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In this article, the bankruptcy theory and bargaining games are used to

construct a two-stage water resources allocation negotiation model

(TSANM). A Nash-bargaining game model is used for the initial allocation,

followed by an adjustment stage which considers factors such as water

circumstances, water satisfaction, water risk, and water efficiency. The

TSANM systematically considers the multi-dimensional attributes of water

resources in the allocation process and may likely increase the participation

of riparian countries. The proposed method is applied to allocate the contested

water capital of the Tigris-Euphrates River. This gives initial allocation to Turkey,

Syria, and Iraq of 30.00%, 22.00%, and 48.00%, respectively, and adjusted

allocation of 24.98%, 21.30%, and 53.72%. Through collective bargaining and

group negotiation, the stability and acceptability of allocation are effectively

improved, absolute egalitarianism and utilitarianism are both avoided, and

instead objectivity and fairness are emphasized in the water resources

allocation process.

KEYWORDS

transboundary river, two-stage allocation, negotiation, create value, claim value

1 Introduction

Water is ourmost precious resource, not only because humans cannot survive without

water, but also because water is indispensable in many other aspects of human life (Kong

et al., 2021). However, population growth, industry development, accelerated

urbanization, and global warming are producing a global water crisis (Vörösmarty

et al., 2000; Elahi et al., 2021a; Elahi et al., 2022). More attention is placed upon the

development and utilization of water resources in transboundary river basins by riparian

countries predicated on their goals and interests (Degefu et al., 2018; Yuan et al., 2022b).

When two or more countries share the limited water resources of a transboundary river
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basin, any competitive development and utilization between

them can lead to water conflicts (Yuan et al., 2021a), which

could threaten the efficiency usage of water resources and the

security of those countries (Yuan et al., 2020).

Water allocation in transboundary rivers is a complex

problem that includes resource decision-making centered on

meeting regional needs (Wei et al., 2021), economic decision-

making centered on social welfare (Kong et al., 2019; Xu et al.,

2019), social decision-making centered on equity, and

environmental decision-making centered on ecology (Sun

et al., 2021). In order to maximize benefits, riparian countries

should consider both the complex and systematic nature of the

multi-dimensional attributes of water resources. Furthermore, if

a water allocation scheme cannot be formulated in a timely and

effective manner, water conflicts may intensify in the

transboundary river basin, which will not only hinder the

sustainable development of the riparian countries, but also

threaten the security and stability of the river basin.

Therefore, it is a major theoretical and practical challenge to

design feasible mechanisms to optimize water allocation and

support the resolution of conflicts over allocation. Currently,

research in this area has mainly focused on three aspects: multi-

objective optimization, game models, and bankruptcy theory.

Multi-objective optimization uses mathematical models to

describe scenarios of limited water availability and develop

algorithms to find the optimal allocation. Wang et al. (2008)

developed an integrated hydrologic-economic river basin model

that computed the optimal benefits of water resources for various

coalitions of stakeholders. Li and Zhang, 2015 developed an

inexact two-stage allocation model for water resources planning

and management with uncertainty. Roozbahani et al. (2015)

introduced a multi-objective model to identify sustainable

water allocation in transboundary rivers. Avarideh et al.

(2017) proposed a new conceptual model for quantification of

the Convention provisions concerning equitable and reasonable

water sharing. Yu and Lu (2018) integrated a Projection Pursuit

Model and Grey Wolf Optimization producing a PPMGWO

optimized model of water resources allocation in a

transboundary river basin. Yuan et al. (2021b) combined a

system dynamics model with multi-objective optimization in

the study of optimal allocation of water resources. These studies

focus on the construction of an optimal allocation model of water

resources. However, the actions of stakeholders will directly

affect the allocation of water resources in the transboundary

river.

Game models are a mathematical method that can be used to

describe the competitive relationship and strategic interaction

among stakeholders that claim a shared scarce resource, simulate

conflicts over water resources allocation, explore the rules of

strategy choice, and identify feasible solutions (Madani 2010).

For instance, Kucukmehmetoglu (2012) introduced a composite

water resources allocation model integrating both game theory

and Pareto Frontier concepts for the Tigris-Euphrates River

System. Lee (2012) developed a multi-objective game-theory

model that addressed economic and environmental concerns

in water allocation decision-making scenarios. Degefu et al.

(2016) proposed an asymmetric Nash bargaining solution

concept for solving water sharing in transboundary river

basins. Zeng et al. (2019) proposed a hybrid game theory and

mathematical programming model for solving transboundary

water conflicts, which considers both water quality and quantity.

These researchers have constructed optimal allocation models

through game theory. However, competition and cooperation of

riparian countries coexist in the transboundary river, and these

models do not represent very well this feature of water allocation.

