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A B S T R A C T

This research presents a multicriteria approach for the best hybrid water supply solution of a multipurpose
Pumped-Storage Hydropower (PSH) system, using the Generalized Reduced Gradient (GRG) method in Solver,
with the optimization process considering key factors, such as Net Present Value (NPV), the number of energy
conversion devices, renewable energy production, source availability, reservoir capacities, topographic con-
straints, and energy tariffs. The methodology combines a literature review, methodological development, and
machine learning applications for hybrid water-energy systems. Results indicate that solar-only solutions are
insufficient in high hydropower potential scenarios while integrating wind turbines significantly enhances en-
ergy production and profitability by generating surplus energy for grid sales. The timing of energy sales and the
incorporation of battery storage also impact NPV, which can exceed 180 million euros. Wind energy contributes
to continuous profitability and optimized system performance, particularly in isolated regions. The PSH system
can manage 130,000 cubic meters of water daily, storing 25 MWh of energy, and reducing CO2 emissions by over
18,000 tonnes per year. These findings highlight the importance of renewables, such as wind energy, and
effective operational management. It enhances the economic viability and environmental sustainability of hybrid
water-energy systems.

1. Introduction

Water is a valuable resource, that is necessary for many human ac-
tivities as well as the life cycle (Moasheri et al., 2021). Rising demand
and decreasing freshwater resources necessitate monitoring water con-
sumption to manage growing stress (Kavya et al., 2023). To reduce the
impact of these human factors, the application of artificial intelligence
to water distribution systems is transforming them by enhancing their
efficiency, sustainability, and resilience (Morosini et al., 2021). The use
of these techniques combined with the management of big data analytics
contributes to improving the feedback of the models to reduce errors in
the water simulation models (Kamyab et al., 2023). These techniques
not only lead to improved efficiency and resilience of the hydraulic
systems through minimizing the pressure in the system (Magini et al.,
2023), evaluation of distribution flows (Suresh et al., 2022), or reduc-
tion of leaks by using the pressure reduction valves (Bermúdez et al.,

2022), or replacement of pipes, reaching increases of performance be-
tween 36 and 65% in the water distribution system, with the reduction
of the run computational time (Jafari et al., 2023). Including optimi-
zation procedures of hybrid systems in wastewater treatment plants is
crucial to improve their performance and reduce the carbon footprint in
wastewater regeneration (Awad et al., 2023).

Previous references showed that advanced algorithms and machine
learning techniques enable the optimization of water resource man-
agement, demand prediction, and early detection of water and energy
losses or infrastructure failures. These predictive solutions facilitate
real-time decision-making for water managers (Fu et al., 2022), improve
the monitoring and control of complex networks (Wang et al., 2021),
and allow for the creation of digital twins, that virtually replicate the
system behavior (Wu et al., 2023), optimizing operations and mainte-
nance. This leads to more efficient resource use, cost reduction, and
improved environmental sustainability in water distribution systems
(Xiang et al., 2021).
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Water management is linked to energy use, so distribution systems
must address solutions that seek to achieve zero consumption while
being self-sufficient in terms of water and energy (Ramos et al., 2022).
Renewable energy resources applied to different technologies grew their
applications in water distribution systems to innovate the search for
environmentally friendly use of conventional energy resources (Sayed
et al., 2023). The global energy crisis has driven many countries,
particularly in Europe, to seek alternatives to imported fossil fuels,
leading to global renewable capacity expansion (Hille, 2023).

The renewable energies advancements are mainly focusing on
photovoltaic systems (PV), wind, and hydropower technologies (Khan
et al., 2022). PV systems can be deployed in diverse settings from urban
roofs to off-grid rural areas when the availability of solar radiation is
enough (Mokhtara et al., 2021). The main disadvantage of solar systems
is that they must be integrated with other clean generation systems that
guarantee the continuity of energy generation, and absorb the surplus
energy generated by the solar system (Ramos et al., 2024). Urban
planning strategies that consider solar energy potential can further
optimize the integration of PV technologies with other clean systems
(Akrofi and Okitasari, 2022).

The use of wind energy systems has advanced significantly due to
innovations in turbine design, aerodynamics, and materials. It enabled
the increase of energy efficiency and capacity (Calautit and Johnstone,
2023). Wind power’s versatility is evident in both onshore and offshore
installations, each tailored to specific geographic conditions
(Pérez-Collazo et al., 2015). The integration of energy storage solutions
and smart grid technologies has addressed challenges, positioning wind
power as a cost-effective source capable of meeting substantial global
electricity demands (Khalid, 2024). The use of this technology increases
the economic feasibility of remote area applications (Fathi Nassar and
Yassin Alsadi, 2018)

By 2050, hydropower demand is projected to rise by 400 GW, uti-
lizing ~64% of its potential and marking a 35% increase from current
levels. Sustainable irrigation would require storing 460 km3 of water
annually, a 70% increase over today’s storage (Schmitt and Rosa, 2024).

Pumped-storage hydropower has also seen substantial growth, reaching
130 GW in 2021 in large systems. This scheme could be reproduced in
micro pumped-storage in cities (Boroomandnia et al., 2024). The
incorporation of these schemes in cities invites the managers of water
distribution systems to establish the concept of smart cities using digital
twin models to maximize the hydraulic efficiency of the systems, as well
as the energy efficiency and integration of different clean energy solu-
tions (Alonso, 2024). The levelized cost of electricity (LCOE) for
utility-scale hydropower projects remains competitive, and lower than
that of fossil-fuel-based projects (Xiang et al., 2024). The integration of
the different renewable systems (PV, Wind, and pumped-storage
hydropower-PHS) got LCOE values between 0.03-0.05 €/kWh (Ren
et al., 2024). As example, PHS contributed around 15 % in covering the
annual load energy (Nassar et al., 2021)

The energy transition to greener systems has become a key focus in
climate policy agendas worldwide of different countries and cities
(Karlilar Pata and Balcilar, 2024). Replacing fossil fuels with clean en-
ergy alternatives is crucial for achieving global climate-suited conditions
and reaching different sustainable development goals (Garcia et al.,
2024). This is crucial in the supply systems since the current urban
drinking water systems are under great resilience and resource pro-
curement pressures, with hydraulic performance and energy efficiency
values that are unsustainable under climate change conditions (Beker
and Kansal, 2024). GHG emission factors across different cities ranged
from 32 to 70 kgGHG/MWh, with carbon payback between 4.5 and 12
months (Nassar et al., 2024). These renewable energy systems improve
the energy and sustainable indexes when the topography of their loca-
tion is favourable to integrate the PHS, reducing the LCOE values
(Nassar et al., 2023).

This calls for developing intelligent methodologies that can be fed by
databases and are based on artificial intelligence algorithms. These
procedures can optimize the management of different energy systems
(Alhasnawi et al., 2024). The main goal is to maximize the energy effi-
ciency and the overall effectiveness of the system over a lifetime,
considering the variation in terms of water demands, wind, and

Symbology and Acronyms

αP Temperature Co-efficient of Power
C Consumption
Cap Capitation
CF Cash Flow (€)
Cov Covão
Δt Time Interval (s)
E Energy (kWh)
Ec Energy Consumption (kWh)
fh Water Consumption Factor
fp Peak Factor
GPV General Purpose Valve
GT Incident Sollar Irradiance (kW/m2)
GT, STC Incident Sollar Irradiance at standard Test conditions (kW/

m2)
h hour
Hdownstream Head of the Downstream Reservoir (m)
Ht Pump Net Head (m)
Hu Turbine Net Head (m)
Hupstream Head of the Upstream Reservoir (m)
INV Initial Investment (€)
J Unit Head Loss (m/m)
l Length (m)
N Number of units
NPV Net Present Value (€)
O&M Operation and Maintenance Costs (€)

P Power (kW)
p pumping
PAT Pump as Turbines
Pf Proffit (€)
Pop Population
PPV Power of the Solar PV (kW)
PVGIS Photovoltaic Geographical Information System
Q Flow Rate (m3/s)
Qc Consumption Flow Rate (m3/s)
Qd Distributed Flow Rate (m3/s)
r Discount Rate (%)
R Reservoir
RE Renewable Energies (Wind and Solar Power)
S Supply
SG Siemens Gamesa
Soc Socorridos
SQ Santa Quitéria
t hydropower
Tc Cell Temperature of Solar PV (◦C)
Tc, STC Cell Temperature Under Standard Test Conditions (◦C)
u Wind Velocity (m/s)
V Volume (m3)
Vs Volume Stored (m3)
YPV Power Output During Standard Test Conditions (kWh)
γ Specific Weight (N/m3)
η Efficiency (%)
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radiation, among others, reaching net-zero energy consumption
(Elghaish et al., 2024). Incorporating renewable energy sources along-
side grid power is recommended to reduce costs and potentially generate
additional income (Nassar et al., 2024). This approach also decreases
dependence on fossil fuels and contributes to mitigating global warming
(Hafez et al., 2020).

