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Abstract

Systems thinking is crucial in developing strategies for managing and allocating resources in complex scenarios. In the Global South, Pakistan faces
challenges such as water scarcity and energy crises, which require integrated approaches. This study combines long-range energy alternatives planning
(LEAP) with a water evaluation and planning system (WEAP) to explore potential strategies for managing interconnected water and energy resources
in Pakistan. The aim of this work is to identify policy flaws and assess the consequences of water—energy decisions in Pakistan. The findings suggest
that maintaining the current status quo will hinder Pakistan’s goal of reducing its water consumption by 30% by 2027 and its energy usage by 50% by
2030. Innovative modeling scenarios suggest that energy and water consumption reductions in the agricultural, domestic, industrial, and transport
sectors could save up to 15% energy usage by 2050. However, water-saving strategies can inadvertently lead to increased energy consumption,
particularly in the agricultural and industrial sectors, with projections reaching an additional 2.8 million tonnes of oil equivalent (MTOE) by 2050.
Realizing Pakistan’s policy goals and meeting its targets present considerable challenges for the government, especially against the backdrop of severe
economic conditions. Current policies necessitate significant investments of 145 billion PKR (~500 million EUR or USD) for water conservation and
an additional 10 billion PKR for energy-conservation measures by 2030. Despite international financial aid, the success of these initiatives is at risk
due to political instability, administrative weaknesses, and institutional shortcomings.

Keywords Urban and regional energy governance; Water spatial planning; Water—energy nexus; Sustainable development
1. Introduction

Dealing with the complex and unpredictable global landscape presents significant obstacles to achieving lasting and
environmentally friendly social progress, especially in ensuring consistent water and energy resources while preventing
environmental harm [1-3]. By 2050, global demands for water and energy are expected to rise by 55% and 80%, respectively,
compared with 2015 [4]. It is therefore crucial to conduct thorough studies on water—energy systems to ensure more sustainable
use of those resources. Water and energy are strongly linked, with energy being essential for utilizing water resources. About 8%
of total global power generation is dedicated to water pumping, treatment, and transportation [5,6]. Moreover, energy
transformation and distribution involve the use of water, especially in hydroelectric, nuclear, and thermal processes [7]. Around
15% of the world’s water usage is attributed to energy-related industries [8].

In Asian and African regions, energy demand is rising due to water scarcity and climate change. Both the Millennium
Development Goals (MDGs) and the current Sustainable Development Goals (SDGs) focus on addressing this issue in depth [9],
with special regard to SDG 6 (clean water and sanitation) and SDG 7 (affordable and clean energy) [10]. Increased recognition
and understanding of these issues, along with cross-disciplinary collaboration and strong political will, can overcome existing
barriers. The United Nation’s transition from MDGs to SDGs emphasizes the global urgency to address issues linked to human
prosperity, planetary peace, and proactive fulfillment of basic needs [11].

Pakistan heavily relies on fossil fuels for about 80% of its energy supply, with domestic oil only meeting about 16% of demand
[9,12]. Imported oil contributes to higher expenses, while reducing imports would benefit the economy [13] on top of bringing
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obvious socioecological benefits. As a response to all of this, Pakistan is investigating its untapped renewable energy sources,
which include hydroelectric, solar, and wind power [14]. Energy resources are often associated with pollutant and greenhouse gas
(GHG) emissions, further highlighting the importance of energy conservation in sustainability-related goals. In parallel to energy-
related issues, the issue of water scarcity is escalating with each passing day. According to UNESCO report [15], approximately
3.6 billion people around the world reside in regions with limited access to water, accounting for nearly half of the global
population. By 2050, experts predict this number may rise to 5.7 billion [15]. According to the World Bank [16], 68% of the
global population has access to basic sanitation, leaving the remaining one-third of humans without this essential service. Only
39% of individuals with access to sanitation have safe sanitation measures in place.

