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Abstract

The use of reclaimed water is crucial to prevent pollution from wastewater discharges and
mitigate the water deficit faced by irrigation districts or other non-potable water users.
Therefore, the zero-discharge strategy represents a significant challenge for coastal cities
affected by marine pollution from effluents. In regions such as the Mediterranean arc,
agricultural areas located near these cities are increasingly exposed to reduced water al-
locations or rising irrigation demands due to the impacts of climate change. To address
this dual challenge, a circular system is proposed through the implementation of hybrid
treatment technologies that enable zero wastewater discharge into the sea. This approach
would contribute up to 30 hm3 of reclaimed water annually for irrigation, covering ap-
proximately 27,000 hectares of cropland in the province of Alicante. The proposed system
integrates advanced techniques, such as reverse osmosis, to ensure irrigation water quality,
while also considering partial blending strategies to optimize resource use. Additionally,
constructed wetlands are incorporated to regulate and treat the reject streams produced by
these processes, minimizing their environmental impact. This combined strategy enhances
water reuse efficiency, strengthens agricultural resilience, and provides a sustainable model
for managing water resources in coastal Mediterranean regions.

Keywords: reuse water; hybrid systems; water management; sustainable water systems

1. Introduction
Water scarcity and environmental degradation are among the most pressing global

challenges of the 21st century, with Mediterranean agriculture being a clear example [1].
Climate change and the increase in water demand due to population growth have shown
a deficit of this resource in both arid and semi-arid regions, such as the Mediterranean
Basin [2]. The scarcity of this resource in agriculture, combined with the improvement in
water circularity, highlights the need to maximize the reuse of wastewater [3]. Particularly
in cities that produce large volumes, which, if not used, compromise the sustainability of
the environments where they are discharged [4].

Wastewater reuse has emerged as a cornerstone of circular water management strate-
gies worldwide, transforming effluents from waste products into valuable resources. Water
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reuse contributes to multiple Sustainable Development Goals (SDGs), including clean water
and sanitation (SDG 6), sustainable cities and communities (SDG 11), and climate action
(SDG 13) [5]. These actions enable the improvement of the achievement of the different
goals linked to each of the SDGs using indicators.

The European Union also emphasizes the role of water reuse in its Water Framework
Directive, which sets minimum requirements for water reuse in agricultural irrigation [6].
Mediterranean countries, such as Spain [7], Italy [8], and Israel [9], which have reached
90% water reuse, have become reference cases in this field, demonstrating both the op-
portunities and challenges of scaling up reclaimed water use in agriculture, industry, and
environmental restoration [10].

Rural communities and townships can pose contamination risks, even though they
discharge lower volumes of wastewater [11]. Therefore, finding solutions for water reuse
is essential. This represents a challenge, as resources in these areas are limited, making
low-cost natural options such as wetlands [12], lagoons [13], and sand filters particularly
suitable [14]. Compact technologies like biodigesters, UASB reactors, and modular plants
provide higher efficiency but require greater resources and maintenance. In contrast,
industrialized areas, large cities, and tourist regions often face more significant impacts
and reduced efficiency in water and energy use.

The zero-discharge strategy applied to wastewater treatment plants (WWTPs) is a real
challenge for the province of Alicante, Spain. This strategy arises from the need to simultane-
ously address two interrelated challenges: the environmental impacts of treated wastewater
discharged into the bay of Alicante and the persistent structural water deficit affecting
nearby agricultural lands [15]. Addressing both issues through a single integrated approach
exemplifies the broader paradigm shift toward circularity in water management [16].

The first challenge relates to the ecological deterioration of the Alicante coastal bay,
where continuous monitoring has revealed a decline in water quality [17]. This decline
is primarily attributed to the cumulative discharge of nutrients, particularly nitrogen
(N) and phosphorus (P) from treated effluents. Such nutrient enrichment accelerates
eutrophication processes, alters marine ecosystems, threatens biodiversity, and reduces the
ecological services provided by coastal habitats. Beyond ecological risks, these changes
have significant socioeconomic implications [18]. The coastal environment, especially the
quality of its beaches, represents a critical asset for the region’s tourism sector, which is a
major contributor to Alicante’s economy. Thus, deterioration of water quality jeopardizes
not only environmental sustainability but also the economic and social well-being of
the region [19].

The second challenge is the structural water deficit in the irrigated agricultural areas
surrounding the bay [20]. Agriculture in southeastern Spain is highly vulnerable to fluctua-
tions in water availability, and reductions in conventional sources, such as groundwater
and inter-basin transfers, have intensified this scarcity [21]. Water shortages diminish
agricultural productivity, threaten rural livelihoods, and exacerbate land abandonment,
which in turn accelerates desertification processes in territories already highly exposed
to climate risks. If used effectively, reclaimed water can serve as a reliable complemen-
tary source, helping to stabilize agricultural production and mitigate both economic and
environmental vulnerabilities [22].

