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Background and Objectives: In basins with diverse stakeholders,
ensuring the equitable distribution of water resources and the benefits
derived from them is a fundamental aspect of integrated water resources
management. This issue becomes more complex when one party, despite
being the primary resource of the basin, is less developed than the other
due to inequality in wealth distribution. In such cases, achieving an
equitable distribution of benefits among stakeholders is crucial, especially
when the parties have the potential for sustainable cooperation, which can
lead to greater collective benefits. Cooperative game theory (CGT)
provides a suitable framework to address the equitable allocation of
benefits in such competitive environments. However, determining the
values of benefits in the objective function, considering different coalitions
of stakeholders, can be very challenging. Reinforcement learning (RL)
provides a valuable tool to determine the benefits of various levels of
cooperation, including full cooperation, partial cooperation, and
non-cooperation among stakeholders. This study utilizes a Cooperative
Game Theory-Reinforcement Learning (CGT-RL) approach to examine
two adjacent watersheds, the North Karoon and Zayandeh Rood. The three
stakeholder provinces in these two basins, namely Chaharmahal Bakhtiari
(CHB), Esfahan (ESF), and Khuzestan (KHZ), have disagreements about
water allocation and the fair and efficient distribution of benefits from its
use, which have increased in the past few years. In this paper, the CGT-RL
method is used for the first time to address this real-world challenge in a
large water system. This study aims to use the aforementioned framework
to fairly and efficiently distribute benefits (revenue) from water use in the
case of a grand coalition and full cooperation among these three
stakeholders. The proposed framework combines RL and CGT to address
two major weaknesses of the approaches prevalent in previous research on
maximizing and distributing benefits in multi-stakeholder water resource
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systems. The first weakness of the application of conventional optimization
methods is the maximization of the total system benefit regardless of how
it is distributed among the stakeholders. These methods assume that there
is full cooperation among stakeholders and ignore the dynamics of
individual decision-making and the benefits of each of them. CGT
solutions can provide strong incentives for individual decision-makers and
facilitate cooperation to achieve the optimal solution. However, obtaining
the information required to use them is very challenging and
computationally complex. This leads to the second weakness of the
applications of game theory in previous water resources studies, which
made simplifying assumptions about the benefits achievable by the parties
under different levels of cooperation. Overall, the goal of the present study
is to empower various stakeholders by creating cooperation (collective
rationality) through considering greater individual benefits (individual
rationality).

Materials and Methods: Based on the CGT-RL method, first, the benefits
achievable under each possible coalition, including the grand coalition (full
cooperation), small coalitions (partial cooperation), and single coalitions
(non-cooperation), are obtained by applying the Q-Learning algorithm. In
the second step, CGT solutions, including Nash-Harsanyi bargaining,
Shapley value, and Nucleolus, are used to fairly distribute the benefits
resulting from full cooperation among stakeholders, considering various
concepts of fairness. The stakeholders (players) include the provinces of
ESF, CHB, and KHZ. Their different levels of cooperation include full
cooperation, partial cooperation, and non-cooperation. In full cooperation,
the system is managed by a single agent that tries to optimize the objective
function. In partial cooperation, the system is a two-agent system, where
one agent is responsible for the coalition of two provinces, and the other is
responsible for optimizing the objective function for the non-cooperating
province (single province). In non-cooperation, the system has three
agents, each of which is separately responsible for a province, and each
agent tries to maximize the objective function for the province that it is in
charge of. The objective function is a linear function including the amount
of water withdrawal from rivers by each province and the average monthly
revenue of the provinces per unit of water consumed. The input data for
optimization include the average monthly revenue of each province per
cubic meter of water withdrawal (million Rials/m®), the volume of monthly
water withdrawal by the provinces (MCM), the average volume of river
discharge in each province (MCM), and the maximum and minimum
values of annual water withdrawal and storage by each province (MCM).

Results: The research findings indicate that, in the case of full cooperation
among stakeholders (i.e., establishing a grand coalition), the benefits for
both parties increase compared to other levels of cooperation. In the case of
non-cooperation, that is, with the continuation of the Status quo, the share
of each province from the benefits derived from the withdrawal and use of
the North Karoon and Zayandeh Rood rivers (average total annual revenue)
is estimated to be 478765.72 billion rials for Esfahan, 421791.33 billion
rials for Khuzestan, and 156881.39 billion rials for Chaharmahal Bakhtiari.
In the case of full cooperation among all beneficiary provinces, the annual
revenues calculated using the optimization method (Q-Learning algorithm)
for Esfahan, Khuzestan, and Chaharmahal Bakhtiari provinces increase to
1641776.17 billion rials, 503201.94 billion rials, and 179054.8 billion rials,




respectively. These values are 54% higher than the non-cooperation case
and about 30-40% higher than the partial cooperation case (small
coalitions). The redistribution of revenue from full cooperation among
stakeholders based on the Nash-Harsanyi bargaining for the three provinces
of Isfahan, Khuzestan, and Chaharmahal Bakhtiari is 900963.88,
843989.49, and 579079.55 billion rials, respectively. Based on the Shapley
value method, these values for the three provinces of Isfahan, Khuzestan,
and Chaharmahal Bakhtiari are 1006962.48, 798112.57, and 518957.86
billion rials, respectively. In the nucleolus method, the revenue distributed
among the three provinces of Isfahan, Chaharmahal Bakhtiari, and
Khuzestan is 886626.26, 847094.96, and 590311.69 billion rials per year,
respectively. Esfahan has the highest revenue share of redistribution at
approximately 38-43%, thanks to its industrialized and developed status.
Chaharmahal Bakhtiari achieves about 8% revenue through RL optimization,
increasing to 22-25% with CGT. The revenue share of Khuzestan under
full cooperation is about 22%, rising to around 34-36% using CGT.