Although different analysed studies for water supply systems, this
research proposes a new multicriteria approach, which is based on an
optimization algorithm created in Solver, with a single-objective func-
tion optimization of the Net Present Value (NPV) using the Non-Linear
Generalized Reduced Gradient (GRG) method. It considers different
criteria for attending to the system requirement in terms of sources
availability, space to install them, the volume of water available in the
upper and bottom reservoirs, energy tariffs, and all-time guaranteeing
the water demand for the populations. The novelty of the optimization is
to introduce not only the technical operation but also to consider the
economic feasibility and environmental impact on real systems that are
currently operating. This research work is structured as follows: Section
1, includes a detailed and recent literature review on the subject of water
supply systems and new advances for the improvement of the system
efficiency. Section 2 presents the methodology and materials developed

in this research from different optimization stages and model develop-
ment, presenting the case study, data collection, and lifetime analysis,
with respective formulations and system definitions. Section 3 presents
the machine learning for the hybrid solutions with the developed opti-
mization algorithm and hydraulic system building model, and Section 4
enhances the model results and discussion for different system charac-
teristics such as with only hydro, hydro with other renewables,
including batteries or not, and develop a comparison between solutions.
Section 5 states the main conclusions and limitations of this research
work.

2. Methodology and materials

A new methodology for optimizing hybrid renewable water supply
systems using digital twin technologies and amulticriteria approach was
developed, focusing on isolated cities. This methodology presents a
multicriteria approach for the best hybrid water supply solution of a
multipurpose Pumped-Storage Hydropower (PSH) system, using the
Generalized Reduced Gradient (GRG) method in Solver, with the opti-
mization process considering diversified key factors. The novelty is the
combination of different factors such as Net Present Value (NPV), the

Fig. 1. Methodology
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number of energy conversion devices, renewable energy production,
source availability, reservoir capacities, topographic constraints, and
energy tariffs. as well as the limitations imposed by real system con-
straints. The optimization methodological proposal is divided into three
stages. Besides, the programming algorithm comprises the operation in a
real case study and the project design of renewable sources in terms of
power and number of devices.

2.1. Optimization stages

This methodology allows the optimization process, from the system
design stage, model simulations, to economic analysis (Fig. 1). Using the
Excel Solver tool, a single-objective function optimization was per-
formed utilizing the Non-Linear Generalized Reduced Gradient (GRG)
method. This method includes the building of six solutions with different
daily hydropower volumes, and four different scenarios with different
combinations of renewable energy sources, which are optimized based
on gradient patterns. The developed algorithm is dependent on the
initial values of decision variables that often yield locally optimal so-
lutions. To enhance the precision of the GRG method, the multistart
option was enabled, combining GRG’s computational efficiency with the
complexity and accuracy of the Evolutionary method, which is based on
genetic algorithms (GA). The population size was set to 200, with no
predefined initial seed, and the convergence criterion remained at the
Solver default value of 0.0001.

The design of the case study of the Socorridos Multipurpose System is
the first step of this methodology. Initially, it provides data about the
hydraulic circuit, the size of the three reservoirs, and the maximum flow
rate for hydropower and pumping operations. With this data, it was

designed the hydraulic circuit and the best respective characteristic
curves of turbines and pumps. After developing the system, it was tested
the hydraulic operation conditions in the digital twin hydraulic solver,
and if the reply did not fulfill the system requirements and conditions, a
new design was provided.

Six solutions with different daily hydropower volumes in Socorridos
were tested. For each solution, four distinct scenarios were evaluated.
The system with only hydro is called the normal operation, and the
others include additional types of renewable energies to compensate for
the pumping costs analyzed. To calculate the energy balance (i.e., sold
and bought by the system), three types of optimizations were used
depending on the new system configuration (i.e., Hydro+Wind,
Hydro+Solar, Hydro+Wind+Solar), and it was also studied the influ-
ence of considering batteries in these scenarios.

Finally, knowing the energy balance considering the energy sold and
the energy bought by the system, in each solution, the model allows the
calculation of profits and costs, with the influence of sell and buy tariffs
in this economic analysis. Adding to these values, the respective initial
investment and the operation and maintenance costs, the NPV is esti-
mated, and the solution with the highest NPV is then chosen.

This research was based on a real system and the complex model fits
the limitations associated with the system characteristics, in terms of
renewable energy sources availability and water demand for drinking
and irrigation. The model only considers operational, economic, and
environmental issues, but it does not consider the electric regulation and
conversion components, as being outside of the scope of this research.

However, an exhaustive evaluation was well-thought-out in the pro-
posed methodology defined by (Nassar et al., 2022).

2.2. System components and formulations

2.2.1. Hydropower project
Hydropower projects offer a consistent energy source without

releasing pollutants into the air. With a high flow rate, these systems can
produce a substantial amount of daily energy, making them highly
efficient.

However, the initial costs of these projects are substantial, and it’s
often not feasible to operate at a maximum flow rate daily, as main-
taining a minimumwater level in the upstream reservoir is necessary. To
address this issue, some modern projects incorporate reversible opera-
tions, allowing water to be pumped during periods of low consumption
and used for power generation during high demand (Beker and Kansal,
2024; Nassar et al., 2024, Nassar et al., 2023).

This approach enhances profitability. In hydropower projects, the
turbine and pump net heads are the effective hydraulic energy that can
be utilized for generating electricity and pumping a specific volume of
water, respectively. These can be calculated using Eqs. (1) and (2).

Hu = Hupstream − Hdownstream − Jl (1)

Ht = Hupstream − Hdownstream + Jl (2)

The energy that a turbine can generate, and the energy needed to
pump a certain amount of water depend on the flow rate and the net
head. These values can be calculated using Eqs. (3) and (4).

2.2.2. Reservoir volume
The water volume in the reservoir is calculated hourly, considering

the turbine and pumped flow rates, the population’s water consumption,
and the existing water in the reservoir at each instant. Eqs. (5) and (6)
represent the volume of water when the reservoir is in the upstream
section of the gravity or pumped operation, respectively. It is crucial to
determine this volume to ensure that the reservoir’s capacity is not
exceeded and that the volume never drops below zero at any given time.

VR h=i = 3600
(
Qp h=i − Qt h=i +Qs h=i − Qc h=i

)
+ VR h=i− 1 (5)

VR h=i = 3600
(
Qt h=i − Qp h=i +Qs h=i − Qc h=i

)
+ VR h=i− 1 (6)

If the reservoir is located downstream, when only the gravity oper-
ation occurs, the volume accumulated should be calculated using Eq.
(7).

VR h=i = 3600(Qt h=i +Qs h=i − Qc h=i) + VR h=i− 1 (7)

2.2.3. Wind energy
Wind energy is another source of renewable energy that can be in-

tegrated into a hydropower project to offset the costs of pumping. It can
generate substantial amounts of energy compared to solar panels and
requires significantly less space for implantation. Although the initial
investment in wind technology is high, it can become profitable in the
long term if the conditions are favorable.

(3)

(4)
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The energy generated by wind turbines is directly related to wind
speed, which can be determined for a specific region and device height
using an adaptation of the Prandtl law (Eq. (8)). While higher wind
speeds result in greater energy production, it’s important to consider
that turbines can only operate within a specific range of wind speeds.

u(z) = u(zR) ×
ln
(

z
z0

)

ln
(

zR
z0

) (8)

In Eq. (8), ZR is the height of the meteorological station in meters, Z is
the hub height and Z0 is the surface length in meters, which is 0,25 for a
land with many trees and few buildings (Fluid Flow Friction 2024, Wind
Turbine 2024, Saheb et al., 2014).

In this sense, the methodology can be supported by other formula-
tions that allow the calculation of the wind power generated in the
hybrid system, as defined by (Abdalla et al., 2023, Nassar et al., 2024),
and proposing the shear coefficient in (Nassar et al., 2024).