These challenges are intrinsically linked. Expanding the reuse of treated wastewa-
ter alleviates water scarcity for agriculture and reduces discharges into the sea, thereby
mitigating nutrient pollution. From this dual perspective, the ideal outcome would be
the complete reuse of all treated effluents, eliminating marine discharges. This reason-
ing forms the conceptual foundation of the zero-discharge strategy developed for the
L’Alacantí region [23].



Appl. Sci. 2025, 15, 10953 3 of 17

However, the implementation of such a strategy requires careful consideration of
key factors. First, sufficient potential demand must exist to absorb the total volume of
reclaimed water. In Mediterranean contexts, agricultural irrigation typically represents the
primary and most consistent consumer, necessitating careful mapping and prioritization of
irrigation districts in proximity to WWTPs [24]. Second, consumption guarantees must be
established. Farmers will only use reclaimed water if it meets critical conditions related to
quality, cost, and reliable availability across the irrigation network [25]. Third, infrastructure
must be properly designed and dimensioned to convey, store, and distribute the full annual
volume of reclaimed water, incorporating energy-efficient systems, such as photovoltaic
pumping stations. Without addressing these three pillars—demand, guarantees, and
infrastructure—the goal of zero discharge remains unachievable.

The use of reclaimed water must guarantee minimum quality parameters in terms of
salinity, nitrates, and phosphates, allowing it to be used for agricultural irrigation. This
implies that a pre-treatment procedure is required to guarantee the acceptable quality level
of the water used by farmers. By situating the case study in Alicante within the broader
global and Mediterranean challenges, this study contributes to understanding how local
strategies can advance circular water management and support regional sustainability.
The zero-discharge strategy not only addresses pressing environmental and hydrological
concerns in Alicante but also serves as a replicable model for other regions facing similar
water scarcity and coastal ecosystem pressure. The model proposed a global strategy and
an optimization procedure to guarantee the reuse of water.

This research integrates a zero-discharge strategy for coastal Mediterranean regions
by integrating reverse osmosis with constructed wetlands for brine management, an aspect
seldom explored in comparable studies. Beyond conventional approaches centered only
on water reuse or desalination, this study advances an innovative hybrid system that
incorporates reject streams into a circular framework. The case study of Alicante provides
a distinctive example of practical applications in a highly vulnerable area. Overall, the
proposed strategy not only enhances water reuse efficiency but also contributes decisively
to the reduction of marine pollution from wastewater discharge.

2. Materials and Methods
2.1. Methodology

Figure 1 shows the four different blocks that define the zero-discharge strategy (ZDS):
(I) water balance, (II) Mixed Water definition, (III) hybrid system energy supply, and (IV)
zero-discharge strategy.

I. Water balance

The first step involved performing a comprehensive water balance to quantify the
availability of water resources. This balance identifies inflows, consumption, and potential
surpluses, providing a baseline for the subsequent definition of mixed water streams. A
balance is established for all existing sources, including surface resources, groundwater,
and other sources, as well as transfers between basins and other existing treatment plants.
This volume must meet the demands and volumes established in the basin plans defined
by the government [26].

VIR = ∑n
i=1 Vi (1)

where VIR is the irrigation volume defined in the basin plans in hm3 and Vi corresponds
with the different resources, which can be of different sources.
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The wastewater volume should guarantee its internal mass balance, which is defined
by the following expression:

VWWTP = VOP + VWOP + VRF + VROP (2)

where VWWTP is the annual wastewater treatment plant volume (m3); VOP is the annual
volume treated by the osmosis process (m3); VWOP is the annual volume directly used from
WWTP effluent without osmosis (m3); VRF is the annual volume rejected by filtration and
recirculated within the system (m3); and VROP is the annual osmosis reject volume directed
to artificial wetlands for biological treatment and safe environmental discharge (m3) [27].
Equations (1) and (2) correspond to the mass balance based on the available volumes
(surface water, wastewater treatment plant water, irrigation water, or other resources or
usess of wetlands). Equation (3) corresponds to a mixture of solutes in solutions, as stated
by [28]. This balance is considered hourly by the proposed methodology to adapt it to the
energy requirements.

II. Mixed water definition

Based on the initial balance, a mixing procedure was developed to integrate different
water streams. This phase includes four different sub-stages, as shown in Figure 1. Stage
II.1: Anosmosis procedure is applied to specific fractions of the flow for advanced treatment.
The high salinity of the wastewater implies the need to develop an osmosis procedure. The
operation of the system requires the osmosis system to be continuously active to minimize
the osmosis facilities and ensure the continuity of the system to guarantee the correct
operation of the membranes [29].

