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Abstract

This study presents the design and techno-economic optimization of a hybrid renewable
energy system (HRES) for a coastal hotel in Manavgat, Türkiye. The system integrates
photovoltaic (PV) panels, wind turbines (WT), pumped hydro storage (PHS), hydrogen
storage (electrolyzer, tank, and fuel cell), batteries, a fuel cell-based combined heat and
power (CHP) unit, and a boiler to meet both electrical and thermal demands. Within this
broader optimization framework, six optimal configurations emerged, representing grid-
connected and standalone operation modes. Optimization was performed in HOMER Pro
to minimize net present cost (NPC) under strict reliability (0% unmet load) and renewable
energy fraction (REF > 75%) constraints. The grid-connected PHS–PV–WT configuration
achieved the lowest NPC ($1.33 million) and COE ($0.153/kWh), with a renewable fraction
of ~96% and limited excess generation (~21%). Off-grid PHS-based and PHS–hydrogen
configurations showed competitive performance with slightly higher costs. Hydrogen
integration additionally provides complementary storage pathways, coordinated operation,
waste heat utilization, and redundancy under component unavailability. Battery-only
systems without PHS or hydrogen storage resulted in 37–39% higher capital costs and ~53%
higher COE, confirming the economic advantage of long-duration PHS. Sensitivity analyses
indicate that real discount rate variations notably affect NPC and COE, particularly for
battery-only systems. Component cost sensitivity highlights PV and WT as dominant cost
drivers, while PHS stabilizes system economics and the hydrogen subsystem contributes
minimally due to its small scale. Overall, these results confirm the techno-economic and
environmental benefits of combining seawater-based PHS with optional hydrogen and
battery storage for sustainable hotel-scale applications.

Keywords: hybrid renewable energy system; pumped hydro storage; hydrogen energy
storage; battery storage; cost of energy; waste heat recovery; combined heat and power
(chp); techno-economic optimization

1. Introduction
In recent years, global energy demand has shown a substantial and accelerating

increase due to population growth and technological advancements [1]. This demand is
predominantly met through fossil fuels, which account for approximately 85% of global
electricity production and are among the primary sources of greenhouse gas emissions [2].
The strong link between fossil fuel consumption and climate change underscores the urgent
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need for a transition to sustainable energy systems [3]. However, solar and wind generation
are inherently variable and weather-dependent, which can create temporal mismatches
between supply and demand and thus hinder continuous, reliable electricity delivery. To
overcome these limitations, storage and conversion technologies play a critical role in
increasing renewable energy utilization and enhancing system flexibility [4]. Accordingly,
the shift towards sustainable systems that incorporate renewable energy sources and
reliable energy storage solutions has become imperative.

In this context, research on HRES has attracted growing attention in recent years.
While earlier studies mainly focused on off-grid HRES configurations, recent research
has increasingly addressed grid-connected systems supported by various energy storage
technologies. These systems facilitate the integration of variable renewable energy sources
into the grid and, when combined with appropriate storage options, enhance grid stability
and reliability. A range of energy storage technologies exist, such as batteries, supercapaci-
tors, hydrogen storage systems and PHS, each offering distinct technical and operational
advantages [5,6]. Among these, hydrogen-based systems [2] and PHS solutions [7] have
gained significant traction in recent years due to their sustainability and reliability benefits.

Among various HRES configurations, PV and hydrogen-based systems are drawing
increasing interest for their potential to provide long-term energy storage and enhance
overall system autonomy. Fuel cells primarily convert hydrogen into electricity through
electrochemical reactions, during which a notable amount of heat is also released as a
by-product. Integrating FCs with CHP functionality allows this waste heat to be recovered
and utilized, thereby improving both system efficiency and overall cost-effectiveness. For
instance, Hosseini et al. [8] designed a residential hybrid system consisting of PV panels, an
electrolyzer, and a fuel cell, and conducted energy and exergy analyses. By incorporating a
heat recovery unit composed of a steam generator and an absorption chiller that utilized
thermal energy from solid oxide fuel cell (SOFC) flue gas, they met the thermal load of the
residence and improved overall system efficiency. Zafar and Dincer [9] analyzed a PV/T–
fuel cell system designed to co-produce electricity, heat, hydrogen, and potable water. Their
results showed that utilizing fuel cell waste heat improved energy and exergy efficiencies,
while the recovery of water enhanced the system’s overall economic performance.

In addition, many studies in the literature have examined the use of wind and PV tech-
nologies in combination with hydrogen storage. One such study was conducted by Devrim
and Bilir [10] who investigated the performance of a hybrid system and demonstrated that
it could meet the annual electricity demand of a residential building in the İncek region
of Ankara, with the exception of November. On the other hand, HRES configurations
that integrate battery storage technologies are also extensively covered in the literature.
Pürlü et al. [11] designed and optimized six HRESs, including combinations of PV panels,
WT, diesel generators, batteries, and converters, for electrifying a 100-household area in
Sarayköy, Türkiye, using HOMER software. The study found that the most economical
system was a grid-connected PV-only configuration, while the most cost-effective off-grid
system included PV, wind, and batteries.

In addition to battery and hydrogen-based storage options, PHS systems have
also gained significant attention in HRES studies due to their long lifetime, low
maintenance requirements, large energy storage capacity, and environmentally frie-
ndly characteristics [12,13].

Anagnostopoulos and Papantonis [14] developed a numerical method for the optimal
sizing of PHS components to recover wind energy curtailed due to grid limitations. Using
real data from the island of Crete, their case study demonstrated that optimized system
design plays a critical role in the technical and economic viability of such configurations.
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Apart from wind-based applications, PHS has also been examined in PV-based systems.
For instance, Ma et al. [15] conducted a sizing optimization for an off-grid hybrid system
consisting of PV panels and a PHS unit. Their findings confirmed the effectiveness of PHS
in enhancing energy autonomy, particularly in remote areas.

Beyond individual PV–PHS or wind–PHS configurations, several studies have inves-
tigated hybrid systems that simultaneously integrate PV, wind, and PHS components to
enhance energy autonomy and system resilience. For instance, Jurazs et al. [16] proposed
a mathematical model to optimize a district-scale solar–wind–PHS system, introducing a
Local Consumption Index (LCI) to account for grid-related costs. Their results revealed that
LCI facilitates higher renewable integration, and that PV and wind technologies remain
cost-effective even under low carbon pricing conditions. Similarly, Simão and Ramos [17]
developed a multi-criteria evaluation method to optimize hybrid renewable systems com-
bining wind, PV, and PHS. Their simulations assessed various design configurations and
component capacities, identifying a technically and economically optimal solution that
meets 72% of the annual energy demand. The study demonstrated that coupling PHS
with PV and wind improves system flexibility, reliability, and autonomy while maintaining
competitive costs.

In addition to typical PV–wind–PHS setups, other studies have investigated more
complex hybrid systems incorporating additional generation and control components. For
example, Pattnaik et al. [12] investigated a wind–PV–thermal hybrid system integrated
with PHS and a static synchronous compensator (STATCOM) under a security-constrained
optimal power flow framework. Their findings indicated that PHS significantly reduced
fossil fuel dependence and operational costs, while the inclusion of STATCOM enhanced
voltage stability—resulting in a 10–16% improvement in voltage profile and notable annual
cost savings.

Beyond these configurations, researchers have also explored standalone HRESs inte-
grating PV, wind, PHS, and batteries to further enhance reliability, storage flexibility, and
energy autonomy. For instance, Gioutsos et al. [18] analyzed cost-optimal configurations
of renewable-based systems including PV, wind, pumped hydro, and batteries for several
island case studies, revealing that high renewable penetrations (up to 80%) can significantly
reduce electricity generation costs. Similarly, Guezgouz et al. [19] developed a hybrid en-
ergy management strategy combining battery storage for short-term and PHS for long-term
use in a solar- and wind-based off-grid system located on a farmstead in Algeria. The results
indicated high reliability (97.5%) at a relatively low cost (€0.162/kWh), albeit with some
sensitivity to environmental variations. Samatar et al. [20] assessed various standalone
HRES configurations for a coastal area in Somalia, incorporating PV, WT, diesel generators,
pumped hydro, and batteries. Their analysis using HOMER Pro and MATLAB showed that
the PV–wind–PHS configuration delivered the most cost-effective and environmentally
sustainable outcome, achieving a 100% renewable fraction and an LCOE of $0.03845/kWh.
In a related study, Dufo-López and Lujano-Rojas [21], proposed a metaheuristic–stochastic
optimization method for sizing and energy management of a standalone PV–wind–diesel
system integrated with hybrid pumped hydro and battery storage, addressing renewable
intermittency and system uncertainty.

