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Abstract

Access to renewable energy is vital for rural development and climate change mitigation.
The intermittency of renewable sources necessitates efficient energy storage, especially in
off-grid applications. This study evaluates the technical, economic, and environmental
performance of an off-grid hybrid system for the rural settlement of Soma, Turkey. Using
HOMER Pro 3.14.2 software, a system consisting of solar, wind, battery, and hydrogen
components was modeled under four scenarios with Cyclic Charging (CC) and Load Fol-
lowing (LF) control strategies for optimization. Life cycle assessment (LCA) and hydrogen
leakage impacts were calculated separately through MATLAB R2019b analysis in accor-
dance with ISO 14040 and ISO 14044 standards. Scenario 1 (PV + wind + battery + Hp)
offered the most balanced solution with a net present cost (NPC) of USD 297,419, with a
cost of electricity (COE) of USD 0.340/kWh. Scenario 2 without batteries increased hydro-
gen consumption despite a similar COE. Scenario 3 with wind only achieved the lowest
hydrogen consumption and the highest efficiency. In Scenario 4, hydrogen consumption
decreased with battery reintegration, but COE increased. Specific CO, emissions ranged
between 36-45 gCO;-eq/kWh across scenarios. Results indicate that the control strategy
and component selection strongly influence performance and that hydrogen-based hybrid
systems offer a sustainable solution in rural areas.

Keywords: hybrid renewable energy; hydrogen storage; techno-economic analysis; life
cycle assessment (LCA); specific CO, emissions

1. Introduction

Electricity is an essential form of energy for sustaining critical infrastructure, such
as healthcare, communication, transportation, and water supply, which are indispensable
services of modern societies. However, as the majority of electricity generation still relies on
fossil fuels, the energy sector remains a major source of global greenhouse gas emissions [1].
Since the mid-20th century, increasing CO, emissions have posed a significant obstacle in
the fight against climate change [2]. In Turkey, as of 2024, coal-fired power plants account
for more than 35% of electricity generation, resulting in approximately 552.2 million tons
of CO; emissions annually across the country [3-5]. According to the projections by the
International Energy Agency (IEA), meeting the growing electricity demand sustainably
will require the rapid deployment of energy storage systems in conjunction with renewable
energy resources [6-9].

The inherent intermittency of renewable energy production is one of the main prob-
lems threatening the security of supply. At this point, hydrogen stands out as a promising
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energy carrier thanks to its high specific energy density, long-term storage capacity, and
the solutions it offers in sectors that are difficult to decarbonize [10-13]. “Green hydrogen”
obtained from renewable resources through electrolysis makes strategic contributions to
the energy transition by offering zero carbon emissions not only from production but also
after use. The integrated use of hydrogen, especially in transportation, heavy industry, and
off-grid settlements, offers significant advantages in terms of environmental sustainability.
However, the environmental impacts of hydrogen are not limited to the emission values
at the moment of end-use. It needs to be evaluated from a wide life cycle perspective,
from production processes to storage and even atmospheric leakage possibilities [14]. In
particular, it is emphasized in the literature that hydrogen leakage can extend the lifetime
of greenhouse gases, such as methane and ozone, by reducing OH radicals in the atmo-
sphere, thus creating indirect emission effects [15]. Therefore, the environmental impacts of
hydrogen-based systems throughout their life cycle should be comprehensively analyzed.
In Turkey, despite the increase in renewable energy capacity, the systematic integration
of hydrogen in emission-intensive sectors, such as industry and transportation, is still in
its infancy [16-18]. According to Sabanci University IICEC’s 2022 analysis, Turkey has
the potential to produce 3.4 million tons of green hydrogen per year [16]. On the other
hand, the targets set in the National Hydrogen Technologies Strategy have not yet been
fully reflected in field applications; studies on hydrogen-based off-grid system designs,
especially in rural areas, have remained very limited in the literature [19-22]. As shown in
Table 1, recent studies examining the technical, economic, and environmental performances
of hydrogen-based hybrid energy systems are presented in the literature.