The mixing of saline water with fresh water was expressed through the mass balance
of dissolved salts. Considering the conservation of solute mass, the final concentration of
the mixture (Cmix) defined in this model according to [28], it is established as follows:

Cmix =
VWOPCWOP + VOPCOP

VWOP + VOP
(3)

where: CWOP is the salinity of wastewater in mg/L; COP is the output of the osmosis
procedure, considered equal to zero; Cmix is the salinity of the mix in mg/L.

The previous expression allows water managers to assess quality compatibility and
suitability for intended uses (Stage II.2 Evaluation of the water mix). Stage II.3 evaluated the
volume rejection and focused on characterizing the generated brine streams. The osmosis
system is connected to the WWTP to return reject flows from pre-filtration to the plant’s
decanter (Figure 2).

It also conveys effluents from the wetland to the outfall when discharge-quality issues
arise. Two regulation tanks (DP031 and DP032) store the rejected and non-compliant flows
for controlled release. The system is divided into two subsystems: from the tanks to the
break chamber (AR) and from the AR to the final delivery points. Flow regulation is
achieved using float valves to prevent overflow at AR. Effluents from EB05 are routed to the
WWTP decanter, while PS flows are directed to the outfall, with operational rules for safe
transitions between both systems. The osmotized water (DP02) and wastewater (DP01) are
mixed in DP05 according to Equation (3), which is pumped to different regulation reservoirs
that distribute pumped or gravity water to the different irrigation reservoirs of the different
users. The strategy comprises different sub-phases aimed at identifying feasible solutions
that ensure zero discharge, which constitutes the primary optimization objective. While
maintaining this goal, the methodology further optimizes the pumping systems based on
the hourly power generated by photovoltaic systems, prioritizing operations according
to reservoir level constraints. The approach also considers the availability of hydraulic
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machinery (pumps and/or turbines) and evaluates photovoltaic generation to guarantee
zero energy consumption from the grid. Indirectly, this optimization reduces the carbon
footprint and emissions by avoiding grid energy use while assessing the cost–benefit ratio
of the implemented solutions, all within the framework of optimizing the defined variables
in accordance with operational rules.

 

Figure 1. Proposal of methodology to implement the ZDS strategy.

II.4 Wetlands, implemented as natural complementary treatment units, to enhance
purification and reuse. Water with high nitrate content was abstracted and conveyed to
denitrification ponds, where it was retained for the required hydraulic residence time
to achieve nitrate reduction before being discharged a few meters downstream of the
intake point. The denitrification ponds operated in parallel, with each pond functioning
independently. Inflow was distributed among the reactors through dedicated pipelines,
while outflows were collected in a common manifold to homogenize the treated stream.
Gates were installed at both the inlet and outlet of each bioreactor, allowing operational
flexibility under variable flow conditions and enabling maintenance without interrupting
the overall treatment process.

Two types of constructed wetlands were integrated into this system. In surface-flow
constructed wetlands (HFS), water flows above the substrate, interacting with the stems
and leaves of emergent vegetation while remaining exposed to the atmosphere. These
wetlands consist of shallow basins planted with emergent macrophytes [30]. In contrast,
horizontal subsurface flow constructed wetlands (HFSS) comprise gravel-filled channels
planted with aquatic vegetation. Water moved horizontally through the porous medium,



Appl. Sci. 2025, 15, 10953 6 of 17

typically maintained at 5 cm below the substrate surface, preventing exposure of the water
column. Influent entered from the upper part of the system, while the effluent was collected
at the bottom of the wetland [31].

 

Figure 2. General flow of zero-discharge strategy.

III. Hybrid system supplies energy

In parallel with water management, a hybrid energy supply strategy was designed
to satisfy the operational requirements. Energy supply is established using photovoltaic
systems. The design of the solar fields was based on the assumption that all water produced
by WWTP would be pumped exclusively using photovoltaic energy, without grid con-
sumption. From this premise, the required photovoltaic generator capacity and pumping
power were determined, including regulation strategies based on established priorities
and available power. Photovoltaic modules were installed on floating structures with a 5◦

tilt, utilizing the available pond surfaces. The main generator (PVG) supplies energy to
the pumping stations PS and reject pumping units. In addition, excess energy is used by
the pump to DP04, using pumped hydro storage (PHS) to guarantee the continuity of the
osmosis procedure when there is no radiation or at night. First, the definition of energy
requirements (Step III.1) is developed. It establishes the demand associated with treatment
and operation according to pipe size, pipe type/construction material, and volume. This
implies the development of an energy balance, considering photovoltaic production as
well as energy demand. The methodology is based on providing the necessary hydraulic
machines, including pumps and turbines. It also involves analyzing photovoltaic genera-
tion. The aim is to assess its capacity to meet energy demand. The goal is to ensure zero
energy consumption from the grid. This method accounts for different variables within the
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constraints of the hydraulic model. The system considers three main variables: pumped
flow, reservoir volume, and photovoltaic power to be installed. Solutions are generated
within the specified ranges, with infeasible options discarded. Pumping stations are then
designed based on solutions that minimize energy consumption.