Bankruptcy theory can be used to describe the problem of

water resource allocation in the context of water scarcity (O’Neill

1982). Past research has produced the classical bankruptcy

allocation rules—Proportion (p), Adjusted Proportion (AP),

Constrained Equal Loss (CEL), Constrained Equal Award

(CEA), and so on (Aumann and Maschler 1985; Thomson

2003; Thomson 2015; Moridi, 2019a; Moridi, 2019b). In

addition, Mianabadi et al. (2015) proposed a weighted

bankruptcy solution method to allocate the available water

equitably and reasonably under homogeneous and

heterogeneous group situations. Degefu et al. (2017) proposed

by using coupling bankruptcy theory with the asymmetric Kalai-

Smorodinsky bargaining solution concept, that a monotonic

water allocation mechanism could be derived for

transboundary river basins under water scarcity. Farjoudi

et al. (2021) developed a probabilistic water quality

management model for solving water conflicts based on the

bankruptcy rules. These articles combined with multi-objective

optimization or game theory in order to design a water allocation

mechanism, however, these methods assume that water

allocation can be completed once, and they do not take into

account that water resources allocation may require multiple

negotiations to arrive at a completed successful outcome.

All of this research represents a comprehensive and in-depth

study of water allocation in transboundary river basins and

provides an important reference for the design of allocation

schemes. However, transboundary river water allocation

involves heterogeneous water demand, with different goals

and interests for riparian countries under different social-

econo-environmental conditions (Yazdi and Moridi 2017).

Forming satisfactory and mutually agreed upon agreements

allocating limited water resources to multiple stakeholders

with multiple optimization goals, riparian countries must use

multi-stage negotiation (Yuan et al., 2016; Medeiros et al., 2017).

Since distributive negotiations will lead to a win-lose

solution, riparian countries could construct a capable

coordination institution to address the distributional conflicts

associated with negotiation (Garrick et al., 2018), and follow

participatory processes in the management of water resources in

a transboundary river. This will provide better-informed and

sustainable decisions and beneficial outcomes in a range of
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decision-making contexts where stakeholders are engaged in the

management of water resources (Devente et al., 2016). Therefore,

the riparian countries should cooperate in negotiations to

equitably allocate water resources (Yuan et al., 2021a), where

these negotiations will have two stages: creating value and

claiming value (Brown 2012). In the first stage, the riparian

countries create value through cooperation and improve the

collective utility. In the second stage, they claim value to

maximize their interests. Earlier studies have seldom

considered these stages and their influences in water

allocation schemes, so they cannot accurately simulate the

decision-making behaviors and strategy-selection rules used in

water allocation. Therefore, there is room for improvement in the

applicability of allocation models.

This paper outlines the construction of a two-stage water

resources allocation negotiation model. The model supports

both individual rationality and group utility improvement to

optimize the allocation of water resources. The rest of this

research article is structured as follows. A two-stage allocation

negotiation model (TSANM) for water allocation is

constructed in Section 2. Section 3 presents the results

obtained by applying the methods to the case study.

Section 4 discusses the reason for the results. Section 5

summarizes and concludes the paper.

2 Modeling

In the first stage of negotiation, the countries will resolve any

stalemate that might arise through collective negotiation over

their initial offers and resistance points of water allocation, using

an effective, widely accepted, and recognized cooperation

mechanism to solve the “prisoner’s dilemma” in water

conflicts and achieve Pareto Frontier efficiency to create value.

The Nash bargaining game not only incorporates most of the

characteristics of the problem of water allocation (Pande and

McKee 2007), but also takes into account the resistance points of

the riparian countries, where it conforms to the principles of

individual and collective rationality (Dagan and Volij 1993). In

this article, Bankruptcy theory is combined with the Nash

bargaining game to yield a group allocation model.

In the second stage of the negotiation, the countries will claim

value to achieve their goals and interests, they will ask to adjust

the first-stage allocations based on their various requirements.

On the one hand, a vertical comparison is about each country’s

balancing its water allocation with its water circumstances (Xu

et al., 2021). Countries differ in their external and internal

circumstances with respect to water resources. These include

geographic, hydrographic, hydrological, climatic, ecological, and

other factors. Therefore, in the value-claiming stage, riparian

countries will emphasize their circumstances of water resources,

if water circumstances are greater in the river basin, the higher

the water allocation, otherwise, the water allocation will be lower.

On the other hand, they will also horizontally compare

themselves against other countries with regard to satisfaction,

risk and efficiency.

First, no country can achieve the absolute maximization of

benefits under water scarcity, so they will be more inclined to take

the principle of satisfaction. They will accept a water resource

allocation mechanism if it is likely to provide some target level of

satisfaction. Moreover, when the degree of satisfaction is

compared, relatively unsatisfied countries will require larger

allocations, and countries that are already relatively satisfied

will need to make concessions.