Old projections about Pakistan experiencing water shortages and decreased water supply [17] have been confirmed by records:
Water availability dropped from 5260 m? per capita per year in 1951 to below 1000 m? per capita per year in 2016 [18], as
expected due to demographic growth, increased industrial use, and overall resource mismanagement. Climate change may
negatively impact these data by further decreasing water availability. In comparison with other developing (or Global Southern)
countries, Pakistan has a limited per capita water storage capacity of approximately 100 m3, representing just 10% of the total
annual streamflow [19].

Significant progress has been made in the quantification of the water—energy nexus through various sustainability approaches,
including national footprint accounts (NFAs), ecological footprints (EFs), life-cycle assessment (LCA), material flow analysis
(MFA), environmentally extended economic input—output analysis (EEIOA), emergy assessment (EMA), and exergy analysis
(EXA) [20]. Numerous research efforts have modeled the intricate dynamics of the urban water—energy nexus, with notable
studies such as that by Kenway et al. [21] delving into this complex interplay. Venkatesh et al. [22] employed input—output
analysis (IOA) modeling to scrutinize the interdependencies between the energy and food sectors in Turkey. Chen and Chen [23]
combined economic input—output analysis (EIOA) and LCA to assess water consumption and CO, emissions in China’s wind
power sector, providing insights into the water requirements of wind power generation and its environmental implications. Among
these studies, multi-regional input—output (MRIO) accounting, which utilizes regional economic input—output tables and inter-
regional trade matrices, has been frequently employed to explore urban energy and water systems, often focusing on single
elements such as virtual water, energy, or carbon footprints [24].

There has been a growing focus on the water—energy nexus because of its worldwide significance and the effects of global
environmental changes. The UN World Water Development Report 2014 focused on the theme of “water and energy,” highlighting
their interrelations [25]. Given the strong connections between water and energy systems, it is important to consider them jointly
[26]. Water and energy are crucial resources that are vital for the functioning of human societies, and the way we exploit these
resources has a significant impact on the environment in the Anthropocene [27,28].

The impacts on energy are expected to be substantial as pollution increases and global water resources come under increased
pressure in the future [29,30]. Research on the water—energy nexus has been instrumental in enhancing our understanding and
examination of water—energy interactions. Investigations have progressively expanded to include a comprehensive analysis of
related elements such as climate factors [31], resource reuse [32], urbanization [33], new energy applications [34,35], and specific
sectors [36,37]. These comprehensive studies have broadened the field and led to new methods of studying the water—energy
nexus.

Looking at the literature on long-range energy alternatives planning (LEAP) and water evaluation and planning system (WEAP)
model use for nexuses, Lin et al. [38] established a LEAP-WEAP model for Xiamen City by devising 11 scenarios and examining
the impacts of various demand and supply factors on urban energy—water nexus relations at the urban and metropolitan levels. Li
[39] previously employed a LEAP-WEAP model to investigate the energy—water relationship in Ningxia—namely, water
consumption by energy systems and energy consumption during water resource use—by dividing that Chinese autonomous region
into five prefectural-level subregions. Sun et al. [40] utilized a LEAP-WEAP model to examine energy—water nexus relationships
in the power sectors of the Beijing—Tianjin—Hebei region under different climate and development scenarios. Agrawal et al. [41]
integrated WEAP and LEAP to investigate the effects of climate change on GHG emissions and water consumption in the power
sector of Alberta, Canada. Malik et al. [42] used a LEAP-WEAP integrated model to quantify the water—energy—carbon nexus of
a coal-fired powerplants in a water-stressed area of Pakistan.

These models have tools for scenario analysis; they also examine the effects of created solutions for water resources and energy
consumption on GHG emissions in the region [43]. There are surprisingly few national studies on the relationship between water
and energy in Pakistan. Moreover, no study has been done to examine the relationship between all the sectors taken into
consideration at the national level and the policy nexus approach. To close this gap, we have conducted a study using a cutting-
edge methodology that considers every industry in the nation that uses energy and water. We create a nexus framework that clearly
illustrates the impacts of the water and energy laws in place today. This is the first research from Pakistan in which Pakistan’s
sustainability goals have been taken into consideration when planning the water and energy systems of several economic sectors,
such as transportation, agriculture, industry, and power production. In addition, we identified a sub-sectorial link to thoroughly
examine the synergistic impact of water policy on energy policy, which can assist a developing nation in accomplishing both
short- and long-term goals.