In addition to standalone systems, grid-connected HRESs incorporating PV, wind,
PHS, and/or batteries have also been extensively studied to improve grid stability, reduce
fossil fuel dependency, and optimize operational costs. Abdelshafy et al. [22] developed an
energy management strategy for a grid-connected system combining battery and pumped-
storage hydropower (PSH) in the Suez region of Egypt. Using NSGA-II to minimize
investment cost and CO2 emissions, their PV and wind-based system achieved a 22.2%
reduction in electricity cost and limited annual energy exchange with the national grid to
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just 5%. Another notable study by Ramos et al. [23] developed an optimized scheduling
model for integrating PHS with PV and wind in a grid-connected hybrid system. Their
results showed significant reductions in operating costs and CO2 emissions, reaching up
to 84% during summer. The study also reported favorable financial indicators, such as a
payback period of five years, demonstrating the economic and environmental benefits of
using PSH in HRESs.

In recent years, there has been a growing academic interest in the potential of PHS
systems in Türkiye, and several pioneering studies have been conducted. Taşcıkaraoğlu
and Erdinç [24] conducted an optimization study on a wind–PHS power system that con-
siders day-ahead and balancing markets to maximize profit by exploiting electricity price
fluctuations. Based on simulation studies using real wind and market data, the proposed
price-based energy management strategy integrated with pumped-hydro storage has been
shown to be both effective and practically feasible for increasing economic gains and en-
hancing system support in high-power applications. Kocaman [25] proposes a two-stage
stochastic programming model to optimize the sizing of hybrid energy systems integrating
solar power with both pure and mixed types of PHS. In this model, pure PHS refers to
closed-loop systems without natural water inflow, whereas mixed PHS allows natural
inflow. Both configurations are evaluated under resource and demand uncertainty, with the
first application presented for Türkiye. Similarly, Kumcu [26] investigated the locations and
topography of dams and lakes of Türkiye to decide the feasibility, sustainability, efficiency,
and environmentalism of the projects. Unlike previous studies, Saltuk [27] presents a
preliminary feasibility analysis of a planned PHS project at the Gökçekaya Dam in Türkiye,
focusing on its economic and technical viability. A comparison between a standalone
PHS setup and one integrated with solar energy shows that hybrid support significantly
shortens the payback period. The study concludes that combining PHS with solar energy
and appropriate market pricing can make the investment more feasible in Turkey. Finally,
Yurter et al. [28] developed two-stage stochastic programming models for closed-loop and
open-loop PHS systems and conducted system sizing and cost analyses. The results demon-
strated that using PHS significantly reduces investment costs and demand mismatches
compared to conventional hydropower systems.

Unlike many studies conducted on general PHS systems in Türkiye, Ünver et al. [29]
specifically focus on pumped-storage hydroelectric power plants (PSHPPs) in their research.
They examined PSHPPs worldwide and investigated the technical and legal infrastructure
required for the installation of these systems in Türkiye. Similarly, Sertkaya et al. [30]
discussed the evolution of PHS systems from their conventional role in meeting peak de-
mand to their modern function in integrating renewable energy and enabling flexible daily
operation. The study highlighted that Turkey’s demand for PHS has become increasingly
critical, paralleling its expanding investments in nuclear and renewable energy sources.
Another study on PSHPP in Türkiye was conducted by Gürsakal and Uyumaz [31]. They
examine the planning stage of PSHPPs in Turkey and emphasize the importance of prof-
itability analysis and determination of operating hours based on hourly electricity market
prices. Their Relative Profitability Analysis Approach (RPAA) evaluates profitability ratios
and optimizes installed capacity and energy production, providing critical parameters for
effective PSHPP system design and operation.

Alongside numerous techno-economic optimization studies integrating PHS into
HRES, there are also comparative works that evaluate different storage technologies such as
hydrogen, batteries, and PHS within these systems. For example, Awan et al. [32] analyzed
nine off-grid HRES scenarios in Sharurah, Saudi Arabia, where batteries, hydrogen, and
PHS were used individually as alternative storage options. The PV-diesel-battery system
showed the best techno-economic performance. However, all but one scenario includes
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diesel backup, with the optimal system based on a configuration supported by fossil
fuels rather than PHS or hydrogen storage. In contrast, Alili et al. [33] presented an
integrated approach by combining hydrogen storage with PHS, and evaluated the impact
of a hydrogen energy storage (HES) unit comprising an electrolyzer, hydrogen tank, and
fuel cell within a PV/PSH-based off-grid energy system. Although the HES subsystem had
relatively small capacity, it contributed to reducing excess electricity supply by 15.3% and
led to a 5.4% increase in exergy efficiency. Furthermore, the inclusion of HES allowed for
downsizing the PV and PSH components and resulted in a 0.5% total cost reduction.

As summarized in Table 1, earlier studies generally focused on single or dual storage
configurations (e.g., battery only, PHS only, hydrogen only, battery–PHS, battery–hydrogen,
PHS–hydrogen), with limited evaluation of interactions among electrical, mechanical,
and hydrogen-based storage. In this work, three different storage technologies (PHS,
battery, and hydrogen-based hybrid energy storage) were simultaneously defined as design
variables within the same optimization model, enabling the exploration of six distinct
hybrid configurations. Additionally, this HRES model includes a fuel cell-supported heat
recovery unit to meet thermal demands. Although the optimal results did not include
all three storages concurrently, the analysis reveals the techno-economic interactions and
trade-offs that determine the competitiveness of each storage combination.

Table 1. Comparison of hybrid renewable system studies showing the evolution from single- to
multi-storage configurations.

Reference System Configuration Storage Types
Heat

Recovery/Thermal
Integration

Key Limitation/Gap

Hosseini et al. [8] PV–Electrolyzer–FC-
HT Hydrogen SOFC-CHP Single storage; no PHS; no

CHP coupling

Pürlü et al. [11] PV–Wind–Battery–DG Battery No Single storage; no PHS; no
CHP coupling

Pattnaik et al. [12] Wind–PV–Thermal–
PHS PHS Partial (thermal) Single storage; no CHP

coupling

Ma et al. [15] PV–PHS PHS No Single storage; no CHP
coupling

Jurazs et al. [16] PV–Wind–PHS PHS No Single storage; No CHP
coupling

Simão and Ramos [17] PV–Wind–PHS PHS No Single storage; no CHP
coupling

Gioutsos et al. [18] PV–Wind–PHS–Battery PHS, Battery No No hydrogen storage; no
CHP coupling

Guezgouz et al. [19] PV–Wind–PHS–Battery PHS, Battery No No hydrogen storage; no
CHP coupling

Samatar et al. [20] PV–Wind–Diesel–PHS–
Battery PHS, Battery No No hydrogen storage; no

CHP coupling

Dufo-López &
Lujano-Rojas [21]

PV–Wind–Diesel–PHS–
Battery PHS, Battery No No hydrogen storage; no

CHP coupling

Abdelshafy et al. [22] Grid-connected
PV–Wind–Battery–PHS PHS, Battery No No hydrogen storage; no

CHP coupling

Ramos et al. [23] Grid-connected
PV–Wind–PHS PHS No Single storage; no CHP

coupling
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Table 1. Cont.

Reference System Configuration Storage Types
Heat

Recovery/Thermal
Integration

Key Limitation/Gap

Awan et al. [32]
PV–Wind–Diesel (nine
scenarios with single

storage)

Battery/PHS/H2
(evaluated

individually)
No

Evaluated individually;
Single storage; no CHP

coupling

Alili et al. [33] PV–PHS–Electrolyzer–
FC-HT PHS, Hydrogen FC waste heat

recovery
Only PV-based; no battery

storage

This study

(grid connected or off
grid) PV–Wind–PHS–
Battery–Electrolyzer–

FC-HT–FC-CHP

PHS, Battery,
Hydrogen

FC waste heat
recovery

Triple storage option and
CHP coupling

This study further expands the analysis by integrating the identified storage tech-
nologies into both grid-connected and off-grid HRES architectures. Through the broader
optimization framework, multiple hybrid configurations were systematically evaluated to
capture the interactions, complementarities, and trade-offs among electrical, mechanical,
and hydrogen-based storage. In addition, extensive sensitivity analyses were performed
to assess how variations in component costs, load profiles, and meteorological conditions
influence overall system performance and resilience, offering deeper insight into long-
term feasibility.

