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ARTICLE INFO ABSTRACT

Editor: Jingzheng Ren Rapid global population growth and extensive urbanization threaten water sustainability, hindering sustainable
development. This issue is particularly acute in arid regions such as the Gulf Cooperation Council (GCC), where

Keywords: the scarce natural water resources are overexploited. Effective water resource management (WRM) is pivotal in

Water resource management
System dynamics modeling
Policy scenario design framework

overcoming this challenge. This holistic study presents an innovative approach to address water sustainability at
a national scale by developing a WRM decision support system (DSS) leveraging system dynamics modeling
Groundwater conservation policies (SDM). Employing a unique scenario design framework developed in this study, the DSS simulates Qatar's water
Stakeholder engagement resource system behavior for 2021 to 2070 according to nine clustered policy scenarios presenting different
Gulf cooperation council degrees of sustainability designed accounting for changes in physical, environmental, and socioeconomic pat-
terns. Our results reveal that the “business-as-usual” (BAU) WRM policy can balance water supply and demand
for only 32 years. According to the best policy scenario, the sustainability of the water supply could be ensured
for up to 50 years by increasing the water supply by 10 % and reducing consumption by 10 %. Additionally, to
aid policymakers in fostering water resource sustainability, groundwater conservation strategies are proposed
using the unique scenario design framework by limiting the yield to the safe abstraction level and emphasizing
the significance of preserving non-renewable groundwater resources as a “backstop” resource for the country.
While marking the first holistic research study in Qatar by utilizing the SDM approach to tackle national-scale
WRM challenges, the established WRM DSS model is equally applicable to other GCC countries and similar
arid regions.

cities and communities (goal #11) and responsible consumption and
production (goal #12) (Lahlou et al., 2023; Salvia et al., 2019). There-
fore, addressing water scarcity challenges using effective WRM strate-
gies represents the way forward to achieving sustainable development
(Al Khoury et al., 2023), especially in water-scarce regions and arid
environments such as the GCC countries (Al Rashed et al., 2023). In the
Arabian Peninsula, water scarcity issues are severe due to minimal
precipitation, harsh weather, and high evaporation rates (Priyan, 2021).
This makes surface freshwater resources scarce and scattered. Water
demand mainly relies on nonconventional water sources since natural
water resources are scarce (Alhaj et al., 2017; Moghaddasi et al., 2022)
and overexploited and necessitates effective WRM policies for long-term
water resource sustainability.

The WRM entails intricate and intertwined relationships among
water resources, human activities and socioeconomic and

1. Introduction

Water is fundamental to life and serves as the backbone for societal
development. Sustainable WRM is crucial for achieving stability be-
tween economic growth, environmental and human development (Xian
et al., 2022). Furthermore, it is paramount to create a long-term equi-
librium between supply and competing regional demand from different
societal subsystems (Darbandsari et al., 2020). WRM fosters resilient
communities and promotes equitable growth, involving effective plan-
ning, allocation and conservation of water resources (Cosgrove and
Loucks, 2015). Successful WRM plays a crucial role in addressing
numerous sustainable development goals (SDGs) altogether, in partic-
ular, clean water and sanitation (goal #6), zero hunger (goal #2), good
health and well-being (goal #2), climate action (goal #13), sustainable

* Corresponding author at: College of Science and Engineering, Hamad Bin Khalifa University, Qatar Foundation, Doha 34110, Qatar.
E-mail address: azghibi@hbku.edu.qa (A. Zghibi).

https://doi.org/10.1016/j.spc.2024.03.024
Received 17 December 2023; Received in revised form 20 March 2024; Accepted 20 March 2024

Available online 25 March 2024
2352-5509/© 2024 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:azghibi@hbku.edu.qa
www.sciencedirect.com/science/journal/23525509
https://www.elsevier.com/locate/spc
https://doi.org/10.1016/j.spc.2024.03.024
https://doi.org/10.1016/j.spc.2024.03.024
https://doi.org/10.1016/j.spc.2024.03.024
http://creativecommons.org/licenses/by/4.0/

K. Naeem et al.

Sustainable Production and Consumption 46 (2024) 733-753

Nomenclature

Abbreviations

ANN Artificial Neural Network

BAU Business-as-usual

BMED  Bipolar Membrane Electrodialysis
CLD Causal Loop Diagram

DSS Decision Support System

DW Desalinated Water

FIFA International Association Football Federation
GCC Gulf Cooperation Council

GCM Global Climate Models

GDP Gross Domestic Product

GW Groundwater

MAR Managed Aquifer Recharge
RCM Regional Climate Models

SA Systems Approach

SDGs Sustainable Development Goals
SDM System Dynamics Modeling
SED Selective Electrodialysis

SFD Stock and Flow Diagram

SVM Support Vector Machines

Sw Surface Water

TSE Treated Sewage Effluent

UN United Nations

WRM Water Resource Management

Variables and symbols

AD Agriculture water demand

CD Commercial water demand

DD Domestic water demand

ED Environmental water demand

GD Government water demand

i Water supply type

ID Industrial water demand

j Water demand type

k Water supply level

1 Water demand level

MCM Million cubic meters

MRE Maximum relative error

N Total time

n Time instance

RE Relative error

RI Reliability index

R2 Coefficient of determination

S Shortage

WD Water demand

WS Water supply

WSI Water sustainability index

Yocmain  Actual historical value at time instance “n”
Y qctual Average of actual historical values
Ysimuaedn Simulated value at time instance “n”

environmental subsystems (Freitas and Magrini, 2013; Makanda et al.,
2022; Mott Lacroix and Megdal, 2016). These interconnected sub-
systems are complex, and a holistic analysis of a WRM is challenging (Al
Khoury et al., 2023). Therefore, the systems approach is essential to
analyze the water system holistically and devise effective WRM strate-
gies that ensure harmony among all the interconnected subsystems of
the society (Naeem et al., 2023; Saravanan, 2008).

SDM is a systems approach that facilitates researchers and decision-
makers in holistic WRM system understanding by analyzing the long-
term consequences of policies, recommendations, and regulations
across connected subsystems. In water-related studies, SDM helps ach-
ieve a system's equilibrium by balancing the competing water needs and
avoiding the unintended consequences regarding water resource sus-
tainability (Pluchinotta et al., 2021; Zomorodian et al., 2018). The
policy scenario analysis capability of SDM makes it an attractive tool for
WRM decision-makers. It helps the analysts design and tests several
policy scenarios using a simulation model and evaluate the system
behavior over time (Zarghami and Akbariyeh, 2012; Zhang et al., 2008).
This approach also simulates potential system disruptions, enabling the
design and testing of adaptive WRM policy responses (Li et al., 2023;
Mirchi et al., 2012). By adopting an SDM approach, WRM decision-
makers can efficiently reduce system vulnerability, foster the sustain-
ability of water resources, and make valuable contributions to societal
sustainable development (Stojkovic et al., 2023).

Qatar represents a unique case study for WRM analysis within GCC,
characterized by natural water scarcity, rapid urbanization, increasing
water demand due to socioeconomic development, and high depen-
dence on desalinated water (Saleem et al., 2023). In addition, over-
extraction of groundwater is a pervasive issue in arid regions, as evi-
denced by previous studies (Ahmad and Prashar, 2010; Dawadi and
Ahmad, 2013; Stave, 2003), with particularly dire consequences for the
aquifers in Qatar as observed in the recent reviews (Abbas et al., 2023;
Aloui et al., 2023; Lahlou et al., 2023). Similarly, the other GCC coun-
tries are also experiencing accelerated socioeconomic growth, lately
centered on tourism, and developing as host countries for mega-sport
events (Abbas et al., 2023), which adds a challenge for the WRM
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decision-makers to ensure a sustainable supply to meet the current and
future water demand. While existing studies, such as those conducted by
(Al Rashed et al., 2023; Aloui et al., 2023; Lahlou et al., 2023; Mohamed
et al., 2020), have explored various aspects of WRM in GCC countries,
they have often overlooked the intricate and dynamic feedback in-
teractions among the subsystems, holistically. Additionally, most of the
earlier research was concentrated on WRM policy analysis using SDM at
the basin level (Dehghani et al., 2022; Gohari et al., 2013; Madani and
Marino, 2009), with limited attention given to policy analysis at the
national level.

Furthermore, a systematic water supply and demand scenario design
framework could not be found in the literature. To bridge these research
gaps, this paper aims to devise resilient WRM strategies leveraging the
SDM approach that enable Qatar and similar arid areas such as GCC
countries to foster sustainable development by ensuring adequate water
availability. Furthermore, the natural water scarcity and water storage
limitation of the nonconventional water sources in arid regions, notably
in GCC, necessitate adopting the WRM strategies that can foster
groundwater conservation.

This study addresses the identified challenges and research gaps with
the following objectives:

e Holistic system understanding: Devise a framework for compre-
hensively analyzing an arid region's complex water resource system
using SDM, focusing on Qatar as a case study.

e Decision support system: Develop a DSS leveraging SDM to

enhance stakeholder engagement and assist policymakers in deter-

mining the tipping points of various WRM strategies where the water
demand in the system will exceed the supply.

