Water Research 287 (2025) 124477

Contents lists available at ScienceDirect

Water Research

ELSEVIER journal homepage: www.elsevier.com/locate/watres

L))

Check for

Hybrid regulation of non-conventional water sources powered by | e
renewable energy: advancing circular water management for coastal
cities resilience

Miguel-Angel Bofill *®, Francisco-Javier Sanchez-Romero ", Francisco A. Zapata ,
Helena M. Ramos “®, Modesto Pérez-Sanchez *-

& Hydraulic and Environmental Engineering Department, Universitat Politecnica de Valencia, Valencia 46022 Spain

® Rural and Agrifood Engineering Department. Universitat Politecnica de Valencia. Valencia 46022 Spain

¢ Generdlitat Valencia Spain

4 Civil Engineering Research and Innovation for Sustainability (CERIS), Instituto Superior Técnico, Department of Civil Engineering, Architecture and Environment,
University of Lisbon 1049-001 Lisbon, Portugal

ARTICLE INFO ABSTRACT
Keywords: The increasing water scarcity and energy demands in coastal cities, exacerbated by climate variability, neces-
Water resources integrated sitate integrated and sustainable water management solutions. This study introduces a novel hybrid volume
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regulation framework that leverages non-conventional water sources including reclaimed wastewater, storm-
water runoff, and desalinated water to achieve circular water use and zero discharge into natural bodies. The aim
is the use of non-conventional resources by the integration of hydraulic and energy models through genetic
algorithm optimization, enabling the design of a resilient infrastructure to improve the deficit hydric in irrigation
communities. Optimal configuration of storage and flow dynamics was defined, ensuring coordinated operation
across diverse and spatially distributed sources. The methodology, which is replicable to any case study knowing
both hydraulic and energy constraints, shows the design and annual management rule to transfer 17 hm®. It
shows values of capacity ratio, distribution ratio and Benefit/Cost above 0.7, 0.9 and 3.1, respectively, for the
optimal solution. The framework also incorporates a comprehensive cost-benefit analysis, accounting for social,
environmental, and economic impacts, such as desertification mitigation, employment generation, and CO:
reduction. The findings highlight the replicability and scalability of the proposed model, offering a robust
decision-support tool for water governance and supporting Sustainable Development Goals.
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DPxx Tanks

DR Distribution Ratio

DRB Desertification Reduction Benefit (€/year)

DTI Demand transferred index

DVR Distributed Volume Ratio

Dxx Delivery system

EAC; Annual equivalent cost in scenario s (€/year)

EC Employment coefficient (20.51 jobs/hm?)

Ejs Energy consumed in k photovoltaic energy system in scenario
s (kWh)

Exc Total energy generated in k photovoltaic energy system (kWh)

EME Economic multiplier effect (€/year)

Eps Energy consumed in s scenario for p pumping system (kWh)

F Objective function

Fo Number of objective functions

FFco, Average CO2 fixation factor (13.2 tCO2/ha)

Fug Multiplier coefficient effect of growth of the agricultural
sector

G Generation

Go Number of generation

Geo, CO2 value per energy consumed (404 g CO2/kWh)
GCR Global Capacity Ratio

GDR Global Distribution Ratio

Global Photovoltaic Self consumption

GVA Gross Value Added

GVAps  Gross value added of agriculture in the province (€)

Hjm Piezometric level of reservoir j for m interval (mw.c.)

Hpm Manometric head of pumping for m interval and p pumping
station (mw.c.)

Hp, Water level of resource r in hour m (m3)

i Each Delivery point

I Maximum number of Delivery points in the system

ICy Initial investment in the year 0 (€)

IGB Incremental Guarantee Benefit (€/year)

j Each reservoir considered in the system

J Maximum number of reservoirs in the system

K Coefficient that weights the difference between 100% use of
renewable energy (project) and the average renewable energy
that supplies the Spanish electricity grid

k Each photovoltaic energy system

krp Real discount rate krp=0.07

LR Leakage rate (0.31)

LRI Leakage Reduction Improvement (€/year)

m Each interval hour

MRR Manometric Regulation Ratio

N Each alternative analized

N Maximum number of alternatives

n Each year of study

ny Maximum number of years

NAP Non-Agricultural Proportion (4/5)

OMC; Operation and maintenance cost in scenario s (€/year)

P Each pumping station

P Maximum number of pumping station

PC Proportion of the total volume distributed that flows through
leaking pipelines

Py Photovoltaic power to be installed for k photovoltaic energy
system (MW)

Prax.k Maximum Photovoltaic power to be installed for k
photovoltaic energy system defined in the optimization range
MW)

Prink Minimum Photovoltaic power to be installed for k
photovoltaic energy system defined in the optimization range
MW)

PSO Particle Swarm Optimization

PSR Photovoltaic Self-consumption ratio
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PSxx Pumped system

PSV Photovoltaic pumped system

QGIS Quantum GIS

r Each resource

RSxx Reservoir

s Each of the scenarios studied

Sprovince  Total area devoted to agriculture in province (ha)

Sy Benefited area (ha)

SCco, Social cost CO2 (43 €/tCO5)

SDGs Sustainable development goals

t Hourly interval (h)

T Lifetime (years) T=25 years.

Q Pumped flow(maximum) for p pumping station (m>/s)
Qmax,p Maximum pumped flow for p pumping station defined in the

optimization range (m3/s)

Qminp Minimum pumped flow for p pumping station defined in the
optimization range (m3/s)
UGPR Used Generated Power Ratio (Wp/m3)

Va,, Hourly Demanded volume for each delivery point i (m®)

Vbesatinated, Hourly volume from desalination plant

Vist distributed  Teoretical volume distributed for user i in scenario s (m>)

Viss—1 distribued  Theoretical volume distributed for user i in scenario 1 in
(m?)

Visdisribued Volume distributed for user i in scenario s in (m%)

Vist disributed  Lheoretical volume distributed for user i in scenario s (m®)

V; Volume of reservoir j (m3)

Vinaxj Maximum Volume of reservoir j defined in the optimization
range (m3)

Vinin,j Minimum Volume of reservoir j defined in the optimization
range (m3)

Vst distribued Theoretical volume transferrer for pumping station p in
scenario s (m3)
Vpis—1 distributed  Theoretical volume distributed for pumping station p in

scenario 1
Vim Volume distributed in reservoir j for m interval (m3)
Vom Pumped volume for m interval for p pumping station (m>)
Vim resource input volume r in hour m (m%)
VNt Volume not distributed in irrigation areas and discharged to
sea in scenario s (m3)
Vsr Theoretical total volume generated by all resources

introduced into the system in scenario s (m®)
Vstormwater, Hourly volume from stormwater runoff collection point
Vwwrp: Hourly volume from waterwaste treatment plants (m®)
UGPR Used Generated Power Ratio
Wy Installed solar power in k photovoltaic system (W)
WBIB Water bodies Improvement Benefit (€/year)
WWTPs Waterwaste treatment plants

1. INTRODUCTION

The rapid growth of urban populations is placing increasing pressure
on the provision of essential services (Liang et al., 2023). This trend
necessitates consuming substantial natural resources, particularly in
terms of food, energy, and water (Eshtawi et al., 2016). As a conse-
quence, logistical operations must expand to meet this demand, further
exacerbating society’s carbon footprint (Koop et al., 2022). Water, a
critical resource for both urban and rural populations, is fundamental to
effective sanitation, hygiene, and agricultural production (Dotaniya
et al., 2023). In rural areas, water not only supports crop cultivation,
which sustains the global food supply, but also plays a key role in sta-
bilizing rural economies and preventing depopulation (Anser et al.,
2023).