2.2.4. Solar energy
Solar panels are extensively used today as they can convert solar

radiation into electricity. They can be installed on rooftops, in green-
houses, gardens, and even deserts, where they operate with high effi-
ciency. This equipment generates electricity only during daylight hours
and can be particularly cost-effective in areas with low energy con-
sumption. However, in locations with high energy demand, a significant
amount of space is required to produce a substantial amount of
electricity.

In solar panels, several factors affect the energy output, including
solar irradiance and cell temperature. The energy produced by solar
panels can be calculated using Eq. (9).

PPV = YPVfPV
(

GT

GT,STC

)
[
1+ αP

(
Tc − Tc,STC

)]
(9)

However, this solar-generated power can be estimated by using other
formulations as defined by (Awad et al., 2022, Hafez et al., 2020). Be-
sides, the cell temperature (Tc) is estimated using (Nassar and Salem,
2007).

Hence, with the integration of renewable energies, the energy
available for sale from these devices is the difference between their
energy production and the consumption by pump storage. This can be
determined by applying Eq. (10).

Esold daily =
∑24

i=1
ERE production − EConsumption (10)

2.2.5. Batteries
The energy stored in a battery each hour is crucial for determining

the appropriate battery size and ensuring its capacity is never exceeded.
During off-peak periods, this storage can be calculated using Eq. (11).

Estored h=i = Estored h=i− 1 + ERE h=i − EC h=i If i〈17 or i 〉22 (11)

Energy is sold to the grid for 6 hours during peak times when profits
are highest. The amount of energy in the battery during these intervals is
calculated using Eq. (12).

Estored h=i = Estored h=i− 1 + ERE h=i − EC h=i −
Esold daily

6
If If 17≪i≪22

(12)

Mathematics formulation according to storage in batteries and
inverter operation were defined by (Ahmed et al., Ahmed et al.).

2.2.6. Water consumption
When a hydropower project and pump storage system include a

water supply component, it is crucial to determine the daily volume of

hydropower and pumped to meet the population’s water consumption
needs.

The peak factor is used to calculate the maximum flow rate during
periods of high demand, which is directly related to the population size
in each region, as indicated in Eq. (13).

fp = 2+
70
̅̅̅̅̅̅̅̅
Pop

√ (13)

Using the peak factor, the necessary maximum flow rate to meet
daily water consumption needs can be determined (Eq. (14)).

Qp = Pop× Cap× fp (14)

The volume of water that is used for water consumption varies from
hour to hour and it can be determined using Eq. (15).

Vhc =
fh

∑24
h=1fh

× Qp × 24× 3600 (15)

2.3. System definition and configuration

The case study under analysis is located on Madeira Island (Fig. 2a).
Its primary objectives are to supply water to the regions of Covão and
Santa Quitéria and to generate electricity using two hydropower plants
located in Socorridos and Santa Quitéria. Data on the populations of
these two regions: Cova Region in which there are 42795 habitants,
considering 3 habitants per house; (ii) Santa Quiteria Region in which
there are 7089 habitants, considering 2.5 habitants per house. There are
three reservoirs in each region, two hydropower plants, and one pump
station, and the system operates reversibly. The scheme of the multi-
purpose Socorridos system is represented in Fig. 2b.

The water is collected from Levadas (top canals) and transported to
Covão via an open channel with an annual flow rate of 300 l/s. A portion
of the water reaching Covão is used for water supply, while the rest flows
to Socorridos. There, some of the water is used to generate electricity at
the Socorridos hydropower plant, with the remainder continuing to the
Santa Quitéria hydropower plant for additional power generation. At
Santa Quitéria, part of the water is allocated for water supply, while the
rest is used for irrigation. The system is reversible, meaning that during
certain periods, water is also pumped from the Socorridos reservoir to
the Covão. Given that there is only one pipe connecting these two res-
ervoirs, it is essential to ensure that the turbine periods do not overlap
with the pumped periods. To control this situation, it is necessary to
apply the developed optimization algorithm.

Various solutions are tested, incorporating solar panels and wind
turbines to offset pumping costs and make the system carbon-free.

The system is composed of turbomachines (pumps and turbines),
pipes, and reservoirs. Two pipes connect the three reservoirs in this
system. The first pipe links Covão to Socorridos, and the second connects
Socorridos to Santa Quitéria. Due to the large volumes of hydropower
and daily pumped-water, these pipes have large diameters. Steel pipe,
called C-S, connected the reservoirs Covão (Upstream reservoir) and
Socorridos (downstream reservoir). It has a length of 1265 m and its
diameter is 1,5 m. The other main steel pipe is called S-SQ. It has a length
of 2000 m and a diameter equal to 0.56 m.

There are 3 groups of turbines and 4 groups of pumps operating in
parallel at the Socorridos hydropower and pumping stations. In Santa
Quitéria, the flow rate is significantly lower compared to Socorridos,
resulting in the installation of only one turbine with a maximum flow
rate of 1 m3/s (Fig. 3).

The efficiency of the turbines and pumps is assumed to be 90% and
80%, respectively. The characteristics of these devices are detailed in
Table 1.

The turbines and pumps operate in the Hydraulic Regulation Mode,
and to determine the operating point, it is essential to know the system
curves for both pumps and turbines. These curves can be calculated
using Equations (1) and (2). Friction losses in the pipes depend on the
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Hazen-Williams coefficient, which is 140 for unlined steel pipes (Fluid
Flow Friction 2024). With these values, the pump and turbine system
curves can be established and are presented in Table 2 and Fig. 4.

To standardise the system, the Covão and Socorridos reservoirs have
been designed with the same capacity. However, the Santa Quitéria
reservoir is smaller because the flow that reaches this region and the
water supply necessities are lower. The characteristics of these three
reservoirs are detailed in Table 3.

2.4. Data collection for the optimization procedure

This chapter presents data on wind speed and solar irradiance for the
site selected for the renewable energy plant. This information is crucial
for evaluating the energy potential of the area and determining the
minimum number of devices required to offset the pumping costs. The
data was provided by PVGIS, a tool developed by the European Com-
mission’s Joint Research Centre (JRC) (Kakoulaki et al., 2024).

2.4.1. Wind and solar data
Data from PVGIS was used to collect the average wind speed at a

height of 10 m, recorded hourly over 15 years (2005-2020). Wind speed
values for December 2007, 2014, and 2017 were excluded from the
dataset due to being significantly higher than the average, potentially
indicating extremely isolated meteorological events.

The wind turbine SG 2.1 -114, will have a rotor diameter equal to
114m, and a nominal power of 2.1MW. The tower has a height of 153m,
and the turbine belongs to the Wind Class II. The power curve of the
turbine is represented in Fig. 5a.

Considering the wind speed measurements at 10 m height, and using
Eq. (5), it is possible to calculate the wind speed at the rotor. Wind
speeds are typically higher during the winter months and lower in the
summer. Additionally, wind speeds tend to be greater during daylight
hours and lower at night, as illustrated in Fig. 5b.

Several types of solar panels were evaluated, and the model with the
highest power peak was selected. The chosen device is the TopBiHiKu7
from Canadian Solar, which features bifacial technology and has 787Wp
(PARTNER 2024). The panels are mounted in a fixed position and are
composed of crystalline silicon. Each device has an approximate effi-
ciency of 23%, and a system loss of 14% was assumed, as this is the
default value established by PVGIS. The slope and azimuth were opti-
mized to 29◦ and 14◦, respectively, with all panels oriented south. Based
on these characteristics, hourly data on incident solar radiation was
collected over 20 years (2005-2020) (Fig. 5c). The solar radiation
database used is PVGIS-SAARAH2. Applying Eq. (9) and the provided
data, it is possible to calculate the hourly energy production. Energy

output tends to be higher in the summer months and lower in the winter.
During daylight hours, production reaches its peak near midday.

2.4.2. Water consumption
Water consumption occurs in two populations: Covão and Santa

Quitéria. For Covão, the consumption rate is 200 l/inh/day, while for
Santa Quitéria it is 180 l/inh/day. Generally, the water consumption is
higher close to lunch and dinner times, and lower during the afternoon
and at night. Fig. 6 shows the daily water consumption volume for
Covão (Fig. 6a) and Santa Quitéria (Fig. 6b), respectively.