Step III.2 (Figure 1) is based on the optimization of the pumping station and Pumped
Hydro Storage (PHS) system, analyzing its interaction with renewable sources for improved
efficiency. The optimization method was designed using a genetic algorithm framework
to define the key parameters for simulation and decision-making. Each configuration,
representing a possible system setup, was encoded using real coding techniques that offer
higher precision and faster computation than binary approaches. The system variables
considered were the pumped flow, reservoir volumes, and photovoltaic power to be in-
stalled, each restricted to a predefined range of values. To ensure only feasible solutions, the
constraints were progressively tightened across generations, and feasibility was evaluated
using operational indices related to volume, demand, and capacity balances. The strategy
applied was defined in another study [23].

The algorithm simulated the hourly operation of pumping systems, reservoir levels,
and water flows over an annual cycle, iteratively adjusting until stabilization was achieved
while maintaining mass and energy balance. Configurations that met the feasibility criteria
were stored and ranked according to the selected objective function, while those that failed
to comply were discarded.

This optimization considers the analysis of photovoltaic systems, aiming to maximize
solar energy capture per square meter through solar irradiation. The method follows the
approach defined by Mercedes Garcia et al. [32], who divided the study area into four
distinct sub-blocks. The first sub-block calculates the hourly irradiance throughout the year,
improving the analytical model proposed by Picazo et al. [33]. Irradiation is estimated for
a given plane when the solar parameters are known (i.e., day, latitude, declination angle,
and sunset time). This methodology incorporates diffuse, direct, and global irradiance
estimates for floating photovoltaic panels, which offer advantages such as reducing water
reservoir evaporation, enhancing efficiency compared to ground-mounted photovoltaic
systems [34], and minimizing the required infrastructure area.

After estimating the photovoltaic system performance and considering regulatory
analysis, the optimization procedure is applied to select the most suitable pump for defin-
ing the different pump stations. This balance enables the evaluation of various energy
indicators within the system, as well as the assessment of the feasibility of installing micro
hydropower systems. Finally, different equations are summarized in Table 1 to provide a
specific framework for analyzing each line or consumption point.

Table 1. Evaluation of the energy system.

Variable Expression [ID]

Total Energy (Et) γQjl

(
zo − zjl

)
∆t/3600 (22)

Friction Energy (EFRjl ) γQjl

(
zo −

(
zjl + Pjl

))
∆t/3600 (23)

Theoretical Energy Necessary (ETN jl ) γQjl Pminjl
∆t/3600 (24)

Required Energy (ERSjl ) γQjl PminSjl
∆t/3600 (25)

Theoretical Available Energy (ETAjl ) γQi

(
Pjl − Pminjl

)
∆t/3600 (26)

Theoretical Recoverable Energy (ETRjl ) γQi

(
Pjl − max

(
Pminjl

; PminSjl

))
∆t/3600 (27)

Theoretical Recovered Energy (ETRmjl) γQil Hilηil∆t/3600 (28)

Variables are defined in the list of abbreviations at the end of the manuscript.
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The evolutionary process combined selection, crossover, and mutation operators to
generate new configurations from the most promising configurations while introducing
randomness to maintain diversity and explore a wider solution space. Crossover recom-
bined variables from the parent configurations, whereas mutation randomly altered certain
variables according to a defined probability. This process was repeated across successive
generations until the maximum number of iterations was reached, yielding the most op-
timal configurations in terms of performance and operational feasibility. It enables the
integration between PHS and PV generation (Step III.3), assessing the synergy between
pumped hydro storage and photovoltaic generation to meet desalination needs.

IV. Zero discharge strategy

Finally, the outputs of the previous phases were integrated into a zero-discharge strat-
egy aimed at minimizing liquid discharges and promoting the valorization of concentrated
streams. This stage served as a framework for evaluating the overall sustainability and
efficiency of the proposed system.

2.2. Case Study

The case study applied corresponds to a real-world case study. It is located in Alicante
(Spain) (Figure 3). A total annual volume of around 30 hm3 should be used to improve the
availability of water resources around 32,000 ha. Agricultural demand is primarily focused
on the cultivation of vegetables and table grapes.

 

Figure 3. Case study applied to zero discharge strategy in Alicante (Spain).

Table 2 summarizes the annual availability, reuse, and discharge of treated wastewater
from the Rincón de León and Monte Orgegia WWTPs between 2017 and 2021. Over these
five years, 144.68 hm3 of wastewater was regenerated, of which 47.68 hm3 was reused,
corresponding to an average reuse rate of 33%. The remaining 96.98 hm3 was discharged
into the sea, representing a significant proportion of the available resources.

