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Abstract

This study develops a differential game model to examine transboundary water pollution control

among the central government, local governments on both riverbanks, and industrial enterprises.

It compares cost-sharing and non-cost-sharing scenarios, revealing that cost-sharing enhances pollution

control efforts, improves environmental quality, and increases economic and social returns. In contrast,

absent cost-sharing, economic competition reduces investment in pollution control, jeopardizing long-

term sustainability. The findings emphasize the importance of central government oversight, the role

of subsidies in enhancing industrial pollution control, and the need for inter-governmental cooperation

to manage regional competition and improve overall governance. The conclusions are supported by

numerical analysis, with sensitivity analysis of key parameters.
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Introduction

A river basin is a complex system characterized by its
integrity, regional interconnectivity, and the interactions
between its various components [1]. As a typical
public good that spans multiple administrative regions,
the water resources within these basins present
serious risks to human health and the environment
when polluted due to their spatial spillover effects and
negative externalities [2, 3]. Furthermore, in these
regions, industrial activities and local government
governance measures are closely intertwined, making
the management of river basin water pollution a matter
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that encompasses the interests of multiple regions
and stakeholders, thus creating a complex dynamic
interaction [4]. Furthermore, the fragmentation of
regional jurisdictions often leads to challenges such as
“free-riding” and the “tragedy of the commons” [5-8].
Consequently, promoting inter-regional collaborative
governance is widely regarded as a critical element
of comprehensive watershed pollution control. However,
differences in geographical location, industrial
structure, and levels of economic development across
cities result in variations in the costs and benefits of
pollution control, generating conflicts of interest that
hinder cooperation in water pollution management
[9]. Therefore, balancing the costs and benefits among
regions and stakeholders remains a significant challenge
in the process of cross-regional collaborative water
pollution governance.
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Existing research primarily focuses on the
governance interactions between upstream and
downstream regions or between the mainstream and
tributaries. For example, Yuan et al. [10] first compared
the optimal emission levels of multiple pollutants
in upstream and downstream regions under both non-
cooperative and cooperative game scenarios. Chen
et al. [11] demonstrated that basin-wide collaborative
governance can foster cooperation and resource sharing
between upstream and downstream regions, optimize
water pollution control, and promote the sustainable
economic development of the basin. Song et al. [12]
introduced a water quality credit market and developed
a stochastic differential game model of upstream and
downstream efforts, discussing the optimal feedback
equilibrium of watershed environmental quality under
three different scenarios. These studies demonstrate
that the governance measures of upstream local
governments affect both the pollution burden on
downstream local governments and the overall water
quality. However, such studies typically focus on the
strategic interactions within a vertical governance
structure, often overlooking the unique interactions
that may exist between the local governments on both
sides of the river during the governance process. Joint
prevention and control on both sides of trans - provincial
river basins is a key and difficult issue in water pollution
management [13]. The two major challenges driving this
governance complexity are “high costs and insufficient
internal motivation” and “unclear pollution liability”
[14, 15], both of which hinder the effectiveness of
transfer payments and reward—punishment mechanisms
while weakening external enforcement. Nevertheless,
the existing literature provides limited insights
into this issue. Therefore, enhancing governance
efficiency requires addressing cross-bank cooperation
and competition through institutional innovation,
cross-regional collaboration, and interest-balancing
mechanisms [16, 17].

Scholars have primarily used the evolutionary game
model to research the water pollution management
problems between government and enterprises. Yang et
al. [18] utilizes an evolutionary game model to compare
scenarios with and without pollution rights trading and
employs stability analysis and sensitivity testing using
phase diagram techniques. Wang et al. [19] developed an
evolutionary game model involving local governments,
enterprises, and the public to analyze the stable strategies
for cooperative water pollution control in the Yangtze
River Basin. However, due to information asymmetry
and the limited rationality of the participants, it is difficult
for stakeholders to achieve equilibrium through a one-
time decision. In contrast, the differential game model
allows for the dynamic representation of the continuous
decision-making process of both the government and
enterprises at different time points, better capturing the
timeliness and policy flexibility inherent in real-world
governance [20, 21]. More importantly, transboundary
water pollution management involves not only local

governments but also industrial enterprises and the
central government. Industrial enterprises directly
impact pollution levels through their emission reduction
efforts [22], while the central government shapes policies,
provides subsidies, and sets standards that guide and
constrain the actions of local governments and enterprises
[23]. However, existing research often overlooks the roles
of enterprises and the central government, limiting a
comprehensive understanding of the dynamics of water
pollution governance.