Novelty and Contributions

Accordingly, the novelty and contributions of this study can be summarized as follows:

• This study proposes a novel HRES configuration that simultaneously investigates
three storage technologies (PHS, hydrogen, batteries) with CHP-based heat recovery.

• The broader search space allowed six distinct system configurations to be obtained
and analyzed in detail, showing how the inclusion or exclusion of each storage option
influences system performance, levelized cost, and excess energy utilization.

• It demonstrates the practical applicability of seawater-based PHS by using the sea as
the lower reservoir in a coastal hotel case study.

• The system not only addresses electrical loads but also incorporates thermal load
coverage through fuel cell waste heat recovery, offering a comprehensive evaluation
of hotel-scale energy systems.

• Representative values for PHS were selected based on regional topography and com-
parable coastal seawater PHS projects, ensuring technical and economic relevance.

• The analysis extends beyond cost optimization by evaluating financial robustness
under varying discount rates and component costs, as well as the sensitivity of system
economics to load and meteorological variations.

2. Methodology
To investigate the optimal design of the proposed HRES, both grid-connected and

off-grid operation modes were considered. The methodology involved defining key input
parameters, decision variables, and system constraints, which were then implemented in
the HOMER Pro software, Version 3.14.2 (HOMER Energy LLC, Boulder, CO, USA) for
optimization and performance analysis. The HRES configuration, comprising PV, WT, a
PHS unit, a fuel cell, an electrolyzer, a hydrogen storage tank, and battery banks, was
designed to meet the electrical and thermal energy demands of a seaside hotel located in
the Manavgat district of Turkey’s Mediterranean region. Owing to its coastal topography,
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the sea was utilized as the lower reservoir in the PHS system, offering a practical and
space-efficient design solution. The schematic representation and detailed structure of the
system components are illustrated in Figure 1 and described in the following subsection.

Figure 1. Overview of the hybrid PHS–hydrogen energy system.

2.1. System Configuration and Dispatch Strategy

The schematic layout of the proposed HRES is presented in Figure 1. In this system, PV
panels and WT are employed for renewable electricity generation. The energy management
is based on the load following dispatch strategy defined in HOMER Pro software, which
prioritizes supplying energy from renewable sources and available storage units.

When surplus energy is generated, it is first stored in a PHS system. Taking advantage
of the hotel’s coastal location, the sea is used as the lower reservoir in the PHS configuration.
If the upper reservoir is full, the excess electricity is converted into hydrogen via an
electrolyzer and stored in a hydrogen tank. Additionally, a battery storage system is
included to support short-term energy balancing and to compensate for sudden variations
in energy demand or renewable generation.

The stored hydrogen is later used in a fuel cell to generate both electricity and heat.
The waste heat produced by the fuel cell is recovered through a heat recovery system and
used to meet part of the hotel’s thermal load, while the remaining thermal demand is met
by a natural gas boiler.

In this study, different HRES scenarios are constructed by considering three distinct
storage technologies (PHS, hydrogen, and battery), along with both grid-connected and
off-grid operation modes. The main objective is to analyze these configurations to identify
the lowest-cost optimal solutions under reliability and renewable energy penetration
constraints, with a particular focus on the performance of various storage strategies.
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2.2. Meteorological Data and Load Profiles

Hourly meteorological data for the installation site were obtained from the “NASA
Surface Meteorology and Solar Energy” database integrated within the HOMER Pro™
software. The long-term monthly averages of global horizontal radiation for the period
1983–2005, as well as wind speed at 50 m height and ambient temperature for the period
1984–2013, were obtained from the NASA POWER database through HOMER Pro cor-
responding to the geographical coordinates (36.75◦ N, 31.25◦ E) [34]. The annual wind
speed and solar radiation-average temperature values for the region are presented in
Figures 2 and 3, respectively.
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Figure 2. Hourly wind speed profile for the selected location.
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Figure 3. Hourly variation in solar radiation and ambient temperature throughout the year.

The annual electrical and thermal load profiles of the hotel were derived from a
medium-sized hotel scenario located in a Mediterranean climate zone classified as “Csa”
according to the Köppen climate classification, available in the HOMER library. Electrical
demand increases during the summer months, while thermal energy demand is more
prominent in the winter. This variation requires seasonal optimization of the energy
production-consumption balance in the system design. The annual electrical and thermal
load profiles are shown in Figures 4 and 5, respectively.
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Figure 4. Annual electrical load profile.



Processes 2025, 13, 3339 9 of 31

0

10

20

30

T
h

er
m

a
l 

L
o
a
d

 (
k

W
h

)

Time (hour)

Figure 5. Annual thermal load profile.

2.3. Mathematical Model of System Components
2.3.1. PV Model

The PV panel model used in this study is a flat-plate SunPower E20-327 type panel,
included in the HOMER library [34]. No tracking technology is applied. The economic
lifetime of the PV modules is assumed to be 25 years. The power output of the PV (PPV)
can be calculated by the following Equation (1):

PPV = PPV_rated × fdr ×
G

GSTC
× (1 + αt × (Tc − TSTC)) (1)

In this equation, PPV_rated is the rated power capacity of the PV array under standard
test conditions, and fdr is the derating factor that accounts for system losses. The term
G/GSTC adjusts the power output based on the current solar irradiance G relative to the
standard test condition irradiance GSTC, typically 1 kW/m2. The temperature correction
factor 1 + αt × (Tc − TSTC) accounts for the change in power output due to the difference
between the current cell temperature Tc and the standard temperature TSTC (usually 25 ◦C).
Here, αt is the temperature coefficient of power, representing the percentage power change
per degree Celsius. In this study, the temperature coefficient of power αt is −0.380%/◦C,
and the derating factor fdr is 88%.

The cell temperature Tc is estimated using the following Equation (2):

Tc = Ta +

(
Tc,NOCT − Ta,NOCT

GT,NOCT

)
× GT ×

(
1 − ηc

τα

)
(2)

where Tc,NOCT is the nominal operating cell temperature provided by manufacturers,
typically defined under 800 W/m2 solar irradiance (GT,NOCT), 20 ◦C ambient temperature
Ta,NOCT , and open-circuit conditions. For the PV module in this study, Tc,NOCT is 45 ◦C.
HOMER assumes τα = 0.9, following the recommendation by Duffie and Beckman [35].
The model also assumes that PV modules operate at the maximum power point, so the cell
efficiency ηc corresponds to the maximum power point efficiency.

2.3.2. Wind Turbine Model

In this study, the Eocycle EOX S-16 wind turbine model, available in the HOMER
library, was utilized [34]. The turbine has a rated power of 30 kW, with a reference height
(hre f ) of 10 m and a hub height (hhub) of 23.8 m. To determine the wind turbine’s output
power at each one-hour time step, HOMER first calculates the wind speed at the hub
height (Vhub).

This calculation is performed using the logarithmic law, which considers wind speed
at the reference height (Vre f ), hhub, hre f , and surface roughness length (lsr), as expressed in
the following Equation (3):
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Vhub(t) = Vre f (t)×
ln(hhub/lsr)

ln(hre f /lsr)
(3)

The wind speed value obtained at hub height (Vhub) is then applied to the wind turbine
power curve to determine the output power at each time step. If the wind speed at hub
height falls outside the operational range defined by the turbine’s power curve, that is,
below the cut-in speed or above the cut-out speed, the turbine is assumed to produce
no power. This is one of the fundamental assumptions applied by HOMER throughout
the simulation.

Additionally, to better reflect actual environmental conditions, HOMER adjusts the
theoretical power output (Pwt_pcurve) derived from the power curve by applying an air
density correction. The actual wind turbine output power (Pwt_pcurve) is calculated using
Equation (4) below:

Pwt_out = Pwt_pcurve ×
(

ρ

ρstd

)
(4)

Here, ρ represents the actual air density (kg/m3), while ρstd refers to the standard air
density (1.225 kg/m3). This correction enables a more realistic representation of system
performance under varying altitude and temperature conditions.

2.3.3. PHS Model

In this study, in addition to batteries and a hydrogen-based backup system, a PHS
system is also integrated to store excess energy generated by renewable energy sources
such as PV panels and WT. The PHS system operates by using surplus electricity to pump
water from a lower reservoir to an upper reservoir, effectively converting electrical energy
into gravitational potential energy. During periods when the generated energy and other
backup components are insufficient to meet the load demand, the stored water is released
from the upper reservoir to flow back into the lower reservoir through a turbine-generator
unit. This process reconverts the potential energy into electricity, thereby compensating for
energy deficits in the system.