Yearly trends show slight variations in both regeneration and reuse rates. The high-
est volume of regenerated wastewater was recorded in 2020 (30.05 hm3), although only
28% was reused, indicating limited improvement in water valorization despite increased
availability of regenerated wastewater. Conversely, 2018 had the highest reuse efficiency,
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with 43% of reused water (11.91 hm3). In contrast, 2019 and 2020 had the lowest reuse
percentages (28%), highlighting operational and demand-side constraints. Overall, while
regenerated volumes remain relatively stable, the consistently modest reuse percentage
underscores the need for strategies to enhance reclaimed water utilization and reduce
reliance on marine discharge. The fact that only 30% of this volume was used is due to the
lack of infrastructure to enable transport and, above all, the lack of facilities to improve
water quality due to its high salinity.

Table 2. Available water from Rincón de León and Monte Orgegia WWTPs.

Rincón León and Monte
Oregegia WWTPs

Regenerated
Wastewater (hm3)

Reused Wastewater
(hm3) % Reused Wastewater to Sea

(hm3)

2017 27.95 9.43 34% 18.52
2018 27.94 11.91 43% 16.02
2019 29.81 8.36 28% 21.45
2020 30.05 8.46 28% 21.58
2021 28.93 9.52 33% 19.41
Total 144.68 47.68 33% 96.98

3. Results and Discussions
Figure 4 shows the analysis of the current situation, which shows that the maximum

hypothetical volume of water resources that could be mobilized for the irrigated area under
study would reach 93.4 hm3 per year, provided that all possible contributions were effectively
available. This figure is slightly higher than the net annual demand of 86.62 hm3, which
corresponds to the full cultivation of the 14,282 ha of maximum net irrigable land. Com-
pared to the present condition, with only 7752 ha in production, there remains a margin of
expansion equivalent to 94.6% of the potential surface, which underscores both the opportu-
nities for agricultural intensification and the challenges of securing water resources to meet
this potential.

The current configuration of water supply (Scenario A) illustrates the diverse portfolio
of sources that sustain the system. These include 12.55 hm3 from the Tajo–Segura transfer,
11.51 hm3 from surface waters, 5.92 hm3 from groundwater, 11.14 hm3 from the Elche
WWTP, and 7.09 hm3 from the Rincón de León and Monte Orgegia WWTPs. However, it is
relevant to note that this last contribution represents only 29% of the total effluent generated,
leaving 71% of the effluent unused. Altogether, these volumes supply 48.21 hm3 annually,
which is sufficient to irrigate the 7752 ha currently under cultivation. This scenario, taken
as the baseline, highlights the dual dependence of the system: on the one hand, on external
transfers, and on the other, on the incomplete exploitation of reclaimed wastewater.

When the hypothesis of eliminating the Tajo–Segura contribution was considered
(Scenario B), system vulnerability became evident. The reduction in the Tajo−Segura
transfer is considered a consequence of legislative changes in line with the reduction in
transfers. The total available resources fell by 26%, causing a reduction in irrigated land of
24.1%, equivalent to a loss of 1871 ha. This reduction illustrates the strong dependence of
irrigated areas on inter-basin transfers and the ease with which agricultural production can
be compromised by hydrological scarcity or political restrictions. It also emphasizes the
importance of mobilizing the large volumes of wastewater currently discharged without
being reused.

The incorporation of a zero-discharge strategy (Scenario D instead of Scenario C)
provides a clear alternative for overcoming this vulnerability. The full use of reclaimed
wastewater from the L’Alacantí WWTP, after subtracting volumes already committed to
Monforte del Cid and Agost, would contribute an additional 25.72 hm3 per year. Combined
with the resources from the Elche WWTP and surface waters, this supply is sufficient to
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cover the demand of the current 7752 ha without resorting to groundwater or external
water transfers. This scenario demonstrates the potential of reclaimed water not only to
stabilize current production but also to transform the system into a more autonomous and
resilient model, less exposed to inter-basin conflicts and resource variability.

 

Figure 4. Water balance volume using the main WWTPs in the Alicante province.

From a research perspective, these results provide empirical evidence of the decisive
role that wastewater reuse can play in the sustainability of irrigated agriculture in semi-arid
regions. The mass balance across the scenarios reveals that, while theoretical resources are
sufficient to meet the maximum demand, the system is structurally fragile when dependent
on transfers and groundwater. In contrast, the full integration of reclaimed flows through
the zero-discharge strategy offers a pathway to reduce environmental pressures, ensure
long-term viability, and align with the principles of the circular economy. The impact of
this transition is not only quantitative, in terms of balancing supply and demand, but also
strategic, by redefining the governance of water resources toward greater self-sufficiency
and resilience in the face of climate change.