Unique scenario design framework: Design a scenario generation

framework with the dual objectives of facilitating stakeholder

engagement and aiding policymakers in formulating a range of water
supply and design scenarios while systematically evaluating their
impact on water resource sustainability.

e Groundwater conservation policies: Assist policymakers in
formulating and integrating groundwater conservation strategies
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that emulate real-life options for arid regions, applying to Qatar as a
case study.

Following the introduction, a literature review on WRM using the
SDM approach is presented in Section 2. Section 3 details the method-
ology highlighting SDM application for effective WRM using causal loop
and stock-flow diagrams. Furthermore, a unique WRM scenario design
framework formulated in this study is also illustrated in Section 3.
Section 4 covers the results and discussions, including the policy im-
plications and recommendations, whereas Section 5 concludes the
research findings.

2. Literature review

Water scarcity due to climate change and increasing demand coupled
with hydrological uncertainty and the risks of extreme weather events is
already a reality in arid and hyper-arid environments, and strengthening
water security is imperative against this issue. Institutional tools incor-
porating legal and regulatory frameworks and incentives are needed to
allocate and preserve water resources. At the same time, the complexity
and interconnectedness of systems, sectors, and actors in WRM require
methodological approaches that account for complexity and can also
integrate and emphasize feedback within the integrated system. The
system dynamic model has been widely used to analyze the WRM as-
pects in several regions (Dehghani et al., 2022).

An investigation into WRM strategies in Shenzhen, China, was con-
ducted using the SDM approach by Sun et al. (2017) to address the
challenge of bridging the supply-demand gap. Given the steady growth
in population and economic activity, the study emphasized prioritizing
supply expansion projects. Furthermore, the study assumed a stable
supply throughout the simulation, whereas analyzing disrupted supply
scenarios is advised as possible future work. However, the research
presented a substantive analysis addressing the equilibrium between
supply and projected demand (Sun et al., 2017). Yet, the study did not
address the impact of water conservation strategies. In contrast, the
WRM policy, focusing exclusively on supply expansion while not
addressing demand management, backfired in an arid region of Iran.
Employing the SDM approach, (Gohari et al., 2013) have shown that
increasing supply in the Zyandeh Rud basin using water diversion pro-
jects inadvertently led to a subsequent rise in per capita demand.
Although expanding the supply strategy worked well in the short term, it
was a less effective long-term WRM approach.

Moreover, estimating regional demand is imperative to ensure timely
planning and investment in supply projects. The study by Qi and Chang
(2011) has affirmed the appropriateness of SDM as the preferred tool for
water demand estimation, in contrast to multivariate regression and
time series analysis. The recommendation is attributed to the latter
analytical techniques being ill-suited for capturing the intricate
nonlinear dynamics inherent to the system.

The policy evaluation using the scenario analysis technique of the
SDM approach proves to be highly effective for analyzing WRM strate-
gies under uncertain future parameters. The study by Madani and
Marino (2009) used the SDM approach to conduct WRM policy scenario
analysis in Iran's Zyandeh Rud river basin. The study found that water
supply and demand balance in the basin can be achieved by population
control coupled with the enhanced supply from the water diversion
project. These research findings facilitated the regional WRM decision-
makers to minimize the groundwater over abstraction. Analyzing the
water scarcity issue using scenario analysis in Tabriz, Iran (Zarghami
and Akbariyeh, 2012) has suggested enhancing supply through an inter-
basin water transfer project, improving water availability by 45 %
during the simulated time. Likewise, the study by Kotir et al. (2016) has
identified that water infrastructure investment in Ghana's Volta River
Basin is the desirable policy scenario to balance increasing regional
demand compared to the cropland expansion policy. Scenario analysis
complemented with the optimization approach is used by Li et al. (2018)
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to minimize the water shortage in China's Zhengzhou region. Addi-
tionally, Liu et al. (2022) have conducted an SDM-based policy scenario
simulation of WRM strategies in China. In the analysis, the WRM system
is evaluated using four development policy modes: economic develop-
ment policy, sustainable development policy, environmental-focused
policy, and business-as-usual policy. The system performance against
each WRM policy is evaluated using the supply-demand ratio.

While useful, the methodology employed by previous studies ex-
hibits limitations, as it proves challenging and occasionally unrealizable
to shape national policies exclusively from the perspective of WRM.
Prioritizing environmental sustainability and ecological protection, only
a handful of nations might adopt WRM policies that constrain economic
growth. For instance, adopting the economic development policy sug-
gested by Liu et al. (2022) in China could potentially come at an envi-
ronmental cost. To be more pragmaticc, WRM strategies must be
holistically analyzed and formulated to support societal growth,
enabling sustainable development (Pahl-Wostl, 2007; Pahl-Wostl et al.,
2007). WRM analysts must formulate strategies that harmonize societal
and environmental sustainability while considering increasing socio-
economic growth rates (Fraser et al., 2006; Hashimoto et al., 1982).
Subsequently, by demonstrating the tangible outcomes of timely de-
cisions, decision-makers and stakeholders can be readily persuaded to
allocate the required resources for critical WRM projects, which are
pivotal for water resource sustainability and essential for fostering sus-
tainable development.

In this context, unlike the previous research studies, where the WRM
decision makers are suggested to adopt specific modes of development
and limit the population growth rate (Liu et al., 2022), this unique
research work defines several policy scenarios with increasing growth
rates of the interconnected subsystems using SDM. It aids decision-
makers in analyzing possible ways to achieve water supply sustain-
ability for an arid region and foster sustainable development. Secondly,
utilizing a uniquely developed policy scenario generation framework,
this research study introduces policy scenarios for sustainable ground-
water utilization within safe abstraction limits. The developed frame-
work facilitates formulating and analyzing several policies to promote
groundwater conservation in arid regions, facilitate stakeholder
engagement, and establish robust WRM strategies. The WRM policy
scenario design framework is a novel contribution to scientific litera-
ture, further enhancing the novelty of this research work. Third, unlike
prior research, which predominantly focused on tackling WRM chal-
lenges within specific water basins (Kotir et al., 2016; Li et al., 2018;
Madani and Marino, 2009; Zarghami and Akbariyeh, 2012), this study
addresses the research gap and presents a comprehensive SDM frame-
work for conducting a national-level analysis of the WRM system for arid
regions, specifically GCC countries. Moreover, the research objectives of
this study facilitate the policymakers to realize the United Nations (UN)
Sustainable Development Goals (SDGs), particularly SDG #11, focusing
on developing sustainable cities and communities, and SDG #12, pro-
moting responsible consumption and production.

3. Methods
3.1. Study area

Qatar, located on the eastern edge of the Arabian Peninsula, is a
relatively small peninsula spanning approximately 11,600 km? (Fig. 1).
Situated strategically within the GCC, it is bordered by the Persian Gulf
on three sides, while its southern border is shared with Saudi Arabia. It is
characterized by a desert climate with scant annual precipitation aver-
aging 75 mm/year and notably high evaporation rates reaching 2200
mm/year (Abbas et al., 2023; Aloui et al., 2023; Lahlou et al., 2023).
Consequently, the absence of surface water (SW) within Qatar leaves the
country mainly reliant on groundwater, which exhibits a sustainable
average yield of 50 million cubic meters per year (MCM/year). Never-
theless, the current rate of groundwater extraction stands significantly
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Fig. 1. Map of the state of Qatar.

higher, at 255 MCM/year (Aloui et al., 2023; Lahlou et al., 2023; PSA
Qatar, 2021). Given Qatar's inherent water scarcity, the nation pre-
dominantly depends on nonconventional water sources, with desali-
nated water (DW) and treated sewage effluent (TSE) playing pivotal
roles in meeting its water needs.

The Domestic water demand (DD) in Qatar represents the household
water requirement by the citizens and accounts for 295 MCM/year
(Fig. 2) (PSA Qatar, 2021). The Industrial water demand (ID), 29 MCM/
year, represents the manufacturing, mining (including the oil and gas
sector), electricity and air conditioning, and construction sector water
usage. The commercial water demand (CD), 90 MCM/year, mainly
represents the demand for hotels, accommodation, food services,
wholesale, retail, and transportation sectors. The Environmental water
demand (ED), 88.56 MCM/year, mainly represents the water require-
ment of green spaces. The government water demand (GD), 59 MCM/
year, includes the public administration office, educational institutions,
and healthcare water usage. Qatar's Agricultural water demand (AD)
accounts for 311 MCM/year, representing the local food production of

crops, fodder, meat, dairy, and poultry. The overall water demand
amounted to a total of 873 MCM in 2020.

The primary water sources in Qatar include desalination, with a
production capacity of 671 MCM/year, groundwater abstraction of 255
MCM/year, and TSE, with a maximum treatment capacity of 360 MCM/
year (PSA Qatar, 2021).

The rapid expansion of the tourism and sports industry in the GCC,
particularly in Qatar, which aims to become an international hub for
mega-sports events and competitions, has significantly elevated the
water demand. This surge in demand is particularly noteworthy when
we consider that, during the FIFA World Cup of 2022 played in Qatar,
the country hosted around 1.4 million international tourists while
maintaining a resident population of 3.1 million during the same year
(Qatar Tourism, 2022). This research introduces a distinctive dimension
to WRM analysis by including the demand associated with the tourism
and sports sectors.