Existing research on upstream and downstream water
pollution and air pollution control provides important
policy insights for addressing cross-border water
pollution, especially in the context of climate change
[24]. The former focuses on the stability of collaborative
alliances [25] and the distribution of costs and benefits
[26], while the latter examines the effectiveness of
policies such as central regulation [27] and goal
assessment [28] in regional pollution management.
However, the applicability and implementation pathways
of transferring these regulatory policies remain to
be explored. The two main approaches to ecological
compensation are fiscal transfers, where the government
compensates affected regions [29, 30], and market-
based mechanisms [31, 32], like carbon trading, which
incentivize ecological preservation through market
transactions. Liu et al. [33] showed that the Ecological
Compensation Policy in river basins significantly
optimizes industrial structures, while its impact on
economic growth and technological advancement
remains inconspicuous. Xu et al. [34] concluded that
bilateral ecological compensation between upstream and
downstream regions most effectively reduces pollutant
emissions, making it the optimal form of ecological
compensation. However, compared to the ecological
compensation mechanism, the cost-sharing approach
offers greater adaptability and flexibility. Yang et al.
[35] developed a Stackelberg game model based on a
cost-sharing mechanism for a Y-shaped river basin.
Through numerical analysis, they demonstrated that this
mechanism can enhance the effectiveness of pollution
elimination, achieving Pareto improvements in both
environmental and economic domains.

The main contributions of this paper are as
follows. (1) We shift the focus from the traditional
upstream—downstream governance model to the largely
underexplored cross-bank governance relationship
in transboundary river basins. (2) We extend the
game-theoretic framework to incorporate not only
local governments on both banks but also industrial
enterprises and the central government — stakeholders
that have often been overlooked in prior studies.
(3) The competition factor between local governments
on both sides of the river is considered, capturing
how economic development pressures lead to reduced
pollution control efforts. (4) The differential game
model is used to analyze the pollution control efforts
of governments and enterprises from a dynamic
perspective.
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Materials and Methods

Establishment and Solution
of Differential Game Models

Model Assumptions

Assumption 1: Consider a trans-jurisdictional
river basin where the left and right banks (G, and G,,
respectively) are governed by adjacent but independent
local governments, each responsible for water pollution
control within their jurisdictions. Meanwhile, the central
government (G,) formulates macro-level governance
policies for the entire river basin. Industrial production
activities occur on both sides of the river, with industrial
enterprises (£) discharging wastewater into the river,
thereby acting as the primary sources of pollution.

Assumption 2: Industrial production activities on
both the left and right banks discharge wastewater
containing organic matter and various pollutants
into the river. Let the total pollutant emissions from
industrial enterprises on the left bank be denoted as
q,» ¢q,>0, and those from the right bank as g,, ¢,>0.
The central government may impose an environmental
protection tax »>0 on local governments based on
pollutant emissions, aiming to guide their pollution
control decisions.

Assumption 3: Let the pollution control efforts
of G, G, and G, be denoted as u,, u, and u,,
respectively, where O<u,, u,, u.<l, which reflects the
policies, personnel, and financial investments of these
governments. Additionally, the pollution control efforts
of E are represented by u,, 0<u,<l, indicating efforts
to reduce pollutant emissions through technological
upgrades, end-of-pipe treatment, and clean production
methods. Following the established literature (e.g., Gao
et al. [36-38]), the cost of pollution control for each
stakeholder is represented as a quadratic function of their
respective effort levels. Therefore, the cost functions of
each participant in the wastewater treatment process are
represented as shown in Equation (1).

| 1 | |
C(t)= EuLZ,Q(I) =5kuR2,C3(t) = EC“C2>C4(t) = EeuE2
(1)

Where £>0 is a coefficient capturing cost
discrepancies between the two regions and ¢>0, e>0
represent the cost coefficients for G, and E, respectively.