Addressing these challenges calls for the implementation of sus-
tainable strategies that promote the efficient reuse of resources (Hui
et al.,, 2023). Within this context, water reuse emerges as a crucial
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element in improving the evaluation of Sustainable Development Goal 6
(SDG6) (Garcia et al., 2023). By integrating circular economy principles
into water management, the reuse of treated wastewater not only re-
duces pollution in rivers and seas but also offers a sustainable solution
for water conservation (Guerra-Rodriguez et al., 2020).

Wastewater Treatment Plants (WWTPs) are typically located in the
lowest parts of urban areas to take advantage of gravity-fed sewage
systems (Estévez et al., 2025). However, the internal purification pro-
cesses in WWTPs require substantial energy inputs, ranging from 0.4 to
2.7 kWh/m®, considering tertiary and/or quaternary treatment to be
reused in non-potable uses and irrigation consumption (Trapote et al.,
2014). When these plants handle effluents from urban or coastal regions,
reusing the treated water for purposes such as irrigation or non-potable
urban uses (e.g., street cleaning and park irrigation) demands even more
energy, including the need for water to be pumped to overexploited
aquifers (Rios et al., 2023). Alicante or Naples are examples of Medi-
terranean regions where significant volumes of reclaimed water are
repurposed for secondary uses. The reuse of this volume implies the
pumping systems to distribute the treated water (Su et al., 2020).
Therefore, water-reuse projects must be critically evaluated from eco-
nomic, technical, and environmental standpoints (Molinos-Senante
et al., 2011).

National resource planning on this scale can be enhanced through
the development of integrated impact analysis toolkits to reduce the
water deficit, combining methodologies for social impact assessment
(Quinn et al., 2004). Particularly, Spanish irrigation communities have
invested heavily in modernizing their infrastructure, particularly
through the adoption of localized irrigation methods (Serra-Wittling
et al., 2019). This modernization has revitalized previously neglected
agricultural lands, boosting irrigation efficiency (Mercedes Garciaarcia
et al., 2022). Nevertheless, several factors—including the expansion of
cultivated land, increased water demand due to climate variability, and
declining water reserves (such as reduced flow from the Tajo-Segura
water transfer during droughts)—have driven these communities to
seek alternative water sources (Garcia-Ruiz et al., 2011). For instance,
irrigation deficits in Mediterranean areas are projected to rise by
approximately 40% (Eekhout et al., 2024). In this context, this proposal
called zero-discharge strategy, maximize the use of regenerated waste-
water as critical approaches to mitigate growing water scarcity in irri-
gated agriculture (Christou et al., 2024). These practices enhance the
resilience and efficiency of water systems by recovering and reallocating
residual flows and drainage water (Ramos and Santos, 2010) . Moreover,
integrated water reuse models have demonstrated significant potential
to stabilize supply under extreme hydrological variability (Pedrero
et al., 2010). Their adoption is increasingly recognized as essential for
sustainable water resource management in semi-arid regions . Segura
basin where the analyzed case study in this research is located has a
structural deficit, as it is the only one whose potential resources cannot
cover its water demands (Pedrero et al., 2010). It implies the use of new
strategies to introduce new water resources, not only to maximize the
efficiency in their distribution using hybrid systems while guarantee the
water demands.

This situation highlights the necessity for water governance policies
to prioritize cost-effective desalination technologies and wastewater
reuse as key strategies for sustainable resource management
(Estrela-Segrelles et al., 2024). Reclaimed wastewater, particularly in
coastal cities and densely populated areas, often remains underutilized,
with excess volumes discharged into rivers or seas. An analysis of water
management plans reveals that a substantial portion of this reclaimed
water could be redirected for agricultural use. For example, the United
Arab Emirates generates 289 hm® of treated wastewater annually (Al
Hamedi et al., 2023), China treats approximately 12.6 million hm?®
(Qadir and Jones, 2024), and Spain produces 4876 hm? annually, with
water reuse rates ranging from 0 to 91.38%, depending on the region,
and an average reuse rate of 10.91% nationwide (del Villar and Gar-
cia-Lopez, 2023). The low percentage of reused water highlights the

Water Research 287 (2025) 124477

urgent need for innovative strategies to introduce additional water re-
sources, particularly in agricultural sectors with high water demands
(Mishra et al., 2023).

Advanced algorithms and machine learning play a crucial role in
optimizing water resource management (Anjum et al., 2023), predicting
demand (Oguz and Ertugrul, 2023), and detecting losses or infrastruc-
ture failures (Joseph et al., 2023). These tools enable real-time deci-
sion-making (Fu et al., 2022), improve monitoring and control of
complex networks (Wang et al., 2021), and support the development of
digital twins to simulate system behaviour (Wu et al., 2023), optimizing
operations and maintenance. This leads to better resource utilization,
cost savings, and enhanced environmental sustainability in water dis-
tribution systems (Xiang et al., 2021). Emerging intelligent optimization
algorithms, especially those based on swarm intelligence, offer novel
solutions for these systems. Popular techniques include Ant Colony
Optimization (ACO) (Zhan et al., 2022) and Particle Swarm Optimiza-
tion (PSO) (Nishanth et al., 2023), among others reviewed by (Elseify
et al., 2024). These methods leverage decentralized decision-making
processes to address complex optimization challenges in water distri-
bution (Wang et al., 2023).

This study pioneers the optimization of a zero-discharge water
management system by leveraging genetic algorithms within a novel
multi-objective framework. A unique contribution of this work is the
development of an objective function that holistically integrates eco-
nomic efficiency, regulatory compliance, and full reuse of water from
multiple source, including treated wastewater, rainfall-runoff, and
desalinated seawater. A core innovation lies in the integration of these
diverse water resources into a decentralized system powered by
renewable energy, minimizing environmental impact and enhancing the
adaptability and resilience of the infrastructure. This decentralized
configuration not only reduces the carbon footprint but also ensures
scalability and replicability across various hydraulic and territorial
contexts.