Desalinated Water
(ow)
671 MCM/year
(plant Capacity)

Agriculture Demand
(AD) 311 MCM/year [218

Treated Sewage
Effluent (TSE) 360
MCM/year

GW, 93 TSE]
(plant Capacity)

Evaporation Loss in slo
System P T
25.5 MCM/year

B~

Fig. 2. Qatar's water balance, business-as-usual (BAU) case.
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3.2. System dynamics modeling approach

This study integrates the SDM approach and a unique scenario-
design methodology to develop a framework to assess the impact of
various WRM policies on long-term water resource sustainability
(Fig. 3). The analysis comprises the comprehensive mapping encom-
passing regional water supply and demand subsystems. This is achieved
using a causal loop diagram (CLD) and detailed stock and flow diagram
(SFD) development. The modeling progressed by employing policy
scenario analysis, systematically adjusting system parameters, and
adopting a long-term SFD-based simulation model with a 50-year run
time while keeping 2020 as the baseline year. The scenario analysis
research aims to rigorously assess the resilience of various WRM pol-
icies, focusing on balancing the interplay between regional water supply
and demand.

3.2.1. Causal loop diagram

Causal relations among the model elements are established using a
qualitative tool of the SDM approach called CLD (Madani and Marino,
2009). Using CLD (Fig. 4) this work developed the WRM system struc-
ture and established the interaction of the socioeconomic subsystem
with the water resource subsystem. In the GCC, the population growth
rate is usually related to economic development and the availability of
nonconventional water (Odhiambo, 2017), which is mainly desalinated.
In arid regions, including Qatar, the population growth rate is a function
of economic development complemented by the sustainable water
supply for the residents (Abbas et al., 2023).

Consequently, with sufficient desalination capacity, the region's
economic growth instills confidence in the citizens regarding water
services, which brings the concept of residential utility to WRM (Madani
and Marino, 2009). Residential utility is a dimensionless indicator used
to capture the satisfaction level of water users in the region. It is
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contingent upon the rate of economic development and the per capita
water consumption, as illustrated in the studies by (Gohari et al., 2017;
Madani and Marino, 2009). This implies that a region experiencing an
improvement in residential utility will consequently experience a cor-
responding increasing trend in population growth and per-capita water
demand (Madani and Marino, 2009), depicted as a positive sign (+) in
Fig. 4. This kind of WRM system structure is well suited for water-scarce
arid regions, based upon the SDM approach, as demonstrated by Madani
and Marino (2009), while addressing the WRM challenges of Zayandeh
Rud basin, Iran.

Additionally, this study uses a water sustainability index (WSI) to
examine the long-term performance of various water policies in terms of
resilience, as employed by Li et al. (2019). The WSl is the water supply to
demand ratio (Li et al., 2018; Sun et al., 2017). An increase in demand
has an inverse relationship to WSI, which is depicted by a negative (-)
sign in Fig. 4. In contrast, an increase in supply has a positive (+) direct
effect on WSL According to the literature, a stable water resource system
must have at least a water WSI ratio equal to 1, while a ratio equal to or
higher than 1.2 is desirable (Li et al., 2019; Sun et al., 2017).

The prime objective of a CLD is to establish a holistic system un-
derstanding and problem scoping, as shown in step 2 in Fig. 3; never-
theless, it is not possible to depict the system's behavior over time
quantitatively. To complement the CLD, a quantitative system analysis is
performed using the stock and flow diagram (SFD) described in the
subsequent section.

3.2.2. Decision support system development using stock-and-flow diagram

An SFD is a quantitative tool of the SDM approach that models and
analyzes system behavior over time (Datola et al., 2022). In this study, a
DSS simulation model based on SFD is developed (Fig. 5) for Qatar's
WRM policy analysis using STELLA (version 3.4.1) (ISEE Systems,
2023). The SFD quantifies the system using the concept of stocks and

1. System Analysis
(Problem Definition,
System Boundary)

»

2. System Structure
(Causal Loop
Diagram)

Scenario Design
Framework
(Generic)

3. Simulation Model
Development

___________________“

(Stock-Flow Diagram ) || 7=~ ——=
| ( Formulate several \l
| policy scenarios |
- l based on the
4. Model Testing I regional/national |
(Verification and [[1  sustainability |
Validation) ||| goalsand policies |
[ I
[ (Qatar Case I
Stud
Accuracy | Y) //

requirements

5. Model Application
(WRM Policy Analysis)

WRM Policy Performance Evaluation using Water
Sustainability Index (WSI) and Reliability Index (RI)

Fig. 3. Schematic diagram of the developed framework used for effective WRM policy analysis.
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Fig. 5. Qatar's WRM SFD model was developed leveraging the SDM approach.

flows. Stocks represent the accumulation of a quantity over time, and the form of TSE (78 MCM/year), rainfall recharge (46 MCM/year) and

flows represent the inflow or outflow of an amount into the stock over recharging wells (80 MCM/year) using desalinated water (PSA Qatar,
time (Zare et al., 2019). The time unit used in this study is “year”. The 2021), as illustrated in Fig. 2. The groundwater outflow is in the form of
SFD model is developed based on the interaction of the water resource agricultural demand (90 %, 230 MCM/year) and domestic demand (10
system and the socioeconomic subsystem, denoting water demand. The %, 25.5 MCM/year). The aquifers in Qatar are over-exploited, as the
rationale is that with increasing socioeconomic development, water average safe abstraction limit is 50 MCM/year, while the current prac-
demand will increase over time, putting pressure on the water resource tice of abstraction is 255 MCM/year (Abbas et al., 2023; Cochrane and
supply. Al-Hababi, 2023).

The primary water resources in Qatar consist of groundwater, The desalinated water inflow is based on the plant capacity.
desalinated water and TSE (PSA Qatar, 2021), as presented in Fig. 2. Currently, the maximum desalination capacity in Qatar is 671 MCM/
There is minimal average rainfall per annum (75 mm/year), while the year (PSA Qatar, 2021). The desalination outflow constitutes demand of
region experiences extensive evaporation (as high as 2200 mm/year). industrial (29 MCM/year), domestic (274.76 MCM/year), commercial
This makes Qatar a hot, arid region with no surface water available (90 MCM/year), government (59 MCM/year), and the aquifer recharge
(Abbas et al., 2023; Aloui et al., 2023; Lahlou et al., 2023). wells (80 MCM/year), as shown in Fig. 2. Furthermore, Qatar's mega

The groundwater inflow consists of mainly artificial recharging in water storage project demand consists of storing 14 MCM/year for
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emergency use, also covered by desalinated water (Abbas et al., 2023).
This project is known as the “Qatar Water Security Mega Reservoirs
Project”. It aims to enhance the water resource system resilience by
providing an emergency water resource backup of seven days (Cochrane
and Al-Hababi, 2023).

The inflow to TSE plants is based on the collected wastewater from
domestic, commercial, government and industrial consumers (Abbas
et al., 2023; Lahlou et al., 2023; PSA Qatar, 2021). The maximum pro-
cessing capacity of the TSE plants in Qatar is 360 MCM/year. The
outflow of TSE consists of the demand for green spaces modeled as
environmental demand (88.56 MCM/year), agricultural demand (93
MCM/year, fodder crops only), and TSE injection into the aquifers (78
MCM/year) (Abbas et al., 2023; PSA Qatar, 2021), as highlighted in
Fig. 2.

The WRM DSS model developed in this study also encompasses the
water demand originating from tourism and sports activities, which
couldn't be found in the past literature (Gohari et al., 2017, 2013; Liu
et al., 2022; Madani and Marino, 2009). The impact of this demand is
significant in arid regions, primarily those with low populations (Gon-
zalez-Perez et al., 2023). In 2019, there was a substantial influx of 2.13
million tourists in Qatar (Qatar Tourism, 2022). The developed DSS in
this study also captures the water demand associated with this influx
(Fig. 5).

The developed WRM decision support system provides a compre-
hensive macrolevel analysis of the socioeconomic factors that shape
regional WRM strategies, leveraging the SDM approach. The key vari-
ables and subsystems employed in the developed SFD simulation model
are presented in Table 1. Additional details, such as variable types, units,
equations, and data sources, are included in the supplementary infor-
mation as an appendix, Table Al.

3.2.3. Performance indices

The performance indices of a system help the decision-makers to

Table 1
Key variables used in Qatar's dynamic WRM model development.