Assumption 4: E's utility function at time ¢ can be
represented as follows:

Where y>0 is the social reputation impact coefficient
of wastewater treatment and J(0>0) is the external
influence coefficient of water pollution control on the
firm.

Assumption 5: The reduction of pollutants within the
basin results from the collective efforts of G, and G,,
G. and E, assuming that their unit pollution control
efforts eliminate the following amounts of pollutants,
respectively: & 5, 6 and ¢ Formally, the differential

equation can be described as follows:
q(t) = guL + 77”12 + guC + ¢ME - aQ(Z) (3)

Where ¢(f) represents the effectiveness of pollution
control, while a denotes the marginal diminishing
efficiency of pollution treatment.

Assumption 6: Under economic development
pressures, the two local governments on the river’s
banks exhibit reluctance to independently undertake
high-cost pollution control measures. To capture this
effect, we define a competition coefficient fe[0,1].
A higher value of S indicates a stronger tendency
for both bank governments to reduce their pollution
abatement efforts in response to economic constraints,
reflecting heightened competitive pressures that favor
development goals over environmental quality.

Without competition or central government
supervision, the baseline pollution control efforts of G,
and G, are u,, and u,,. When competition and oversight
are introduced, their efforts become:

u, =uyy— Pug+duc,uy =up,—pPu, +dyu, 4)

Where f€[0,1] captures the influence of economic
pressures on reducing their efforts, and d, d,>0
represent the central government’s regulatory impact on
their actions. For the industrial enterprise, its abatement
effort u, depends on local government pressure and
policies, and is modeled as:

Uy =y, +ds(u, +uy) 5)

Similarly, d>0 represent the extent to which
the regulatory intensity of G, and G, influences the
industrial enterprise’s behavior, indicating that stronger
oversight and more stringent policies lead the enterprise
to invest more in pollution reduction.

Assumption 7: Pollution control contributes to
overall social welfare as captured by the relation:

S()=5, + 24(0) "

Where S, denotes the initial welfare level, and A>0
represents the incremental coefficient reflecting how
improvements in pollution abatement translate into
higher social welfare.

Assumption 8: The conversion of changes in social
welfare into respective benefits varies among G,, G,
and E. Let z,, m,, 7,>0 denote their distinct benefit
conversion coefficients, reflecting differing economic
development levels and regional conditions. Additionally,
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all stakeholders employ a common discount rate p>0,
indicating a uniform temporal valuation of future payoffs
across the central government, local governments, and
the enterprise.

Non-Cost Sharing Scenario

In the Nash noncooperative game scenario, all
parties make independent decisions.
The objective function of G, is J "

, © 1 o
JgL = .[0 [gqu] _E”Lz t ﬂ-LS(t) - (qL _é:uL)w-l- iy + Z¢”E]e Pt
(7

Here, the parameters w(i = 1, 2) represent the
economic benefits each local government obtains from
the other’s pollution-control efforts. y represents the
spillover effect coefficient of enterprise governance. And
r(i=1,2,3,4) respectively represent the governance
marginal utility coefficients of G,, G,, G.and E.

The objective function of G, is J .,V

Voo k i
nge :L [y _E“Lz +7,8(0) = (g, —mug)o+ pwéu, + yu, Je Pdt
(3

The objective function of G.is J,
0 14 ~
Jévc - .[0 [auCr} _Eucz + S([)+ (QL 4y _guL —Tluk)w]e "dt

(€))

The objective function of £ is J,:

ay=[ [—guj +7,8(t)+r,L, (t)]e *dt o

Cost-Sharing Scenario

In this case, the central government funds pollution
control and allocates cost-sharing ratios (m,, m,,
0<m, + m,<l) to the left-bank and right-bank regional
governments [39, 40], while the regional governments
provide subsidies (n,, n,, 0<n, + n,<I) to incentivize
industrial enterprises’ pollution control efforts. At this
point, the objective functions of each game participant
can be expressed as Equations (11) to (14):

o 1-m en
To = |, G, - St =g+, S()

—(q, —Su, )0+ pnuy + ypu,le " dt (11)

o k(1-m en
JéR = J.o [U”er _(TZ)L‘LZ _72”52 +7Z.RS(t)