2.4.3. Energy tariff
Electric tariffs denote the unit monetary value for selling and pur-

chasing energy from the grid. These rates differ by region and season.
Fig. 7, displays the buy and sell tariffs, respectively, for Madeira Island
in 2023. It was considered that the winter months are January,
February, March, October, November, and December. The remaining
months belong to what is called the summer season.

Upon analyzing these two graphs, it can be concluded that the peak
periods for energy buying and selling occur in the evening when con-
sumption is at its highest, while the lowest values are reached at night,
corresponding to decreased consumption. Additionally, the energy-
selling tariff is generally lower than the energy-buying tariff, which
suggests that optimizations are required to identify the optimal times for
turbine operation and water pumping to ensure the economic viability
of the hydropower system.

With regard to water consumption, tariffs fluctuate based on factors
such as the type of usage, the region of consumption, household size, and
the season. Covão and Santa Quitéria are residential areas within the
same commercial unit, Câmara de Lobos. However, the average house-
hold size is larger in Covão (as indicated in Table 4), leading to higher
water consumption per household, and thus, higher tariffs in this region.
The tariffs for these two populations are summarized in Table 4. In this
case, the summer tariff is applicable only during July, August, and
September.

2.5. Lifetime analysis

For this research, an economic analysis, to find out the most cost-
effective solution is developed. A lifetime analysis spanning 20 years
was considered, focusing only on the equipment that would need
replacement in the future. Given the anticipated fluctuations in prices
over the coming years, two separate economic analyses were performed:
one for 2025 and another for 2030. The cash flow can be calculated
using Eq. (16).

Fig. 2. Multi-purposes Socorridos System - Madeira Island: (a) topographic implantation; (b) system representation.
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CF = Pi − Ci (16)

Profits (Pi) include revenues from energy sales to the grid, the ben-
efits from water consumption, and subsidies for renewable energy set by
the Portuguese Government. Conversely, costs (Ci) encompass the
operation and maintenance of materials and devices, as well as expenses
related to energy purchases.

The Net Present Value (NPV) is a key parameter in economic analysis
that assesses the profitability of an investment. It can be determined by
applying Eq. (17).

NPV =
(CF)

(1+ r)n
− INV (17)

In this equation, the initial investment includes the initial cost of
materials and devices, while the discount rate accounts for the present
value of future cash flows, varying according to the type of business.

In some scenarios, the energy used in the pump operation comes
from the grid, because renewable sources (wind and solar), cannot
provide sufficient energy to satisfy the demand. This energy is associated
with C02 emissions into the atmosphere, which are taxed in many
countries of the European Union. This cost can be calculated using Eq.
(18) (Mercedes Garcia et al., 2022).

ECO2 = GEnergy × CO2factor × Emissionstax (18)

The Grid Energy (GEnergy), is the energy consumption to the grid, the
CO2 factor is the mass of carbon dioxide emitted into the atmosphere per
unit value of energy (0,331 kgCO2/kWh) and finally, the emissions tax is
the tariff defined by the local authorities to penalize the emissions
(0,1162€/kgCO2).

2.5.1. Materials and devices of hydropower and pump storage project
Pipes, turbines, and pumps are the only devices that were taken into

account, for the initial investment and operation and maintenance costs
of the hydropower and pump-storage project.

The annual operation (Fig. 8) and maintenance costs of civil works
(pipes) and electromechanical equipment (turbines and pumps) repre-
sent 1% and 2% of the initial investment.

For pipes, the CAPEX was determined using specific equations for
steel pipes (COST BASE 2024). An interpolation was made to determine
the unit cost and it is assumed that its cost would remain constant in the
future.

Electromechanical equipment represents the highest cost in a hy-
dropower and pump-storage project. The Socorridos turbine CAPEX was
estimated using the curves for Pelton turbines (Nassar et al., 2022). The
initial cost of the Santa Quitéria turbine was calculated using Eq. (19),
which is appropriate for Pelton turbines with a power range below 2MW
(Ogayar and Vidal, 2009).

The CAPEX of the Socorridos pump can be determined using Eq.
(20).

Operation and maintenance total costs and the respective invest-
ment, for civil works and electromechanical equipment are represented
in Table 5 (Ramos, 2000). In this case, it was considered a discount rate
of 5% in 2025 and 2030 (Seme et al., 2018).

2.5.2. Wind turbines, PV systems, and batteries
Wind turbines are notably expensive, with their capital expenditure

(CAPEX) determined by their wind class (Satymov et al., 2022). For the
selected device, the operation and maintenance costs are 21.2
€/kW/year in 2025 and 20 €/kW/year in 2030. The CAPEX for these
turbines is 1228 €/kW in 2025 and 1161 €/kW in 2030. Using the
specifications of SG 2.1-114 (Onshore 2024), the total O&M costs and
the initial investment per unit turbine are detailed in Table 6. For wind
projects, the discount rate is approximately 6.23 % in 2025 and 6.0 % in
2030 (Positioning 2024).

Solar panels are cheaper, and the costs are determined based on their
power peak. The operation and maintenance costs for a single solar
panel are 7.3 €/kWp/Year in 2025 and 0.28 €/kWp/Year in 2030, while
the CAPEX is 0.33 €/Wp in 2025 and 0.28 €/Wp in 2030 (Vartiainen
et al., 2020). The total O&M costs and the initial investment for the
model described are shown in Table 6. For solar panels, it was consid-
ered a discount rate equal to 3.50 % in 2025 and 3% in 2030.

Batteries can have different sizes, based on the energy necessities,
and they are more expensive when the storage capacity increases. Their
costs would decrease very fast in the next few years, due to the energy
transition. The CAPEX is 82,3 €/kWh and 33.54 €/kWh, for 2025 and
2030, respectively (EV Battery 2024). The operation and maintenance
costs represent 1.5% of the initial costs.

3. Machine learning towards hybridisation

3.1. Solver optimizations

The Socorridos multi-purpose system is very complex, and during its
operation, it must comply with certain restrictions relating to the
maximum flow rate in the pipes, and the minimum and maximum levels
of the reservoirs, and ensure that water distribution to the population is
never affected. On the other hand, any solution should be as cost-
effective as possible and, in some cases, reduce carbon emissions into
the atmosphere.

Solver is an optimization tool for solving complex mathematical
problems and was used to build the model. To run the simulations, it is
necessary to define an objective function, and variable cells, add some
constraints, and select the solving method. The GRG nonlinear with
auxiliary evolution algorithm was chosen due to the non-linearity of
these problems.

In the first scenario of optimisation, the goal is to maximise the Net

Present Value (NPV). This optimisation is only applied to solutions that
do not incorporate additional renewable energies and batteries. The
variable cells involved in this process include the pumped and hydro-
power flow rates between Covão and Socorridos, as well as the hydro-

power (or gravity) flow rates between Covão and Santa Quitéria.

(19)

(20)
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Fig. 3. Socorridos system: (a) Hydropower and (b) Pumping Stations.

Table 1
Characteristics of the hydraulic turbomachines.

Device Location Type n◦ of groups Displacement Flow rate p/ group (m3/s) Maximum flow rate (m3/s)

Turbine Socorridos Pelton 3 parallel 2 6
Santa Quitéria Pelton 1 - 1 1

Pump Socorridos PAT 4 parallel 0.7 2.8

M. Tavares et al. Sustainable Cities and Society 115 (2024) 105834 

8 



Some restrictions were necessary to run the simulations and to find
the maximum NPV, for each solution, which are presented as follow:

1) The flow rates for both turbine and pumping operations at Socorri-
dos, as well as the hydropower flow rate at Santa Quitéria, must not
exceed their respective maximum values. Above these values, the
electromechanical equipment, turbines, and pumps, cannot work.

QtSh=i ≤ 6 m3/s
QpSh=i ≤ 6 m3/s

QtSQh=i ≤ 1, 0 m3/s
(21)

2) The hydropower volume pumped at Socorridos must be balanced
daily. This ensures that by the end of each day, the reservoir levels
are restored to their starting levels from the beginning of the day.

∑24

h=1
QtSh=iΔt =

∑24

h=1
QpSh=iΔt (22)

3) The volume of water stored in each reservoir must remain above zero
and below the maximum capacity specific to each reservoir.

Fig. 4. Characteristic curves for Socorridos and Sta Quitéria: a) Socorridos
hydropower; b) Sta Quitéria hydropower; c) Socorridos pump station.