With their abundance of data, these updated integrated models can be useful for nations like Pakistan that are trying to define
and establish water—energy targets. Understanding the interdependencies between energy and water resources in Pakistan is
essential for achieving sustainable development. Building upon previous analyses, we introduce an analytical framework for the



coupled planning of energy and water resources in Pakistan that integrates LEAP and WEAP models simultaneously. Through
this integrated approach, we aim to formulate and assess tailored policies and strategies for the holistic management of energy
and water resources at a national scale. This study follows an integrated methodology, marking it as the first comprehensive
attempt to address and explore the water—energy nexus at sub-sectoral levels at a country scale. The work successfully results in
the development of a methodology that can be used to find water- and energy-saving solutions and measures across all economic
sectors. The systems-based thinking and modeling approaches presented herein help identify areas requiring improvement in
multi-resources management, planning, and optimization. Some of the key objectives and recommendations of this study include
energy conservation, efficient energy resource management, the promotion of renewable energy sources, water conservation
practices, and their collective impact on enhancing sustainability and mitigating GHG emissions. This approach can be
instrumental in formulating priority development policies and resource allocations compliant with the SDGs while ensuring
maximum positive impact across sectors. In contrast to other models, the proposed framework incorporates the interconnections
between energy and water resources, delving into specifics such as the energy and water resources utilized in water extraction,
transportation, and supply processes. Additionally, within scenario settings, we evaluate the ramifications of sector-specific
energy- and water-saving policies, considering the essential prerequisites for achieving long-term sustainable goals.

2. Methods

2.1. The water—energy nexus: Modeling approaches

When it comes to water—energy footprint accounting, two main methodological families are typically used: the bottom—up and
top—down approaches [44]. The bottom—up method targets a reduction in resource footprints at the product level by examining
basic processes and technologies, whereas the top—down method conducts a broad review of sectoral performance, models
resource stocks and flows within water—energy systems across an economy, and then assesses potential footprint reductions at
sector and end-use levels. According to Meng et al. [45], developing a robust analytical framework is crucial for advancing
sustainable water—energy systems. This framework should encompass a solid conceptual basis, dependable algorithms, and
comprehensive datasets to accurately measure the water—energy relationship and address related trade-offs.

Many developing countries implement sectoral policies, that address objectives individually and overlook their
interconnectedness. Bazilian et al. [46] indicates that barriers to a collaborative approach to climate action, affordable and clean
energy, sustainable communities, and water use efficiency include complex interdisciplinary connections, economic factors, weak
political motivation, and underdeveloped institutional structures. Taking a sectoral approach under the SDGs leads to inequity
and duplication in resource allocation, negatively impacting resource use. Moreover, translating study findings into government
policies is challenging due to differences in research focus and data [47]. For instants, Howells et al. [48] has mainly focused on
connections between two sectors at a time, capturing only part of the interrelationships among water, energy, and food.

The climate, land, energy, and water (CLEW) tool provides an integrated framework for quantifying sustainable systems and
assessing resource interconnections in developing economies. It keeps track of the resources and technologies needed to achieve
particular development objectives, going beyond the constraints found in single-sector modeling tools such as LEAP for energy
policy analysis and WEAP for water resource assessment [49]. Expanding the CLEW model’s structural scope to incorporate
societal and economic simulations—such as population dynamics, gross domestic product (GDP), urbanization trends, and
international trade—would enhance water—energy nexus assessments. Addressing trade-offs in water—energy systems requires a
spatially specific approach that focuses on prioritized technology deployment and policy management. For instance, study [50]
have proposed utilizing a spatially varying water stress index to assess water usage, considering resource scarcity in various
regions and assisting in decision-making regarding bioenergy technology implementation. Collaborative efforts among
governmental authorities, organizations, research agencies, and institutes are vital in establishing datasets tailored to local resource
conditions and conflicts for robust water—energy nexus quantifications.