The use of genetic algorithms enables the simultaneous optimization
of technical, environmental, and social criteria in the design and oper-
ation of pumping and distribution systems. This advanced optimization
approach supports the development of efficient, low-carbon, and
context-adaptive infrastructure. By combining cutting-edge computa-
tional methods with principles of circularity and sustainability, the
proposed methodology delivers a transformative contribution to inte-
grated water resource management. It directly supports the achievement
of the United Nations Sustainable Development Goals, particularly SDG
6 (Clean Water and Sanitation), SDG 9 (Industry, Innovation, and
Infrastructure), and SDG 12 (Responsible Consumption and Production).

2. MATERIALS AND METHODS

The proposed methodology is divided into two blocks, each con-
taining different steps, as illustrated in Fig 1. The procedure needs
different inputs and iterative methods to establish the infrastructure
sizing and energy requirements to supply the water irrigation demand
according to water resources and existing volume. The proposed meth-
odology evaluates the available water resources and water needs and
proposes different alternatives and scenarios for water resource distri-
bution, and it optimizes the infrastructure necessary to achieve this goal.

2.1. Methodology. Optimization stages

Figure 1 shows the different main steps to define the optimized
strategy, segmented into two different phases called “Block A. Evalua-
tion of water resources” and “Block B System optimization”.

e Block A. Evaluation of water resources

The first stage involves a comprehensive quantitative and qualitative
assessment of both available water resources and agricultural demands.
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Block A. Evaluation of water resourc

Block B. System Optimization

Topographic restrictions Definition
Land use restrictions
Topology of system
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Demand flow curves
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water needs

e e e e

* Operating rules and hypothesis. N
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Fig. 1. (a) Proposal of the methodology.

In Step AL, irrigation requirements are established, along with the water
quality standards necessary to meet those demands. This includes
identifying rural areas with ongoing agricultural activities that could
benefit from the integration of alternative water sources into their
existing irrigation systems.

In Step A.II, the potential new water sources are quantified, taking
into account their quality, volume, and temporal availability. Water
quality is evaluated based on the type of treatment or desalination
applied, as well as land characteristics—particularly important when
considering runoff generated by rainfall events.

Step A.IIL If there is the possibility of introducing this volume, a basic
model of the system is defined, which allows the evaluation of the
essential aspects of the system, including the topology, land use re-
strictions and topography of the system. The consumption patterns of
the irrigation systems and the inflow curves of the resources allow the
preliminary determination of the minimum levels and volumes in the
reservoirs, and the minimum requirements to ensure the necessary flow
and pressure at the consumption points. The reservoirs considered are
not conventional dammed reservoirs that collect surface water from
rivers or streams within the basin. Instead, they are artificially con-
structed off-stream storage facilities designed to regulate volumes from
various sources. Therefore, they are classified as balancing ponds rather
than traditional reservoirs and cannot include the conventional water
source analysis of a river. As the methodology is replicable for any case
study, if there are water resources from a river, the input should be
considered.

This preliminary model offers a robust framework for evaluating
multiple feasible alternatives, each defined by critical criteria such as
optimal reservoir locations, maintaining minimum piezometric levels,
and precise volume regulation. The integration of QGIS routines allows
for the strategic identification of reservoir zones, power generation
systems, pumping stations, pipeline layouts, and delivery points, facili-
tating a comprehensive design process. The foundational model is syn-
thesized and validated using the advanced capabilities of EPANET
software, ensuring a high level of precision and adaptability.

Any alternative should guarantee the mass balance, which is defined
by the following expression:

8760 8760 8760 8760

E Vd“ = § VWWTP[ + g VDesalinated[ + E VStonnwater[
t=1 t=1 t=1 t=1

@

Where Vg, is the hourly () demanded volume for each delivery point (i),
Vwwrp, is the hourly volume from waterwaste treatment plants;
Vesatinated, 1S the hourly volume from desalination plant, and Vsormwater, iS
the hourly volume from stormwater runoff collection point. All volumes
are considered in m>.

The different scenarios account for potential variations in water
volumes from multiple sources, reflecting the inherent uncertainty
associated with annual availability. These variations arise from

fluctuations in the volumes of transferred, desalinated, reclaimed
(treated wastewater), or rainwater. Consequently, the subsequent opti-
mization phase must ensure a proper distribution of these volumes,
considering the randomness in their occurrence. The values are con-
strained within predefined ranges, established according to existing
water rights, concessions, and/or infrastructure capacities. The ratio of
each source between the total volume from source enable the definition
of the percentage of water coming from each alternative source in the
different scenarios analyzed by methodology.

e Block B. System Optimization

Block B contains the main optimization module. The evaluation of
alternatives (Step B.I) is established using different indexes, which are
focused on hydraulic, energy, economic and environmental values to
compare different alternatives and know the real behavior of the system.
Multiple demand scenarios are generated for each alternative. Each
scenario allows the evaluation of different demand variation hypothe-
ses. These scenarios take into account different demanded volumes and
different consumption patterns of users. The objective of analyzing
multiple scenarios is to develop operating situations that take into ac-
count the variation of the demand curve between consumption users, as
well as the volumes demanded. The characterization of the scenarios is
done by defining two indexes called the Demand Index (DI) and the
Demand Transferred Index (DTI).

The Demand Index (DI) for s scenario is defined as the ratio between
the theoretical volume distributed and the theoretical volume distrib-
uted for scenario number 1. Scenario number 1 is considered the base
scenario, with the minimum theoretical volume distributed. The values
for DI are always equal to or greater than 1 and the maximum value
depends on the simulated scenario.
_ 25:1 Vi.sT,dism'buted

DI(-) (2

- I
Zi:l Vit3:1 (distributed

where Vit gisributed theoretical volume distributed for user i in scenario s
inm®, Virs—1.distributed theoretical volume distributed for user i in scenario 1
in m®,

Demand Transferred Index (DTI) is defined as the ratio between the
theoretical volume of water transferred from lower to upper reservoirs
in a given scenario and the corresponding volume in Scenario 1. Sce-
nario 1 serves as the baseline, representing the minimum theoretical
transfer volume. The DTI quantifies the relative increase in the amount
of water that must be pumped from lower to upper reservoirs across
different scenarios. By definition, the DTI is always greater than or equal
to 1, with its maximum value determined by the specific conditions of
each simulated scenario.
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P
Zp:] VpsT.dLstributed

DTI () ®)

P
Zp:] Vpn:l Jdistributed

where Vi1 gisiribured theoretical volume transferrer for pumping station p
in scenario s in m3; Vpis—1.distributed theoretical volume distributed for
pumping station p in scenario 1 in mS.