Fig. 5. Wind and solar variation: a) wind speed curve; b) Distribution along
24h and seasons; c) Solar radiation distribution during 24h for the main
two seasons

Table 2
System curves in turbine and pump modes

Pipe Operation mode System curve [H (m); Q (m3/s)]

Covão-Socorridos Turbine Hu = 463,846 − 0,0314Q1,852

Pump Ht = 470,00 + 0,19895Q1,852

Socorridos-Santa Quitéria Turbine Hu = 223,751 − 38,1479Q1,852

Table 3
Characteristics of reservoirs

Reservoir Capacity
(m3)

Material Diameter
(m)

Height (m)
[min – max
level]

Elevation
(m)

Covão 40 000 Rock/
Concrete

113 0-4 546

Socorridos 40 000 Rock/
Concrete

113 0-4 76

Santa
Quitéria

4 000 Concrete 36 0-4 316
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0 m3 ≤ VsCh=i ≤ 40000 m3

0 m3 ≤ VsSh=i ≤ 40000 m3

0 m3 ≤ VsSQh=i ≤ 4000 m3
(23)

4) For solutions with a daily turbine volume in Socorridos greater or
equal to the defined volume (e.g., 40000 m3/day), the initial storage
volume in the Socorridos reservoir corresponds to its maximum ca-
pacity. For the remaining solutions, the initial storage volume should
be equal to its maximum daily turbine volume. This constraint is
important to create a cycle every day and to induce the pumping
operation during the night when the energy buy tariff is lower.

VsSh=1 = 40 000 m3 if
∑24

h=1

QtSh=iΔt≫40 000 m3

VsSh=1 =
∑24

h=1
QtSh=iΔtif

∑24

h=1
QtSh=iΔt < 40000 m3

(24)

5) In the Santa Quitéria reservoir, at the beginning of the day, the water
volume storage is never null, to compensate for the deficits registered
throughout the entire day.

VsSQh=1 ≥ 0 m3 (25)

6) The volume of water stored in the Socorridos reservoir should be zero
at the end of the day, to create a cycle that can be repeated daily.

VsSh=24 = 0 m3 (26)

7) The water consumption in Covão and Santa Quitéria should be
satisfied.

QdSh=iΔt ≤ QcSh=iΔt
QdSQh=iΔt ≤ QcSQh=iΔt

(27)

The second scenario of optimization is applied, in which only wind
turbines are integrated to offset pumping costs. In this case, the objective
function is the number of wind turbines required to satisfy the electricity
consumption at all times, and the goal is to minimise this function. The
constraints associated with this optimization are the same, with an
additional restriction to ensure that there is no energy consumption at
any time.

ECh=i = 0 kWh (28)

Fig. 6. Daily water consumption volume: a) Covão; b) Santa Quitéria.

Fig. 7. Energy tariffs: a) buy; b) sell.

Table 4
Water consumption tariffs

Region Water Consumption Tariff (€/m3)

Winter Summer

Covão 1.53 1.74
Santa Quitéria 0.77 0.77
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The third scenario of optimization is used in cases where only PV
solar panels are integrated. The objective function is the electricity
produced by these devices and sold to the grid. The aim is to maximize
this function to exploit the energy potential of the panels since they only
produce energy during daylight hours. On the other hand, it is also
intended to maximize the NPV, because, in some solutions, the pumping
operation occurs during the night.

The fourth scenario combines the previous but mainly focuses on
NPV maximization considering the other criteria associated with the
number of energy converters and electricity production.

3.2. Digital twin model

The Socorridos multipurpose system is very complex, and it is
necessary to guarantee that the hydraulic conditions are respected, in
terms of velocity and pressure. To simulate the effect of the turbines,
GPV valve simulators of turbines were placed in Socorridos and Santa
Quitéria hydropower plants. After designing the system in EPANET,
some simulations were carried out, to understand the variation of ve-
locity and pressure along the entire system to calibrate the model. For
each parameter, two different analyses were made, one for the hydro-
power flow and another for the pumping operation. The simulations
were made for the most critical situation, which occurs when the flow
rate is maximum. The velocity values obtained for each pipe, for the

hydro and pumping flows, respectively (Fig. 9a-b).
As a recommended engineering practice, the maximum velocity in

hydropower high-head plants is between 4 m/s and 5 m/s (Ramos and
Almeida, 2016). Hence, the velocity in all pipes is near to the recom-
mended values throughout the entire system. In the pipe that links
Socorridos and Santa Quitéria, the velocity is zero, when the pumping
operation occurs since the Santa Quitéria valve is closed. For pressure,
two simulations were also made, one for the hydro and another for
pumping flows, as can be seen in Fig. 9c and d, respectively.

4. Results and discussion

4.1. System characteristics and normal operation

This chapter presents the economic results obtained in the Socorridos
multipurpose system. Six different solutions were tested, with different
hydropower volumes, each of them integrated into four scenarios, that
vary in terms of energy source and storage. The hydropower volume and
pumped in each solution is represented in Table 7. The hydropower and
pumped volumes in Socorridos and Santa Quitéria remain constant
throughout the days, as well as the volume used for irrigation in this
second location. Santa Quitéria has a constant hydropower volume of
5906 m3/day and an irrigation volume of 2293 m3/day.

Covão and Socorridos reservoirs are interconnected, and when the
first starts to empty the second starts to fill up. This effect can be shown
in Fig. 10, for a daily hydropower volume of 130 000 m3.

In normal operation, only the hydropower and pump storage systems
are active without integrating renewable energies. The pumping oper-
ation consumes energy from the grid, with optimisation of pumping and
turbine operation periods to maximise the NPV. This scenario does not
incorporate the battery to compensate for the pumping costs, because
the energy that is produced each day is lower than the energy
consumption.

Table 5
Pump and Hydropower: O&M and Investment costs.

Equipment Location O&M (€/year) Investment (€)

2025 2030 2025 2030

Pipes Covão-Socorridos 1 205 120 521
Socorridos-Santa Quitéria 2 465 246 505

Turbines Socorridos 88 913 82 689 4 445 630 4 134 436
Santa Quitéria 13 230 12 307 661 481 615 331

Pump Socorridos 40 385 37 567 2 019 227 1 878 351

Table 6
Wind: O&M and CAPEX

Year Wind Turbine PV Solar Panel

O&M (€/kWp/
year)

CAPEX
(€/kWp)

O&M (€/kWp/
year)

CAPEX
(€/kWp)

2025 21 1228 7.3 330
2030 20 1161 6.2 280

Fig. 8. Types of operation: a) in turbine mode; b) in pump mode
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Fig. 9. Flow velocity values: a) for the gravity and b) pumping systems; Pressure values: c) gravity, d) pumping systems
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For the first two solutions, water is pumped during the night when
the energy purchase tariff is lower, while water is for hydropower in the
Socorridos power plant during the peak energy sale tariff. In solutions 1
and 2, the reservoirs are emptied and filled, consecutively. In the
remaining solutions, it is not feasible for the pumping system to operate
only at night, as the Covão and Socorridos reservoirs need to be emptied
and filled more than once a day. Energy production and consumption
are not constant throughout the day.

To calculate the NPV, considered incomes include the benefits from
selling energy to the grid and water to the population. Outcomes ac-
count for the costs of energy purchased from the grid to satisfy the
consumption of pumping water, and the operation and maintenance
costs of the pipes and electromechanical equipment. The results ob-
tained for each solution are represented in Table 8.

Analyzing Table 8, it is possible to observe that the isolated operation
of the hydropower and pump storage systems is not economically viable,
in all solutions, for a lifetime analysis of 20 years. These results can be
explained by the high initial investment and the high operating and
maintenance costs of turbines and pumps. It is worth mentioning that
the pump operation consumes a lot of energy, emitting CO2 into the
atmosphere. These emissions correspond to very high taxes, which
significantly decreases the NPV. On the other hand, the energy pro-
duction in Santa Quitéria is very low. However, when the benefits of
water distribution are taken into account, all the solutions are very

profitable.
The NPV increases until it reaches the optimal result, and then starts

to decrease. This phenomenon happens, because for solutions 4, 5 and 6,
the Covão and Socorridos reservoirs, are filled and emptied more than
once a day, which implies that during some periods the water is turbined
in off-peak rate hours, and in opposite the water is pumped in peak rate
hours. Another thing that can explain these results, is that for the same
amount of water, the energy that is spent to pump the water is higher
than the energy that is produced in the turbine, where the energy tariffs
have also a relevant influence.