For examining energy—water connections in cities, the LEAP-WEAP model [51] stands out, having unique benefits compared
with other models. WEAP differs from other dynamic models by including advanced hydrological analysis tools for water supply
simulation. This allows for detailed representations of river runoff, water intake points, and water transfer distances. WEAP
models are known for their user-friendly interfaces and straightforward operation procedures in comparison with computable
general equilibrium models. In 2012, the Stockholm Environment Institute (SEI) conducted an integrated study using LEAP and
WEAP, aimed to analyze the potential effects of desalination on California’s water and energy systems and related GHG emissions
[52]. LEAP-WEAP models possess integrated data-transmission functions that enable the sharing of core parameters and
simulation results between energy and water domains, thereby facilitating nexus analyses [51].

2.2. Development of a LEAP-WEAP integrated model for Pakistan
2.2.1. Energy demand module construction in LEAP

The demand module encompasses five key economic sectors: domestic, commercial, industrial, transport, and agriculture. It



serves as the foundation for modeling final energy consumption requirements. To forecast energy demand and supply,
consumption data from the reference year 2020 were employed. The demand analysis relies on factors such as activity level, total
energy, and demand cost. The final energy intensity is established by assessing each sector’s activity level and total annual
consumption. More specifically, the activity level pertains to the number of electric consumers, while the final energy intensity
reflects electricity consumption per consumer.

For energy demand estimation, the energy sectors can be divided into sub-branches, if data are available. For the final energy

demand (ED) of a sub-branch, Eq. (1) is used:
ED = Z ZZALi'j'k X Eli,j,k (1)
i j k

where AL is the activity level, EI is energy intensity, i is the partial aspect, and j and k respectively denote the sub-sector and
energy type. The variable i is used as an index representing different partial aspects related to energy consumption. These partial
aspects could represent different dimensions or components of energy usage within the system being modeled. AL encompasses
various energy-related activities, comprising socioeconomic indicators such as population, GDP, energy users, and land use.

Energy branches are structured based on the nature of energy-consuming activities and the types of energy utilized. Data-
collection methods, including fieldwork, enterprise investigations, expert consultations, and literature reviews, are employed to
gather relevant data and evidence for branch establishment. Key references for further analysis include documents such as the
Pakistan Energy Yearbook 2020 [53], the Economic Survey of Pakistan, and State of Industry reports [54], along with information
from the Pakistan Bureau of Statistics. These references have aided in identifying sectors of particular importance within Pakistan.
For a more detailed analysis, interested readers are referred to Text S1 in Appendix A.

2.2.2. Water demand module development in WEAP

In the WEAP model, three methods are used to predict demands [51]:
(1) The standard water use method: In this method, users define activity levels (e.g., people, households, and land area) for
each decomposition level and multiply them by annual water use.
(2) The FAO crop water requirement method: This method estimates irrigation requirements for demand points based on
simplified hydrological—agricultural processes, including precipitation and evapotranspiration.
(3) The direct method: In this method, water demand can be imported directly from files or entered manually into the model.
For more detailed analysis for the sectorial demand estimation, interested readers may refer to Section S2 in Appendix A.
In our study, the estimation of water consumption (WC) in the power sector is derived from calculations provided in Ref. [55].
In determining the WC of hydropower, our initial step involves calculating the total WCj oz (m?-year™") for each hydropower
plant 4, as per Eq. (2):

n
WCh.tOtal = 103 X Z Alh X Eh (2)
i=1

where Ai, represents the surface area (m?) and n represent the number of the open water surface i of power plant 4, while E),
(mm-year!) is the average annual evaporation from the reservoirs of power plant k. In some cases, the hydropower plants have
multiple open water systems the total surface area and evaporation rates must be calculated by summing the contributions of each
individual system.