The average of the demand index and the demand transferred index
is defined as the supplied volume index, which is used to evaluate the
management of the system as well as the satisfaction of its constraints
and requirements. The generation of scenarios is based on combinations
of different values of the demand index and the demand transferred
index, considering the conditions of system management and user re-
quirements. To analyze and compare the system’s response across
different alternatives and scenarios, several indices are used. The
following are defined as operational indices: Distributed Volume Ratio
(DVR), Distribution Ratio (DR), and Capacity Ratio (CR).

Distributed Volume Ratio (DVR): The purpose of this index is to
determine the volume that could not be distributed by the system and
has been returned to the sea or not produced. It can oscillate between
0 and 1. The best value is 1.

VsN T

DVR; =1 —
: VsT

G

where V7 is the volume not distributed in irrigation areas and dis-
charged to sea in scenario s in m3; Vi is the theoretical total volume
generated by all resources introduced into the system in scenario s in m®.
Distribution Ratio (DR): This index evaluates the capacity of the
volume distribution system according to the established demand curves.
This index measures the degree to which the demands of the users have
been satisfied. The index is defined as the ratio between the volume that
has been distributed to users (Vi gisripured) and the volume that theoret-
ically should have been distributed (Visr gistributed)- It takes values between
0 and 1, with the ideal value being 1 because it guarantees that all the
demand is supplied. It is defined as:
DR, — Vis distributed )

Vist distributed

where Vi giswibured 1S the volume distributed for user i in scenario s in
m3; Vist distributed 1S the theoretical volume distributed for user i in sce-
nario s in m®.

This index is defined for each one of the demand points, and when all
the demands are considered the Global Distribution Ratio (GDR) can be
defined as follows:

I
GDRS _ Zizl Vw.dumbuted (6)

ZLI Visr distributed

Capacity Ratio (CR): This index is the ratio between the necessary
capacity required and the capacity considered in the reservoirs. The
purpose of this index is to determine whether the reservoirs defined in
the system are oversized. The range is from O to 1. Values near zero
suggest that the reservoir being studied is oversized, while values near
one indicate that it is optimized for regulation in the analyzed scenarios.
The Capacity Ratio is a technical index for each reservoir j in scenario s
and it is defined as follows:

stR
Cj,deﬁned

CR;, = @

where Cj is the necessary capacity required for reservoir j in scenario s
in m% Cj.aefined defined capacity for reservoir j in simulation in m.

The procedure is defined as the global capacity ratio (GCR) when all
reservoirs are considered, showing whether the capacity of the system is

undersized or oversized.
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J
_ Zj:l Cjsr
- J
Zj:l Cj.defined

The system design must guarantee the operation, minimizing energy.
To analyze this aspect, the use of different energy indexes is defined as:

Manometric Regulation Ratio (MRR) is the ratio between the pum-
ped volume and the distributed and resource input volume. It takes a
positive value, being in ideal conditions equal to 1. If there are different
pumped units, the value is always above 1. The closest values indicate
that less energy is required in the system.
MRR( ) SRS HonVin ©

S (- HimVim — S5 1 HmVim )

GCR; €))

where p is each of the pumping stations; Hp, is the manometric head of
pumping in each hour m in m w.c.; V,p, is the volume pumped in hour m
in m3; Hjy, is the water level of reservoir j in hour m in rn3; Vim is the
volume distributed in reservoir j in hour m in m>; H,., is the water level of
resource r in hour m in m3; Vim is the resource input volume r in hour m
in m®.

Photovoltaic Self-consumption ratio (PSR): This index establishes for
each energy generation system (k) the ratio between the energy
consumed and the total energy generated.

— Ek‘

PSR4 (—) = g

(10$)
Where Ejis the energy consumed in k photovoltaic energy system in
scenario s in kWh; Ej; is the total energy generated in k photovoltaic
energy system in kWh. When this index is applied all photovoltaic en-
ergy system Global Photovoltaic Self-consumption ratio is defined:

leleEks
lef:lEk,G
-Distributed Energy Consumption Ratio (DECR). It establishes the

ratio between the energy consumed and the volume distributed for each
scenario. It is defined as the following expression:

P
2B
=27

> i1 Vis.distributed

Used Generated Power Ratio (UGPR). This index defines the rela-
tionship between total installed power for all photovoltaic systems and
the volume distributed by the system for each scenario

WP) lele Wi

GPSR,(— ) = (11)

12)

picr ()

ms3

UGPRS <m3 Z::1 Vis.disaibuted (13)
where W, is installed solar power in k photovoltaic system in vatios (W).

To assess the proposal’s advantages and disadvantages, environ-
mental, social, and investment factors are considered. A sustainability-
focused cost-benefit analysis converts diverse impact metrics into
monetary values for meaningful comparison (Borrego-Marin and Berbel,
2019). Table 1 shows the indicators associated with social and envi-
ronmental impacts.

The indicators to evaluate the direct and indirect results associated
with the proposed methodology are:

Investment and maintenance costs (EAC): This indicator defines de
operating costs of water infrastructure investments. The initial invest-
ment includes the cost of the infrastructure and the annual maintenance
cost associated with technical and administrative staff and services. This
annual equivalent cost can be established by the following expression
(Borrego-Marin and Berbel, 2019):

€ >: r(1+kgp)"

s
ear
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Table 1

Social and environmental evaluation.

Social and
Environmental
Impact

Direct Impact

Indicator

Indirect Result

Cost Increase

Land use in rural
areas

Groundwater
reduction
Adjustment for

reduction inter-

basin transfers
Reduction of

discharges to

watercourses

Renewable
energies

Facilities
improvement

Investment and
Maintenance
Cost
Productivity
Growth

Reduction of
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where T is the number of years, considering 25 years (Alyssa Ahmad
Affandi et al., 2024); kgp is the real discount rate, considering 4%
(Migo-Sumagang et al., 2023); ICyo is the investment costs in scenario s
in €; OMC; is the operation and maintenance costs in scenario s in
€/year.

When the distributed volume is considere, the distribution cost (DC)
can be defined as the following expression:

B
(). ™ (=)
earm?) Zizl Vis distributed (M)
Benefit Productivity Increase (BPI): Localized irrigation systems
improve water use efficiency and crop value-added, increasing the

productivity of the irrigated area. BIP is defined by the following
expression (Exposito and Berbel, 2017):

€ I
BPI; ()Tar> = Capy Z Vis distributed

i=1

(15)

(16)

where Cgpy is the coefficient BPI. In the study area the Cgp; coefficient is
equal to 1.01€/m> according to (Segura, 2021).