Second, water resources allocation is related to a country’s

industrial and agricultural development, the improvement of

living standards, and the protection of the ecological

environment. Thus, riparian countries will ask to adjust their

water allocations according to the level of risk they face.

Countries facing more risk will need larger allocations, while

countries in a more secure situation will need to make

concessions.

Finally, because scarcity endows water resources with higher

value, the riparian countries will pay more attention to the

efficiency of water resources used in the allocation adjustment.

Higher water use efficiency produces more social welfare,

therefore, a country with lower water use efficiency may be

offered a lower allocation.

Taking into account all of these factors, we construct a multi-

dimensional correction coefficient matrix to adjust the initial

allocation and improve the efficiency as shown in Figure 1 (Elahi

et al., 2021b). In the first stage, riparian countries negotiated to

satisfy individual rationality and maximize the collective utility,

and create value through cooperative negotiation to achieve

Pareto optimality. In the second stage, riparian countries will

require adjustment of water resources from four different

dimensions and claim their value.

Therefore, we assume that the countries in the transboundary

river basin carry out negotiations on the allocation of water

resources according to their interests and needs. There are N �
{1, 2,/, n} countries in the basin. Riparian country i ∈ N claims

water demand ci, and the water resources available for allocation

are E. The sum of the demands of all the riparian countries

exceeds the available water resources, 0≤E≤ ∑n
i�1
ci, so it is

necessary to design a resource allocation plan.

2.1 First stage allocation

In the first stage, the riparian countries make their initial

offers and use cooperative negotiation to arrive at a

preliminary allocation. After comparing the basic

conditions, domestic water demand, process water demand,

environmental water demand of each country, country i

proposes a proportionate allocation plan

Ei � {ei1, ei2,/, ein}. That is, eij is the water allocation ratio
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for all countries proposed by country i with j � {1, 2,/, n},
∑n
j�1

eij � 1. Together, these plans determine a water resources

allocation matrix E:

E �

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
e11 e12 / e1n
e21 e22 / e2n
/ / / /
en1 en2 / enn

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(1)

A positive ideal allocation plan E+ �
(e(1)+, e(2)+,/, e(n)+) can be determined by comparing the

water allocation plans proposed by various countries, where

e(j)+ � max
i�1~N {eij}. E+ is an ideal plan that provides the largest

allocation. However, under water resource bankruptcy,∑n
j�1

e(j)+ > 1, this plan exceeds the available water resources.

Similarly, a negative ideal allocation plan can be determined:

E− � (e(1)−, e(2)−,/, e(n)−), where e(j)− � min
i�1~N {eij}. Here

each country’s allocation is the minimum among all proposed

schemes. This can be regarded as a threshold below which

negotiations will be impossible to achieve. Therefore, the

riparian countries should negotiate to form a plan that puts

each country’s allocation between both the positive and negative

ideal.
This problem can be described by a Nash bargaining game

model, the optimal concession ratio satisfies the following

maximization conditions as the equilibrium solution of the

bargaining situation (Nash 1950; Degefu et al., 2016; Yuan

et al., 2019):

Max{[e+(1) − s1 − e−(1)]w1 [e+(2) − s2 − e−(2)]w2/[e+(n) − sn − e−(n)]wn }

s.t.
⎧⎪⎨⎪⎩∑n

i�1
(e+(i) − si) � 1

e+(i) − si ≥ e−(i)
(2)

Where, si is the concession ratio made by riparian country i,wi is

the weight of the country in the basin, or its relative importance.

Since the first stage is cooperation allocation, all the countries

have the same weight. The initial allocation ratio of country i is

(e+(i) − si), where ∑n
i�1
(e+(i) − si) � 1, and the walkaway

threshold is e+(i) − si ≥ e−(i).
To satisfy function (2), the optimal concession ratio needs to

meet the following condition:

spi � e+(i) − e−(i) − wi
⎛⎝1 −∑n

i�1
e−(i)⎞⎠ (3)

Therefore, the allocation to each country is:

ri � e+(i) − spi � e−(i) − wi
⎛⎝1 −∑n

i�1
e−(i)⎞⎠ (4)

And the initial allocation R to all the riparian countries is:

R � {r1, r2, r3,/, rn} (5)

The first stage of allocation is integrative negotiation based

on cooperation to maximize the group’s total utility. The goal is

to create value and achieve individual rationality and collective

optimality. However, after achieving Pareto improvement of

their collective interests, the countries will claim value to

obtain greater benefits for themselves.