The WC in a thermal power plant depends on factors such as the plant’s electricity generation, cooling method, and fuel type.
Therefore, a first step involves compiling an inventory of all thermal power plants, along with their cooling systems, fuel types,
and installed capacities—data taken from Ref. [56]. The total WC, per fuel type ¢ (m?-year™") is calculated based on Eq. (3):

ICk,t
n

ZZ:o(k)ICkrt

where IC;, is the installed capacity (MW) of thermal power plant & using fuel type #; El;, is the total electricity generation
(TJ-year™!) utilizing fuel type ¢, cooling system type ¢; and WC, . (m*-TJ™") is the water footprint of the electricity generated by a
plant with a specific cooling type and fuel.

WCt— = X Elk,t X WCt,C (3)

2.3. Coupling LEAP-WEAP models: The water—energy nexus framework

For this study, the energy and water planning tools LEAP and WEAP—both created by the SEI—were chosen due to their
relatively easier modeling environment in comparison with other available options, as well as their seamless integration. The



model is divided into two sections: a water systems model and an energy systems model. These parts were developed in WEAP
and LEAP, respectively, and were eventually combined to form the nexus. Operating on the energy balance principle, LEAP is
used for energy policy analysis, tracking the energy production, consumption, and related accounting of GHG emissions. WEAP,
which is based on the mass balance principle, is used for water spatial planning and policy formulation [57].

This study incorporates sector settings for LEAP and WEAP within the analytical framework of the energy—water nexus model,
illustrated in Fig. 1. The framework encompasses the supply and demand aspects of both energy and water systems, along with
their interconnections. Each system comprises three main sectors—namely, domestic, agricultural, and industrial; these sectors
are then subcategorized based on energy and water consumption. Thus, the descriptions of water and energy resources made by
WEAP and LEAP can be successfully linked from one model to another, allowing the simulation of interactions between energy
and water systems.

In the WEAP model, the total water supply is predicted. Based on these predictions, the energy consumption for water
withdrawal, transport, and treatment is estimated, with reference values available for different components of the water supply
[50]. These linkages are summarized in Fig. 1. Following Lin et al. [38] and Liu et al. [51], we divided the connections into two
categories:

(1) Interactive links: These represent the use of one resource to produce another resource’s services, such as energy for water
treatment and water for thermal power cooling, primarily occurring on the supply side.

(2) Connected links: These represent water and energy resources connected in devices that are designed to provide other
services, such as water heating and clothes washing, mainly occurring on the demand side.

The provided nexus framework simulates the relationship between energy production/consumption and water supply/demand
across three primary sectors: household, agricultural, and industry. It does this by integrating the LEAP and WEAP models. In
linking WEAP to LEAP interactions between sectors and socioeconomic connections, in the domestic sector, the WEAP model
takes into consideration the amount of water used for drinking, cooking, and sanitation, while the LEAP model monitors energy
use for tasks, such as lighting, cooking, and water pumping. Water demand is affected by changes in energy consumption (e.g.,
energy-efficient appliances) and vice versa, as reflected in the interactions between these activities. With WEAP simulating water
consumption for livestock and irrigation, the model in the agriculture sector depicts how energy is utilized for machinery and
water pumping. A key interaction is how shifts toward energy-efficient irrigation systems affect water consumption, thereby
influencing agricultural output and economic performance. LEAP monitors energy usage in the industrial sector for processes
including steam generation, heating, and cooling, while WEAP monitors the amount of water used for such purposes. Using the
nexus approach, we can examine how energy and water efficiency can lower operating costs and environmental effects, which in
turn affect industrial productivity and sectoral economic contributions.

Feedback loops—in which modifications to one system have an impact on another—are captured by the framework. For
example, a major premise of our model is that population growth would increase the energy requirement for water treatment,
which would increase water withdrawals and affect patterns of energy consumption and the water supply system. This relationship
is crucial in comprehending how policy changes targeted at one area might have repercussions for the entire nexus.