Desertification Reduction Benefit (DRB): The reduction of desertifi-
cation is associated with the maintenance of cultivated areas and the
capture of CO2 associated with their cultivation. Furthermore, the
incorporation of these new resources allows for the reduction of
groundwater extraction, as well as water transfers from other basins.
The DRB index establishes the social benefit of CO2 fixation by main-
taining the irrigated area. DRB can be determined as follows:

I
DRB; (yi) = FFCOZM SCeo

ear AE 2 an
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where FFco, is the average CO2 fixation factor established for the typical
crops in the study area (vegetables, citrus and stone fruit trees) in 13.2
tCOo/ha (Bernardo et al., 2020); AE average endowment is defined in
the different management plans in m3/ha in this case 4990 m®/ha; SCco,
is the social cost equal to 43 €/ tCO2 (Metcalf and Stock, 2017).
Benefit Increased Employment (BIE): Increasing the guarantee of
supply of water resources and reducing the uncertainty of access to them
maintains agricultural activity. The BIE is established by the expression:

I
BIE, (yeiag — BC " Vi dswivuea (NAP APAS + (1 — NAP)APOS)  (18)
i=1

where EC is the employment multiplier coefficient considering 20.51
jobs/hm?® (Segura, 2021); APAS is the average productivity of the agri-
cultural sector, considered 37717 €/worker; APOS is the average pro-
ductivity of another sector, considered 51475 €/worker; (Alimentacion,
2023) NAP Non-Agricultural Proportion, equal 4/5 (Sindicato Central de
Regantes del Acueducto 2020).

Incremental Guarantee Benefit (IGB): The introduction of water
volumes in the system allows the system managers and associated en-
tities to plan medium and long-term action plans. The increase in the
guarantee of supply allows the system to generate income from the value
of its sale.

€ I
IGB; <ye?> = Ciep Z Vis distributed

i=1

19

where Cigp is the coefficient IGB, in this case, an average price of 0.3
¢/m® is considered, although depending on the origin of the resource,
water prices in the study area differ.

Water bodies Improvement Benefit (WBIB): The incorporation of
these new superficial resources reduces groundwater extraction and
reduces the transfer of volumes from other basins, such as the Tajo-
Segura. Groundwater quality is improved. The cost of the price of
water derived from the discharge of reused water into the sea, river or
natural areas is evaluated using the cost of the water price derived from
the discharge of reclaimed water into the sea, river or natural areas.
Therefore, the benefit is established according to the expression:

€ I
WBIB; (ye—ar> =DC ) Visisribuea

i=1

(20)

Where DC is the discharge cost by destination. In this case, 0.1 €/m® and
0.7 €/m? are considered for discharges into the sea or river, respectively
(Cost et al., 2016).

Clean Energy Emission Benefit Generation (CEE): This indicator re-
fers to the social benefit of not generating CO2 with the energy
consumed by the system. The following expression allows the calcula-
tion of CEE.

€

P
CEE, <@) = KGco,5Cco, Y _ Eps

p=1

(2D

where K is the coefficient that weights the difference between 100% use
of renewable energy (project) and the average renewable energy that
supplies the Spanish electricity grid, which corresponds to 50%
(Electrica, 2002). In this study, K=0.5; Gco, is the CO2 value per energy
consumed, 404 gCO2/kWh and SCco, is the social cost equal to
43€/kgCO2 (Sheet, 2016).

Leakage Reduction Improvement (LRI): The replacement of obsolete
infrastructure, characterized by a high percentage of leaks primarily
caused by pipe failures, enhances system management by enabling the
full utilization of available resources and significantly reducing water
and energy losses. Water leakage not only leads to a decline in system
productivity but also compromises supply reliability. In this context, the
benefits associated with leakage reduction are quantified as follows:
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¢ I
LRI; ()/_) = Cirr LR PC Z Vis distributed 22)
ear

i=1

Where Cyp; is the water price. This value is considered the same value
average price of water (Cjgg) 0.3 €/1 m3; LR is the leakage rate considering
an estimated average value equal to 0.31 (Avila et al., 2021);PC pro-
portion of the total volume distributed that flows through leaking
pipelines.

The cost-benefit ratio (B/C) establishes the relationship between the
benefits obtained and the costs required. The cost-benefit ratio is defined
as:

(B) (=)= > Beneficits, + EME

— EAC, (23)

C

where ) Benefits is the sum of all profits obtained in €/year.
" Benefits = BPI, + DRB, + BIE, + IGB; + WBIB, + CEE, + LRI,  (24)

EME is the Economic multiplier effect. This index takes into account
the multiplier effect produced by the agricultural sector on the rest of the
sectors. This economic multiplier effect is defined by the expression:

€
EME ()'_) = Fur SR GVAus (25)
ear

where Fyg is the multiplier effect coefficient that takes into account the
effect on non-agricultural sectors of the increase of the agricultural Gross
Value Added (GVA) by 1€. In this study the value used is 0.49 (Ahluwalia
et al., 2021), which was considered in the evaluation of irrigation
modernization (Borrego-Marin and Berbel, 2019); SR Surface ratio of
benefited area (Sp) to the total area devoted to agriculture in the prov-
ince (Sprovince), in this study S, = 10000 ha and Sproyince = 184243.3 ha
and SR = 0.054; GVA,s corresponds to the Gross Valued Added of
agriculture in the province, in this case GVAss = 657106 € (Sindicato
Central de Regantes del Acueducto 2020).

Three different values for cost-benefit ratio (B/C) are considered: (i)
(B/C)1, global B/C. It considers all defined indexes previously; (ii) (B/
C)4, B/C without EME and CEE defined as minimum B/C. It considers the
real impact of the water resources management strategy, without
considering the economic multiplier effect (EME) and the positive
impact of the use of clean energies (CEE); (iii) (B/C)3, B/C without CEE.
This indicator estimates the impact of the proposal without considering
the positive effect of the use of renewable energies. In all cases, its value
is greater than 1 to consider the proposal as viable.

Step B.II. The total number of scenarios can be considerable, so a
sample of scenarios is selected to encompass the global behavior of the
system and its response to extreme situations of operation. The selected

B.II1.2 Establishment objective
functions(F), variables and F=1
indexes restrictions

B.III.1 Establishment
optimization parameters

Number of generations(G,)
Number of configurations(Cf,)
Selection Operator

Crossover Operator

Mutation Operator

Number of objective functions (F,)
* Variables to optimize

Range of values for the variables
to be optimized

Establishment of the restrictions
for indexes DVR,GDR and GPSR.

Exit YES
Procedure
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scenarios are optimized in Step B.III (Figure 2).