NPV becomes positive in most of the solutions, thanks to the reve-
nues obtained with water supply and water for irrigation in Santa
Quitéria. Fig. 11 shows the average percentage of the revenues obtained
in each sector.

Hydropower represents a small slice of total revenues, because the
flow rates are not very high, and the water distribution and irrigation in
these two places are quite significant.

This way, the best solutions occur for daily hydropower volumes in
the Socorridos hydropower plant, less than the capacity of the reservoir.
In these cases, the reservoirs are filled and emptied only once a day,
which allows to turbine of the water in the peak rate hours, and the
pumping operation occurs during the off-peak rate hours. These strate-
gies are the only ones, in which the cash flows associated with the hy-
dropower project are positive.

4.2. Solutions of different scenarios

Solutions presented in Table 8 were integrated into four different
cases. The first is the normal operation when the water is pumping and
hydropower without the aid of additional renewable energies. The
second and the third one incorporates wind turbines and solar panels,
respectively, to offset the pumping costs. The last scenario contains both
devices.

In scenarios that incorporate renewable energies to offset pumping

Table 7
Hydropower and pump volumes

Solutions Volume Hydropower/Pumped (m3/day)

1 35 167
2 38 260
3 40 000
4 80 000
5 100 000
6 130 000

Fig. 10. Level variation of the Covão and Socorridos, for a daily hydropower volume of 130 000 m3.

Table 8
Energy and NPV estimation without and with profits of water consumption for 2025 and 2030.

Solutions 1 2 3 4 5 6

Energy production Socorridos (kWh/day) 39947 43456 45429 90862 113627 147687
Energy production Santa Quitéria (kWh/day) 3186 3181 3144 2890 2945 2915
Energy consumption Socorridos(kWh/day) 56440 61397 64187 128349 160465 208707
Emissions (kgCO2/year) 18862 20322 21246 42495 53116 69082
NPV 2025 without water consumption (x106 €) -20.03 -21.23 -23.439 -47.911 -57.992 -82.006
NPV 2030 without water consumption (x106 €) -19.405 -20.603 -22.817 -47.289 -57.369 -81.384
Water consumption (m3/day) 23627
NPV 2025 (x106 €) 150.04 148.42 146.20 121.73 111.65 87.64
NPV 2030 (x106 €) 150.24 149.04 146.83 122.35 112.27 88.26
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costs, the pumping period was selected to minimize energy consumption
from the grid and the number of devices required. Consequently, the
variation in the level of the Socorridos reservoir throughout the day
differs for each solution and scenario. Only the results for the Socorridos
reservoir will be presented, as there is no water consumption, and the
variation in its level reflects the pumping and hydropower periods.
Fig. 12-a,b,c,d, shows the variation in the Socorridos reservoir level with
a hydropower volume equal to 40000 m3, the energy consumption by
the pump, and the energy available provided by each type of renewable
energy.

Analyzing Fig. 12, it is possible to observe that for the same hydro-
power volume, the hydropower operation is always at the end of the
afternoon, when the energy sell tariff is higher. However, the pumping
periods are not equal in these four scenarios. In scenario 1, with only the
Hydropower, the Socorridos reservoir empties overnight, when the en-
ergy buy tariff is lower. For scenario 2, the Wind in Madeira Island is
higher at the end of the day and makes it possible to produce a
considerable amount of energy during the day. This way, the water is
pumping during the day, being the most significant part pumped at the
end of the afternoon. Scenario 3, incorporates Solar and Hydropower,
and the energy is mostly pumped in the sunshine hours. In scenario 4,
which incorporates all the sources of renewable energy, the pumping
operation is very similar to the obtained in scenario 3, with the slight
difference that in this case, part of the water is pumping in the early
morning and at the end of the day in scenario 3, when the solar radiation
is lower. This is possible, thanks to the contribution of wind turbines. It
should also be noted that there is no great difference in the periods in
which sources of renewable energy produce energy for summer and
winter, and the peak period of production also occurs mostly at the same
time. For the maximum daily hydropower volume (130 000 m3), the
Socorridos system behavior is represented in Fig. 13 for different
scenarios.

For the maximum daily hydropower volume, the Socorridos reser-
voir fills and empties more than once a day. In these cases, the operation
is only possible with the maximum flow rate in hydropower and pump
storage, because this volume corresponds to the maximum volume of
water that is possible to move between Covão and Socorridos every day.
The peak of energy consumption occurs in the same hours. However,
this peak occurs several times a day, because it is impossible to restrict
the maximum consumption in hours when the energy provided by
renewable sources is maximum. For the solution of Fig. 13 b), the wind
energy production hits reasonable values, during the day, which allows
to satisfy the consumption in all the hours. In Fig. 13c), the energy
consumption occurs mostly during the sunshine hours, and in this case,
three peaks of energy consumption occur during this period. These

solutions are unable to fully satisfy the consumption, and a large part of
the consumption occurs during hours when there is no solar energy
production Finally, for scenario 4, with hydro, wind, and solar power,
one of the peaks occurs in a period when the solar energy production is
maximum. In the summer, wind power cannot meet the consumption
during these hours, but ample solar energy is available at this time, to
compensate for the gaps.

It is challenging to compare these solutions, in scenarios that
incorporate renewable energies, because the number of wind turbines or
solar panels is not constant for all the solutions. The best solution de-
pends, on the adopted criteria.

With these results, the aim is to choose the most economically viable
solution that fulfills the necessities in terms of consumption, hydraulic
requirements, space occupied by renewables, and if it is possible the
minimum CO2 emissions (avoiding energy grid purchase).

4.3. Solutions without batteries

This section shows the results obtained for scenarios (2, 3 and 4) that
do not include batteries to store the excess of energy when it incorporate
renewable energies (wind turbines and solar panels) to offset the
pumping costs. In all of these solutions the aim is to maximize the NPV,
and at the same time minimize the number of devices required to create
a system with minimal energy consumption from the grid.

It was adopted the maximum number of solar panels that are possible
to set up in the selected zone. On the other hand wind turbines are more
expensive, and it is not necessary to install all the wind turbines, to
satisfy the pump consumption. For this reason, it was tried to minimize
the number of these devices. Fig. 14a shows the number of wind turbines
installed for each solution in Scenarios 2 and 4.

The integration of solar panels, in Scenario 4, allows to reduce the
number of wind turbines required, compared with the results obtained
in Scenario 2. In the first solution (Volume min), the reduction is more
significant, because the solar panels can offset the majority of the energy
consumption.

Fig. 14b, shows the initial investment, made before the start of the
operation of the system, for each scenario and solution, in 2025 and
2030. The initial investment includes all the CAPEX, associated with the
electromechanical equipment (wind turbines, solar panels, hydro tur-
bines and pumps) and in the replacement of the pipes.

As expected, the initial investment increases when the daily hydro-
power volume increases, because more devices are needed to satisfy the
energy consumption. The solutions that incorporate only solar panels
are the ones with lower initial investment. This can be explained, since
these devices are cheaper per kWh than wind turbines, and on the other

Fig. 11. Distribution of the revenues in the total NPV
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hand, the number of devices implemented is insufficient to satisfy all the
pumping costs. It is also important to emphasize that the initial invest-
ment is the same for all the solutions because the number of solar panels
is equal in each solution.

The incorporation of solar panels in Scenario 4, reduces, in the

majority of the cases, the initial investment. The moment, when the
operation starts, is very important because the prices of the equipment
tend to decrease very fast in the next 5 years. It is estimated that the high
price reduction of solar panels has already taken place in recent years,
contrary to wind turbines. The difference in prices increases when the

Fig. 12. Scorridos system behavior with renewable hybridization and percentage of pumped-storage hydropower operation, for V= 40 000 m3: a) Hydro operation;
b) Example of daily operation for hydropower; (c) Hydro+wind operation; (d) Daily operation for hydro+wind; (e) Hydro+PV; (f) Daily operation for Hydro+PV; (g)
Hydro+Wind+PV; (h) Daily operation for all sources.
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daily hydropower volume also increases, and in the last solution, it is
possible to observe differences of around 12 million euros.

Beyond the investment costs, a critical factor significantly impacts
the Net Present Value (NPV) is the quantity of energy sold to the grid, as

it constitutes a substantial benefit of the system. An increase in the
volume of energy sold correlates directly with a higher NPV. Fig. 14c
and d illustrate the daily energy consumption (C) and the daily energy
generated (G), for winter and summer. The difference between these two

Fig. 13. Scorridos system behavior with energy consumption to pump, for V= 130 000 m3 and different renewable sources: a) Hydro; (b) Hydro+wind; (c)
Hydro+Solar; d) Hydro+Wind+Solar.