Subsystem Stock Key variables
Water Groundwater (GW) DW plant capacity (MCM/year)
supply Surface Water (SW) TSE plant capacity (MCM/year)
Desalinated Water (DW) TSE injection into GW (MCM/
year)
Treated Sewage Effluent GW lost into the sea (MCM/year)
(TSE)
Mega Reservoir Precipitation (mm/year)
evaporation (mm/year)
Water Domestic water demand per Total water supply (MCM/year)
demand capita
Industrial water demand per Total water demand (MCM/year)
capita
Commercial water demand Water sustainability index
per capita (Dimensionless)
Environmental water demand  Annual GDP percent change (%)
per capita
Government water demand Population growth rate (%)
per capita
Population Tourists (people/year)
Leakage in the distribution system
(MCM/year)
Agriculture water demand (MCM/
year)
Domestic water demand (MCM/
year)
Industrial water demand (MCM/
year)
Commercial water demand
(MCM/year)
Environmental water demand
(MCM/year)

Government water demand
(MCM/year)
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analyze and rank different policies quantitatively. Perturbation in the
system variables is induced by generating different scenarios altering the
simulation model's supply and demand levels while testing several WRM
policies. Two performance indices are used to test WRM policies, namely
the water sustainability index (WSI) (Li et al., 2019; Milano et al., 2013;
Naeem et al., 2023; Pedro-Monzonis et al., 2015) and the reliability
index (RI) (Li et al., 2019; McMahon et al., 2006).

Water Supply
Water Demand

Water Sustainability Index = (@D)]

Eq. (1) evaluates the system's resilience under varying water supply
and demand scenarios. The system's ability to ensure sustainable supply
under varying scenarios is evaluated. When the WSI value is greater than
or equal to one, the time is considered a sustainable WSI period (Li et al.,
2019; Pedro-Monzonis et al., 2015). During this time, the water supply is
sufficient to meet the water demand of the system.

The RI is the second performance indicator used in this study
(McMahon et al., 2006). As presented in Eq. (2), the RI is the likelihood
that the water system can adequately meet the demand. In WRM, the
equation for calculating the RI is as follows:

(n ]S =0)

Reliability Index =
eliability Index N

(2)
Where “S” denotes water shortage, “n” represents the time (years) with
no shortage and “N” indicates total simulation time. In this research
study on Qatar's WRM DSS, the temporal increment utilized is a “year”,
with the simulation model encompassing the period from 2021 to 2070.
The RI is quantified on a scale from 0 to 1 and can be presented as a
percentage (Hashimoto et al., 1982). The RI value assesses the robust-
ness of a water supply system in meeting the total demand under varying
scenarios and uncertainties (McMahon et al., 2006). A higher RI value
represents a robust WRM system and vice versa. The desirable RI value
for a WRM system is a policymaker's decision (Pedro-Monzonis et al.,
2015).

3.3. Scenario design framework

In the realm of WRM, a standardized framework for designing
scenario-based decision-making models has been notably scarce in
existing literature. Traditionally, such frameworks have relied mainly on
expert knowledge and judgments (Kotir et al., 2016; Li et al., 2018; Liu
et al.,, 2022; Naeem et al.,, 2023). A unique framework for scenario
design and the WRM policy analysis is proposed to address this research
gap (Figs. 6, 7). The developed approach empowers WRM decision-
makers to evaluate the ramifications of various policies and make
informed choices. In this framework, (i) represents the water supply
type, (j) denotes the water demand type, (k) represents the supply level,
and (1) denotes the demand level.

The developed WRM framework, as outlined in Fig. 6, is generic and
can be used to generate various WRM policy scenarios. The framework
accommodates the variability and uncertainty inherent in the system
parameters by employing the abovementioned principle. This is ach-
ieved by systematically adjusting system parameters to a possible and
pragmatic range by altering water supply and demand levels from a
baseline value. Moreover, this process can be utilized to generate po-
tential policy scenarios.

By employing the proposed framework (Fig. 6), the possible sce-
narios for the Qatar WRM case study are formulated and presented in
Fig. 7.

The notation [i, j, k, ] denotes a specific cell within the context of
scenario generation.

e i is the water supply set, with i = [1,2,3] = [GW, DW, TSE].
e jisthe water demand set, withj=[1, 2, 3,4, 5, 6] = [DD, ID, CD, AD,
ED, GD].



K. Naeem et al.

Sustainable Production and Consumption 46 (2024) 733-753

(WD) Water Demand (j)

I Rz
el |
w 1> S S
— (i, k1)
NI
(Ws) Water ‘ M- & Increases —>@ $ é
Supply
(i)
D Py
[ g\ N
Fig. 6. Scenario design framework developed for WRM, where “Sc” represents a scenario.
Water Supply Scenarios (i)
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Fig. 7. Possible WRM scenarios for Qatar. Clustered policy “A” to “I”.

e k is the water supply level set, k = [1, 2, 3] = [BAU, Increase,
Decrease].

o [ is the water demand level set, where [ = [1, 2, 3] = [BAU, Increase,
Decrease].

In this study, the total number of possible scenarios is 162 [(i = 3) *
(j=6) * (k=3) * (1= 3)]. To simplify the analysis, the “Nine Clusters”
are referred to by the letters “A” to “I” (Fig. 7). These clusters represent
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the grouping of cells (where a cell represents an individual scenario),
categorized as per the color of the groups. Taking the example of cluster
“A”, it includes all the scenarios (cells) represented by the same color
“green”, and where all the supply types and demand types are set at the
same level, “BAU”. The color assigned to each “cluster” is selected
randomly and only used to distinguish different clusters.

The same generic methodology could be used to systematically
generate and test several possible policy scenarios for a selected region
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with varying supply and demand conditions (Fig. 8). To include the
policy aspects and stakeholders' ability to govern actions and policies;
we have included the possibility of calculating the value for the WSI and
the RI for each cluster. Provided stakeholders acknowledge the possible
outcome, the policy outlined in the scenario could be implemented;
otherwise, alternative scenarios can be explored (Fig. 8). In this devel-
oped SDM simulation model, the BAU represents the system's existing
water supply and demand pattern, considering no rise in water supply
resources. The “increase” and “decrease” scenario represent a 10 %
change from the baseline value. The system also allows for a combina-
tion of all three options. The choice of a 10 % variation in the water
demand aligns with Qatar's Tarsheed initiative, which is part of a na-
tional conservation plan for sustainable development (Abbas et al.,
2023; Lahlou et al., 2023).

3.4. Model validation

Model validation is crucial to establish confidence in the simulation
model's performance. We tested the developed SDM simulation model
for 2010-2020, utilizing the publicly available statistics sourced from
official reports to validate it. Specifically, we relied on data from the
“Water Statistics in the state of Qatar 2021, published in 2023 by the
“Planning and Statistics Authority, State of Qatar” (PSA Qatar, 2023,
2021). Relative error (RE), maximum relative error (MRE) and the co-
efficient of determination (Rz) are the statistical metrics used for model
validation.

The RE analyzes the percent difference between the simulated and
actual value, with a <15% value deemed acceptable (Wen et al., 2022).
RE is calculated based on the Eq. (3).

(Yimtatean — Y actuatn)

RE =
(Yucmal.n)

x 100% 3

where Ygimuaedan represents the simulated value at time instance “n”,
while Yguan represents the actual historical value of the parameter
under consideration at the time “n”. MRE denotes the largest error value
inside the dataset and serves as the upper bound of the error between the
simulated and historical data. MRE is calculated as shown in Eq. (4).

X 100%)

The model's ability to simulate the system in relation to its actual past
behavior is shown by R2. A perfect match is marked by a maximum value
of 1, and a poor model fit is represented by 0. R? is calculated as shown
in Eq. (5).

(Ysimulaled,n - Yacmal,n )

4
(Yurtual.n) ( )

MRE = max<

N 2
Z (Yaz‘mal.n - Ysimulared,n)
R =1-"! 5
N < 2
> (Yaenatn = Yacrar)
n=1
Water l
St{pply WRM possible Satisfactory?
(i, k) scenarios
(i,j k1)
v
Policy Performance (WRM)
D\:evnitaer:d Water sustainability index Adopt
G, (WsSl), Reliability index (RI) WRM policy

Fig. 8. Policy analysis using performance indices.
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In Eq. (5), “N” represents the total time. The simulated value at time
“n” is denoted by Yimuiarean, Whereas its actual historic value at time “n”
is represented by Yguan. Moreover, Youa represents the dataset's
average of actual historical values.

4. Results and discussion
4.1. Model validation results

The significant variables for model validation included industrial
water demand, commercial water demand, government water demand,
domestic water demand, environmental water demand and total popu-
lation. A good model fit is indicated by the R? (>80 %) and MRE (<15
%) (Dehghani et al., 2022). The utility of an SDM simulation is to
analyze persisting systemic issues and predict forthcoming trends based
on the interplay of various system parameters. SDM analysis emphasizes
identifying the overarching trends with less focus on isolated data points
and specific values (Madani and Marino, 2009). These projections allow
the system analysts and decision-makers to devise the best possible
mitigation policies.

As an essential social driver affecting water demand, the “popula-
tion” is a critical variable in WRM Qatar's simulation model. Its MRE
value is 7.62 %, and its R? value was estimated to be 91.59 % (F ig. 9).
Given the inherent parametric uncertainty in SDM investigations,
including environmental and social systems, a RE value of up to 15 % is
acceptable (Kotir et al., 2016; Wen et al., 2022). The population growth
continued from 2.17 million people in 2010 to 2.8 million in 2019,
decreasing to 2.76 million people in 2020 (PSA Population, 2021). This
peculiarity is because most of Qatar's mega-infrastructure, including
stadiums, transportation systems, and a brand-new city called Lusail,
was built with the FIFA 2022 football World Cup as the target. Most of
these development operations were finished by 2020, although they
required a sizable labor force (PSA Construction, 2021). Furthermore,
the year 2020 emerged to be crucial in the COVID-19 pandemic, which
accounts for the declining population statistics in Qatar, given that im-
migrants comprise most of the nation's population.