During this stage, the methodology defines the key parameters
required for simulation. This includes specifying the number of gener-
ations, the number of individuals per generation, and the criteria for
selection, crossover, and mutation. The optimization process supports
multiple objective functions and considers several decision variables. In
this study, three variable types are optimized: pumped flow, reservoir
volume, and the capacity of photovoltaic power to be installed. The
configuration values for the simulations are selected within predefined
ranges. A real-coded genetic algorithm is employed for encoding the
configurations, as this approach offers notable advantages over binary
encoding such as improved precision, faster computation, reduced bit
requirements, and enhanced exploration of the solution space (Mei and
Huang;, 2002). To select only viable configurations, some restrictions
are imposed. To improve the selection procedure of individuals in the
first generation, lax constraint values are set, and as the number of
generations’ increases, these values become more restrictive. In this
case, to ensure system operation, the indexes (Distribution Volume Ratio
—-DVR-, Global Distributed Ratio -GDR, Global Photovoltaic Self con-
sumption Ratio -GPSR, and Global Capacity Ratio -GCR) are used as
restrictions to the generated configurations or solutions.

In the first generation (Step B.IIL.3), Cg configurations with random
values are generated. Subsequent generations are generated following
the procedures of genetic algorithms (selection, crossover, and
mutation).

The proposed algorithm simulates each generated configuration ac-
cording to the scheme in Figure 3 (Step III.4). The phase defines the
operating conditions of pumping stations, reservoir levels, and
maximum pipeline flows. The annual simulation computes hourly de-
mand and pumping flows, along with variations in reservoir volumes
and water levels. The iterative annual computation continues until the
system is stable, minimizing discrepancies in volume and level while
ensuring compliance with mass and energy balance principles.

The algorithm then evaluates the Distribution Volume Ratio (DVR),
Global Distributed Ratio (GDR), Global Photovoltaic Self-consumption
Ratio (GPSR), and Global Capacity Ratio (GCR) indexes to assess the
feasibility of each configuration. Feasible configurations are stored for
further analysis, and the most optimal ones are selected based on the
objective function, while non-compliant configurations are discarded.

The evolutionary process initiates with the selection of viable con-
figurations to form the subsequent generation (Step B.IIL5). This se-
lection is guided by the optimization objective function, favoring the
most promising individuals while preserving a degree of stochasticity to
ensure exploratory potential. A subset of these optimal configurations is
randomly chosen to undergo genetic crossover. During this stage, pairs
of parent configurations are selected, and a crossover point is randomly
defined. Genes (i.e., variable values) from one parent are inherited up to

B.I11.4 Evaluation of
configurations

l

I B.111.5 Selection Operator |

}

| B.111.6 Crossover Operator |

|

| B.I11.7 Mutation Operator |

B.IIL.3 New

G=1 ) i
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NO
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T S
F>Fy ? G>G,?

Fig. 2. Block III Optimization procedure by Genetic Algorithm for each selected scenario.
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Fig. 3. Evaluation of the configuration in step B.III.4 Block A. Evaluation of water resources.

this point, while the remaining genes are sourced from the second
parent. This recombination process is repeated until the target number
of offspring configurations is produced.

To safeguard genetic diversity and avoid premature convergence, a
mutation operator is applied. Each variable within a configuration is
subjected to a mutation probability: if a randomly generated number
falls below the specified mutation rate, the variable is perturbed. This
introduces novel traits into the population, enhancing the algorithm’s
ability to explore the solution space.

The resulting generation is composed of configurations derived from
crossover, selectively mutated elite individuals, and, optionally, newly
introduced random configurations to further diversify the search
domain. This iterative evolutionary cycle continues until a predefined
maximum number of generations is reached. Upon completion, the
subroutine concludes with the evaluation of all objective functions,
yielding a robust approximation of the global optimum.

Step B.IV defines the optimal configurations for each objective
function, scenario, and alternative. A design configuration is generated,
wherein: (i) the geometric characteristics of the reservoirs are refined to
align with the constraints of the selected locations, ensuring accurate
geometric specifications; and (ii) to minimize energy consumption in the
pumping stations, the most suitable machine groups are selected (Step B.
V). This selection is further refined through an iterative optimization
process based on the Newton-Raphson method (Tsakiris and Spiliotis,
2014), the rotational speed of the machines is optimized to minimize the
required flow and pressure requirements.

Step B.VI analyzes all scenarios when the design configuration is
defined, recalculating the proposed indexes. If any scenario does not
meet the predefined constraints, it is identified and re-assessed using the
previously established optimization methodology. This iterative process
progressively refines the design, ensuring an optimized configuration
that fully satisfies system requirements. Finally, as final step, a
comprehensive water-energy management assessment is conducted to
determine the optimal operational strategy for the system. By analyzing
various water-energy performance ratios, it becomes possible to identify
the most effective operating points that maximize the distribution vol-
ume ratio. This evaluation accounts for both the availability of water
volumes and the prevailing irrigation demands, while also incorporating
the storage levels of regulation reservoirs across multiple irrigation
communities. This approach not only enhances operational efficiency

but also reinforces the strategic importance of quantifiable indicators in
ensuring sustainable resource management under variable hydrological
conditions.

2.2. Case Study

The case study analyzed in this research corresponds to a complex
hydraulic system currently facing increasing pressure due to water
scarcity, inefficient resource allocation, and the absence of integrated
water-energy management strategies by governments (Gomez-Ramos
et al., 2024). The traditional operational schemes are no longer suffi-
cient to meet current irrigation demands while ensuring environmental
sustainability (Cantos, 2024). In this context, the Zero Discharge
methodology emerges as a necessary and innovative approach to opti-
mize the use of available water volumes, minimize uncontrolled dis-
charges, and enhance the overall efficiency of the system. By integrating
water-energy interactions and considering the operational constraints of
multiple regulation reservoirs, this methodology provides a structured
framework to support decision-making under scenarios of growing
water stress and climate variability.

The hydraulic system is located in two different cities in the Alicante
province, particularly Torrevieja and Orihuela Costa (Figure 4a). It is
established for different interlinked subsystems, all converging at a
strategic energy-water exchange node: the Villamartin Reservoir
(RS02), which operates as a regulation reservoir (Figure 4b).

This multipurpose infrastructure integrates heterogeneous water
sources, which are tertiary-treated effluents from wastewater treatment
plants (WWTPs), stormwater runoff, and desalinated water. They are
distributed by pressurized pipelines by gravity or pumped systems
(Figure 4c). The Orihuela Costa subsystem (PS00-PS01-PS08) trans-
ports reclaimed water from the local WWTP to storage reservoirs
through a photovoltaic pumped system (PVS). The Torrevieja-
Torremiguel subsystem (PS02-PS03) captures both waste-treated
water and stormwater from the Torrevieja urban area, routing flows
through intermediate regulation reservoirs and multiple pumping
stages. The main distribution system enables gravitational delivery to
multiple irrigation points, while hydraulically interfacing with ‘Sumillo’
(PS04) and ‘Estudiante’ (PS05) subsystems. These subsystems incorpo-
rate a photovoltaic pumped system to redistribute flows toward down-
stream areas via gravity, ensuring a low-carbon, energy-resilient
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Fig. 4. (a) Case study location; (b) Distribution and location of irrigation points and reservoirs; (c) Hydraulic scheme.

operational profile.