In this coastal hotel case study, the sea is considered as the natural lower reservoir,
which avoids the need for extensive excavation and makes the proposed PHS configuration
more practical for Mediterranean coastal regions. Although seawater-based PHS systems
are often criticized for corrosion challenges, operational experience from the Okinawa
Yanbaru seawater PHS station has demonstrated the feasibility of pump-turbines operating
successfully in saline conditions [36,37].

In HOMER, the PHS component is modeled using an idealized energy storage ap-
proach. In this framework, only key parameters such as maximum storage capacity (kWh),
round-trip efficiency, and maximum output/input power (kW) are required. These values
were calculated based on fundamental hydroelectric principles. Specifically, the maximum
energy storage capacity of the upper reservoir was estimated using Equation (5) [38]:

EPHS(kWh) =
ρ × g × V × h × η

3.6 × 106 (5)

In Equation (5) ρ is the density of water (1000 kg/m3), g is the gravitational accelera-
tion (9.81 m/s2), V is the volume of the reservoir (m3), h is the elevation difference between
the upper and lower reservoirs in meters (m), and η is the overall efficiency, including
turbine and generator losses. Similarly, the maximum power output was determined using
the maximum flow rate Q (m3/s), through Equation (6) [38]:

PPHS(kW) =
ρ × g × h × Q × η

1000
(6)
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In this study, the PHS system is characterized based on fundamental hydroelectric
principles. The system assumes a reservoir volume of 1000 m3 and a practical head height
of 100 m. Several studies in the literature have investigated low-head pumped hydro energy
storage systems with head heights ranging from 20 to 100 m. Micro- and pico-scale PHS
case studies, as summarized in [39], demonstrate that reservoir volumes between 80 and
1000 m3 and head heights of approximately 20–100 m are both technically and economically
feasible. In addition, Hoffstaedt et al. [40] provide a comprehensive review of low-head
PHS technologies, highlighting the technical applicability and economic viability of systems
operating within this head range. These findings, together with the demonstrated corrosion
control experience from existing seawater PHS plants, indicate that the proposed seawater-
based PHS configuration is consistent with reported literature and can be considered a
technically, structurally, and practically feasible solution for integrating renewable energy
sources in coastal regions.

Considering a combined turbine-generator efficiency of 90%, the system is capable
of delivering approximately 20.44 kW of power during discharging, resulting in a total
electrical energy output of 245.25 kWh over a 12-h discharge period. During the charging
phase, the generator operates in reverse as a pump with the same efficiency, requiring
approximately 14.8 h to refill the upper reservoir. The total energy input required for
pumping is 302.7 kWh, which reflects the system’s round-trip efficiency. Taking into
account the pumping energy (input) and the generator output energy, the round-trip
efficiency (ηRT) is formally defined as the ratio of the energy output to the energy input, as
given in Equation (7):

ηRT =
Eout

Ein
=

245.25 kWh
302.7 kWh

= 0.81 (7)

The elevation data of the coastal area at the proposed site were obtained using Google
Earth Pro [41]. As illustrated in Figure 6, the terrain elevation increases to approximately
100 m within a horizontal distance of about 1.52 km from the coastline, resulting in an
average coastal slope of 19.5% (maximum 20.5%). This gradient confirms that a 100 m
head is topographically achievable within a short inland distance, ensuring the technical
feasibility of the proposed seawater-based PHS configuration. The upper reservoir location
therefore remains sufficiently close to the coast to maintain a moderate penstock length
and a reasonable construction footprint.
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Figure 6. Elevation profile along the selected path from the Çenger/Manavgat shoreline.

This design approach is consistent with coastal seawater PHS studies such as Dufo-
López et al. [21], who reported a 250 m head difference and 1.6 km distance between the
reservoirs, as well as Ruiz et al. [37], who reported studies on seawater intake locations
ranging from 20 to 635 m from the coast, corresponding to head differences between 142 and
605 m. These comparable case studies support the technical plausibility of the selected PHS
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parameters for the Manavgat coastal region. Based on these site-specific considerations, the
next step is to determine the appropriate penstock diameter to ensure efficient water flow
between the upper and lower reservoirs.

The penstock diameter was estimated using the continuity relation between volumetric
flow and velocity [42,43]:

D =

√
4·Q
π·v (8)

where D is the internal pipe diameter (m) and v is the mean flow velocity (m/s). Based
on the reservoir volume of 1000 m3, the average volumetric flow during the charging and
discharging phases is Qcharge = 0.01875 m3/s and Qdischarge = 0.02315 m3/s, respectively.
Since the same penstock is used for both directions, the penstock should be sized according
to the higher flow rate. Assuming a typical mean velocity of approximately 2 m/s for
small hydro penstocks, as recommended by European Small Hydropower Association
(ESHA) [44] and applied in [45], the corresponding diameter is ≈ 0.12 m. This analyt-
ical estimation confirms that a compact penstock can accommodate both charging and
discharging flows without introducing substantial head losses.

HOMER Pro calculates head losses due to penstock friction and includes tur-
bine/pump efficiencies in the PHS module. For the physical implementation of the seawater
PHS system, steel penstocks with roughness values of 0.045–0.05 mm were assumed, fol-
lowing typical design practice in coastal PHS systems [21,33]. While steel provides basic
structural integrity, additional protective measures may be needed for long-term corrosion
resistance. Such measures can slightly increase penstock costs, but their impact on the total
system NPC is minimal due to the small share of piping infrastructure.

2.3.4. Battery Storage Model

In the hybrid energy system model, a generic lithium-ion battery with a nominal
storage capacity of 100 kWh was utilized to balance the intermittent nature of renewable
energy sources and improve system reliability. A nominal battery capacity of 100 kWh
was selected based on the hotel’s daily electrical load of 1505 kWh and peak demand of
123.47 kW. This sizing ensures adequate short-term load coverage while maintaining a
cost-effective storage solution. Selecting a smaller-capacity battery would require a larger
number of units to meet the same storage requirements, leading to higher investment costs
and less efficient system operation.

According to the HOMER software database, the selected battery model operates at a
nominal voltage of 600 V and has a nominal capacity of 167 Ah. The round-trip efficiency
of the storage system, which reflects the ratio of energy retrieved during discharge to the
energy used during charging, was assumed to be 90%.

The maximum allowable charge current was set to 167 A, while the maximum dis-
charge current was defined as 500 A, ensuring the battery can respond effectively to both
moderate and high load variations. The minimum state of charge (SOC) was constrained
to 20% to prevent deep discharges that could shorten battery life, while the initial SOC at
the beginning of the simulation was set to 100%.

When the total electrical power supplied by the system exceeds the load demand,
the battery bank operates in charging mode. Conversely, when the system cannot fully
meet the demand, the battery discharges to compensate for the power deficit. The energy
stored in the battery at time t, denoted as Eb(t), is updated using Equation (9), which
simultaneously captures both charging and discharging dynamics [46]:

Eb(t) = Eb(t − 1)× (1 − α) +

(
Psist(t)−

Pload(t)
ηcon

)
× ηbat (9)
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In Equation (8) Eb(t − 1) represents the battery energy at the previous time step, α

is the hourly self-discharge rate, Psist(t) and Pload(t) are the total generated power and
load demand at time t, respectively, ηcon is the converter efficiency, and ηbat is the battery
charging efficiency. A positive value of the term in parentheses corresponds to surplus
generation, leading to battery charging, while a negative value indicates a power deficit,
resulting in battery discharging. This single expression thus unifies both operational
modes while incorporating energy conversion losses and self-discharge. Although the
hourly self-discharge rate (α) is theoretically incorporated into the battery energy balance
equation, HOMER software does not explicitly account for this loss unless a non-zero value
is specified by the user. In this study, the default configuration is retained; therefore, the
self-discharge effect is assumed to be negligible.

2.3.5. Fuel Cell Model

Fuel cells are electrochemical devices that generate electricity and heat by combining
hydrogen with atmospheric oxygen. In the proposed hybrid energy system, hydrogen is
produced from surplus renewable electricity via an electrolyzer. When the system operates
in coordination with PHS, the energy management strategy prioritizes storing hydrogen
over supplying it directly to the fuel cell. The amount of hydrogen consumed by the fuel
cell (ConsH2 ) during time interval t is calculated using Equation (10) [47].