Conclusion: The results indicate that, with the computational capabilities
of the Q-Learning algorithm, the CGT-RL can effectively solve more
complex problems within a reasonable timeframe. The combination of RL
and CGT provides the exploration of coordinated policies that not only
maximize the total system's benefits but also ensure a fair and efficient
allocation of benefits among stakeholders. The findings show that
stakeholders can enhance collective benefits from cooperative water
harvesting of the Zayandeh-Rood and North Karoon rivers by fully
cooperating and coordinating exploitation strategies. When all provinces
collaborate, the entire system's revenue increases compared to other levels
of cooperation. These incremental benefits can be distributed among them
using CGT. The CGT-RL framework not only maximizes the total revenue
for the entire system but also addresses how the benefits of full cooperation
should be shared among the involved provinces, and is, in fact, a
combination of group and individual rationality (collective and individual
benefit) to resolve conflicts. Consequently, this research concludes that an
appropriate and effective way to address water conflicts is to empower all
stakeholders by encouraging cooperation via considering individual
benefits.
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Figure 2. Geographical Location of the Study Area.
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Table 1. Monthly economic water productivity values in the beneficiary provinces per unit of water
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Table 2. Monthly water withdrawal volume from rivers (Rl?j) by each province (57).

aouIn0Id

0

JOAIY
Cear

Jdy-JeN
e
Ae -1dy
ey
unp -Ae\
<o

Ing -ung
[l

pny -Inc

-
e

dag -Bny
~HHC

100-das
juve

AON 190

10

23 -AON

1€

uer -2Q
<

ge4 -uerp
B

Je|N-034

|

Lienyeq [eyeweyeyd
apher

S0kl
Zayandeh
Rood
(R12)

™~
=)
@

¥8'9¢

TTL

6'CT

44

68

8

S8

1)

€5°CT

18T

S.'Te

08
Karoon
(R13)

TLEYT

L'Set

08

¥2'09

SL'Ly

¢y

€8¢

8'6¢

198

¥'€9

S8

S8'T0T

ueyeys3

]

350l
Zayandeh
Rood

[ANAS

€L°05€

€'09¢

1687

61'6CT

[458740)"

¥8'80T

SYTT

SL9TT

9'¢cel

1€'80¢

(R2)

ueIsezny
<m0

08
Karoon
(R3)

8'Gee

16T

9'0¢T

€8'C6

299

L'v9

[4R4

S0T

ETorT

GC'e9T

om JUl Ve MCM a¥Lw o 8 Jai s UF

okl Okl 3 @l Jled 058 wleag; sl o 5 O glass -

"



Oly8ed 9 (FLU joamabr s [ one (550550 — R0 (5L 2 i (05 S

6Y) (MCM) Ol o 55 (IF) aailss g, slabe o5 Jaw g ¥ J gt

Table 3. Average monthly river flow volume (I%) in each province (MCM) (57).

© Q (=
_ 8 .8 s @ 3 B 4 8 2 s 5 H& =5 _ 8
S $% 57 59 32 39 *4 o ong % 47§ 39 3 &
T |
o y & Do o> DL Q ¥y D a5 oL S 42 4 £ 18 5 3
3] < X [=] 153 D N 3 > =} 3 o K =
i S [a > o n < = - S < = o
- £
o o~ 0 © g)‘;"
I © © — o ~ o
9 © < < < ™ ™ e} 4 N kY N 0%
* oW
=
]
=
Yy E
2 X
<
m
© ~ T} ™ N ™ ™ -R_
o o [re) 3 N 5 ©o o o %] o o D3
© < =] Y 3 3 3 2 S ™ =} ™ PO
i - - - - N N ‘A @©
=N
]
3 8
PR
e
O
c
)5
~ 7o) ~ ~ © ~ AR
© < o 3 PN 5 2 8 o [T} 19} © @
s 3 8 & & & g g g 8 8 g 8
— — — — — o~ 2 2
HE
H

(Wl V2 0553) 5Lt aals ool ooyl 3 355000l s &1 (53555 wlale Lo s2a 3 Oljoe ol Laesls ©

Skl & (53555 5 ok Jomasler Ol 51 s 2 OF o el xS 200 koo VAGS YLy Ol 3 0L a0 o O3 ™

3 S e KU L Olgdonl 5 Ol

¥ 05l de 4 (ol el Olil) Il 05,8 w5l s3558

(0V) (MCM) 0tsl 2 haw 5 (Smims Smax) <1 s5bwo 53 5 (Ronims Rimax) 6Vl <bls  la> 5 21> uolis ¢ Jgd

Table 4. Annual maximum and minimum values of water withdrawal (R,,,in, Rinax) @nd storage (Smin, Smax)
by each province (MCM) (57).
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Figure 4. Schematic of single-agent system modeling (grand coalition).
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Figure 6. Schematic of a two-agent model depicting partial coalitions of Chaharmahal-Bakhtiari and
Khuzestan provinces against Isfahan province.
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Table 7. Share of the cooperating parties from the grand coalition based on cooperative game theory methods
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