2.2 Second stage allocation

In the second stage, the countries continue to negotiate on

the allocation of water resources in view of their differences in

FIGURE 1
Sketch of the two-stage water resources allocation decision-making process.
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water circumstances, satisfaction, risk, and efficiency (Yuan

et al., 2016).

2.2.1 Adjustment for water circumstances
Helsinki Rules on the Uses of the Waters of International

Rivers (International Law Association, 1965) and the

Convention on the Law of Non-navigational Uses of

International Watercourses (UN, 1997) could serve as

guidelines for designing allocation mechanisms that are

fair, efficient and sustainable. The indicators shown in

Table 1 were used to build an index of the water

circumstances of riparian countries in a transboundary

river basin according to these international agreements.

The international rules propose that the weight of each

factor is determined by its relative importance in relation to

other relevant factors. Thus, we use a Projection Pursuit

Model to determine the water circumstance coefficient

WCC (Yuan et al., 2019), WCC � {wcc1, wcc2,/, wccn}.

2.2.2 Adjustment for water satisfaction
As negotiators are restricted by their abilities,

information, and other constraints in the decision-making

process, they are inclined to make a decision with the

satisfaction principle. However, satisfaction depends not

only on their allocation per se, but also on their allocation

compared to that of other countries (Tversky and Kahneman

1992). Where, ri is the allocation ratio of country i in the first

stage, and e+(i) is its positive ideal allocation ratio. The

satisfaction with the initial allocation of country i is

si � ri/e+(i). The satisfaction coefficient for the countries,

WSC � {wsc1, wsc2,/, wscn}, is obtained by normalizing

the satisfaction degree of the initial allocation:

wsci �
(s′i)
∑n
i�1
(s′i) (6)

The lower the satisfaction level, then additional water

resources allocation is required, the higher the satisfaction

level, the country is required to make concessions in order to

reduce the allocation of water resources, therefore:

s′i �
1
si

(7)

2.2.3 Adjustment for water risk
Given their different degrees of economic development and

acceptance of water shortage, the risks faced by the riparian

TABLE 1 Index for computing water circumstances of riparian countries.

Indicators Indexes Attribute

Geographical Area (km2) Positive

Hydrological Basin length (km) Positive

Climate Annual average precipitation (mm) Positive

Economic and social needs Irrigated area (km3) Positive

Electricity demand (MW) Positive

Population Population density (inhab/km2) Positive

Water quantity Annual runoff (mm/year) Positive

Ecological needs Forest cover rate (%) Positive

Cost of alternatives, availability, and increasing water use efficiency Water productivity ($/m3) Negative

Internal renewable freshwater resources (km3) Negative

May cause harm to other countries Total dam capacity (km3) Negative

TABLE 2 The indicators and indexes of water risk assessment.

Indicators Indexes

Water Quantity Environmental water stress

Human water stress

Agricultural water stress

Water Quality Nutrient pollution

Wastewater pollution

Wetland fragmentation

Ecosystems Ecosystem impacts from dams

Threats to fish

Extinction risk

Governance Legal framework

Hydropolitical tension

Enabling environment

Socioeconomics Economic dependence on water resources

Societal well-being

Exposure to floods and droughts
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countries in the context of water shortage are also different (Gao

et al., 2019). Countries facing greater risks must highlight their

risks and ask for supplemental water. Since water resources are

strongly related to domestic well-being, production capacity, and

the ecology, the water risks related to water quantity, water

quality, ecosystems, governance, and socioeconomics are

shown in Table 2.

Since some risk indicators are difficult to quantify, we

combine the Analytic Hierarchy Process (Saaty 1994) and

the Fuzzy Comprehensive Evaluation Method (Yang et al.,

2018) to evaluate the water risk coefficient, WRC �
{wrc1, wrc2,/, wrcn}.

2.2.4 Adjustment for water use efficiency
The water resources of the transboundary river are precious

and scarce, so it is necessary to emphasize use efficiency to avoid

opportunistic behaviors and inaction (An et al., 2018). In order to

create an index of efficiency, we use the water use efficiency of

irrigated agriculture, area equipped for irrigation, total

population with access to safe drinking water, total renewable

water resources per capita, total harvested irrigated crop area,

people using at least basic drinking water services, people using at

least basic sanitation services, and total water production. We

then use the Entropy Method to calculate the water efficiency

coefficient (Yuan et al., 2022a),WEC � {wec1, wec2,/, wecn}, of
riparian countries.