—(qr —nug)0+ ,éu, +Z¢UE]€_ptdt (12)

c , 1

w k
o =.[0 [Our, —Euc ——mu,’ —EmzuR2 +S5(2)

+ (qL t4z _fuL _UUR)CO]e_ptdt (13)

=] [—Wu; +7,8(t) + 1L, (1)]e ' dt
(14)

Results and Discussion
Non-Cost Sharing Scenario

To obtain the Markov Perfect Equilibrium solution
for the non-cost sharing game, a set of bounded,
continuous, and differentiable value functions

VGZZ (g(®)), VG]\;e (9(2)) , VGNC q(®) and VEN (q(®))

are constructed. These functions satisfy the Hamilton-
Jacobi-Bellman (HJB) equations with respect to the
variable ¢(f), expressed as:

1
Ve (q(0) = maxi&u,r ——u,* +7,5()
- (qL - ‘}::ML)Q)"' Mg + ;{WE
3 Q) [Eu, + 1ty +Oue + fuy ~aqg O (15

k
pVG]; (q() = rlflgg({nuer _E”Rz + ﬂRS(t)
—(qg —nug)o+ ,éu, + ypu,
+VGA1/?’(Q(t))[§uL +77uR + euC +¢”E - aq(t)]} (16)

C
PVac(a() = max{Oucr, = uc” + SO +(q, + 4,

_§”L _UMR)C’) +VG]\1;,(q(t))[§uL +nug + euc
+¢”E _aq(t)]} (17)

e
PV (@(0) = maxt==u* + S0+ rlyu + 5g(0)

+VEN, (q@)[Su,, +nuy +Ou. + pu, —aq(?)]} (18)

According to the first-order necessary conditions,
the first-order partial derivatives of the right-hand side
of Equations (15) to (18) with respect to u,, u,, u, and
u, are set to zero. The equilibrium solutions of the game
can then be derived as follows:
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| =5(r+0) - B+ 294,V (ONE -np+4d,) n(r, +o) - P,
¥ 0 +0)- B +Z¢d3+Vé} (q0))n-5B+¢d;) Up = P
R
d-d.p k dp @9
- d -
Or, - (2L +p2—11)
3 -f -4 9’3—w(§di_222'8+’7d; Zéﬂ)
v d-d ﬂ d -d ,B d-d ﬁ d,-dp -
e (q)(O+&—— (- ) _ _
uN _ o - ﬂ 1 ﬂ - ﬂ 1- ﬂ + A ((g_l_etdl _d22ﬁ dz _dgﬂ+¢d3(dl d22ﬂ+ dz dlzﬁ))
f : o g g g o
N
N c
- g0) 05
€ (19)
A, +Or
The expression for VG]\Z (Q(t)), VG]; (q(2)), . y+e IOE+ a :
VGAé (‘I(t)) ,and VEN (q(t)) is given as follows: U = e (26)

Var (q(0)) = Ag,q(6) + Bg, Vi (q(0)) = A pq(t) + B
Vo (@) = Aocq() + Boe, Vi (9(0) = 49+ By (5

By the substitution method, substituting Equation
(21) into Equations (15)-(18) yields the following
expressions:

T A - A A - A
p+a ¢ prta “ pta

Am, +0r,
pPra (1)

AY =

GL

A" =

E

M 1, 1 1
B‘GVL =;[§uf(rl +a))—5(uLV)2+7rLSO—qu+;tlnuly+Z¢ug
I 00+ )

ta

1 J k A 7
B =;[Wﬁ (r, +w)—5(u,}v)2 + 7,8, ~ 0+ ol + yu

o Tk G+ + 00 +gu) )]
+a
| ) C, v ) N
:—[WCV% “(“g )2 +S0 +(qL T4y _guiv _'7“1: )w
i 2
j’ / ! ]
(G, 4y +0u; +¢uy)]
+a

v 1.e y CoAmgtor, Ly Dy
B‘E\ :;[—E(ug ) +1,8, +ryuy +E—a4(§ulv+nu1y+9ug +u) )]

(22)
By substituting Equation (21) into Equation (19),

the optimal control strategies for each participant can be
obtained as follows:

(f np+¢d;)

(23)