The industrial water demand (ID) increased from 7.76 MCM in 2010
to 34 MCM in 2019. Still, it dropped to 29 MCM in 2020, following the
completion of various construction projects in Qatar (PSA Construction,
2021; PSA Population, 2021), as demonstrated in (Fig. 10). The ID MRE
value is 10.80 %, with an estimated R? value of 90.39 %. In Qatar, ID
considers the demand from manufacturing, construction, mining (oil
and gas) industries, and air conditioning (PSA Qatar, 2021).

Qatar's domestic water demand (DD), which primarily represents
household water usage, reduced from 301 MCM in 2019 to 288 MCM in
2020 amid the COVID-19 pandemic (PSA Qatar, 2021). In addition,
comparing the historical values and simulated findings, the DD MRE
value is 2.91 %, with an estimated R? value of 91.41 % (Fig. 11).

The water needs of public administration, healthcare, and educa-
tional institutions are captured by the government water demand (GD)
in Qatar. As illustrated in Fig. 12, the GD's MRE was determined to be
9.248 % with a R? of 90.62 % and a peaked water demand of 80 MCM in
2019. The water demand was reduced to 59 MCM in 2020 due to
decreased educational activities and online education (PSA Qatar,
2021).

Environmental water demand (ED) in the developed WRM DSS
model is ascribed to the green spaces in Qatar, including parks and
stadiums. From 2010 (18.63 MCM) to 2020 (88.56 MCM) (PSA Qatar,
2021), ED increased substantially with a MRE value of 7.56 % and 92.33
% R? (Fig. 13). Green spaces, parks, and stadiums have been progres-
sively constructed to host the FIFA 2022 tournament and address the
demands of these establishments (PSA Construction, 2021); a significant
and sustainable water supply is necessitated. It is imperative to maintain
these constructed infrastructures, such as the stadiums and green areas,
even in the event of a population drop, as in Qatar.
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Fig. 10. Comparative statistics of the industrial water demand.

Commercial water demand (CD) in Qatar comprises transportation,
hoteling, food services, households with working personnel, and retail
trade operations (PSA Qatar, 2021). As depicted in Fig. 14, there was a
significant decline in CD in 2018, with a value of 25.8 MCM, compared
to 57.7 MCM in 2017. This was linked to the GCC countries' boycott of
Qatar in the middle of 2017. The transportation, tourist, and hospitality
industries were severely impacted by this embargo, which had a detri-
mental economic impact on the commercial sector. Nonetheless, from
2019 onward, the situation exhibited improvement (Selmi and
Bouoiyour, 2020) as the commercial activities regained momentum.
This is just one of the peculiar examples that highlight how important it
is to look at WRM alongside the political and socioeconomic realities of
the region. Additionally, this illustrates that real-world water policy
management requires more than only hydrological modeling and anal-
ysis (Simonovi¢, 2012). An integral aspect of WRM lies in adopting a
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holistic SDM approach to devise pragmatic policies (Barati et al., 2023).

4.2. Sensitivity analysis

Sensitivity analysis is essential for analyzing the impact of varying
multiple parameters on the model's dynamic behavior (Rodrigues et al.,
2023). In WRM DSS, most of the parameters used become challenging to
estimate, which leads to modeling uncertainty. The sensitivity analysis
is performed by varying a single parameter's value within a specified
range while keeping the other parameters at baseline values. Occa-
sionally, the impact of extreme values is analyzed (Gohari et al., 2017;
Menendez et al., 2023). The resulting behavior of the simulation model,
in the form of changing trends under these parameter variations, is
compared with the expected real-world scenarios. Their alignment is a
critical indicator in validating the system's dynamic behavior (Nouri
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Fig. 14. Comparative statistics of the commercial water demand.

et al., 2023).

The impact of two supply and seven demand parameters on WSI is “0 Sensitivity analysis of water supply parameters (+/- 20%, range) effect on WSl
analyzed using STELLA (Version: 3.4.1) (ISEE Systems, 2023), as pre- 1
sented in Table 2. A system state with a WSI equal to or >1 signifies its 38 — 38.5 years (+ 20%)
ability to effectively meet water demand, reflecting the resilience of ]
water resource management policies. By varying the parameter values to — 36 -
extreme limits (—/+ 20 %), the resulting system capability as the ‘}I ] 355 years (+ 20%)
number of years where WSI >1 is analyzed and presented as a boxplot in S a1
Figs. 15, 16. Moreover, the parameters with comparatively larger box- 2
plot variations from the mean value represent a noteworthy impact on 2 ]
the system. 5 32+
The sensitivity analysis for the supply system in Fig. 15 indicates that é :
the desalination supply impact is more significant than the TSE—an 8 30 o
increase in the desalination plant capacity by 20 % results in the water g {
supply sustainability of 38.5 years. In comparison, it results in 35.5 years g 28
for a similar rise in TSE plant capacity. This result also helps decision- <
makers prioritize infrastructure decisions between the two. The model 3 |
is more sensitive in terms of WSI for DW plant capacity and mimics the 4 % 25.25 years (- 20%)
actual system behavior; hence, the findings strengthen model validation. g 1
The water demand parameters influencing the WRM system g 24 4
regarding WSI include changes in population, agriculture, industrial, [= 1
commercial, domestic, environmental and government demand, as 29
presented in Table 2. It can be noticed in Fig. 16 that varying the | 21 years (- 20%)
20 -
Table 2 T T
WRM system parameters are analyzed using sensitivity analysis. (Treated Sewage Effluent_Plant_Capacity) (DesalinatedWater_Plant_Capacity)
Parameters Initial Unit Range [—20 %, Sustainable
value 120 %] WSI (year) Fig. 15. Sensitivity analysis of water supply.
DW plant 671 MCM/ [537-805] [21-38.5]
capacity year population (+/— 20 %) has the highest impact on WSI, resulting in WSI
TSE plant 360 MCM/ [288-432] [25.24-35.5] >1 for 19 years (+20 %) and 42 years (—20 %), respectively (range
capacity year equals 23 years). This significant finding is critical, as it shows the
Baseline 276 Million  [2.208-3.312] 142-19] pressure on the water resource system to fulfill the demand due to the
population People N . .
Domestic water 295 MCM/ [235.99-353.99]  [37-24.25] increasing population.
demand year Analyzing the agricultural water demand, a 20 % variation in the
Agriculture water 311 MCM/ [248.8-373.9] [34.75-25.75] baseline consumption value of 311 MCM/year, presented in Table 2,
demand year results in WSI >1 for 25.75 years and 34.75 years, respectively (Fig. 16).
Industrial water 28.99  MCM/ [23.19-34.79] [35.5-25.25] . s - . .
demand vear The finding highlights the significance of reducing the demand using
Commercial 90 MCM/ [72-108] [32.25-28.5] advanced irrigation methods and greenhouse production. The 20 %
water demand year variation in domestic demand from the baseline value of 294.99 MCM/
Environmental 88.56  MCM/ [70.84-106.27] [32.25-29.75] year results in WSI >1 for 24.25 years and 37 years, respectively
water demand year (Fig. 16).
Government 59.04  MCM/ [47.23-70.85] [31.5-29.25] . . . .
water demand year The other water demand parameters, including industrial,
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Fig. 16. Sensitivity analysis of water demand.

commercial, environmental and government demand, were the least
sensitive (Fig. 16). The induced variation of 20 % among the parameters
resulted in the sustainable water supply range that remained closer to
the BAU value of 32 years.

The outcome of sensitivity analysis is closely aligned with observed
system behavior. Notably, desalinated water accounts for around 52 %

of the total water supply in the system, as reported by (PSA Qatar, 2021).
Consequently, variations in its capacity range significantly impact the
overall system. Similarly, the outcome of the water demand subsystem
analysis is consistent with official water statistics of Qatar (PSA Qatar,
2021) and additionally reinforced by previous regional studies such as
(Abbas et al., 2023; Ahmad and Al-Ghouti, 2020; Saleem et al., 2023).
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Fig. 17. Business-as-usual (BAU) WRM policy.
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However, it is noteworthy that prior research primarily focused on
specific demand subsystems and did not encompass the comprehensive
dynamics of the entire system (Lahlou et al., 2023). Significantly, this
study distinguishes itself as the first to comprehensively model and
analyze all water supply and demand subsystems, encompassing their
dynamic interactions. This approach enables the comprehensive
assessment of the system's capacity to adequately satisfy Qatar's water
requirements. To the best of the author's knowledge, this work repre-
sents an innovative and pioneering effort in conducting both sensitivity
analysis and a holistic regional water resource system resilience analysis
in Qatar.