ConsH2 = f cic × Pf c_r + f cs × Pf c(t) (10)

Here, f cic is the fuel cell’s intercept coefficient (kg/h per kW of rated power), and f cs
is the slope coefficient (kg/h per kW of output). Pf c_r is the rated power of the fuel cell,
and Pf c(t) is the actual power it generates at time t. In this study, f cic and f cs are taken
as 0.0003 kg/h/kW and 0.0580 kg/h/kW, respectively. In the simulations, the PEM fuel
cell was operated with a minimum load ratio of 30% to avoid deep discharges and extreme
operating conditions that could accelerate performance degradation.

During the electrochemical conversion in proton exchange membrane fuel cells (PEM-
FCs), a significant amount of heat is released due to reversible electrochemical reactions,
ohmic losses, reaction irreversibilities, and water vapor condensation. Normally, this non-
negligible heat is dissipated into the air through cooling systems, limiting the hydrogen
utilization efficiency to around 50%. Making effective use of this waste heat is an important
research direction, and CHP is one of the most common approaches to achieve this [48].

In the proposed system, a portion of the fuel cell waste heat is recovered and trans-
ferred to the boiler as thermal energy, contributing to the system’s thermal load coverage
and enabling partial CHP operation.

The instantaneous electrical efficiency of the fuel cell, η f c (t), is calculated based on
the hydrogen consumption, using the lower heating value of hydrogen (LHVH2 ), assumed
to be 33.3 kWh/kg, as shown in Equation (11) [49,50]:

η f c(%) =
PFC

LHVH2 × ConsH2

× 100 (11)

The recoverable thermal power output from the fuel cell, PFCthr , is then determined
using Equation (12) [51,52]:

PFC_thr = ConsH2 × (1 − η f c)× LHVH2 × ηHR (12)

where ConsH2 is the hydrogen consumption rate (kg/h), and ηHR is the heat recovery ratio.
In this study, ηHR is assumed to be 60%, consistent with the default values used in HOMER.
This fraction represents the portion of waste heat that can be effectively used for ther-
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mal applications. Comparable recovery potentials have been reported for PEMFC-based
CHP systems [53,54].

To account for the dynamic interaction between the recovered heat and the thermal
load, a time-dependent allocation mechanism is introduced. The effective recovered heat
utilized to meet the building’s instantaneous thermal demand, QHR(t), is defined as:

QHR(t) = min(PFCthr (t), Qloadthr
(t)) (13)

where Qloadthr
(t) represents the thermal demand at time t. Any surplus waste heat that

cannot be utilized is expressed as:

QHR(t) = min(PFCthr (t), Qloadthr
(t)) (14)

This formulation ensures that the waste heat is recovered only when the building’s
thermal demand exists, while any unutilized portion is treated as excess heat loss.

2.3.6. Electrolyzer and Hydrogen Tank Models

The electrolyzer and hydrogen tank models are implemented based on the approach
used in the HOMER software environment [55]. In this system, the electrolyzer converts
surplus electrical energy into hydrogen with a fixed efficiency of 85%. The produced
hydrogen is stored in a pressurized tank and used later by the fuel cell when there is a
power deficit. The initial hydrogen tank level is set to 10% of its total storage capacity.

In addition, the boiler and converter components are modeled with fixed efficiencies
of 80% and 95%, respectively. The boiler is assumed to be an existing backup thermal
component in the system and therefore is not associated with any capital cost, replacement
cost, or lifetime constraints in the model. Its operation is based solely on the natural gas
price specified in the financial assumptions.

2.4. Technical and Economic Parameters of Components

The technical and economic specifications of the components used in the HRES are
summarized in Table 2. The table includes each component’s rated power, capital and
replacement costs, operation and maintenance expenses, and lifetime, based on relevant
literature sources.

Table 2. Technical and economic parameters of the system components.

Component Type Capacity Capital Cost
($)

Replacement
Cost
($)

Operation &
Maintenance

Cost
Lifetime Refs.

PV SunPower
E20-327 1 kW 1300 1300 20 $/year 25 years [56]

WT Eocycle EOX
S-16 30 kW 60,000 54,000 500

$/turbine/yr 30 years [57]

PHS Generic 245
kWh 22 kW 22,000 500 100 $/year 25 years [34,56]

Fuel cell Generic 1 kW 3000 2500 0.01 $/h 50,000 h [58,59]

Electrolyzer Generic 1 kW 1500 1000 20 $/year 15 years [60,61]

Hydrogen tank Generic 1 kg 1300 1200 15 $ 25 years [62]

Battery
Generic 100

kWh
Li-Ion

100 kWh 28,000 28,000 500 $/year 20 years/
300,000 kWh [20]

Boiler Generic - - - - 25 years [63]

Converter Generic 1 kW 300 300 - 15 years [49]
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PV degradation is set to 0%/year in the current study, according to the Multi-Year
Inputs settings in HOMER Pro. Wind turbine capacity is assumed to be constant over
its lifetime (0% annual degradation), as commonly adopted in the literature. Battery
degradation is considered through the specified lifetime and replacement cost.

3. Objective Function
In this study, the sizing optimization of PHS integrated HRES was performed under

a set of technical and economic constraints using HOMER software. Among the various
HRES configurations, the optimal system structure was identified based on the minimum
NPC. The NPC represents the total expenditure related to installing and operating the
system over its entire lifespan. These costs are adjusted to their present value using the real
discount rate. The calculation encompasses capital investments, component replacements,
operation and maintenance expenses, while also considering the salvage value of system
components at the end of the project. Each component’s NPC is derived from the present
value of its expected cost streams. Accordingly, the objective function focuses on minimiz-
ing the overall NPC, formulated as the sum of annualized capital cost (ACcap), annualized
replacement cost (ACrep), and annualized operation and maintenance (ACO&M) costs, as
expressed in Equation (15) [32].

minNPC =
ACcap + ACrep + ACO&M

CRF
(15)

The capital recovery factor (CRF) is used to convert the total NPC into an equivalent
annualized costs over the project lifetime and is given by Equation (16) [60]:

CRF[rdr, R] =
rdr[1 + rdr]

R

[1 + rdr]
R − 1

(16)

In Equation (11), rdr is the real discount rate and R is the project lifetime in years. The
real discount rate (rdr) accounts for the effect of inflation and is calculated from the nominal
discount rate (rnominal) and inflation rate ( f r), as given in Equation (17) [50–65]:

rdr =
rnominal − f r

1 + f r
(17)

In addition to NPC, HOMER also evaluates the COE as a supplementary economic
metric. COE represents the average cost of producing each kilowatt-hour of electricity over
the system’s lifetime and is calculated by Equation (18) where Eserved is the total electrical
load served by the system per year [56]:

COE($/kWh) =
ACcap + ACrep + ACO&M

Eserved
(18)

3.1. Constraints and Decision Variables

In this study, operational and design constraints were established to ensure system
reliability and sustainability. For all scenarios, the annual capacity shortage was fixed
at 0%, guaranteeing that the energy demand is fully met throughout the simulation pe-
riod. Moreover, a minimum renewable energy fraction of 75% was imposed to encourage
environmentally friendly system configurations.

The optimization considered a set of decision variables representing the sizes or quan-
tities of all system components. Each decision variable was restricted within predefined
ranges or selected from discrete values. Table 3 summarizes the types (continuous or
discrete) and boundaries of these decision variables used in the optimization process.
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Table 3. Decision variables and boundaries.

Component Variable Type Range/Values Unit

PV PPV Discrete 125–140–200–250–300–400–500 kW

Wind turbine Pwt Discrete 0–3–5–10–15 unit

Grid Pgrid Discrete 25–35–50 kW

PHS PPHS Continuous 0–20 unit

Fuel cell Pf c_r Discrete 0–10–15–20–25 kW

Electrolyzer Pelc Discrete 0–10–15–20–25–30–40 kW

Hydrogen tank Pht Discrete 0–3–4–5–7 kg

Battery Eb Continuous 0–100 kWh

Boiler Pboiler Continuous Unlimited kW

Converter Pconv Continuous 0–600 kW

3.2. Financial Assumptions

For the financial analysis, this study assumes a nominal discount rate of 6% alongside
an annual inflation rate of 2%. Based on these figures, the real discount rate is calculated
as 3.92% using Equation (17). These parameters are applied consistently throughout
the computation of NPC and COE. Additionally, the electricity and natural gas prices
incorporated in the model are based on up-to-date local market data. Table 4 summarizes
the financial parameters used.