Fig. 14. Number of wind turbines installed for Scenarios 2 and 4 for different hydro volumes; (b) Initial investment in 2025 and 2030, for each solution; (c) Daily
energy consumption(C) and generated (G) for each solution in winter; (d) Daily energy consumption (C) and generated (G) for each solution in summer.

M. Tavares et al. Sustainable Cities and Society 115 (2024) 105834 

16 



variables represents the amount of energy available for sale to the grid
daily and encompasses energy from all types of alternatives, including
hydropower, wind, and solar.

The integration of these two types of devices, i.e., wind and solar,
allows in some cases, harnessing solar energy to pump the water and the
useless wind energy to sell the energy to the grid throughout the day.
This scenario is only possible for daily lower hydropower volumes.
Fig. 15 represents the percentage of the average energy generated by
each source of energy.

Wind power represents a large percentage of the total energy pro-
duced by the system, only using the minimum number of wind turbines.
These devices have the capability of generating large amounts of energy,
and in solutions with high daily hydropower volumes, there exists a
considerable number of wind turbines, and the wind power can produce
approximately two times more energy than hydropower. Contrary to
wind power, solar power produces less energy than hydropower. In this
last case, the difference between seasons is more significant, with a
reduction of 5% during winter compared with summer. Solutions that
integrate the three sources of energy, wind power continues to represent
the highest percentage both in winter and summer. However, there is a
significant reduction in energy production by these types of energy
(Scenario 4) compared with the scenario 2. This can be explained by the
fact that solar power can offset part of energy production, especially

during summer, when wind efficiency is lower and solar efficiency is
higher.

Fig. 16 illustrates the average percentage of energy produced by
wind turbines and solar panels that is utilised for pumping and sold
directly to the grid. In scenarios involving hydropower and solar, all the
energy generated by the solar panels is dedicated to pumping. However,
solar power alone is insufficient to meet consumption demands.
Consequently, for this scenario, a graph has been created to depict the
energy consumed by the solar panels and the energy consumed from the
grid.

Analyzing Fig. 16(a), it becomes evident that in Scenario 2, the
system designed with the minimum number of wind turbines is capable
of generating a significant amount of energy for sale to the grid,
particularly during the winter months. In Scenario 3, the energy con-
sumption from the grid to support pump operations is notably sub-
stantial. During winter, it accounts for more than half of the total energy
consumption, which significantly decreases the NPV of these solutions.
Based on this data, it is estimated that, on average, an area of solar
panels two to three times larger than initially designed would be
required to satisfy the entire energy consumption in this scenario. Lastly,
in Scenario 4, the integration of both energy sources facilitates the sale
of energy generated by both wind turbines and solar panels. A signifi-
cant reduction of 10%, is registered in the use of wind turbines for

Fig. 15. Average Energy generated by each source of energy, in winter and
summer: a) Hydro+wind; b) Hydro+Solar; c) Hydro+wind+solar.

Fig. 16. Average Energy sold by each source of energy, in winter and summer:
a) Hydro+wind; b) Hydro+Solar; c) Hydro+wind+solar.
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consumption and selling energy to the detriment of solar power.
The buying of energy to the grid, to satisfy the demand, in Scenario 3,

involves C02, because the energy consumption does not come from
renewable sources. These emissions are taxed, increasing the costs, and
can be calculated using Eq. (18). Fig. 17a shows the CO2 emissions and
the costs associated with its emissions for each solution present in Sce-
nario 3.

For the first three solutions, the emissions are not significant,
because the number of solar panels implemented is sufficient to offset
the majority of the consumption. However, when the daily hydropower
volume increases, a large part of the energy is consumed from the grid,
which represents a huge annual cost.

Based on the results presented it was possible to calculate the NPV for
each solution in two different years, 2025 and 2030 (Fig. 17b). In this
case, the benefits include the profit from selling energy to the grid and
the income from water distribution and irrigation. On the other hand,
the costs include all expenses related to the operation and maintenance
of the equipment and pipes, and in some solutions the costs associated
with CO2 emissions.

Fig. 17b shows that scenario 3, which incorporates only solar panels,
to offset the pumping costs, never corresponds to the best result in each
solution. However, in the first three solutions, the NPV for this scenario
is very close to the other scenarios, because the solar panels can satisfy
the majority of the pump consumption. The major part of the benefits is
provided by water supply and irrigation, as can be seen with the blue
line in Fig. 17b. For the solutions of scenario 3, the NPV is always below
the NPV of water supply and irrigation, which means that these hy-
dropower and pump-stored projects generate losses, and are less
economically viable. In the remaining solutions, the NPV is always
above the NPV of water supply and irrigation, which indicates the
production of energy generates benefits that increase the NPV, making
these solutions profitable.

4.4. Solutions with batteries

This chapter will present the results obtained for scenarios (2, 3 and
4), including batteries to store the excess of energy. In these types of
solutions, it is possible to create a system with a minimum waste of
energy and make it more independent of the grid. To simplify the cal-
culations and to allow a comparison with the previous results, the same
pump operation was adopted. The objectives of the optimizations are
also the same, however, the number of devices can be different in some
solutions.

A larger number of solar panels is needed to satisfy the pump con-
sumption, however, the space is limited to 5 hectares. To maximize the
potential of this type of energy, it was also adopted the maximum
number of solar panels, associated with each scenario. The number of
wind turbines used was calculated using the Eqs. (29) and (30). In sce-
nario 2 that do not include solar panels, the portion of energy production
associated with these devices is zero.

NWind turbines seasson =

∑24
h=0Econsumption h −

(∑24
h=0ESolar panel h ×Nsollar pannels

)

∑24
h=0EP Wind turbine h

(29)

Nwind turbines adopted = max (NWind turbines winter;NWind turbines summer) (30)

After these calculations, the number of wind turbines associated with
each solution was determined (Fig. 18a).

To store the energy, larger batteries can be installed, in different
sizes. The energy can be stored to be used later in the pumping opera-
tions or to be sold in periods when the energy sell tariff is higher, to
increase the benefits. In cases where there exists a negative balance
between the energy produced and the energy consumption, there must
be enough energy stored at the start of the day, to compensate for these

Fig. 17. (a) CO2 emissions, and the costs associated with the emissions for solutions of Scenario 3; (b) NPV in 2025 and 2030, for each solution.

Fig. 18. (a) Number of wind turbines installed for Scenarios 2 and 4; (b) Size of the battery and energy in fault for each solution
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deficits. Fig. 18b shows, the size of the batteries adopted for each so-
lution and the amount of energy stored in the batteries at the start of the
day, when there exists a negative balance of at least one hour a day.
Another important conclusion, after analysis of Fig. 18, is that the size of
the batteries does not vary linearly with the daily hydropower volume.

Fig. 19a represents, the relation between energy production, energy
consumption, and the energy stored. In Fig. 19b, the relation between
energy stored and buy and sell tariffs. It was presented the three sce-
narios, each of them for the solution that has a daily hydropower volume
equal to 40 000 m3.

Fig. 19a shows that energy consumption consistently remains below
energy production across both seasons. Consequently, the battery is
primarily used to store energy for future sale. In Fig. 19b, energy storage
begins to decrease when the energy selling tariff reaches its maximum,
indicating that energy is sold during this period. This selling period is
extended in the summer, resulting in an earlier decrease in stored energy
for this season.

When only solar panels are used to cover pumping costs, Fig. 19c
reveals that the energy consumption curve occasionally exceeds the

energy production curve. Despite this, energy consumption remains
below the total energy stored at any given time. In such scenarios,
additional energy must be purchased from the grid to meet consumption
needs. This occurs when the energy purchase tariff is at its lowest,
leading to an increase in stored energy (Fig. 19d).

Fig. 19e illustrates a scenario that combines aspects of the previous
solutions. In this case, energy consumption is higher than energy pro-
duction during certain hours but remains lower than the stored energy.
Unlike the previous solution, there is no need to purchase additional
energy from the grid, as excess energy not used for pumping is stored in
the battery. Stored energy is utilized to address both scenarios presented
earlier, and energy sales commence when the selling tariff is at its peak
(Fig. 19d). It is important to note that there are instances when energy
consumption can exceed the amount of stored energy, occurring only
when consumption surpasses the difference between current energy
consumption and stored energy.