4.3. Policy implications

4.3.1. Business-as-usual (BAU) policy

This study indicates a notable increase in the country's total water
demand from 884 MCM/year in 2021 to roughly 1476 MCM/year by
2070 (Fig. 17). This is achieved by analyzing Qatar's existing WRM
strategy using an SDM-based DSS under the BAU conditions, referred to
as policy scenario “A” in Table 3. On the other hand, the system receives
a consistent water supply at 1235 MCM annually. As illustrated in
Fig. 17, the impulsive supply pattern from 2021 (1143 MCM) to 2038
(1235 MCM) is ascribed to the variation in TSE supply in the system until
it reaches its maximum capacity of 360 MCM/year (Fig. 18). From 2038
onwards, the collected TSE exceeds the TSE plant capacity, indicating
that the TSE processing is restricted to the maximum plant capacity
level. Consequently, the water supply will remain stable at 1235 MCM/
year from 2040 onwards. This also indicates the requirement for addi-
tional TSE processing plant capacity to satisfy increasing system demand
while safeguarding the environment from unintended repercussions.

Additionally, it becomes evident that under policy scenario “A”, the
water demand could be met by 2052 (Fig. 17). Nevertheless, it is note-
worthy that 2052 might also be regarded as a tipping point for WRM
policy “A”. Following this period, the WSI value drops below one,
signaling an imbalance between supply and demand within the system.
This BAU WRM strategy ensures a sustainable supply for 64 % of the
time (32 years), while 36 % of the time (18 years), the region may
experience water scarcity. Hence, adopting this strategy results in a
reliability index (RI) of 64 % (32/50), as presented in Table 3.

4.3.2. Tourism impact

To illustrate the influence of tourism on the national water resource
balance, policy scenario “A” was simulated without taking the tourism
industry's demand into account, denoted as policy scenario “A_2” in
Table 3. Consequently, the overall water demand decreased to 1461
MCM by 2070, maintaining supply for 34 years and resulting in an RI of

Table 3
Water resource management policy scenario results.
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Fig. 18. TSE trends dynamics (2020-2070).

68 % (34/50), compared to the 64 % RI observed under the BAU WRM
policy. This observation underscores the significance of accounting for
tourist influx in national WRM policies. Failing to do so could inadver-
tently exert unforeseen pressure on the overall system. Moreover, the
outcome highlights the importance of integrating the water demand
from the tourism sector into these policies. Additionally, it underscores
the importance of fostering stakeholder engagement across integrated
sub-sectors to formulate effective regional WRM policies. The key
findings and performance of various WRM policy scenarios evaluation
using the DSS are summarized in Table 3. These WRM policy scenarios
were formulated using the scenario-generation framework previously
discussed in the Section. 3.3. Fig. 19 depicts the performance indicators
result for all the assessed WRM policies.

4.3.3. Reduced water demand policy impact
The strategic sustainability objective in Qatar, as part of the

WRM policy Water supply =~ Water demand Years with WSI > 1 (system's RI Total water supply in year 2070 Total water demand in year 2070

scenario resilience) (%) (MCM) (MCM)

Policy “A” BAU BAU 32 years (2021-2052) 64 1235 1476

Policy “A_2” BAU BAU -Tourism 34 years (2021-2054) 68 1235 1461

WD

Policy “B” 10 % BAU 40 years (2021-2060) 80 1358 1502
increase

Policy “C” 10 % BAU 24 years (2021-2044) 48 1111 1449
decrease

Policy “D” BAU 10 % increase 23 years (2021-2043) 46 1235 1616

Policy “E” 10 % 10 % increase 33 years (2021-2053) 66 1358 1624
increase

Policy “F” 10 % 10 % increase 14 years (2021-2034) 28 1111 1586
decrease

Policy “G” BAU 10 % decrease 42 years (2021-2062) 84 1235 1334

Policy “H” 10 % 10 % decrease 50 years (2021-2070) 100 1358 1357
increase

Policy “I” 10 % 10 % decrease 34 years (2021-2054) 68 1111 1310

decrease
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Fig. 19. WRM policies assessment using resilience and reliability indicators.

“Tarsheed program”, is formulated to achieve a minimum 10 % reduc-
tion in water demand, as discussed earlier in the Section 3.3. In this
research study, we investigate the impact of WRM policies that aim to
achieve this 10 % reduction in water demand using the developed DSS.
Several WRM scenarios with reduced water demand are generated using
the unique scenario generation framework proposed in Section 3.3.
Analyzing scenario “G”, where the water supply capacity is kept at BAU
level while the demand is reduced by 10 %, as stated in Table 3. This
WRM policy results in supply sustainability till 2062, with an RI of 84 %.

Furthermore, insight emerges when we delve into policy scenario “I”,
characterized by a simultaneous 10 % reduction in supply and demand
within the simulation model. This policy yields a noteworthy outcome,
ensuring a sustainable water supply in the region for 34 years. Despite
the reduction in water supply, the outcome remains commendable.
Resulting in a noteworthy RI value of 68 %, the WRM policy surpasses
the BAU policy by two years, marking a 6 % improvement over the BAU
scenario. Policy “I” once again underscores the importance of devising
effective strategies for mitigating water demand and its positive impact
on water resource sustainability and improved system resilience.

4.3.4. Increased water supply policy impact

The enhanced supply scenarios in the water resource system are
assessed by incorporating a 10 % capacity expansion of desalinated and
TSE plants into the water supply system employing the developed DSS.
The capacity expansion is a strategic outcome aligned with the national
objective of bolstering regional water resilience through proactive in-
vestment in the strategic infrastructure, as outlined in Qatar's National
Vision (QNV Committee, 2008). This results in a total system capacity of
1358 MCM/year. Under this policy, the water demand is maintained at
its BAU level, denoted as scenario “B”, concurrently with implementing
a 10 % increase in water supply, as outlined in Table 3. Implementing
policy “B” using the WRM DSS simulation model, it can be noticed that
the regional water availability can be ensured till 2060, with an RI of 80
%, representing a 25 % improvement compared to BAU (Policy “A”).
Despite maintaining the demand level at BAU in policy “B”, a marginal
increase in total demand was observed, reaching 1502 MCM in 2070.
This represents a 1.76 % increment compared to the BAU scenario
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(Policy “A”). This is attributed to the fact that the enhanced water supply
results in an improved WSI, which positively affects the regional resi-
dential utility. This subsequently influenced the per-capita water de-
mand and ultimately contributed to an overall increase in the total water
demand within the region. A similar finding was also reported by
(Gohari et al., 2013), where the policy of increasing water supply alone
without effective demand management in the Zayandeh-Rud basin of
Iran resulted in unintended side effects of long-term increase in water
demand. This policy exemplified the “Fixes that Backfire” system
archetype, as stated by Gohari et al. (2013), highlighting system pa-
rameters' intricate and dynamic interplay in WRM policymaking. This
further emphasizes the significance of SDM-based WRM DSS simulation
research studies, which enable a comprehensive system analysis by
considering feedback loops and complex interactions within the
subsystems.

Notably, employing policy “E”, regional water availability can be
ensured for only 33 years. This scenario results in the context of
enhanced water supply levels with an increase of 10 % concurrently
with a 10 % rise in the demand of associated sub-sectors due to the
absence of effective demand management initiatives, as illustrated in
Table 3 and Fig. 19. The RI value in this scenario is 66 %, representing a
modest 3.1 % improvement over the BAU scenario.

The WRM policy “E” again reinforces the pressing need for effective
water demand management strategies. Compared to BAU policy “A”
(ensuring water sustainability for 32 years), failing to invest in demand
control initiatives leads to a marginal one-year extension of water
availability, even with a 10 % increase in water supply.

In addition, policy “H”, which advocates for a simultaneous 10 %
increase in supply and a 10 % drop in demand through active demand
management measures, results in a sustainable water supply until 2070.
As evident in Fig. 19 and Table. 3, with considerable gains in the WSI
and RI for the Qatar case study, policy “H” stands out as the most sig-
nificant WRM strategy.

4.3.5. Least desirable policy scenarios
The least desirable WRM policy scenarios encompass situations
where a decline in water supply occurs, potentially due to the partial
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closure of desalination and TSE facilities. The lack of active demand
control strategies exacerbates these issues and increases water demand.

Under these conditions, a sustainable water supply can be ensured
until 2044, given that the system supply drops by 10 % (policy “C”). This
policy scenario is associated with an RI value of 48 %, as shown in
Table 3. Conversely, if the supply is maintained at the BAU level with a
potential demand increase of 10 % (policy “D”), a sustainable water
supply can be upheld until 2054, yielding a reduced RI value of 58 %,
which is 28 % lower than the BAU scenario. Moreover, when examining
the scenario characterized by a 10 % increase in water demand coupled
with a simultaneous 10 % decrease in supply (policy “F”), as illustrated
in Table 3, the findings indicate that the water supply sustainability in
the region can only be assured until 2034, with an associated RI of 28 %.
Consequently, policy “F” is identified as one of the least desirable WRM
strategies.