= ¢+ @)= B + xpd, +

By substituting Equation (21) and (22) into Equation
(20), the optimal payoff functions for each participant
are obtained as follows:

Vo (q(0) = i [51@ (r + a))——(uL )

+7,8, —qLa)+u177ug + ypuy

b IR vl + 0+ gud)
pra 7
N k N2
Ver(q (f))— p[WR (r, +0))——(”R)
+ 7S, qRa)+,u2¢_‘,‘u + ypuy + (f”
+77u,]€v +0uév +¢ug)] (28)

A 1 c
Voc(q(0)) = ———q(t) +—[Our, ——(u )’ + 5,
p+a yo, 2

+(QL +4qz _éuiv _77”113\7)0)

+

(Euy' +nuy +0ug +guy)]
P +a (29)

A, +0r,

VY (g(0) = g+ -2V + 7,5,
p 2

A, +0r,

+ryuy + (Suy +nuy +06ul +duy)]

(30)
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At this point, the optimal value of social welfare is:

SO =Sy + A&uy +nuy +0uc +duy —aq(®))
31)

Cost-Sharing Scenario

In this game model, the central government shares
a certain proportion of the pollution control costs with
the left-bank and right-bank regional governments.
The regional governments, in turn, provide incentive
subsidies to the enterprises within their respective
jurisdictions. The amount of subsidies provided by the
regional governments is linked to the pollution control
efforts of the enterprises. The objective functions of the
participants can be expressed as:

—m en
T
+7,8()—(q, — Suy ) o+ pnuy, + ydu,

V3 (GONEu, + g +0uc +du, —ag(O 5,

1
PV (q(1) = max{u,r, —

k(1-m,) en
> u"z_TzuEz

+ 70, S(8) = (qp —ug )@ +1,8u; + yu,
+ V;R'(q(t))[guL +rug +Ouc + gu, —aq()]} (33)

PV r(q(1)) = max {mur, -

c 1
pV(fC(Q(t)) = Iglggi{@uclg _5”62 _EmluLz

k
+(q, + 9 —Su, —nug)@ _Emzukz +8(t)
+ Ve (qUODLEu, + 1y + Ouc + gu —aq(D]} 34

(=m—ny)e u,” +m,S(t)

PV; (4(0)) = max -
+rlyug +5q(O1+V; (q(O))[ Euy, +1uy + Ou,

+¢”E _aq(t)]} (35)

The equilibrium solutions of the game in the cost-
sharing mechanism can be obtained as Equations (36).

5 2 80+ 0)=Bun+ 1, - diemiy + (g(0)E-nB+4d)

L

1—mf
us - ﬂ(rz +m)_ﬂﬂz£+l¢d3 _dzenzug +VGSR'(‘1(t))(77 _§ﬂ+¢d3)
! k(1-m;)
T .
st =g " 1-p I-p 1-p
ol o d-dp d-df  d-dpf d-dp
+VGC (q(t))(0+§ l_ﬂg +77 l_ﬁg +¢d3( l_ﬂg t l_ﬂg ))
us TV (o)
E (l—n]*—n;)e (36)

Similarly, the value function is a linear function
of ¢g(f). Thus, using the method of substitution of
coefficients, the following equations are obtained:

' T ﬂ ’ T l r
Ve (q(1) = pia Ve (q() = pia Ve (q(0))
/1 ' ﬂﬂ' +5I"
= (q() ==
pra pra (37)

Substituting Equation (37) into Equation (36), the
following result is obtained:

A
E(r + ) - Pun + ypd; - dyenu; + U E-npgd)
= P
1-m,
(38)
A
11, +0) = Puné + ydd, - dyenyu; + p:a (n-3&p+¢d;)
s _
= k(-
(39)
d-dp d-dp . d-dpf . d-dp
oot L e i S i
Uy =—
cl A d-dp d,-dp d-dpf d-dp
+ 9+ 1 2 n 2 1 n d 1 2 n 2 1
p+d( é 1—ﬂ2 77 1—ﬂ2 ¢ 3( 1—ﬁ2 l—/)ﬂ ))
(40)
ra+ Az, +or,
s p+a
E — * *
(l_nl _nz)e (41)