2.3 Final allocation

The final allocation ratio Xi is decided by the Nash-

bargaining allocation ri in the first stage allocation and the

adjustment with water circumstances, satisfaction, risk, and

efficiency in the second stage:

FIGURE 2
Tigris-euphrates river basin (TWAP, 2021).
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Xi � (wcci + wsci + wrci + weci)ri
∑n
i�1
(wcci + wsci + wrci + weci)ri

(8)

3 Case study and results

The Tigris-Euphrates is one of the most well-known

transboundary river basins in the world. The basin consists of

the Tigris and Euphrates Rivers where they roughly follow

parallel courses through the heart of the Middle East

(Figure 2). The two rivers have their sources within 80 km of

each other in eastern Turkey and travel southeast through

northern Syria and Iraq to the head of the Persian Gulf. As

water conflicts have negatively impacted riparian countries’

water use and state relations, where cooperation can bring

greater utility, riparian countries are willing to expand their

benefits through cooperation based on their interests, or at

least not harm their interests.

3.1 First stage allocation

The available water resources in the river system totals

35,580 m3. However, the total water demand of the riparian

countries is 54,700 m3, with Turkey, Syria, and Iraq claiming

14,000 m3, 12,600 m3, and 28,100 m3, respectively (Gurer

2004; Kucukmehmetoglu, 2009). The shortage of water

resources with increasing water demand means that the

three countries usually dispute water allocation schemes.

These disputes threaten the safety of the river basin and

jeopardize sustainable development. A reasonable water

allocation model between these countries is urgently

needed to prevent conflict.

We can postulate that the three countries are negotiating over

the allocation of water resources and propose a plan for the ratio of

water allocation based on its requirements and goals. Turkey’s

allocation plan is QTUR � {0.40, 0.27, 0.33}, Syria’s is

QSYR � {0.25, 0.35, 0.40}, and Iraq’s is QIRQ � {0.15, 0.07, 0.78}.
Then the positive ideal allocation plan is E+ � {0.40, 0.35, 0.78},
and the negative ideal allocation plan is E− � {0.15, 0.07, 0.33}.

According to function (2), the concession ratio for each

country needs to satisfy:

Max[(0.40 − sTUR − 0.15)(0.35 − sSYR − 0.07)(0.78 − sIRQ − 0.33)]
s.t.

⎧⎪⎪⎪⎨⎪⎪⎪⎩
sTUR + sSYR + sIRQ � 0.53

0.40 − sTUR ≥ 0.15
0.35 − sSYR ≥ 0.07
0.78 − sIRQ ≥ 0.33

(9)

Using MATLAB software to solve function (9), we find that

the optimal concession ratio is sTUR � 0.10, sSYR � 0.13,

sIRQ � 0.30, so the initial allocation ratios are R �
{rTUR, rSYR, rIRQ} � (0.30, 0.22, 0.48) as shown in the Table 3.

3.2 Second stage allocation

3.2.1 Adjustment for water circumstances
According to the indicators in Table 1, data was collected

from the database of World Bank and the FAO’s AQUASTAT is

shown in the Table 4.

We apply a real-coded accelerating genetic algorithm

to optimize the projection and reduce the data dimension.

The resulting water circumstances coefficients are

obtained by applying the Projection Pursuit Model (Yuan

et al., 2019):

WCCi � {wccTUR, wccSYR, wccIRQ, } � (0.3694, 0.5152, 0.1154) (10)

3.2.2 Adjustment for water satisfaction
The three countries’ satisfaction levels with the initial

allocation are:

si � { rTUR
q+(TUR),

rSYR
q+(SYR),

rIRQ
q+(IRQ)} � (0.7500, 0.6285, 0.6153) (11)

According to function (7), sTU R
′ � 1.33, sSY R

′ � 1.5911, and

sI R Q
′ � 1.6252.

The water satisfaction coefficientWSC calculated by function

6) is:

WSC � {wscTUR, wscSYR, wscIRQ} � (0.2900, 0.3517, 0.3583) (12)

3.2.3 Adjustment for water risk
Eight experts were selected to score the importance of each index

in Table 2, and the Analytic Hierarchy Process was applied to obtain

the weight of each index as shown in Table 5.

The Fuzzy Comprehensive Evaluation Method is used to assess

the water risk for Iraq. The risk levels are classified as very high

(VH), high (H), moderate (M), low (L), or very low (VL) and they

are scored as 100, 80, 60, 40, and 20, respectively, so the risk level

V � [ 100 80 60 40 20 ]. Thirty experienced managers and

experts were selected to evaluate the degree of water risk.

Summing the number of times each expert has scored each

indicator, a single-factor fuzzy comprehensive evaluation matrix

was constructed as shown in Table 6.

Through the evaluation of the various indicators, the evaluation

vector of Iraq from the five aspects of water quantity, water quality,

TABLE 3 First stage of water allocation results in the Tigris-Euphrates
River.