Table 1. Literature table.
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carbon neutrality.

Recent studies highlight the importance of optimization and storage strategies in
distributed generation and microgrid planning [35,36]. Based on these insights, this study
investigates hybrid solar-wind-hydrogen systems to meet rural off-grid energy demand.
While the studies summarized above show that hybrid systems are technically and envi-
ronmentally promising, applications to rural areas and comprehensive evaluations of the
environmental impacts of hydrogen are still scarce.

This study aims to design a low-carbon energy system based on PV-wind-hydrogen
integration for a rural, off-grid village in Manisa, Turkey. The novelty of the research lies
in (i) the integration of hydrogen leakage into technology, economics and environmental
optimization, (ii) the simultaneous assessment of the carbon and life cycle impacts of
hydrogen production, storage and leakage, and (iii) the analysis according to local resource
and demand scales in rural areas of Turkey. This approach fills an important gap in the
literature for carbon neutral energy planning and sustainable use of hydrogen.

In this context, Section 2 presents the methodology, including the study area, load
profile, system components, simulation tool, carbon calculation method, and scenario
analysis. Section 3 includes the findings and discussion, covering energy performance,
emission results, sensitivity analysis, and literature comparisons.

2. Materials and Methods

In this study, the technical, economic, and environmental performance of an off-grid
hybrid PV-wind-hydrogen energy system is analyzed on a scenario basis. Simulation and
optimization processes were performed with HOMER Pro 3.14.2 software [37]. The system
components include photovoltaic panels, wind turbines, electrolyzer, hydrogen tank, fuel
cell, converter, and lithium-ion battery, and the capacity ranges for each component are
optimized within certain limits.

As part of the economic assessment, net present cost (NPC), levelized cost of energy
(COE), investment, and annual operating costs were calculated for each scenario. In
the technical analysis, indicators, such as energy production, consumption, unmet load,
capacity deficiency, and over generation rate were analyzed.

In the environmental analysis, in addition to the direct carbon emissions calculated by
HOMER Pro, hydrogen production, storage, and consumption processes were evaluated
with a life cycle analysis (LCA) approach. In addition, the carbon footprint of system
components due to production and the impact of hydrogen leakage on indirect global
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warming potential were calculated and compared on a scenario basis [38]. These analyses
reveal that environmental sustainability should be addressed not only with direct emissions
but also with the indirect impacts of component lifetimes, production processes, and
hydrogen infrastructure. The flowchart of the steps followed in this study is given in
Figure 1.

Define study area & collect data
(load profile, solar & wind resources)

A 4

Resource potential assessment
(component selection, wind speed nis

A

System design & scenario definition
(component selection: PV, wind turbine, battery,
electrolyzer, fuel cell, H, tank; capacity limits)

y

Simulation & economical analysis
in HOMER

A

Hydrogen leakage & LCA analysis
in MATLAB

y

Comparative evaluation & conclusions

Figure 1. Methodological flowchart for the off-grid hybrid PV-wind-hydrogen system analysis.

2.1. Modeling and Optimization

In this study, a scenario-based analysis of hydrogen-based energy storage compo-
nents (electrolyzer, fuel cell, hydrogen tank) and battery systems integrated into a hybrid
generation system based on solar and wind resources is performed. The modeling and
optimization process was performed using HOMER Pro software developed by the Na-
tional Renewable Energy Laboratory (NREL) [37,39]. HOMER Pro simulates the energy
balance on an hourly basis for an entire year by integrating (i) meteorological inputs (solar
radiation from Solar Global Atlas and wind speed from Wind Global Atlas), (ii) community
load profiles scaled with TurkStat household consumption data, and (iii) technical and
cost parameters of PV modules, wind turbines, electrolyzers, fuel cells, hydrogen tanks,
batteries, and converters. Default cost and efficiency values from the HOMER database
were applied unless more specific values were reported in the literature.