Energy system

Water system

‘ Energy supply Surface water Underground water
{ (Oil, gas, coal, kerosene oil) | 1
1 | Water withdrawal
‘ Transformation [
A Water supply
l Power generation [
N !
(Gas, coal, ) )
kerosene oil) Domestic — Domestic !
Lighting Cooking/ ‘ Washing Drinking/ Bathing/ Washing/
) | heating L cooking toilet use gardening
]
(ol Agriculture ‘ — Agriculture
Landscaping Machinery Irrigation ‘ Livestock watering
(Qil, gas, coal) Industries Industries ‘
Powering Steam Processing Cooling and Power Waste water
Machines/ generation and steam generation treatment
equipment's treatment generation

Fig. 1. The energy—water nexus analysis framework.



2.4. Scenarios construction in the LEAP-WEAP coupled model

To define and design various scenarios for analysis, business-as-usual (BAU) scenarios were initially developed separately in
LEAP and WEAP (Fig. 2). These scenarios were configured based on activity levels derived from core parameters and on
extrapolation, reflecting current consumption trends without interventions. Next, 24 sub-scenarios were designed to support ten
main scenarios, each illustrating the energy and water conservation performances along with the combined impacts of individual
national policies (Tables S1 and S2 in Appendix A). This integration of sub-scenarios from the main sectors (i.e., domestic,
transport, agriculture, industry, and power generation) was carefully carried out to establish the links and nexus between both
models’ sub-sectors. Scenarios with parameters were adjusted based on Pakistan’s governmental policy measures; future trends
in energy and water use follow current consumption trends.

The key assumption set for the LEAP-WEAP integrated model is shown in Fig. 2. LEAP includes four modules: key
assumptions, demands, transformations, and resources. Of these, the demand and transformation modules are the most important.
The WEAP model was applied to predict urban water supply and demand under various scenarios. Key assumptions provide the
key variables of the model, such as GDP, GDP growth rate, total population, population growth rate, number of households, per-
capita income, and sectorial GDP contribution. The basic assumptions used in the Pakistan LEAP model are the social, economic,
and demographic indicators. The population growth rate of 2.4% from Statistics 2017 [58] was used for this analysis. Pakistan’s
total GDP of 300 billion USD refers to 2019-2020.

Key assumption ‘

Industraial 20% | l
Agriculture 24% | !
- { GDP growth ‘ [ Population growth | | Per-capita GDP | | Per-capita water consumption
Services 12% Y B -
Commercial 44% | l
) 475 MTOE +— BAU scenario —* 284 BCM
Gov. conservation r N
measures | | | Policy recommendations
. I Nd W I
National energy goals Comprehensive aqua policy
scenarios Nexus trend scenarios
: ‘ —{8MTOE! |- —
374 MTOE <—| ES2. energy settlement | ‘ : > WS2. residential water —++ 269 BCM
| 16 BCM optimization i
330 MTOE F—{ ES3. eco-sustainable transport i
3 < amTOE i
468 MTOE “*{ ES4. go-green agriculture \ : WS3. agriculture water Ly 167 BCM
3 18 BCM transmission |

348 MTOE <— ES5. energy saving tech-reform -‘.)';0_7072 Mrog

- BCM- h

optimization

T WS4, industrial water [ ,i, 279 BCM
ES6. efficient energy generation 1

Fig. 2. Scenario setting for energy—water modeling. ES: energy system; WS: water system; MTOE: million tonnes of oil equivalent; BCM: billion
cubic meters (10° m?).

3. Results and discussion

3.1. Policy intervention and sectorial energy—water consumption: A comparative analysis

In the BAU scenario, energy consumption steadily increases over time, with demand being driven by factors such as population
growth, economic growth, and technological advancements (Fig. S1 in Appendix A). Between 2020 and 2030, an approximately
200% increase in energy consumption is calculated, up to 164 million tonnes of oil equilalent (MTOE), linked to growing
industrial activities, urbanization, and an increasing dependence on energy-intensive technologies and appliances. Between 2030
and 2040, a slower yet significant growth rate is expected (nearly 80% in that decade alone), resulting in a total energy
consumption of 296 MTOE. From 2040 to 2050, the energy consumption is projected to keep increasing (a 10-year increase of
60%), reaching 475 MTOE. Following BAU, overall growth greater than 750% is estimated from 2020 to 2050, highlighting the
critical importance of planning for energy conservation in the future.