Country Turkey (%) Syria (%) Iraq (%)

The positive ideal allocation 40.00 35.00 78.00

The optimal concession ratio 10.00 13.00 30.00

Allocation proportion 30.00 22.00 48.00
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ecosystems, governance, and socioeconomics are calculated and

then normalized to obtain the membership vector B:

B � (0.4822, 0.2238, 0.1193, 0.0997, 0.075)+
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0.3749 0.3566 0.1739 0.0612 0.0333
0.3813 0.3544 0.2250 0.0333 0.0058
0.3575 0.3680 0.1931 0.0626 0.0186
0.3794 0.379 0.1951 0.0266 0.0193
0.3886 0.3408 0.2299 0.0333 0.0071

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
� (0.3757, 0.3585, 0.1939, 0.0496, 0.0220)

(13)

We can then obtain the overall risk evaluation score of Iraq

through the comprehensive evaluation grade:

ZIraq � VBT � [ 100 80 60 40 20 ]
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0.3757
0.3585
0.1939
0.0496
0.0220

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � 80.3286 (14)

Using the same calculation procedure for Syria and Turkey,

the risk evaluation scores for the three countries are

TABLE 4 The water circumstances data of the three countries.

Indexes Turkey Syria Iraq

Area (km2) 192190.00 9642.00 40788.00

Basin Length (km) 400.00 44.00 1318.00

Annual average precipitation (mm) 593.00 252.00 216.00

Irrigated area (km3) 19567.23 12518.08 44463.70

Electricity demand (MW) 310.42 311.18 4524.60

Population density (people/km2) 67.63 103.55 72.54

Annual Runoff (mm/year) 278.37 83.66 89.08

Forest cover rate (%) 28.90 2.80 1.90

Water productivity ($/m3) 16.00 1.00 5.00

Internal renewable freshwater resources (km3) 2798.00 417.00 937.00

Total dam capacity (km3) 157.80 19.65 151.80

TABLE 5 Weights used in the water risk index.

Indicators Weight Indexes Weight

Water Quantity 0.4822 Environmental water stress 0.5396

Human water stress 0.2970

Agricultural water stress 0.1634

Water Quality 0.2238 Nutrient pollution 0.6337

Wastewater pollution 0.1919

Wetland fragmentation 0.1744

Ecosystems 0.1193 Ecosystem impacts from dams 0.5584

Threats to fish 0.3196

Extinction risk 0.1220

Governance 0.0997 Legal framework 0.5816

Hydropolitical tension 0.3090

Enabling environment 0.1095

Socioeconomics 0.0750 Economic dependence on water resources 0.6817

Societal well-being 0.2158

Exposure to floods and droughts 0.1025
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ZTUR � 53.9707, ZSYR � 72.1582, and ZIRQ � 80.3286. After

normalization, we obtain:

WRC � {wrcTUR, wrcSYR, wrcIRQ, } � (0.2614, 0.3495, 0.3891) (15)

3.2.4 Adjustment for water use efficiency
According to the indicators in Table 2, we collected data from

the database of AQUASTAT as shown in Table 7.

The water efficiency coefficients are calculated by the

Entropy Method:

WECi � {wecTUR, wecSYR, wecIRQ} � (0.2196, 0.1102, 0.6702) (16)

Therefore, Table 8 shows the adjusted coefficient between the

three countries.

According to function (8), the final water resource allocation

ratios are Xi � {xTUR, xSYR, xIRQ} � (0.2498, 0.2131, 0.5372) as

shown in the Table 9.

4 Discussion

In the first stage of negotiation, the parties create value

through the negotiation of baseline allocations. In the second

stage, they claim value at the Frontier of Pareto efficiency to

obtain greater benefits, adjusting the allocations using

coefficients based on water circumstances, satisfaction, risk,

and efficiency.

In the first-stage allocation, the countries’ concession ratio

needs to satisfy the function spi � e+(i) − e−(i) − wi(1 − ∑n
i�1
e−(i)).

Iraq’s positive ideal allocation and negative ideal allocation are

both relatively large. Syria has the lowest positive and negative

ideal allocations, and the difference between Turkey’s positive

ideal allocation and negative ideal allocation is the smallest. Iraq’s

concession ratio is the largest, at 30.00%, since its positive ideal

allocation is 78.00%, which becomes 48.00% and is still the

highest after making the concession. Turkey’s concession ratio

is the smallest, but its positive ideal allocation is higher than

Syria’s, so the initial allocation ratio of Syria is 22.00%, with the

remaining 30.00% allocated to Turkey.
In the second-stage allocation, water allocations are adjusted

in view of inter-country differences in water circumstances,

satisfaction, risk, and efficiency as shown in Figure 3. Turkey’s

allocation is reduced by 5.02%, Syria’s is reduced by 0.70%, and

Iraq’s is increased by 5.72%.