Table 4. Key financial parameters used in economic analysis.

Parameter Value Unit

Project lifetime 25 years

Discount rate 6 %

Inflation rate 2 %

Real discount rate ≈3.92 %

Grid electricity purchase price 0.12 $/kWh

Natural gas price (for boiler use) 0.15 $/m3

4. Results and Discussion
The optimal configuration of the HRES was evaluated to meet both the electrical and

thermal energy demands of a seaside hotel in Manavgat, Antalya. The system comprised
PV panels, WT, fuel cells, electrolyzers, hydrogen tanks, PHS, batteries, converters, and
boilers, with both grid-connected and off-grid operation modes considered.

Simulations were performed in HOMER Pro using a Load Following dispatch strategy,
with predefined technical and operational constraints (as defined in Section 3.1). The
optimization process, which minimized NPC, resulted in six system configurations that
demonstrate balanced performance in terms of economic efficiency, reliability, and envi-
ronmental impact. The component combinations of these configurations are summarized



Processes 2025, 13, 3339 17 of 31

in Table 5, with the corresponding technical, economic, and environmental performance
indicators presented in Table 6.

Table 5. Component configurations of HRES under different cases.

Components Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

PV ✓ ✓ ✓ ✓ ✓ ✓

WT ✓ ✓ ✓ ✓ ✓ ✓

Fuel Cell × × ✓ ✓ ✓ ×

Electrolyzer × × ✓ ✓ ✓ ×

Hydrogen Tank × × ✓ ✓ ✓ ×

PHS ✓ ✓ ✓ ✓ × ×

Battery storage × × × × ✓ ✓

Grid ✓ × ✓ × ✓ ✓

Converter ✓ ✓ ✓ ✓ ✓ ✓

Boiler ✓ ✓ ✓ ✓ ✓ ✓

Table 6. Technical, economic, and environmental performance of optimal HRES configurations for
each case.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

PV (kW) 250 250 250 250 300 250

WT (30 kW) 10 10 10 10 10 10

Fuel Cell (kW) - - 10 10 10 -

Electrolyzer (kW) - - 10 10 10 -

Hydrogen Tank (kg) - - 3 4 4 -

PHS (245 kWh) string 8 10 9 10 - -

Battery - - - - 19 22

Grid 50 - 50 - 50 50

Converter 189.05 187.50 125.00 156.57 139 167

NPC ($) 1,326,962 1,370,273 1,370,176 1,406,142 2,027,252 2,027,022

COE ($/kWh) 0.1527 0.1577 0.1577 0.1619 0.2337 0.2336

Initial capital ($) 1,157,715 1,201,250 1,209,400 1,242,170 1,614,050 1,591,059

Operating cost ($/yr) 10,744.24 10,729.97 10,206.45 10,409.34 26,231.02 27,676.05

Renewable Fraction (%) 96.34 96.63 96.38 96.63 96.51 96.32

Total Electrical Production
(kWh/yr) 791,986 790,307 791,938 790,432 888,042 792,053

Unmet Electric Load (%) 0.0488 0.0602 0.0513 0.0619 0.0561 0.0482

Excess Electricity (kWh/yr) 166,812 164,703 166,403 164,481 273,164 195,222

Excess Electricity (%) 21.1 20.8 21 20.8 30.8 24.6

CO2 Emissions Reduction
(ton/yr) 259 259.9 259.2 260.1 255.2 247.2

Boiler fuel consumption
(m3/kg) 2424 2424 2421 2423 2277 2424

Table 6 summarizes the key performance indicators of the six optimal HRES config-
urations, including the installed capacities of each system component, NPC, COE, initial
capital cost, annual operating cost, renewable energy fraction, total electrical production,
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unmet load percentage, excess electricity, boiler fuel consumption, and the estimated
annual CO2 emissions reduction. These indicators provide a comprehensive basis for
comparing the alternative configurations and support the identification of cost-effective
and environmentally reliable energy supply solutions for the hotel.

Case 2, which represents a grid-independent version of Case 1, shows a slightly higher
NPC and COE, with increases of 3.26% and 3.27%, respectively. The renewable energy
fraction remains nearly the same, with only a 0.31% difference. In terms of cost structure,
Case 2 has a 3.76% higher initial capital cost and a slightly lower annual operating cost
by 0.13%. These differences arise mainly from the absence of a grid connection in Case 2,
which necessitates a greater degree of self-sufficiency. To meet the annual capacity shortage
constraint without grid support, the PHS capacity in Case 2 was increased by 25% compared
to Case 1. This adjustment helped maintain system reliability while enhancing energy
autonomy, making Case 2 a more suitable solution for off-grid or remote applications where
access to the grid is limited or not feasible.

Case 3 integrates a hydrogen subsystem consisting of a 10 kW fuel cell, 10 kW elec-
trolyzer, and 3 kg hydrogen tank, together with a 12.5% larger PHS capacity compared
with Case 1. These additions increase the NPC and COE by 3.26% and 3.27%, respectively.
Although the initial capital rises by 4.46%, the annual operating cost decreases by 5.01%,
indicating a modest improvement in operational efficiency. The renewable fraction (96.4%)
and reliability are almost identical to those of Case 1. Thus, Case 3 enhances the system’s
energy management capability and operational autonomy, as the integration of hydrogen
components allows more effective balancing between variable renewable generation and
demand, with only a limited cost penalty.

Case 4 further reduces grid dependency while maintaining the same hydrogen-based
components as Case 3. To meet the annual capacity-shortage constraint, the PHS capacity is
increased by 11% and the hydrogen-tank capacity by 33% relative to Case 3. Consequently,
compared to Case 3, the NPC and COE increase by 2.62% and 2.66%, respectively, while
the initial capital and operating costs rise by 2.7% and 2.0% due to the enlarged PHS and
hydrogen-tank capacities. Compared to Case 1, the NPC and COE are 5.97% and 6.02%
higher, respectively. Although this configuration maintains nearly identical renewable
fraction and reliability levels (96.6% and 0.06%), the higher costs make it suitable primarily
for remote sites without grid access.

Case 5 differs from previous configurations by eliminating the PHS subsystem and
relying instead on a 19 kWh battery bank along with larger renewable capacities (300 kW
PV, 10 kW WT, 10 kW FC/Electrolyzer, 4 kg H2 tank). Compared to Case 1, the NPC
and COE increase by 52.8% and 53.0%, reaching 2.03 M$ and 0.23 $/kWh, respectively.
The initial investment grows by 39%, and the annual operating cost more than doubles
(144%) relative to Case 1 due to the enlarged renewable capacities and battery storage.
Although the renewable fraction remains high (96.5%), the excess electricity rises to 30.8%
(63.8% higher than Case 1), reflecting system over-sizing to satisfy reliability constraints.
Therefore, Case 5 ensures reliable operation but at significantly higher costs in the absence
of long-duration PHS storage.

Case 6 also excludes the PHS subsystem and relies solely on a 22 kWh battery while
retaining a 50 kW grid connection. Compared with Case 1, the NPC and COE increase by
approximately 53%, reaching 2.03 M$ and 0.23 $/kWh, respectively. The initial capital rises
by 37%, and the annual operating cost nearly triples due to the higher cost of battery-based
storage. The renewable fraction remains around 96.3%, while excess electricity increases
to 24.6% (17% higher than Case 1), reflecting oversizing to meet the reliability constraint.
Compared with the other battery-integrated configuration (Case 5), Case 6 exhibits similar
techno-economic performance but achieves slightly lower excess electricity owing to its
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larger battery capacity. Hydrogen-integrated configurations with PHS (Cases 3 and 4)
exhibit lower NPC and COE values and improved energy management compared with
battery-integrated systems (Cases 5 and 6), confirming the techno-economic advantage
of combining hydrogen storage with moderate PHS scaling for hotel-scale applications.
Furthermore, the direct comparison between Case 1 and Case 6 highlights the superior per-
formance of the proposed PHS-based storage system over purely battery-based alternatives,
particularly in terms of cost-effectiveness and reduced excess electricity losses.

Overall, among all configurations, the PHS-based systems (Cases 1–4) achieve the
best techno-economic balance, offering lower costs and minimized excess electricity while
maintaining high renewable utilization and reliability levels.