The available volume of water for reuse was obtained by calculating the difference
between the volume of treated wastewater produced and the reject streams generated
during the reverse osmosis process, which was designed to achieve the required irrigation
water quality of 1500 µS/cm. Based on the electrical conductivity values of the influent and
treated water, the target quality was achieved using a mixing ratio of 44.4% conventionally
treated effluent and 55.6% desalinated water. The conductivity of the treated effluent from
the Rincón de León WWTP was 3000 µS/cm, while the desalinated water produced in the
project facility had a conductivity of 300 µS/cm, making it possible to obtain the desired
irrigation water quality of 1500 µS/cm after blending.
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The estimated rejection rates in the treatment line were 5% for filtration, 4% for
ultrafiltration, and 25% for reverse osmosis, considering the proposed facilities. As a result,
35.3% of the influent flow was directed to the blending tank, while 64.7% was treated
by reverse osmosis. Under these operating conditions, the overall recovery rate of water
suitable for reuse was 79.55%, with 20.45% of the flow being rejected and requiring further
treatment prior to final discharge using the bioreactor and wetlands, showing the example
of Monte Orgegia in Figure 5. When considering the recirculation of the reject streams from
the filtration and ultrafiltration stages, the overall efficiency of the process improved notably.
In this case, the additional recirculated flow represented 6.04% of the total, increasing the
recovery of reusable water to 84.36% and reducing the global rejection to 15.64%.

Figure 5. (a) Scheme of HFS and HFSS wetlands; (b) detailed description of HFS wetlands; (c) render
of wetlands for natural regeneration; (d) general scheme of zero discharge strategy from WWTP
to wetland.

Differences in rejection values between the two wastewater treatment plants were
attributed to variations in the conductivity of the treated effluents. While the Rincón de
León WWTP presented an average conductivity of 3000 µS/cm, the Monte Orgegia WWTP
registered lower values of around 2500 µS/cm. Consequently, the blending proportions
with desalinated water at 300 µS/cm differed slightly between the facilities in order to
meet the target irrigation water conductivity of 1500 µS/cm. These results confirm that the
feasibility and efficiency of reuse proposals based on reverse osmosis are strongly influenced
by the initial water quality characteristics of the source effluents, which determine the reject
volumes and overall system recovery. Regarding wetlands, it is important to clarify that the
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proposed wetlands are fully sealed with an impermeable geomembrane, which prevents
any infiltration or impact on surrounding soils. Therefore, no salt accumulation is expected
on the land. In addition, as shown in Figure 2, when effluent quality parameters do not
meet the established standards, pumping systems are activated to redirect the flow back to
the wastewater treatment plant, where it is discharged through the marine outfall. This
operational safeguard ensures that the management of brine does not compromise either
soil quality or the long-term sustainability of the system.

Pumping systems, along with the associated measurement and remote-control equip-
ment, require a reliable energy supply to ensure proper operation. The energy demand was
designed to be fully covered by renewable sources, with photovoltaic generation capacity
determining the hourly operation of the system. Therefore, the design and sizing process
ensured that the functionality was always regulated by the instantaneous availability of
solar power.

The results show that photovoltaic integration was optimized under sustainability cri-
teria, avoiding the use of agricultural or forested land. Instead, solar panels were installed
on the surface of the reservoirs, eliminating the need for land occupation and providing ad-
ditional benefits, such as reduced evaporation losses and improved photovoltaic efficiency
due to lower panel temperatures. The system was designed to operate independently of the
electrical grid, which required a generator capable of securing the energy demand of the
main pumping units. For the unit responsible for conveying volumes from the wastewater
treatment plant to the first reservoir, grid energy was used but compensated with surplus
photovoltaic generation.

The continuous operation of the reverse osmosis process is a key design requirement,
as this process demands a stable energy supply to guarantee efficiency and minimize the
overall plant size. To achieve this, hydraulic energy storage was implemented in an elevated
reservoir, allowing water to be stored at a sufficient height and subsequently released to
ensure the continuous operation of the desalination plant. This storage system not only
secures the energy needed for treatment but also enables micro hydropower generation.
By operating with PHS, stored volumes of electricity are produced to supply pumping
systems during periods without solar radiation, thereby enhancing system resilience and
reducing dependence on external sources.

The adopted photovoltaic solution was based on two independent generators operating
in self-consumption mode without grid injection. The combination of floating solar genera-
tion with pumped hydro storage was proven to be effective in ensuring a fully renewable
energy supply to the pumping and desalination systems while simultaneously improving
resource efficiency and operational security. These results highlight the potential of hybrid
photovoltaic–hydraulic storage systems as scalable strategies for reinforcing the sustainabil-
ity of water–energy solutions in the zero-discharge strategy. The chosen power is shown in
Table 3, along with the pumped and recovered systems in Table 4. This work focuses on
achieving zero discharge to the sea with the support of constructed wetlands, rather than
optimizing solar pumping. The relevant control algorithms are described in [23].



