cooperation scenario and the lowest in the non-cooperation scenario.

5.2. Implication

(1) The governments of upstream and downstream regions should actively promote the
establishment and development of cross-border cooperation mechanisms to facilitate
the coordination and integration of water pollution management inputs. Basin-based
cooperation platforms or institutions should be established to promote the joint
participation of all parties in water pollution management and the sharing of costs
and benefits.

(2) Through cooperation, all parties can optimize the allocation of resources and improve
the efficiency of water pollution control inputs. The government and enterprises
should rationalize the allocation of resources according to the actual situation and
focus on supporting the research and development and application of water pollution
control technologies to improve the effectiveness of water pollution control.
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(3) Recognize the importance of the cost of environmental damage to enterprises and
society, and take measures to strengthen environmental monitoring and assessment,
establish an environmental protection fund and promote green technological inno-
vation, thereby reducing the social cost of water pollution control and realizing a
win-win situation in terms of both economic and social benefits.

The non-cooperation scenario decision-making under the cooperation scenario, as
designed in this paper, can lead to the overall gain of the basin, but when there is water
pollution discharge upstream, it does not reach the optimal level of gain achieved through
the basin agency-led decision-making under the cooperation scenario. Further design
of other contractual mechanisms to achieve the ideal situation is the direction of further
research in the future.
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Appendix A
Proof of Theorem 1: The Lagrange function for the upstream region is as follows:

l/)u(Eu, Iu, )Lu) =ey (bu — %ELI) — ’YTUI%[ — duRu + )\u[(l — 5)€u — “uulu], (Al)
Ay >0, (1 — (S)E’U —uuly >0, /\u[(l — 5)€u — Villl] =0

Ay is the Lagrange multiplier, which is shown by performing the solution as follows:

az’biu:bu*Eu*du(l*CS)‘I»)\u(lf(S)IO, (A2)

ae‘u

d
% = —yulu + pu(du —Au) =0, (A3)
u

resulting in the following:
ey =by—du(l—290)+Ay(1-9), (A4)
Iy =By — Ay), (A5)

Tu

When Ay =0, Ry = (1 —98)ey — pyly > 0, we can obtain the following:
eu =by —du(1-9), Iy = Jdy

When Ay; > 0, Ry = (1 —96)ey — pyly = 0, we can obtain the following:
Ay =dy — (1=0)yubu e — #uby _ _(1=0)puby

u= u=
(1-6)*yu+puu?’ (1-8)*yu+pu?’ (1-6)*yu+uu?
Proof of downstream areas as above. [J
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Appendix B

Proof of Theorem 2: According to the inverse solution method, the equilibrium results for
the upstream area should be solved first.
The Lagrange function for the upstream region is as follows:

ljJu(ell, Iu, )\u) =ey (bu — %eu) — (1 — DC)’YTUI%I — duRu + )\u[(l — 5)611 — ,”LIILI]/
Ay >0, (1 — 5)611 — ‘Z/lqu >0, )Lu[(l — 5)(3” — “l/lulu] =0, (A6)

Ay is the Lagrange multiplier, which is shown by performing the solution as follows:

E;lpiuZbu—€u—du(1—5)+)\u(l_5):0' (A7)
eu
d
%LLII = - —a)yulu+puldu —Au) =0, (A8)

When Ay =0, Ry = (1 —96)ey — pyly > 0, we can obtain the following:
ey :bU —du(l —5), IU = Hudu

(I-a)yu
When Ay > 0, Ry = (1 —90)ey; — puly = 0, we can obtain the following:
_ Kbu I = (1=9)pubu A =di — (1-2)(1-6)yubu
S T R T ot S (I R ot

The Lagrange function for the downstream region is as follows:
l/JD(ED, Ip, Dé,/\D) =ép (bD — %ED) — 77[)[%) — dD(Ru + RD) — ‘X’YTUILZI + )\D[(l
—d)ep — upIp]

)\D 2 0, (1 — 5)€D - ]/lDID Z 0, RD = [(1 - 5)€D — }lDID} = 0, (A9)
Ap is the Lagrange multiplier, which is shown by performing the solution as follows:

alPD

7:bD—ep—dD(1—§)—|-/\D(1—5):O, (A10)
a(i‘D
J
WD _ o Ip + up(dp — Ap) =0, (A11)
dlp

When Ap =0, Rp = (1 —d)ep — uplp > 0, we can obtain the following:

d 1-6) 2
ep = bp —dp(1—0), Ip = 2% Rpy = (1 §)b, — L2000 g,
When Ap >20, Rp = (1 —0)ep — upIp = 0, we can obtain the following:

#p“bp _ _(A=9upbp 5 _ g _(1=0)1pbp
(1=0)"rp+up2” P T (=) rprup?’ P T P T (=5 p+up?
When the upstream area emits water pollution, substituting the optimal solution for the

upstream area into the benefit function for the downstream area, we obtain the following:

2 2
Wp® = Jbp? + =2 WDE?,;WD%DZ — (1 =6)dpbp — (1 - 6)dpby + (1_“)((11:?)775+w2

€D

Zd 2
drdir — Xpu—au
PR S a)y

This is obtained by taking the first order derivative of « and making the first order
derivative equal to zero:
owp® _ 201-) udpdy—(1-a)p’dy® _
du 2(1-a)*yy B
It can be obtained that «x = 1 — 2’%, ie,2dp —dy >00