As summarized in Table 6, considering all configurations, PHS emerges as the most
efficient and cost-effective storage option, ensuring economic, reliable, and environmentally
sustainable operation of the hotel’s HRES. The unmet electric load values, ranging from
0.048% to 0.062% across all cases, confirm the effectiveness of the implemented load-
following strategy in maintaining high system reliability.

Figure 7 provides a detailed cost breakdown for each case, including capital, replace-
ment, operation and maintenance, fuel, salvage, the total NPC, and the COE. Serving as a
complementary visualization to Table 6, this figure enables a clearer comparison of the cost
distribution among the six HRES configurations.
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Figure 7. Comparison of cost types for six different cases.

It is clearly observed from Figure 7 that Case 1 emerges as the most cost-effective
solution. Moreover, the first four HRES configurations, all of which utilize PHS as the main
storage technology, exhibit relatively close values across all cost categories (i.e., capital,
replacement, operation & maintenance, fuel, and salvage). In contrast, Cases 5 and 6 lead
to significant increases across all cost components, including COE, as clearly illustrated in
the figure.

4.1. Thermal Energy Management and Heat Recovery Performance

To better illustrate the role of heat recovery and the coordination between the fuel
cell and boiler, Table 7 summarizes the annual thermal energy contributions for each
configuration. The fuel cell contributes thermal energy through recovered waste heat,
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which is first utilized to meet part of the heating demand and reduces the energy that must
be supplied by the boiler, thereby lowering the boiler’s fuel consumption.

Table 7. Annual thermal energy generation and distribution among system components.

Case Fuel Cell Thermal
Output (kWh/yr)

Fuel Cell Share
(%)

Boiler Output
(kWh/yr)

Boiler Share
(%)

Excess Thermal
(kWh/yr)

Excess Thermal
(%)

1 – – 19,151 100 – –

2 – – 19,151 100 – –

3 113 0.588 19,125 99.4 87.1 0.455

4 71 0.37 19,138 99.6 57.8 0.302

5 4101 18.6 17,988 81.4 2938 15.3

6 – – 19,151 100 – –

Figure 8 presents the hourly variation in the thermal power during a representative
period (21–22 November) for Case 3, corresponding to the optimum CHP configuration.
When the thermal load (Qloadthr

) is active, the recovered heat from the fuel cell (PFCthr ) is
first utilized to partially meet the demand, and the remaining deficit is supplied by the
boiler. This interaction demonstrates the temporal coordination between the two thermal
sources and confirms.
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Figure 8. Power management simulation results for Case 3 during 21 and 22 November.

In addition to the representative hourly results for the optimum configuration (Case
3), Figure 9 presents the fuel cell CHP behavior for Case 5, which corresponds to the config-
uration without PHS but with both hydrogen and battery storage. Specifically, Figure 9a
shows the annual variation in the fuel cell electrical output, while Figure 9b presents the
fuel cell thermal output together with the boiler thermal output. In this configuration, the
fuel cell operates more frequently when the hotel’s electrical load increases and the total
renewable generation (PV and wind) is insufficient to meet the demand. During spring and
summer, this leads to higher fuel cell operation and increased recovered thermal energy, a
significant portion of which becomes excess heat due to low thermal demand. In contrast,
during winter months, when the thermal load is high, the fuel cell’s recovered heat alone is
insufficient, and the boiler supplements the deficit to ensure that the building’s thermal
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demand is fully satisfied. This figure thus illustrates the seasonal variation in recovered
heat and the coordination between the fuel cell and boiler throughout the year.

Figure 9. Annual performance of the fuel cell and thermal load balance in Case 5: (a) Annual fuel cell
electrical output, (b) Annual fuel cell thermal output and boiler thermal output.

4.2. Optimum HRES Solution

Figure 10 presents the detailed cost breakdown of the system components for the
optimal configuration identified in Case 1 among six different scenarios. According to
Figure 10, the highest capital cost is attributed to the wind turbine, amounting to approxi-
mately $600,000, followed by the PV system with a capital cost of around $325,000, and
PHS with $176,000.
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In terms of operation and maintenance costs, PV and wind turbine systems collectively
constitute the largest share, totaling approximately $78,761.98, while PHS contributes
$12,601.92. Other components such as the boiler, grid, and converter have negligible or
non-visible cost contributions in this scenario.

Figure 11 presents the monthly distribution of the system’s electrical load alongside
the contributions from PV, WT, PHS in both charge and discharge modes, and the grid.
Over the course of the year, 56% of the total electricity generation was provided by PV,
43.8% by WT, and only 0.21% by the grid. Due to the characteristics of the Mediterranean
climate, solar irradiation significantly decreases during the winter months, which explains
why PV becomes the dominant electricity source in all months except November, December,
and January. The PHS system actively operated in both charging and discharging modes
throughout the year, contributing to energy balance, particularly by supplying additional
power during periods of insufficient generation. Grid usage remained minimal, indicating
that the system was largely self-sufficient. Overall, the distribution demonstrates a strong
alignment between renewable energy generation and the load profile.
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Figure 11. Monthly distribution of resource contributions to electricity demand in Case 1.

Figure 12 illustrates the power flow components for the first two days of April based on
the PMS simulation results. The system prioritizes the use of renewable energy to meet the
AC primary load, and excess energy is stored in the PHS unit. When renewable generation
falls short of the demand, the PHS discharges to maintain supply continuity. Notably,
the grid contribution remains negligible throughout the observed period, indicating the
effectiveness of the proposed power management strategy in enabling autonomous system
operation. This result highlights the importance of coordinated storage utilization to
balance variability in renewable energy generation.

4.3. Sensitivity Analysis
4.3.1. The Impact of Real Discount Rate on NPC and COE

The economic performance of HRESs is highly sensitive not only to their technical con-
figurations but also to the financial assumptions applied. In this context, the real discount
rate plays a crucial role in evaluating the present value of all costs incurred throughout the
entire lifetime of the system. It helps reduce the impact of inflation on long-term financial
assessments, allowing for more accurate and realistic investment evaluations [66]. Since



Processes 2025, 13, 3339 23 of 31

the real discount rate may vary depending on overall economic fluctuations, it is regarded
as a critical parameter that must be considered in sensitivity analyses [67].

In this study, the impact of real discount rate on NPC and COE was evaluated for
six different system configurations. The goal is to assess the financial robustness of each
configuration under varying economic conditions and to identify the most stable alterna-
tives in terms of investment decisions. The real discount rate varied from 1.96% to 7.84%,
corresponding to nominal discount rates between 4% and 10%, and its effect on both COE
and NPC was analyzed for all system configurations (Figure 13). Results indicate that
as the discount rate increases, COE generally rises, while NPC decreases, reflecting the
reduced present value of future costs. Cases 1 and 2, which rely solely on PV, wind, and
PHS (with or without grid backup), exhibit the lowest sensitivity, mainly because their
configurations are simpler and involve fewer cost-intensive components. Cases 3 and 4, in-
corporating hydrogen technologies (fuel cell, electrolyzer, and H2 tank) in addition to PHS,
show slightly higher sensitivity, as the added hydrogen components increase both capital
and replacement costs. However, their relatively small capacities limit the overall impact.
Case 5, which integrates hydrogen storage alongside high-capacity PV and battery systems,
displays moderate sensitivity, whereas Case 6, featuring only a large battery capacity but
no hydrogen or PHS, exhibits the highest sensitivity due to the dominant influence of its
large capital investments on both NPC and COE. Overall, systems with diversified storage
types tend to be financially more robust under varying economic conditions than those
relying solely on batteries.
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Figure 12. Power management simulation results for Case 1 during the first two days of April.

4.3.2. Sensitivity of NPC and COE to Component Costs in Case 1

The sensitivity analysis results for Case 1, presented in Figure 14, were conducted by
varying the total costs of each component—including capital, operation and maintenance,
and replacement—within a ±50–150% range, with the 100% baseline serving as the refer-
ence point. The results reveal distinct impacts of these cost variations on the system’s NPC
and COE. Among the components, WT demonstrate the highest sensitivity, with NPC and
COE varying by approximately ±25% when WT total costs change by ±50%, indicating
that system performance is particularly dependent on WT cost assumptions. PV systems
show moderate sensitivity, with NPC and COE deviations ranging from −15% to +15%,
suggesting that PV total cost fluctuations also significantly influence system economics.
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In contrast, PHS exhibits relatively low sensitivity, with changes in NPC and COE within
±7%, highlighting the stabilizing role of PHS costs in overall system performance. Overall,
the analysis indicates that reductions in WT and PV total costs could substantially decrease
system costs, whereas PHS cost variations have only a limited effect. This outcome is
consistent with the component sizing in Case 1, where WT and PV dominate the system
investment, whereas PHS represents a smaller share of the total system cost. These findings
emphasize the importance of prioritizing investment and policy measures targeting the
more sensitive components to optimize the economic performance of HRESs.