In light of the problematic BAU scenario, a national energy-saving goal (NESG) scenario was also built, with particular
measures and policies being put in place across different sectors to decrease energy consumption and increase energy efficiency.
The annual energy consumption also starts at 55 MTOE in 2020 but then takes a distinct path from that of BAU, at 88 MTOE in
2025 and 110 MTOE in 2030—that is, 100% compared with BAU in 2020 but —33% in 2030 (Fig. S3 in Appendix A). The



consumption peaks in 2035 at 115 MTOE, and then reaches 96 MTOE in 2050, increasing by 75% compared with 2020 but —80%
less than in the BAU scenario in 2050.

If no action is undertaken (BAU scenario), water consumption is projected to rise from 207 billion cubic meters (BCM) in 2020
t0 229 BCM in 2030—that is, 11% (Fig. S2 in Appendix A)—driven by ongoing urbanization, industrial expansion, and increased
agricultural need due to economic growth. Water use is expected to reach 254 BCM by 2040 (11% since 2030, 23% since 2020),
in the presence of growing industrial and agricultural activities and, in parallel, of rising demands from the domestic sector as a
result of population growth and lifestyle changes. The trend continues upward, with water consumption projected to reach 284
BCM by 2050 (12% since 2040, 37% since 2020).

In contrast, a declining trend in water usage is expected under the application of the comprehensive water policy scenario
(CWPS), which focuses on sustainable water management practices and encourages the use of technologies to minimize water
wastage and enhance usage efficiency in different sectors. In this scenario, water consumption is projected to decrease to 174
BCM in 2030 (—24% compared with BAU, —16% since 2020), driven by the adoption of water-saving practices in residential
areas, improved irrigation methods, and more stringent regulations on industrial water consumption. Under the water policy in
2040, water use declines to 161 BCM (—37% compared with BAU, —7% since 2030, —22% since 2020), in the presence of expected
success in sustained efforts to reduce water usage, enhance water efficiency, and encourage water-saving practices among
stakeholders (i.e., after investments in public water infrastructures and public awareness campaigns). By 2050, water use under
CWPS will decrease to 147 BCM (i.e., —48% compared with BAU, —9% since 2040, —29% since 2020; Fig. S4 in Appendix A).

3.2. The water—energy nexus at the sub-sectoral level

Detailed insights into the connection between the energy system (ES) and the water system (WS) are provided in Table S3 in
Appendix A. A comprehensive analysis was conducted on 24 scenarios, consisting of six primary scenarios and 18 sub-scenarios,
specifically addressing energy—water interconnections.

Among these, seven scenarios (three main: ES2, ES4, and ES5, and four sub-scenarios: ES2.2, ES2.3, ES4.3, and ES5.3) reveal
a positive impact, indicating that implementing energy-saving strategies contributes to water conservation in the respective sectors.
Conversely, two main scenarios (ES3 and ES6) and the remaining 14 sub-scenarios show no significant impact of energy
conservation efforts on water consumption. Similarly, the relationship between WS and ES was analyzed across 10 scenarios
(four main and six sub-scenarios). Among these, one main scenario (WS2) and three sub-scenarios (WS2.1, WS2.2, and WS3.1)
demonstrate a beneficial effect, suggesting that water-saving practices help reduce energy consumption. On the other hand, two
main scenarios (WS3 and WS4) and two sub-scenarios (WS3.2 and WS4.1) exhibit an opposite effect, where water conservation
measures lead to higher energy usage. Additionally, one scenario (WS4.2) shows no significant impact of water-saving efforts on
energy consumption.

3.2.1. Moving toward efficiency: Energy-saving measures and effects on energy conservation

An examination of the projected energy-saving efforts in different sectors under various scenarios lead to consistent
improvement in efficiency and effectiveness over time. Between 2020 and 2050, these efforts consistently lead to increased energy
savings due to continuous enhancements, broader implementation of sustainable methods, and technological progress, with
varying percentage contributions from different sources. The implementation of specific measures customized for different sectors
helps to conserve energy. Eff