The process of second-stage adjustment begins with the

water circumstances coefficients, which are 0.3694 for Turkey,

0.5152 for Syria, and 0.1154 for Iraq. Among the riparian

countries, Iraq has the largest positive indicators, such as

area, length, and irrigation area, but also the worst negative

indicators, such as renewable water resources, total dam

capacity, and water productivity. Combined, these give Iraq

the smallest water circumstances coefficient, and hence the

largest water allocation adjustment. Its allocation ratio is

decreased from 48.00% to 19.81%, while those of Turkey and

Syria are increased.

For the water satisfaction adjustment, since Turkey’s

initial allocation ratio (30.00%) is the closest to the positive

ideal allocation (40.00%), its satisfaction is the highest; but the

gap between the initial allocation and the positive ideal

allocation is larger for Syria and Iraq. Therefore, the water

satisfaction coefficient for Syria and Iraq is greater than for

Turkey. This increases Iraq’s water resource allocation ratio to

36.92%, while the allocations for Turkey and Syria decline

correspondingly.

Next is the water risk adjustment. According to the

experts’ evaluation of 15 indexes, the risks related to water

quantity, water quality, ecosystems, governance, and

socioeconomics are higher in Syria and Iraq, although this

differs from the water stress index estimated by the FAO

(using the ratio of total freshwater withdrawal to the

difference between total renewable water resources and

environmental flow requirements—which does not

consider the multi-dimensional properties of water

resources). The cumulative adjustment results in a greater

allocation for Iraq and smaller allocations for Turkey and

Syria.

Finally, in the adjustment for water efficiency, Iraq’s

agricultural water use efficiency, irrigation conditions,

basic drinking water services, and water productivity are

the highest, so its water efficiency adjustment coefficient is

the largest, at 0.6702, while Syria, limited by domestic

conditions, has the lowest indicators, giving an adjustment

coefficient of only 0.1102. This raises Iraq’s water allocation

ratio to 53.72%, while Turkey’s decreases to 24.98% and

Syria’s to 21.30%.

TABLE 6 Fuzzy comprehensive evaluation matrix for Iraq.

Iraq VH H M L VL

Environmental water stress 10 13 4 2 1

Human water stress 12 8 7 2 1

Agricultural water stress 14 8 6 1 1

Nutrient pollution 12 11 6 1 0

Wastewater pollution 10 10 9 1 0

Wetland disconnectivity 11 10 7 1 1

Ecosystem impacts from dams 11 12 4 2 1

Threat to fish 9 9 10 2 0

Extinction risk 14 12 3 1 0

Legal framework 12 12 4 1 1

Hydropolitical tension 10 10 10 0 0

Enabling environment 12 12 4 2 0

Economic dependence on water resources 12 10 7 1 0

Societal well-being 9 12 7 1 1

Exposure to floods and droughts 15 8 6 1 0
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Taking into account the four factors together, the magnitude

of the adjustment is not large, which is conducive to the

acceptance of the adjustment plan by the three countries. A

large difference between the first and second stages would make

acceptance less likely.

This paper has introduced the two-stage characteristics of

cooperative negotiation and constructed a two-stage allocation

negotiation model (TSANM) based on the Nash bargaining

model. Previously proposed multi-stage water resource

allocation models use other methods, such as AP rule. AP

also allocates a common pool resource in two stages. In the

initial allocation, the negotiators obtain

e1i � max{0, E − ∑
j∈N/{i}

cj}, where ∑
j∈N/{i}

cj is the sum of the

claims of all the other agents. In the second stage, the

remaining surplus water is allocated according to the

proportional rule e2i � (E − ∑
j∈N

e1j) (cEi −e1i)
(∑
j∈N

(cEj −ej))
, where

cEi � min {ci, E}. Therefore, the final allocation is:

ei � max
⎧⎨⎩0, E − ∑

j∈N/{i}
cj
⎫⎬⎭ +⎛⎝E − ∑

j∈N
e1j⎞⎠ (cEi − e1i)

( ∑
j∈N
(cEj − ej)) (17)

This result is shown in Table 10, the difference between the

results of the two methods is not obvious. This shows that the

TSANM constructed in this article has a certain reference in the

allocation and can be accepted by the countries in the river

basin. However, there is an essential difference between the

TSANM and AP rule. If the riparian countries unanimously

adopt the AP rule, the allocation will be carried out in the form

of a contract. Next the riparian countries will claim more water

based on the acquisition of larger water resources, because AP

favors countries that have a greater water demand (Degefu and

He 2016). In contrast, the TSANM described here is based on

group decision-making among riparian countries. The

countries form their respective positive and negative ideal

allocations through group negotiation and bargaining, to

reach an allocation result based on both individual

rationality and group utility. In the second stage, the initial

allocation of water resources is adjusted with reference to four

water-related coefficients, and the relevant indicators and

indexes are developed from relevant laws, rules, documents,

and references. The countries could also negotiate to establish

the adjustment coefficients and indexes to improve the

acceptability of the allocation method and its results.