 

-60%

-40%

-20%

0%

20%

40%

-8%

-6%

-4%

-2%

0%

2%

4%

6%

1.5% 2.5% 3.5% 4.5% 5.5% 6.5% 7.5% 8.5%

C
O

E
 V

a
ri

a
ti

o
n

 R
el

a
ti

v
e 

to
 B

a
se

li
n

e 
(%

)

N
P

C
 V

a
ri

a
ti

o
n

 R
el

a
ti

v
e 

to
 B

a
se

li
n

e 
(%

)

Real discount rate (%)

Case 1_NPC Case 2_NPC Case 3_NPC Case 4_NPC Case 5_NPC Case 6_NPC

Case 1_COE Case 2_COE Case 3_COE Case 4_COE Case 5_COE Case6_COE
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-30%

-20%

-10%

0%

10%

20%

30%

-35%

-25%

-15%

-5%

5%

15%

25%

35%

50% 60% 70% 80% 90% 100% 110% 120% 130% 140% 150%

C
O

E
 V

a
r
ia

ti
o

n
 R

e
la

ti
v
e
 t

o
 B

a
se

li
n

e
 (

%
)

N
P

C
 V

a
ri

a
ti

o
n

 R
el

a
ti

v
e 

to
 B

a
se

li
n

e 
(%

)

Cost Variation (%)

NPC_PHS Cost Variation NPC_PV Cost Variation NPC_WT Cost Variation

COE_PHS Cost Variation COE_PV Cost Variation COE_WT Cost Variation

Figure 14. Relationship between cost variations of system components on NPC and COE (Case 1).



Processes 2025, 13, 3339 25 of 31

4.3.3. Sensitivity of NPC and COE to Storage Component Costs in Case 3

In Case 3, sensitivity analysis was conducted on the NPC and COE by varying the total
costs of each component (including capital, operation and maintenance, and replacement)
by ±50 relative to their baseline values (see Figure 15).
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Figure 15. Effect of storage component cost variations on NPC and COE in Case 3.

The results reveal that the fuel cell (FC) and electrolyzer exert only marginal influence
on the overall system economics, with maximum NPC and COE deviations of ±0.8%.
The hydrogen storage tank shows an almost negligible impact, with changes of up to
0.2% in both NPC and COE. In contrast, PHS significantly affects the system performance,
causing up to 7.7–7.8% increases in NPC and COE at the highest cost variation. These
results indicate that the system’s cost-effectiveness is predominantly governed by the PHS
component, while the hydrogen-based subsystem has only a minor effect.

The observed sensitivity patterns are directly related to the relative sizes of the com-
ponents in the optimal configuration (see Table 6). The FC (10 kW), electrolyzer (10 kW),
and hydrogen tank (3 kg) were sized at relatively small capacities, resulting in very low
contributions to the total system cost. Therefore, variations in their costs led to only minor
changes in NPC and COE. On the other hand, PHS, with a total capacity of approximately
2.2 MWh (9 strings of 245 kWh each), represents the dominant storage unit in the system,
accounting for a substantial portion of the total investment. Consequently, cost variations
in PHS had the highest influence on the system economics, yielding the greatest sensitivity
in both NPC and COE.

4.3.4. Sensitivity of NPC and COE to Load and Meteorological Parameters in Case 1

To evaluate the robustness of the optimal configuration (Case 1), a parametric
sensitivity analysis was conducted by varying solar irradiance, ambient temperature,
and wind speed by ±25%. The resulting impacts on NPC and COE are illustrated in
Figures 16 and 17, respectively.
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Figure 16. Sensitivity of NPC to variations in solar irradiance, temperature, and wind speed (Case 1).
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Figure 17. Sensitivity of COE to variations in solar irradiance, temperature, and wind speed (Case 1).

Among the tested parameters, wind speed has the strongest influence on techno-
economic performance. A 25% reduction in wind speed increases NPC and COE by 2.27%
and 2.95%, respectively, due to reduced renewable generation and higher grid dependence.
Conversely, a 25% increase in wind speed slightly decreases NPC and COE by 0.06% and
0.13%, as the benefit of excess wind production is partially offset by limited storage capacity
and minor curtailment during high-wind periods.

Solar irradiance shows a moderate effect. A 25% decrease raises NPC and COE by
1.19% and 1.57%, while a 25% increase reduces them by only about 0.13%. This limited
improvement arises because the system cannot fully utilize the additional PV generation
under fixed load and storage conditions, leading to small curtailment losses.

Ambient temperature has a negligible impact, with NPC and COE variations remain-
ing within ±0.03%, confirming the low thermal sensitivity of the PV subsystem under the
studied climate.
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Overall, the system exhibits robust techno-economic stability under moderate stochas-
tic fluctuations in meteorological parameters, with wind speed identified as the dominant
driver affecting both NPC and COE.

Figure 18 illustrates the impact of varying the system load from −25% to +25% on the
NPC and COE. As the load increases, the NPC shows a moderate upward trend due to
the higher energy production required to satisfy the additional demand and the increased
reliance on the grid to compensate for renewable generation deficits. However, the COE
decreases because the system’s fixed and investment costs are distributed over a larger
energy output. Conversely, when the load is reduced, the NPC slightly decreases due to the
reduced use of the grid, which contributes a smaller share to the total energy supply. The
COE, however, increases because the same fixed costs are allocated to a smaller amount
of energy. Quantitatively, a 25% load reduction results in an approximate 33% increase in
COE, whereas a 25% load increase leads to a 16% decrease in COE. In contrast, the total
NPC varies only slightly over this load range, by approximately −0.24% to +3.43%. These
results confirm that the COE is more sensitive to load fluctuations than the NPC.
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Figure 18. Effect of load variation (±25%) on NPC and COE (Case 1).

5. Conclusions
This study proposed the design and techno-economic optimization of an HRES for a

seaside hotel in Manavgat, Antalya. The proposed system integrates PV panels, WT, PHS,
hydrogen storage (via fuel cell, electrolyzer, and H2 tank), batteries, and a boiler to meet
both electrical and thermal energy demands under strict operational constraints, including
0% unmet load and a minimum renewable fraction of 75%. Both grid-connected and
off-grid operation modes were considered to evaluate system flexibility and applicability
in various scenarios.

Among the six configurations, the PHS-based system with grid support (Case 1)
emerged as the most cost-effective solution, achieving an NPC of $1.33 million and a
COE of $0.1527/kWh, while maintaining a renewable penetration of 96.34% and mini-
mal excess electricity (21.1%). The off-grid PHS-based configuration (Case 2) and PHS–
hydrogen storage systems (Cases 3–4) showed competitive performance with slightly
higher costs. Cases 3–4 additionally provide complementary storage pathways and coordi-
nated operation, contributing to waste heat utilization and system redundancy in case of
component unavailability.
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Battery-dominant systems without PHS (Cases 5–6) resulted in significantly higher
initial capital costs (≈37–39%) and substantially higher COE values (≈53%), highlighting
the cost and operational advantage of incorporating long-duration PHS. All PHS-based
configurations maintained excess electricity at about 21%, while battery-dominant systems
(Cases 5–6) experienced excess generation up to 31%, demonstrating the superior energy
balancing capability of PHS.

The integration of renewable energy sources with storage components significantly
reduces greenhouse gas emissions, with optimal configurations achieving up to 260 tons of
annual CO2 reduction compared to a fully grid-dependent baseline.

Sensitivity analyses indicate that PHS-based configurations provide financial robust-
ness under varying real discount rate assumptions, while battery-only systems are more
sensitive to real discount rate variations. Component cost sensitivity analysis confirms
that WT and PV systems dominate system economics, whereas the PHS plays a stabilizing
role and the hydrogen storage subsystem has a negligible impact due to its relatively small
capacity. Load and meteorological variations primarily influence COE rather than total
NPC, emphasizing the economic benefit of high renewable utilization and storage coordi-
nation. Overall, these findings demonstrate that combining PHS with optional hydrogen
storage ensures a cost-effective, reliable, and environmentally sustainable HRES suitable
for hotel-scale applications.
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