4.3.6. Groundwater conservation policies

Qatar's desert climate, marked by minimal annual rainfall of around
75 mm and high evaporation rates of up to 2200 mm (Ahmad and Al-
Ghouti, 2020; Bilal et al., 2021; PSA Qatar, 2021), leads to a lack of
surface water. Subsequently, the primary natural resource in Qatar is
groundwater, with a limited sustainable yearly yield of about 50 MCM.
However, Qatar's annual groundwater extraction rate, approximately
255 MCM, is much higher. The higher abstraction rate is a significant
cause of seawater intrusion and elevated saline levels. These conditions,
exacerbated by climate change, highlight the significance of sustainable
water management strategies in arid regions like Qatar.

Additionally, it is widely acknowledged that declining groundwater
levels across numerous arid regions are primarily caused by climate
change, characterized by decreased precipitation and rising evapo-
transpiration (Abou Zaki et al., 2019; Gonzalez et al., 2016; Othman and
Abotalib, 2019). Notably, within Qatar, a comprehensive investigation
conducted by Bilal et al. (2021) harnessed Gravity Recovery and Climate
Experiment (GRACE) satellite-derived historical data spanning from
2002 to 2019. The research found that average groundwater thickness
decreased by 0.24 + 0.20 cm yearly. This decline is predominantly
ascribed to the excessive exploitation of aquifers, primarily for regional
agricultural activities. An imbalance exists between the natural recharge
of aquifers, hindered by the arid climate, and excessive groundwater
extraction. This imbalance is expected to worsen due to rising water
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needs from a growing population and increased agriculture driven by
higher food demand. Effective use of desalinated water and TSE for
irrigation and industry is advised as a practical strategy to ease the
burden on groundwater reserves.

It is critical to recognize that the adverse effects of declining
groundwater levels can be mitigated if the abstraction is managed and
kept within safe limits. Groundwater emerges as a crucial and scarce
natural resource in arid regions, particularly in GCC countries, which
underscores the imperative need to prioritize conservation. Overuse of
aquifers poses serious issues, including saltwater intrusion and the
salinity of the water. The groundwater conservation policies are
formulated using the unique scenario generation framework developed
to mitigate these issues, as presented in Fig. 6, Section 3.3. These WRM
policies prioritize implementing measures to control groundwater
outflow within a safe abstraction limit. While these policies are tailored
to the Qatar case study, the generic approach can be extended to other
arid regions promoting natural water conservation.

Nine groundwater conservation policy scenarios (R1, R2, ..., R9)
were formulated and analyzed based on performance indicators defined
in Section 3.2.3. The key findings of this analysis are highlighted in
Figs. 20 and 21. These figures illustrate the groundwater conservation
policy scenarios evaluated using WSI and RI performance indicators.
Furthermore, in the developed WRM DSS, a strategic approach to
groundwater conservation has been adopted, prioritizing groundwater
resource conservation by allocating only 10 % (32 MCM/year) for
agricultural use and 5 % (15 MCM/year) for domestic needs. A 3 MCM/
year contingency is also reserved for possible water losses. By incorpo-
rating these measures, the yearly groundwater extraction in Qatar can
be effectively capped at a maximum of 50 MCM/year. This DSS model
constraint, imposing an upper limit on groundwater utilization, follows
the established safe abstraction threshold for the region, as advocated by
recent studies on sustainable groundwater management in Qatar
(Ahmad and Al-Ghouti, 2020; Aloui et al., 2023; Lahlou et al., 2023; PSA
Qatar, 2021). The remaining water demand is met through noncon-
ventional water sources. Specifically, 60 % (187 MCM/year) of the
agricultural demand is fulfilled by DW, while 30 % (93 MCM/year) is
sourced from TSE. Employing the conservation policies, the average
groundwater conserved will be approximately 154 MCM/year. The
conservation estimate is based on an average aquifer inflow of 204
MCM/year, combined with a strategic approach to limit the outflow to a

Groundwater Conservation Policies (Qatar case study)
Water Supply Scenarios (i)
i) 1 (GW)- limited outflow (2 (DW) 3 (TSE) 1 (GW)- limited outflow |2 (DW) 3 (TSE) 1 (GW)- limited outflow |2 (DW) 3 (TSE)
(i) (k) / (1) Outflow- max 50 MCM |1 (BAU) 1(BAV) Outflow- max 50MCM (2 (Increase) (2 (Increase) [Outflow- max S0 MCM (3 (Decrease) (3 (Decrease) |C|.USTERS|
1(00) 1 (BAU)
2(ID) L (BAV) (Policy scenario "R1") L (Policy scenario "R2" Ll (Policy scenario "R3" || R
30 [tieay) (WSI 21, 2021-2041), (Rl 42%) (WS1 21, 2021-2050), (R1 60%) | | | unsustainabile || ‘ R2
4(AD) 1(BAU) Total Supply (1082 MCM) Ll|  TotalSupply (1185 MCM) | | | (WSI21, 2021-2024), (RI8%) | | R3
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Fig. 20. Groundwater conservation policy scenario outcomes in Qatar.

748



K. Naeem et al.

Sustainable Production and Consumption 46 (2024) 733-753

Groundwater Conservation WRM Policy Performance

45 90
40 80
35 70
30 60
_25 50
S o X
20 40
15 30
10 20
5 10
0 . i 0
R1 R2 R3 R4 RS R6 R7 RS R9

(Groundwater conservation policy scenario)

= System's Resilience

~#-Reliability (%)

Fig. 21. Groundwater conservation WRM policies assessment using resilience and reliability indicators.

maximum of 50 MCM/year. The cumulative inflow to the aquifer
comprises three key components: 78 MCM/year from TSE recharge, 46
MCM/year attributable to rainwater harvesting wells, and 80 MCM/year
deriving from DW recharge wells. The aquifer inflow data is sourced
from the national report on water statistics in Qatar published by (PSA
Qatar, 2021). This approach aligns with Qatar's broader WRM strategies,
prioritizing the efficient utilization of nonconventional water sources to
meet growing demands while addressing groundwater sustainability
concerns.

In the BAU groundwater conservation policy (policy “R1”), a
maximum limit of 50 MCM/year is set for groundwater abstraction. The
water demand level is also kept in line with the current rate, while the
capacities for DW and TSE remain unchanged. In policy “R1”, a sus-
tainable water supply can be ensured from 2021 until 2041 (21 years).
This scenario is characterized by an RI of 42 % (Figs. 20, 21).

In the “R2” WRM policy, the strategy involves maintaining demand
at the BAU level, with a 10 % increase in DW and TSE capacities. This
strategy is estimated to maintain a sustainable water supply until 2050
(30 years), achieving an RI of 60 % (Figs. 20, 21). In contrast, the “R3”
policy scenario entails a 10 % reduction in DW and TSE capacities. This
reduction may result from a lack of investment in infrastructure main-
tenance or partial plant breakdowns due to unforeseen events or natural
hazards, such as floods. Such a reduction would significantly limit the
duration of a sustainable water supply to only four years, resulting in a
significantly lower RI of 8 %. This makes the “R3” policy among the least
favorable scenarios in terms of long-term water sustainability.

In the analysis of the “R4” policy scenario, characterized by a 10 %
increase in water demand, it is estimated that a sustainable water supply
can be maintained until 2029 (9 years), with an associated RI of 18 %
(Figs. 20, 21). In contrast, the “R5” policy scenario demonstrates the
potential to extend supply sustainability until 2041 (21 years). This is
achieved through a 10 % increase in DW and TSE plant capacities.
However, the “R6” policy scenario poses a considerable challenge,
characterized by a combination of reduced DW and TSE supply
(decrease of 10 %) and increased demand (rise of 10 %). This combi-
nation leads to a highly unfavorable and unsustainable policy scenario,
with the RI dropping significantly to 4 %. The policy “R6” thus
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represents an extreme case, being the least desirable in terms of long-
term water supply sustainability.

This research study indicates and quantifies that significant ad-
vancements in groundwater conservation and regional supply sustain-
ability can be achieved by implementing water demand reduction
strategies. In the “R7” policy, where both DW and TSE supply is retained
at the BAU level, and the water demand is curtailed by 10 %, supply
sustainability is estimated to be extended to 33 years. This WRM con-
servation policy is associated with an RI of 66 % (Fig. 20). On the other
hand, policy “R9” is marked by a simultaneous 10 % decrease in supply
and demand. This policy results in comparatively less favorable sus-
tainability prospects for the system. With an associated RI of 32 %, this
strategy limits the supply sustainability period to 16 years.

The outcomes indicate that the “R8” policy scenario is the most
effective and robust WRM strategy. This policy primarily emphasizes
groundwater conservation while enhancing system resilience to meet
water demand. In this scenario, a strategic implementation of a 10 %
reduction in water demand coupled with a 10 % increase in supply is
simulated using the developed WRM DSS model. Such a combination is
instrumental in enhancing the system's water supply sustainability and
potentially improving it to 40 years. An additional indication of the
effectiveness of this WRM strategy is its RI of 80 % (Figs. 20, 21). These
findings highlight the significance of water demand reduction strategies
and their positive effects on groundwater conservation. These outcomes
also highlight the water resource system's increased resilience in
meeting water demand while simultaneously conserving scarce
groundwater resources.