TABLE 7 Water efficiency data for the three countries.

Indexes Turkey Syria Iraq

Irrigated Agriculture Water Use Efficiency (US$/m3) 0.0695 0.1023 0.2893

Area equipped for irrigation drained (1000 ha) 574.00 273.00 340.90

Total population with access to safe drinking water (%) 86.60 90.10 1000.00

Total renewable water resources per capita (m3/inhab/yr) 2338.00 991.6 2570.00

Total harvested irrigated crop area (1000 ha) 2143.00 1334.00 4206.00

People using at least basic drinking water services (%) 96.53 97.22 98.88

People using at least basic sanitation services (%) 94.12 91.22 97.30

Water production ($) 85.60 92.10 106.80

TABLE 8 The adjusted coefficient of three countries.

Country Turkey Syria Iraq

Coefficient of adjustment for water circumstances 0.3694 0.5152 0.1154

Coefficient of adjustment for water satisfaction 0.2900 0.3517 0.3583

Coefficient of adjustment for water risk 0.2614 0.3495 0.3891

Coefficient of adjustment for water use efficiency 0.2196 0.1102 0.6702

TABLE 9 Second stage of water allocation result in the Tigris-
Euphrates river.

Country Turkey (%) Syria (%) Iraq (%)

Allocation proportion 24.98 21.31 53.72
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5 Conclusion

5.1 Practical implication of the study

In this article, we have considered the challenges of a water

resources allocation scheme in transboundary river basins. In

view of the multi-dimensional attributes of water resources we

constructed a two-stage allocation negotiation model. The

Nash bargaining game model and bankruptcy theory are

applied for the initial allocation, and for the second stage

we proposed an adjustment model which considers factors

such as water circumstances, water satisfaction, water risk,

and water efficiency. The proposed framework strives to

allocate water rationally and improve the acceptability of

water resource allocation. The proposed method was

applied to the Tigris-Euphrates River, producing initial

allocation ratios of 30.00%, 22.00%, and 48.00% for Turkey,

Syria, and Iraq, respectively, and adjusted allocation ratios of

24.98%, 21.30%, and 53.72%.

The TSANM described in this paper systematically considers

the multi-dimensional attributes of water resources in the

allocation process and may increase the participation of

riparian countries. Through collective bargaining and

negotiation, absolute egalitarianism and utilitarianism are both

avoided, and instead objectivity and fairness are emphasized,

including the acceptability of an improved allocation scheme.

The two-stage allocation model proposed in this article has a

strong basis and practical significance for water allocation in

transboundary river basins.

5.2 Limitation of this research

This paper constructed a TSANM for water allocation in

transboundary rivers. In the second stage for water resource

allocation we addressed adjustment by water circumstances,

satisfaction, risk, and efficiency. The adjustment of the four

aspects is obtained through the calculation of indicators or in

the form of questionnaires. The water risk of the riparian

country is measured based on subjective evaluation in this

article, which may not fully reflect the consideration of the

riparian countries in the negotiation of water resources

allocation. In addition, part of the data in the case study of

this paper comes from a specific situational assumption, which

leads to managerial insight implications that this study needs to

be strengthened.

FIGURE 3
Comparison of the allocation adjustments based on different coefficients.

TABLE 10 Allocation results from two methods.

Country Turkey (%) Syria (%) Iraq (%)

Allocation based on AP 23.44 20.51 56.05

Allocation based on TSANM 24.98 21.30 53.72
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5.3 Future direction of study

Water resource allocation is a complex group decision-

making problem in transboundary river basins under the

changing climate (Lu et al., 2021; Akbari et al., 2022). Water

allocation to different countries implies a trade-off between the

benefits perceived by different sectors and environmental

demands (KhazaiPoul et al., 2019), where they will bargain on

the allocation of water resources and emphasize the asymmetry

between them. Therefore, these are the directions and topics

worthy of further research in the future. Firstly, how to account

for the heterogeneity of riparian countries in a two-stage

allocation model to more accurately describe the actual

situation of water resources allocation. Secondly, using more

reasonable methods and building a more systematic index system

to adjust the initial allocation of water resources will help to

improve the stability of water resource allocation (Avarideh et al.,

2017). Finally, finding a real-world case study to simulate the

model under the different scenarios and different weight will help

to improve managerial insight implications.
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