3. RESULTS AND DISCUSSION
3.1. Evaluation of water resources, scenario, and alternatives

The integrated water supply system analyzed in this study comprises
four main sources (Figure 5a): the Orihuela Costa WWTP, the Torrevieja
WWTP, the Torrevieja desalination plant, and stormwater runoff from
the municipality of Torrevieja. Based on historical data, the Orihuela
Costa WWTP provides an annual volume of approximately 3.10 hm?,
which could increase up to 4.64 hm® in future scenarios. Torrevieja

WWTP currently supplies around 7.47 hm?® annually, with a potential
increase to 8.2 hm?®. The desalination plant contributes 2.48 hm?®
annually, considering a future capacity above 3.2 hm®. Additionally,
stormwater runoff is regarded as a complementary source, considering
the precipitation in Torrevieja city. The annual contributions range from
0.93 to 1.41 hm?®, depending on the number of rainfall events.
Currently, the wastewater volumes from the Torrevieja WWTP are
managed through a 60000 m? storage tank, which connects to the PS03.
In future configurations, stormwater runoff, which is characterized by
high-intensity inflows over short periods, will also be conveyed to the
system. This necessitates the expansion of the RS04 reservoir to a min-
imum total capacity of 310000 m? (comprising 250000 m? for the future
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Fig. 5. Distribution of water sources from different resources.

RS05 and 60000 m® for RS04). This upgrade is essential to ensure
effective flow regulation from the WWTP and to accommodate episodic
stormwater events before subsequent transfer to RS02. Specifically, 54
scenarios incorporate all inflow hypotheses, including stormwater, and
assume a total RS04-RS05 storage capacity of 310000 m®. The genera-
tion of these scenarios is critical to capture the variability and
complexity of system operation, supporting informed decision-making
for resilient and adaptive water infrastructure planning (Figure 6).

Three different alternatives (Al, A2, and A3) were addressed that
generated different values of piezometric levels in the reservoirs as well
as pumped piezometric levels, resulting from variations in levels and
lengths of pipelines. These alternatives were subject to restrictions in
terms of layout, protection of natural areas, as well as other types of
effects, such as those from municipalities, urban development, and
infrastructure. The approach to the alternatives allows for an initial
selection of solutions to be made, which can subsequently be used to
optimize the design.

10

3.2. Optimization results

Figure 7a presents the results obtained by evaluating the optimal
solutions for each of the three proposed alternatives under different
scenarios, using the cost-benefit (B/C) ratio as the objective variable. All
other options yield B/C values ranging from 4 to 6.4, with Alternative 1
consistently achieving the highest values, indicating it as the most
favourable option.

Figure 7b compares the overall B/C ratios with and without
considering the Economic Multiplier Effect (EME). The trend remains
consistent, with Alternative 1 still emerging as the most advantageous
solution.

In terms of both economic viability and operational indicators
(Figures 7c and 7d), Alternative 1 (A1) shows the best results. Figure 7c
shows the distribution of the MRR over the three alternatives and the 54
scenarios, showing that A1 shows lower values than the other two al-
ternatives. Specifically, it oscillates between values close to 1.4-1.6,
while alternative 2 shows oscillations between 1.55 and 1.9 (18.75%
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Fig. 6. Evaluation of different scenarios.

higher on average) and alternative 3 shows values between 1.5 and 1.8
(12.5% higher). Figure 7d shows the distribution energy indicator,
called DECR, showing again the most efficient values in terms of dis-
tribution for alternative 1, with average values of 0.45 kWh/m?3,
compared to average values of 0.58 and 0.5 kWh/m?>, for alternatives 2
and 3, respectively. Table 2 shows the optimal design results for each
alternative (Al, A2, and A3), including maximum pumped flows,
reservoir storage capacities, and installed photovoltaic (PV) power
required to ensure zero discharge. In general, alternative A2 achieves
higher pumped flows in most systems.

For instance, PS01 reaches 0.403 m®/s in A2 compared to 0.319 m®/s
in Al and 0.388 m3/s in A3, while PS07 shows 1.083 m3/s in A2 versus
0.877 m®/s in Al and 1.069 m®/s in A3. However, this pattern is not
consistent across all systems; in PS08, A1 presents a higher value (0.144
m?>/s) compared to A2 (0.101 m®/s) and A3 (0.100 m?/s), indicating a
more complex system behaviour when evaluated in detail.

Regarding reservoir storage, A3 achieves the highest total capacity at
2.840 hm?, followed closely by A2 (2.796 hm®) and Al (2.495 hm?).
Individual reservoirs exhibit significant variations, such as RS01, where
A3 reaches 0.788 hm?® compared to 0.455 hm? and 0.332 hm? for A1 and
A2, respectively. Conversely, RS02 presents a higher capacity in A2
(1.286 hm?®). As for photovoltaic installations, A2 requires the largest
total power (9.75 MW), higher than Al (6.90 MW) and A3 (8.00 MW),
reflecting the additional energy demand linked to its greater pumped
flows. Thus, while A2 shows strong individual performance in flow and
specific storage, it also incurs greater energy infrastructure
requirements.

Although A2 demonstrates advantages in specific pumped flow and
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reservoir parameters, alternative Al emerges as a more balanced and
efficient solution when considering all design criteria collectively. Al
combines lower photovoltaic power requirements with competitive
storage capacities and moderate pumped flows, resulting in a configu-
ration that optimizes infrastructure investment and operational sus-
tainability. Therefore, from a global perspective, Al provides the most
favourable trade-off between hydraulic performance, energy needs, and
system resilience.

3.3. Water management operation

Figure 8a shows the dynamic behaviour of the system regarding both
water volume management under the optimized operational strategy
considering the optimal design solution for Al. The annual evolution of
moved volume alongside the inlet and outlet flows throughout a
representative year. This operational pattern demonstrates the system’s
ability to effectively buffer inflow fluctuations and optimize reservoir
utilization, maintaining water availability while avoiding unnecessary
overflows or shortages.