Appl. Sci. 2025, 15, 10953 13 of 17

Table 3. Optimized PV system. Example of FPV01 in the Rincón León system.

Descriptive Photovoltaic Generator

Peak Power (kWp) 12,692

Nominal Power (kW) 12,030

Reservoir DP0l DP0l DP02 DP06 DP06

Number of Autotransformers 1 1 1

Primary Voltage of Autotransformer 600 600 600

Output Voltage of Autotransformer 400 400 400

Transformer Power (kVA) 2.000 2.000 2.000

Connection Voltage (kV) 220 220 0.4 0.4 0.4

Pumping Station PS0l PS02 PS02 PS03 PS03

Nominal Power (kW) 800 500 500 500 500

Number of Pumps 4 4 4 3 3

Total Power (MW) 3.2 2 2 1.5 1.5

DP01, DP02, and DP06 are the reservoirs, as shown in Figure 2.

Table 4. Examples of pumped systems and PHS for the Rincón León system.

System Nb Q (m3/s)
H

(mwc) Pabs (kW) Qmin
(m3/s)

Hmin
(mwc)

Qmax
(m3/s)

Hmax
(mwc)

PS00 3 + 1 0.815 43.61 474.92 0.226 26.74 0.815 43.61
PS01 7 + 1 1.89 169.1 3998.08 0.163 142.51 1.89 169.1
PS02 7 + 1 3.11 81.14 2960.18 0.163 64.02 3.11 81.14
PS03 5 + 1 1.73 111.04 2322.11 0.2 108.36 1.73 111.04
PS04 2 + 1 0.7 38.2 356.54 0.2 26.85 0.7 38.2
PS05 1 + 1 0.1320 44.88 85.82 0.0747 35.29 0.1488 42.87
PS06 1 + 1 0.1398 53.71 106.14 0.0758 42.71 0.1554 51.81

PAT01 1 0.38 135 354.38

Nb number of pumps; Q is the nominal pumped flow; H is the nominal manometric head of the pump in meters
of water column (mwc); Pabs is the absorbed power of the pumped systems; Qmin is the minimum pumped
flow; Hmin is the minimum manometric head; Qmax is the maximum pumped flow; Hmax is the maximum
manometric head.

Table 5 shows the operational scenarios of the Pumped Hydropower Storage (PHS)
system, including the processed volumes, pumped volumes, and annual recovered energy.
The six-month scenario (S001) achieved the highest output, with 1.21 hm3 processed and
0.46 GWh recovered, followed by the five-month case (S018) with 0.91 hm3 and 0.35 GWh.
The three-month scenarios exhibited lower total volumes and energy recovery, although
S066 (Aug–Oct) and S099 (Jul–Sep) performed better than S033 (Jun–Aug). When normal-
ized, the specific recovered energy per unit of pumped volume ranged narrowly between
0.41 and 0.43 GWh/hm3, indicating a relatively stable efficiency across all operation peri-
ods. The table is an example that considers all scenarios throughout the year, considering
different months.

These results are consistent with the values reported for commercial PHS plants, where
round-trip efficiencies typically fall in the range of 70–85% [35,36]. The slightly higher
specific energy recovery observed in S018, S066, and S099 suggests that shorter, seasonally
optimized operations may achieve marginally better efficiency than extended operation
periods. Overall, the system demonstrates robust and flexible performance, with recovered
energy values aligned with benchmarks in the literature, confirming its technical viability
under different seasonal scenarios, considering that the main aim of the system is not energy
generation. The scenarios are defined based on an annual water balance, integrating hourly
demand patterns related to irrigation and other resources while considering both inflows
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and outflows. Reservoir levels and available pumping power are explicitly addressed,
along with the potential transfer of volumes between communities under varying demand
conditions. Scenario generation is guided by user demand and consumption patterns, and
the optimization procedure introduces two indicators: the demand index and demand
transfer index. The demand index measures how demand is distributed according to
predefined hypotheses, from uniform annual averages to concentrated monthly values.
The demand transferred index quantifies the redistribution of volumes through pumping
from downstream reservoirs, reflecting the transfer required to satisfy upstream demand.
The energy use is aligned with the self-consumption of the system in osmosis and PS02.

Table 5. Scenarios for different uses of PHS.