Then, substituting Equations (38)-(41) into the
central government’s HJB and setting the first-order
partial derivatives of the right-hand side with respect to
m,, n(i =1, 2) to zero, we obtain Equations (42):
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A ool st (Enpo
i Pta
FLWWWWHWWWdW+ -y
p+0{
X ’ ) -1+ 0)+ Pt - 19d, +denyuy -L(n-fﬂwﬁdz)
= ta p+/;1
Aoty ) g 1, -+ (- e84
p'HZ p+a
(42)

By substituting Equation (38)-(41) into the objective
functions of both the left-bank and right-bank local
governments, and applying the first-order necessary
conditions by setting the partial derivatives with respect
to n, and n, to zero, the following results are obtained:

= (”/1 +%)
die p+a
n*=
En+o+ I )+c+ A Om d =df
! p+a p+a ¢ 1-p°
AR
. e pta

n(r,+o+ Tt )+c+ zyh Okm, dy = d\f
2 p+a p+a ¢ 1-p°
(43)

The optimal benefit functions for all participants are
presented as shown in Equation (44) to (47):

Vo (q(t) = —[e% (1 + )
P+

1—
-4 uLSZ _ﬂuE +7,8, _qLa)""ﬂlU“}f
2 2
+;(¢u§ + § +77u;§ + Hug +¢u§)]
(44

T, A
Var(q() =—=—¢
p+a

k(1-m,) g, en,

1

_[77”; (rz + o)

P

Uy + 7Sy — G +iéu;

S+ nu,f + Gu‘g + ¢ug)]
(45)

+ yduy +

A
C(Q(t))_—q(t)"‘ 9”C’”3 _Euc —Tmu,
p+ P 2

k
—Emzugz + SO +(‘]L +4qr— guf —77“2)60

A
s (Suy +muy +Oug + duy)]

(46)

7
A, +0r, 1-n —n,)e
Vg0 =27 g+ [L—34i@2
+ 7S, + rp;
FATERON (£ S 1 Gud + gud)]
p+ta 47)

Under the cost-sharing mechanism, the maximum
social welfare is shown in Equation (48).

S(t)° =8, + A(Eu; +nui +Ou? + gu, — aq(?))
(48)
The following steps involve deriving and comparing
the optimal control strategies of each participant under

both scenarios.
According to Equations (23) and (38), we obtain:

ALY,
ug_ug': a+p [ nl+n2 ]>0

e l-n-n,

us_uN:nl(5r4(77+5)+ﬂ“”5(77+§)+d3r4(a§”+5¢+/1¢”E‘H//p))<O
C (t p)L=m)(m, +m,~1)
s_ v M0+ &)+ Am(n+ &) +dinay + 04+ s +yp)
k(a+ p)1=m,)(n +n,~1)
"g_"g:_l[’m (G=p) oa—ﬂ¢>un]<0
cll-m 1-§ l-m, 1-§
X = o4~y + g+ T L)
atp n+n, -1
[Wn+(5n+ﬂﬂEXﬂ+§+dﬂ)j
di(a+p)

X, =p(0+n)+ i g-pug+ AT EI7) di
atp m+n,-1

{WQ+@m+E%Xn+§+%@]
di(a+p)

(49)

Therefore, the cost-sharing mechanism not only
increases the pollution control investment of industrial
enterprises but also reduces the pollution control
expenditure of local governments on both sides and
the central government. Due to the complexity of the
equilibrium solution, the impact of certain parameters
cannot be directly determined. Therefore, it is necessary
to conduct numerical analysis to identify the impact
patterns of these parameters.

Numerical Simulation

In this section, the water pollution management
model is simulated from the perspective of multiple
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Fig. 1. Comparison of sewers treatment effects under two
different modes.
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Fig. 2. Comparison of social welfare under two different modes.
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Fig. 3. The revenue of each stakeholder under two different modes.

stakeholders using MATLAB software, with exogenous
variables assigned specific values. The parameter
settings in this study are grounded in real-world
scenarios and fundamental assumptions, with the values
chosen based on these assumptions and informed by the
relevant research, particularly the work of YANG et al.
[41]. The initial assumptions for the model’s parameters
are as follows: = 0.01, = 0.7, 0 =2, r, = 0.06, r, = 0.06,
r, =006, r, =007 #=018, u, =1, u, = 1.2, y = 3,
A=15mr =07 m,=075nr,=04546=122,n =02,
n=03m=02,m=02,k=2,c=2,e=2,y=15,
n=0.15,60=0.13, £=0.15.