Figure 8b provides a complementary perspective to the water man-
agement analysis presented in Figure 8a by detailing the photovoltaic
(PV) energy production, the energy consumption associated with the
pumping systems, and the resulting energy surplus. The maximum
power demand profiles for the principal pumping stations (PS00, PS01,
and PS08) reveal that the system’s energy requirements consistently
remain well below the available PV generation capacity, with demand
peaks seldom surpassing 0.45 MW. This energy management behaviour
underscores the resilience and effectiveness of the integrated PV-
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Table 2
Maximum Pumped Flow, capacity reservoir and installed photovoltaic power for
the different optimal design solutions as a function of the alternative.

Maximum Pumped flow (m>/s)

Pumped System Al A2 A3
PS00 0.053 0.141 0.079
PS01 0.319 0.403 0.388
PS08 0.144 0.101 0.100
PS03 0.387 0.648 0.596
PS04 0.672 0.795 0.761
PS05 0.705 0.898 0.864
PS07 0.877 1.083 1.069
Maximum Capacity of reservoirs (hm®)

Reservoir Al A2 A3
RSO1 0.455 0.332 0.788
RS02 1.035 1.286 1.175
RS04-RS05 0.528 0.560 0.524
RS07 0.062 0.052 0.040
RS08 0.378 0.288 0.270
RS09 0.037 0.278 0.043
Total 2.495 2.796 2.840
Installed photovoltaic power(MW)

Floating Photovoltaic System Al A2 A3
PVGO1 3.40 2.25 2.00
PVG02 1.50 3.75 3.00
PVGO7 2.00 2.75 3.00
Total 6.90 9.75 8.00

pumped storage configuration, guaranteeing an adequate energy supply
even under peak load conditions. The results depicted in Figures 8a and
8b demonstrate the system’s capability to integrate hydraulic and
photovoltaic resources, thereby achieving stable water management
alongside reliable and sustained utilisation of renewable energy over the
analysed period. Figure 8c shows the daily behaviour of the system for
generated and consumed power as well as the pumped flow of the
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system, defining the inlet and outlet flow of the different reservoirs, in
this case, the RS02.

The global operation and useful for the management of the facility
can be observed in Figure 9. Figure 9a shows the different values of
capacity ratio in the different reservoirs, which show ranges between 0.4
and 0.68, considering values nearest to 1 in the RS02 and RS04-RS05.

Figure 9b shows the self-consumption ratios of the different photo-
voltaic systems evaluated. PVGO1 presented values between 0.4 and 0.6,
while PVGO02 stabilized around 0.28. PVG07, composed of two sub-
systems corresponding to each pumping unit, exhibited a wider range
between 0.3 and 0.7. These results were consistent with previous
studies, which highlighted that photovoltaic self-consumption largely
depended on system configuration and the alignment between genera-
tion and demand profiles (Luthander et al., 2015). In scenarios with
excess energy, the possibility of injecting it into the wastewater treat-
ment plants (WWTPs) was considered to further improve energy
integration.

The Distribution Volume Ratio (DVR) emerged as a key performance
indicator to ensure both proper system operation and the goal of zero
wastewater discharge to the sea, in line with the principles of circular
water management (Larsen et al., 2016). Figure 9c illustrated a sensi-
tivity analysis of the DVR under variations in wastewater volumes
generated at the WWTPs, based on the optimized configuration of
Alternative Al. The system demonstrated robust behavior, maintaining
DVR values above 0.9 in all scenarios. Full circularity (DVR = 1) was
achieved for volumes below 5.25 hm? in Orihuela Costa and 9.5 hm? in
Torrevieja. As inflows increased, a controlled and gradual reduction in
DVR was observed, highlighting the system’s resilience under variable
conditions (Hinegk et al., 2022).

Figure 9d evaluated the system’s adaptability to reductions in the
generated power of the PVGO1 and PVGO07 units. Despite the decrease in
energy input, the system maintained its operational effectiveness, con-
firming the suitability of the integrated energy-water management
approach (Fan et al., 2021). Overall, the proposed methodology pro-
vided a replicable framework to improve water reuse efficiency,
enhance operational flexibility, and support sustainable resource
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management in urban water systems (Garcia and Pargament, 2015).
Figure 10a establishes the optimal designed solution, the DC varia-
tion ranging from 1.1 to 0.7 when the SVI changed in the facilities. It is
inverse to B/C without CEE, which when the DC is 1.1, the B/C without
CEE is above 5, while it increase above 1 when the DC is minimum for
SVI equal to 1.7. This values are aligned with the established by (Suresh
Kumar, 2016), which defined values between 0.9 and 2 when the CEE is
not considered. This trend suggests that more sustainable hydraulic al-
ternatives may require higher upfront investments, potentially lowering
their immediate economic profitability if externalities are not properly
valued. This aligns with previous studies highlighting the need to inte-
grate environmental and social co-benefits in cost-benefit assessments to
avoid underestimating sustainable solutions (Zhang et al., 2021).
Figure 10b illustrates the variation in UGPR values as the SVI ranged
from 1.05 to 1.6. During this interval, the UGPR decreased from 0.65 to
0.4, indicating a declining trend in potential performance. This suggests
that under high-SVI configurations of renewable power generation may

13

exceed the system’s real-time energy demand, reducing the effectiveness
of direct energy usage. This behavior is consistent with findings in the
water-energy nexus literature, where mismatches between renewable
generation profiles and hydraulic demand curves limit system-wide
performance without adequate storage or smart controls (Parajuli
et al., 2023). In this case, the topography of the area did not enable the
use of potential water reservoir to incorporate a pumped hydro-storage
system to improve self-consumption, reducing the installed photovoltaic
power systems (Naval et al., 2023).

4. CONCLUSION

This study presents a hybrid volume regulation framework that in-
tegrates reclaimed water, stormwater runoff, and desalinated water,
demonstrating high operational performance and resilience under var-
iable hydrological and energy conditions. Developed under quasi-steady
assumptions, the system emphasizes flexibility to adapt to fluctuating
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solar radiation, inflows, and demand. Scenario-based analysis of 54
scenarios confirms the robustness of the design, with CR values above
0.7, allocation ratios exceeding 0.965, and DVR values typically above
0.975. The SVI further evidences efficient distribution within an inte-
grated water resource management context, evaluating the DC and B/C.

The incorporation of photovoltaic-powered pumping, combined
with sensitivity analyses for flow and capacity calibration, ensures
energy-efficient operation even under adverse conditions. The system
effectively absorbs demand redistribution during non-consumptive pe-
riods, and design enhancements such as optimizing desalinated water
injection points can further reduce energy use and investment costs.
Overall, the methodology offers a scalable and transferable strategy for
advancing hybrid water-energy systems, supporting climate-resilient
infrastructure and zero-discharge objectives. Future work should
address model limitations, such as the quasi-steady assumption, and
explore real-time control strategies, extended monitoring under diverse
climatic regimes, integration of the evaluation of quality mixed water,
and integration with emerging storage technologies to further validate
and enhance system applicability.
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