4.4. Policy recommendations

To ensure sustainable development, it is crucial to strike a balance
between water demand and supply levels. As outlined in the preceding
section, various WRM policies underscore the necessity of implementing
both water conservation and water supply enhancement strategies in
Qatar. Relying solely on water infrastructure development while
neglecting water conservation measures is not a viable long-term solu-
tion. Such an approach often leads to the “Fixes that Backfire”
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phenomenon, wherein short-term fixes increase consumption behaviors
over time. Furthermore, contemporary WRM policies have heavily
relied on the overexploitation of groundwater aquifers, aggravating
environmental issues such as seawater intrusion and salinity. These
challenges are exacerbated by the anticipated impacts of climate
change, such as reduced precipitation and increased evapotranspiration
rates, leading to decreased natural groundwater recharge.

Given the policy implications discussed, the key recommendations
aimed at addressing these pressing concerns are presented as follows:

1. Groundwater conservation:

e Limit groundwater abstraction to the safe yield of 50 MCM per year
and fulfill the demand gap using nonconventional water resources.
Disseminate scientific studies to farmers, affirming the safety and
sustainability of employing desalinated water and TSE, supple-
mented with a suitable blend of necessary nutrients, for irrigation.
This measure is particularly pertinent considering that the agricul-
tural sector accounts for the primary demand for groundwater.

The government must incentivize farmers by providing them with
nonconventional water resources at subsidized rates. In exchange,
the government may request data on water consumption patterns
from the respective farms. This will enhance system visibility and
ensure long-term water resource sustainability.

Incentivize the adoption of modern irrigation practices in the agri-
cultural sector to reduce its overall water demand.

. Water infrastructure development:

Invest in nonconventional water resource infrastructure, including
desalination and TSE plants, to address regional water needs and
ensure long-term water availability.

The enhanced supply level will meet the demand for agricultural
water while facilitating the recharge of deep aquifers, which are
currently being overexploited.

Moreover, the increased capacity will bolster the overall resilience of
the national water resource system.

. Strategic water reserves:

Considering the political and regional uncertainties, it is imperative
for the government to concurrently establish Managed Aquifer
Recharge (MAR) projects alongside the strategic Mega Reservoir
project in Qatar.

The enhanced capacity of nonconventional water sources will facil-
itate the provision of water for the recharge of aquifers.

These projects will function as natural water reservoirs, providing
stored water during emergencies or in the event of potential dis-
ruptions to the supply system.

. Effective water conservation campaigns and strategies:

Gamify water conservation efforts by creating mobile applications
and games in regional languages. This approach may bolster societal
awareness and engagement by introducing an entertaining element
to capture attention.

Subsequently, it will facilitate active stakeholder engagement, which
is essential for devising pragmatic WRM strategies that consider the
challenges faced by all stakeholders.

Incentivize citizens to adopt conservation practices through two
approaches: organizing social events to recognize their positive
contributions and providing them with token gift credits that can be
redeemed within government departments for paying fees or bills,
etc.

. Capture water demand comprehensively:
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e Given the limitation of data regarding regional water demand,
implementing IoT devices connected to a centralized data center will
help effectively capture water demand from various subsectors.

e Considering the increasing tourism in the region, it is essential to
assess the implications of this sector and prioritize it as a primary
factor while developing regional WRM policies.

4.5. Limitations and recommendations for future work

It is essential to state the limitations of the SDM-based DSS simula-
tion model, as they facilitate the pragmatic interpretation of outcomes.
The study employed an average annual value of 311 MCM for the
agricultural water demand (PSA Qatar, 2021); however, the subsector
could not be further investigated since the necessary data were un-
available. Furthermore, this study has addressed the impact of climate
change in the form of groundwater depletion utilizing the findings of a
regional study (Bilal et al., 2021). Notably, Qatar's unique water
resource context, characterized by the absence of surface water, high-
lights the significance of mitigating groundwater depletion through
effective conservation strategies. In addition to the groundwater con-
servation strategies outlined in Section 4.3.6, the integration of
comprehensive climatic data from Regional Climate Models (RCM) or
Global Climate Models (GCM) might be investigated in further studies.
Furthermore, it is essential to acknowledge that the unavailability of
these climate projections for Qatar is a limitation of this study. This data
scarcity hindered the incorporation of the temperature-evaporation
dynamic relationship, although the aggregated impact of climatic fac-
tors, including precipitation and evaporation, using the findings of (Bilal
et al., 2021; PSA Qatar, 2021) is included in the developed DSS model
(Figs. 2, 5). In addition, the present research analysis investigated
deterministic policy scenarios while acknowledging this constraint.
Future research utilizing probabilistic scenario analysis could broaden
the conclusions and build upon the research framework established in
this study. Addressing these research gaps in future work could
contribute significantly towards formulating effective WRM strategies
under the impact of climate change.

Moreover, the pivotal role of desalinated water is emphasized in this
study. The importance of associated infrastructure development in
addressing the growing demand for water in arid regions, including GCC
countries, is highlighted. Advocating for increased investment to boost
production capacity, it is essential to acknowledge the significant
environmental concerns associated with desalination (Flsaid et al.,
2020). These include brine discharge and the emission of hazardous
gases, which contribute to global warming. To address these challenges,
policymakers must implement effective measures (Panagopoulos and
Haralambous, 2020).

Several studies and practical techniques have been published to
address these challenges (Felix et al., 2024; Giwa et al., 2017; Kabir
et al., 2024; Mavukkandy et al., 2019; Morillo et al., 2014). A notable
recent contribution by (Mustafa et al., 2024) offers a unique strategy
that simultaneously addresses emissions and brine issues. The study
integrates selective electrodialysis (SED) to treat the rejected brine and
bipolar membrane electrodialysis (BMED) to address the hazardous flue
gases emitted from desalination facilities. Valuable industrial products
include hydrochloric acid, bicarbonate and carbonate salts, irrigation-
grade water, and high-purity sodium chloride, which are extractable
using the suggested valorization method. Active commercialization, the
development of public-private industrial partnerships and strict legal
enforcement of these approaches will facilitate addressing the environ-
mental issues associated with desalination. Additionally, it will assist in
turning desalination plant waste materials into valuable byproducts.
Furthermore, it is crucial to tackle environmental challenges associated
with desalination, encompassing sophisticated brine management stra-
tegies that were beyond the scope of this research. These measures, in
conjunction with the current study's findings, which developed several
WRM policy scenarios and assessed their impact on water resource
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system resilience, will assist policymakers in formulating strategic WRM
policies that align with Qatar's commitment to environmental
sustainability.

Furthermore, it is imperative to recognize that SDM models are
designed primarily for long-term strategic decision-making and trend
forecasting rather than precise point predictions. To enhance the pre-
cision of specific value predictions, the integration of advanced machine
learning models, such as Artificial Neural Networks (ANN) and Support
Vector Machines (SVM), has demonstrated significant potential (Fu
et al., 2022; Pu et al., 2023). Moreover, applying optimization tech-
niques for operational decisions related to optimal water resource
allocation can substantially augment the model's capacity to bolster
effective WRM policies (Naghdi et al., 2021). Investigating these ave-
nues, particularly concerning improved prediction accuracy and refined
operational decision support, contingent upon the availability of
requisite data, represents a promising direction for future research.

5. Conclusions

This study achieves its primary objectives by establishing an SDM-
based framework for understanding and managing the complex water
resource system in arid regions, focusing on Qatar as a case study.
Additionally, this study advanced the literature by establishing a novel
framework for generating WRM policy scenarios specifically tailored to
understand the intricacies of policymaking and a systematic policy
analysis method. Furthermore, emphasizing the distinctive character-
istics of the arid water system, the findings established in this study
provide the foundation for future contributions.

Foremost among the contributions includes the development of a
DSS using STELLA, integrated within the SDM framework. The devel-
oped simulation-based DSS model represents a significant stride forward
in engaging stakeholders and supporting strategic decision-making
processes. Its significance extends beyond Qatar, offering valuable in-
sights and applications for the GCC countries and similar arid regions. In
this study, the water supply and demand drivers were calibrated for
2010-2020, and system behavior was simulated for 2021-2070.

Additionally, a unique contribution of this research study includes an
innovative scenario-generation framework designed to achieve dual
objectives. Enhancing stakeholder participation through pragmatic and
participatory scenario design is the first goal that was accomplished. The
second objective was achieved by assisting policymakers in formulating
various water supply and design scenarios.

Our findings underscore the critical importance of balancing water
demand and supply levels to ensure sustainable development. Policy
recommendations include:

e Prioritizing groundwater conservation measures.

o Investing in nonconventional water resource infrastructure.

o Establishing strategic water reserves.

e Implementing effective water conservation campaigns.

e Incorporating regional tourist influx considerations into water
resource management policies.

These recommendations address pressing issues such as over-
exploitation of groundwater, environmental degradation, and the need
for comprehensive water demand capture. By adopting these measures,
decision-makers can pave the way for more informed, strategic, and
sustainable water resource management practices in arid regions,
facilitating long-term resilience and sustainable development.

Future research opportunities encompass developing and analyzing
water demand reduction strategies. These include examining custom-
ized water pricing schemes tailored to address domestic and commercial
demand subsystems, serving as promising areas for further exploration
and investigation.
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