Scenari Operation Months Volume Through
PHS (hm3)

Pumped Volume Using
the PHS System (hm3)

Annual Recovered
Energy PHS System

GWh

S001 6 (Mar, Apr, May, Jun,
Jul, and Aug) 1.21 1.09 0.46

S018 5 (Apr, May, Jun, Jul,
and Aug) 0.91 0.82 0.35

S033 3 (Jun, Jul, and Aug) 0.39 0.36 0.15

S066 3 (Aug, Sept y Oct) 0.84 0.75 0.32

S099 3 (Jul, Aug y Sept) 0.81 0.72 0.31

The cost−benefit ratio of the strategy is greater than eight when environmental and
social benefits, the incorporation of water resources, and the reduction in energy use from
the grid are taken into account [22]. Considering the operation of the system, the annual
maintenance cost ranges between €0.18–0.20/m3, with an investment of around €0.30/m3.
However, the economic ratio is in line with existing prices in the affected irrigation areas,
and the most important factor is the lack of water resources. Therefore, the reduction in
discharges into the sea and the incorporation of resources cause the cost−benefit ratio to be
extremely high.

4. Conclusions
In this study, an integrated analysis was carried out of the irrigable surface, its gross

demand, and the annual net demand based on the existing river basin management plans.
Building on this assessment, the annual volumes allocated to the entities affected by
the Zero Discharge projects of the Rincón de León and Monte Orgegia WWTPs were
determined. The results show that, beyond the intrinsic challenges of agriculture, the
current supply deficit and lack of reliability constrain irrigation entities to cover only
7752 ha, corresponding to the currently irrigated surface, out of a potential 14,282 ha of net
irrigable land. This imbalance highlights the urgent need to optimize the use of reclaimed
water through alternative management strategies that can provide both resource security
and environmental protection.

The analysis of different scenarios, including infrastructures already executed by
the regional government (Generaltita Valenciana), those still under design, and potential
additional contributions linked to the global Zero Discharge Strategy for the coastal districts,
reveals that failing to implement the Rincón de León and Monte Orgegia WWTP projects
would not only intensify the degradation of the coastal marine environment but would
also severely compromise agricultural viability in the event of reductions in Tajo−Segura
transfers, reducing the irrigated area by more than a quarter compared to the current
situation. Conversely, their incorporation would provide an annual supply of 25.72 hm3, in
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contrast to the 7.09 hm3 currently consumed, thereby reducing the risk of supply shortage
and ensuring greater security for crop planning and diversification. The possibility of
integrating additional allocations from the terminal branches of the ‘Postrasvae Júcar-
Vinalopó’ emerges as another promising strategy, with the potential to increase available
resources by more than a quarter and expand the irrigated surface to almost 10,000 ha.
Furthermore, extrapolating the Zero Discharge approach to the coastal district of Marina
Baja under a global basin-scale project would recover at least 10 hm3 annually, currently
lost to the sea, and supported by the infrastructure associated with Monte Orgegia, would
secure more than 70 hm3 of resources per year, mostly from reclaimed water. This would
allow irrigation of over 11,600 ha and potentially more than 12,400 ha if complemented
with surface water from Marina Alta.

The novelty of this work lies in showing that reclaimed water, when integrated within a
coordinated Zero Discharge framework, can evolve from being a supplementary source into
a structural solution that ensures irrigation security in water-scarce Mediterranean regions.
This perspective shifts the paradigm from isolated reuse projects to basin-scale strategies
that link wastewater management, agricultural sustainability, and coastal protection. Future
research should therefore focus on developing dynamic models to evaluate the resilience of
irrigation systems under climate change and water transfer uncertainties, analyzing the
agronomic and economic feasibility of reclaimed water for different crop types, exploring
the integration of renewable energy with reclaimed water distribution and storage systems,
and expanding the application of the Zero Discharge concept to other Mediterranean coastal
basins, enabling comparative assessments of environmental and agricultural benefits at a
regional scale.
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Abbreviations
The following abbreviations are used in this manuscript:

γ specific weight of the fluid in kN/m3

Et total energy supplied in kWh
EFRjl friction energy, which is lost in the water system in kWh

ETN jl

minimum energy required to ensure the minimum pressure of irrigation in
the more unfavorable consumption point in kWh

ETAjl the available energy for recovery in a tap or line in kWh
ERSjl minimum energy required in a point to ensure the quality of the service in kWh

ETRjl
maximum theoretical recoverable energy in an irrigation point, hydrant
or line of the network in kWh
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ETRmjl
the recovered energy by a recovery system considering the efficiency of
the pump working as turbines (PATs) systems

Qil circulating flow in an element (i.e., line or consumption point) over time in m3/s
zo head level of the reservoir in m
zjl geometry level in m
Pjl pressure in the element jl (line or node)

Pminjl

minimum pressure in the element to guarantee the pressure in the
more unfavorable point in m w.c.

PminSjl
minimum service pressure in any consumption point in m w.c.

Hil recovered head by the recovery system (il) in m w.c.
ηil efficiency of the recovery system for this flow Qjl

∆t considered interval time in s.
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