As illustrated in Fig. 1 through Fig. 3, the
implementation of the cost-sharing mechanism
significantly improves wastewater treatment outcomes
and enhances social welfare. Additionally, it leads to
substantial increases in the profits of all participating
stakeholders. This demonstrates that by distributing
the financial burden among the involved parties, the
mechanism not only boosts the overall efficiency
of environmental management but also fosters the

sustainability of the system.

Fig. 4 illustrates that as the competition coefficient
increases, the local governments face heightened
economic pressures, which may drive them to prioritize
economic growth over environmental concerns.
This results in a reduced focus on pollution control
efforts, further exacerbating the overall decline
in pollution management efficiency and profit
(Fig. 5). Consequently, the negative impact of increased
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Fig. 4. The impact of the economic competition coefficient
between the two banks on the governments’ optimal effort.

competition on environmental governance becomes
more pronounced.

Fig. 6 illustrates that subsidy policies can
significantly increase the pollution control efforts of
industrial enterprises and help alleviate the financial
pressure on the governments of both sides regarding
wastewater treatment.

Fig. 7 indicates that the pollution control subsidy
policy for enterprises effectively enhances the overall
welfare. However, as the subsidy ratio increases beyond a
certain threshold, the revenues of the local governments
on both banks begin to decline. This suggests that
determining the optimal subsidy coefficient is crucial
to balancing the benefits of pollution control with
the financial sustainability of government resources.

As shown in Fig. 8, an increase in the cost-sharing
ratio effectively incentivizes local governments
to increase their investments in pollution control.
Moreover, this mechanism reduces the financial burden
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Fig. 6. The impact of the sum of the subsidy coefficients for
industrial enterprises by the two banks’ governments on the
government’s optimal effort.

on the central government, allowing it to allocate more
resources to other areas.

Conclusions and Suggestions

This  study underscores that cost-sharing
mechanisms between central and local governments
significantly boost pollution control efforts, improve
environmental quality, and enhance economic returns
and social welfare. When the central government
shares costs, local governments and enterprises face
reduced financial burdens, promoting sustainability and
more robust governance. By contrast, in the absence
of cost-sharing, local governments under strong
economic pressure often underinvest in pollution control
as competition intensifies, ultimately undermining water
quality and long-term benefits.
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Fig. 5. The impact of the economic competition coefficient between the two banks on the governments’ profit.
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Fig. 8. The impact of the central government’s cost-sharing
by the governments on both banks.

To address these issues, the central government
should strengthen oversight to ensure policy consistency
across transboundary water bodies. In regions under
considerable economic strain, targeted financial and
technical support can further reinforce pollution
management. Increasing the central government’s
cost-sharing ratio and linking funding to pollution
control performance can incentivize more effective
local strategies. Local governments, for their part,
can implement differentiated subsidies based on the
pollution control capacities of industrial enterprises,
thereby encouraging greater investment and fostering
cross-regional collaboration. By sharing technologies

coefficient (m) on the pollution control efforts of each participant

and experiences, local governments can balance
resource allocation and generate collective benefits.
Additionally,  implementing  environmental  tax
policies and intensifying the assessment of corporate
environmental performance can motivate enterprises to
adopt responsible practices and invest more in pollution
mitigation.

To further enhance pollution control efforts, it is
recommended to introduce transparent monitoring tools,
such as real-time water quality monitoring systems and
IoT technologies, to improve pollution source tracking
and management, thereby enhancing transparency and
the effectiveness of governance. Additionally, exploring
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cutting-edge technologies, such as reverse osmosis
membrane technology and Al-driven optimization
of wastewater treatment processes, can increase
the efficiency of pollution control, reduce energy
consumption, and promote innovation in industrial
wastewater treatment.

A limitation of this study is its reliance on
hypothetical parameters due to limited real-world data,
which may affect its generalizability. Moreover, the
model does not fully capture the potential nonlinear
factors in environmental and economic systems, which
is our next research focus.
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