Appendix C

Proof of Theorem 3: The Lagrange function is as follows:
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Y(eu, Iu, ep, Ip, M, A2) = ep (bD - %ED) — W2 — 1212 — (dy+dp)Ry — dpRp +
Aul(1 = d)ey — pulu] +Ap(1 —6)ep — ppIp

Ai 20, (1—=0)e; — uil; >0, Ai[(1—6)e; — uil;] =0, (A12)

Au, Ap is the Lagrange multiplier, which is shown by performing the solution:

8861,0 =by—ey—(dy+dp)(1—38)+A(1-6)=0, (A13)
u
al:bD—ED—dD(l—(S)—‘r)\Z(l—(S):0, (A14)
aé‘D
d
7811/) = —yulu + pu(du — M) =0, (A15)
u
0
2V — o + pp(dp — A2) =0, (A16)
D

When A = A, =0,Ry = (1 —(S)EU —uyly >0, Rp = (1 —5)€D —uplp >0

ey =by— (du+dp)(1-9), Iy = W’ ep =bp —dp(1-0), Ip = ”2%

When A =0, A, >0, Ry = (1 — 5)€u —uyly >0, Rp = (1 — (S)L’D — ,’l/lDID :20
o _ _ puldutdp) 5 _ 4 (1=8)pbp _ kb

eu = bu = (du+dp)(1=9), lu u M=o =m0’ P =0V vp+mp?”
(1=9)upbp

Ip = ——5+=——=
P =P tup?

When A >0, A, =0, Ry = (1 — §)€u — ,’l/lulu =0, Rp = (1 — 5)(3D — "l/lDID > 0,we
can obtain the following:

o _ upd o (1=6)yyb o 2p,
ep = bp —dp(1-9), Ip = =58, Ay = dp +dy — (1—5)27uu+;[u2’ u= (1—5Glg7uiﬂu2'
(1=0)puby

U= 7 2. .. 2
(1=8)"vu+pu
When Ay >0, A, >0, Ry = (1 —5)611 —uyly =0, Rp = (1 - (5)€D —uplp =0

2 2
_ Hu“bu _ _(1-9)uuby _ (1-9)yubu _ 1p“bp
ey= —4HU = LU A\ =dp+dy— —F YU ep= DD
u (-0 yu+uu? u -8 yu+iu? ! u -8 yu+hu? (1-0)*yp+np?
I — —(1=9)upbp _

D = .
(1-0)*yp+up?

Appendix D

The difference in pollutant emissions among the three different management scenarios
is calculated as follows:
For the comparison between non-cooperation and cooperation scenarios,

S N d d .
when Ry > 0,ey® —ey™ =0, Iy® — Iy = 450 — Tdy = 450> 0;

when Ry; =0,
2 2
s N _ #ybu #ubu S N _ (A=) puby
ey’ —ey ' = — >0, Iyy° — Iy =
(1=0)pub (1—a) (1= yu+pu? (=0 qutpu® ~ (1=0)(1=8) s +puus?
1—-0)puby
>0
(1=0)* yu+pu? ) ' . .
For the comparison between non-cooperation and basin agency-led cooperation sce-
narios,

when Ry; > 0,

EUC—EUN = bu—(du+dD)(1—(5)—bu+du(1—5) = —dD(l—(S) < O,Iuc—
N = EL(dy +dp) — Eldy = Eldp > 0;

when Ru =0, eUC — euN =0, Iuc — IuN =0.

For the comparison between cooperation and basin agency-led cooperation scenarios,

when Ry; > 0,

euc — EUS = bu - (dll +dD)(1 —5) - bu +du(1 —(5) = —dD(l —5) <0, Iuc —
Ius = %(du +dp) — %du = %dl) >0
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when Ry =0,
2 2
C s _ Hybu Higbu C s _ _(=8uuby
e —e = — L < 0, Iy~ —1 = —— 2
o (=0 yutpn® (1) (1-0) %y +pu? a (162 yu+uu?
(1-9)uubu

(1-a) (1-6) yu+pu?
By differencing the returns to the upstream government under the three management

scenarios, we obtain the following:

WUN — Wus = —% < 0, therefore Wus > WUN
When R > 0, RD>0,2 s
2 2
Wy = Wy® = — A <0, WpN — Wp® = —HLI” < g,
WS _ WC — _ (1—5)27u+uu2dudD _ uldp®
u Tu
When Ry >0, Rp =0, ) ,
Wy — Wy = —BRgIEAT < 0, WpN — Wp® = AL (dy —2(1— a)dp) <
0I
S 120202 ) pPdu® (-6 Py -+ 1-0)%yu+pu’ ;5 2
% —WC:—( 2(1_0()2%1 _ )JLLII HududD_( )JLLII Mu” g2 <.
When Ry =0, Rp >0, , -
N S _ by Hu“by
Wu™ = W™ = sy ]~ 20000 Pra ] <
WDN _ WDS _ “(1*5)271,1}‘1,12[7112 > >0, WS — WE€.
2[(1-a)(1=0)*yu+pu?]
WhenRu:O,RD:0, s .
N S _ puPby Hu“bu
Wu™ = Wu” = 2[(1=0 yu+pu?]  2[(1—)(1=0)*yu+pu?] <0,
WpN — Wp® = x(-0) yupnbus ; >0,W° = WC,
2[(1-a)(1-6)*yu+pu?]
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