Based on the provided data, the initial investment required for each
solution can be calculated for the years 2025 and 2030, as shown in
Fig. 20a.

Fig. 19. Solution 3: (a) With batteries: Energy Production, Consumption, and Stored for Hydro+Wind; b) Correlation between energy stored with buy and sell tariffs
for Hydro +Wind; (c) Energy Production, Consumption, and Stored for Hydro+Solar; d) Correlation between energy stored and buy and sell tariffs for Hydro+Solar;
(e) Energy Production, Consumption and Stored for Hydro+Wind+Solar; (f) Correlation between energy stored with buy and sell tariffs for Hydro+Wind+Solar
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The initial investment is highly sensitive to battery costs, as evi-
denced by the significant variation observed between the two analyzed
years. This difference is largely driven by the anticipated sharp decline
in battery prices in the near future, a result of the accelerating energy
transition. The integration of batteries alters the distribution of energy
generation among different sources, as illustrated in Fig. 20b-d.

Similar to systems without battery integration, the proportion of
energy generated by each source fluctuates seasonally. Wind power
contributes a larger share during the winter months, while solar energy
dominates during the summer. In Fig. 20b, a reduction in the number of
wind turbines leads to a decrease in wind energy generation, which
consequently increases the proportion of energy produced by hydro-
power. In Scenario 3 (Fig. 20c), the energy mix remains consistent with
non-battery solutions, as the number of solar panels remains constant.

In Scenario 4 (Fig. 20d), hydropower maintains a consistent contri-
bution throughout both the winter and summer. The inclusion of bat-
teries enables solar energy to play a more prominent role in overall
energy production, particularly during the summer months. However, as
observed in Fig. 20b, the significance of wind power diminishes,
resulting in a more balanced contribution from each energy source
during the summer. Fig. 21 presents the average percentage of elec-
tricity used for pump operation and the amount sold back to the grid.

Fig. 21a illustrates that the majority of the energy produced by wind
turbines is utilized for pumping operations. The energy sold to the grid
represents the surplus not required for pumping, and this percentage is
lower in both winter and summer compared to the same solutions
without battery integration. This reduction is primarily due to the lower
number of wind turbines employed in these scenarios. In solutions that
rely solely on hydropower and solar energy (Fig. 21b), all the energy
generated by solar panels is allocated to pump consumption. As a result,
compared to similar solutions, the amount of energy that needs to be
purchased from the grid to support pump operations is reduced.

In Fig. 21, wind power continues to contribute a higher proportion of
energy compared to solar panels. However, in contrast to non-battery

solutions, the use of solar energy for consumption increases, while the
contribution of wind power decreases. Each of the cases presented in
Fig. 21 demonstrates that the energy produced is utilized more effi-
ciently, resulting in a lower amount of energy available for sale to the
grid. This operational mode leads to a reduction in the overall costs of
the solutions and lowers potential profits.

Fig. 22a presents the CO2 emissions associated with each solution,
along with the corresponding monetary costs of these emissions.

Even though, with the integration of batteries, the grid energy con-
sumption has decreased, a lot of C02 emissions continue to be emitted
every year, especially for solutions with high daily hydropower volume.
These emissions are taxed, and represent an enormous cost every year,
which decreases the NPV, and makes the solutions economically less
attractive (Fig. 22b).

High hydropower volumes require large batteries, increasing costs,
as these solutions only supply energy for pumping. In contrast, wind-
integrated solutions continuously produce energy, sell excess to the
grid, and require smaller batteries, making them more economically
attractive. Scenario 3 presents a NPV lower without batteries, making
turbine and pump installations less feasible. For high hydropower vol-
umes, wind-integrated solutions in Scenario 4 show a significant NPV
advantage.

4.5. Comparison between battery and non-battery solutions

The solutions that incorporate batteries or do not exhibit the same
pump storage and hydropower operations. However, some differences
can be noticed in terms of the number of wind turbines necessary to
satisfy the consumption, the initial investment, and the emission of CO2.
All these factors have an enormous influence on NPV. The integration of
batteries allows the storage of the energy to be used later, reducing the
excess of energy and the number of wind turbines (see Fig. 23a).

The difference in the initial investment between battery and non-
battery solutions for each scenario is illustrated in Fig. 23b. Generally,

Fig. 20. (a) Initial Investment for 2025 and 2030; (b) Energy production for Hydro +Wind; (c) Energy production for Hydro + Solar; Energy production for Hydro +

Wind + Solar.
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for low daily hydropower volumes, battery-integrated solutions are
more costly. In scenarios that incorporate wind turbines, the initial in-
vestment decreases with higher daily hydropower volumes, primarily
due to the reduced number of wind turbines required and the antici-
pated affordability of batteries by 2030. In contrast, solutions that rely
solely on hydro and solar power become less advantageous with battery

integration, as there is no reduction in the number of solar panels
required to meet pump energy demands. However, these solutions do
benefit from a reduction in grid energy purchases, which has a direct
impact on CO2 emissions and associated costs (Fig. 23c). Battery inte-
gration leads to a decrease in emissions, and subsequently, a reduction
in related costs (Fig. 23d). Despite the reduction in emissions, they
remain substantial for high daily hydropower volumes, leading to sig-
nificant costs that lower the Net Present Value (NPV) and diminish the
economic viability of these solutions. The differences in NPV between
battery and non-battery solutions in 2030 for each scenario are shown in
Fig. 23d.

5. Conclusions

A new methodology for optimizing hybrid renewable water supply
systems using digital twin technologies and amulticriteria approach was
developed, focusing on isolated cities like Madeira Island. This study
designed six different solutions based on hydropower volumes, water-
energy consumption, and renewable energy integration scenarios. The
results show that solutions relying solely on solar panels generate less
energy than those incorporating wind turbines, due to the insufficient
number of solar panels to meet energy demands. In high hydropower
scenarios, the energy output from solar-only systems is often insufficient
to operate pumps, making them less economically viable.

The inclusion of wind turbines significantly enhances the system’s
energy output, generating excess energy that can be sold to the grid. This
surplus energy helps improve the economic viability of the system,
particularly when hydropower volumes are large. Wind turbines provide
a steady energy supply throughout the day, unlike solar panels, which
are limited to daylight hours. Consequently, wind turbines allow for
more flexible pumping schedules and maximize the potential for energy
sales, boosting the NPV.

Scenarios with large daily hydropower volumes and no battery
storage reveal that integrating wind turbines (Scenarios 2 and 4) is the
most economically viable option due to the excess energy available for
sale. In contrast, solar-only systems see reduced NPV as hydropower
demands increase, requiring additional grid energy for pumping. The
study finds that two wind turbines outperform 12,823 solar panels,
especially for hydropower volumes of 130,000 m3/day. Notably, NPV
differences between 2025 and 2030 are minimal, with initial investment
costs having the most significant impact.

When batteries are incorporated, wind turbine solutions don’t
require large battery storage initially, as the turbines produce excess
energy that can be stored and sold during peak tariff periods. However,
as hydropower volumes increase, battery size must grow, particularly
for solar panels, which depend on energy storage due to limited direct
energy production. Battery integration generally reduces NPV for solar-
only solutions, as the cost of purchasing energy and storing it during off-
peak periods outweighs potential profits from grid sales. Wind turbine

Fig. 21. Contribution of each source of energy (Wind and Solar) for energy
consumption and energy sell a) Hydro + Wind b) Hydro + Solar c) Hydro +

Wind + Solar

Fig. 22. CO2 emissions: (a) CO2 emissions by each solution and the emissions costs; (b) NPV in 2025 and 2030, for battery solutions
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solutions also experience a decrease in NPV with battery integration, as
the reduced number of turbines lowers the amount of energy available
for sale.

Comparing solutions with and without batteries reveals that for low
daily hydropower volumes, the number of wind turbines remains the
same, as most of the energy produced is used for consumption. However,
for high hydropower volumes, fewer wind turbines are required when
batteries are used, as excess energy is avoided through storage. While
this reduction lowers initial investments, it also decreases energy sales,
impacting NPV. In summary, solar-only solutions are less attractive for
high hydropower volumes, wind turbine integration enhances energy
output and profitability, and adding batteries typically reduces NPV by
decreasing energy sales and increasing costs.
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