The software models electricity generation, storage, hydrogen production and con-
sumption, and economic outcomes to determine the most efficient system configuration.
In this study, the hydrogen related components available in HOMER, namely the PEM
electrolyzer, hydrogen storage tank, and fuel cell, are explicitly included to evaluate the
long-term storage capacity and ensure supply reliability in different operational scenarios.
During the optimization, HOMER varied the component capacities in user-defined ranges
to minimize the Net Present Cost (NPC), while also calculating the Levelized Cost of Energy
(COE), renewable rate, and operational feasibility. In this way, the methodology provides
a transparent and reproducible framework for scenario-based comparisons of technical
feasibility and economic sustainability. Figure 2 shows the overall energy flow of the hybrid
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system with PV-wind generation and hydrogen and battery storage infrastructure and
highlights the control logic between the main components.

Load

Deferrable Load

Battery

Wind turbine Fuel Cell

i Hydrogen storage

Figure 2. Block diagram of a hybrid renewable energy system.

2.1.1. Load Profile Assessment

The load profile used in this study is based on the energy demand of a rural settlement
of approximately 40 households. According to TurkStat data, the average annual electricity
consumption per household in Turkey is 2000-2500 kWh, which corresponds to approximately
3—4 kWh per day in rural areas [40]. Accordingly, for a settlement of 40 households, only
residential consumption can be calculated in the range of approximately 120-160 kWh/day.
However, not only residential consumption but also agricultural irrigation, common area
lighting, small-scale commercial activities (e.g., grain milling, cold storage), and public services
(school, health center, mosque, etc.) are taken into account in the model. In line with this
expanded scope, the total daily load is defined as 165.29 kWh/day and modeled through the
community type load profile. The base load profile was selected from HOMER Pro 3.14.2s
built-in Community Load template, specifically the “January peak” scenario. This generic
profile was scaled to match the estimated daily energy demand of the case study area [39].

Kiiciik Gliney Neighborhood of Soma district of Manisa province, selected as a pilot
site, offers suitable conditions for off-grid system design in terms of both solar and wind
potential and limited grid access.

The load profile was modeled with annual hourly data in HOMER Pro 3.14.2 software;
the load factor was determined as 0.29 and the peak load as 23.7 kW. In addition, time-
flexible energy demands (agricultural irrigation, hydrogen production, etc.) were modeled
as Deferrable Load and contributed to the utilization of renewable generation surpluses.
The load profile for Kii¢iik Giiney (Manisa, Soma) settlement is presented in Figure 3.

2.1.2. Deferrable Load

In order to adapt to the intermittent generation characteristic of renewable energy
resources and to increase system flexibility, some consumption items with time flexibility
are defined as Deferrable Load. In this context, deferrable energy requirements, such as
hydrogen production, water pumping, and agricultural irrigation, are modeled under a
separate load category through HOMER Pro 3.14.2 software [39].
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Average Daily Load Profile with Variability
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Figure 3. Load profile created to meet the needs of Kiiciik Giiney in Manisa Soma district.

According to the profile presented in Figure 4, the annual average value of this flexible
load is 58.33 kWh/day and varies seasonally. The maximum value is defined as 110 kWh/day
in summer (June-August) and the minimum value is defined as 0 kWh/day in winter (January
and December). This flexible load is limited by 10 kW peak power and 100 kWh short-term

storage capacity in the system.
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Figure 4. Deferrable Load profile.
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Daily Radiation (kWh.‘mzfday)
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This approach aims to improve overall system performance by enabling the efficient
use of surplus energy, especially during periods of high solar and wind generation, and the
deferral of non-critical consumption to appropriate times.

2.1.3. Solar Panel and Wind Turbine Selection

A hybrid PV-wind-hydrogen energy system is planned to be installed in the area
located in Soma district of Manisa province at coordinates 39°15'09” N 27°38'02" E. The
site layout of the planned system is shown in Figure 5.

¢Study'Aréa

Ord

T Buyukgunéy

Figure 5. Location of the hybrid system to supply Kii¢iik Giiney in Manisa Soma district [41].

As shown in Figure 5, the geographical location of the proposed hybrid energy system
is illustrated using a satellite image from Google Earth Web. The installation site is marked
with a blue pin and the surrounding villages are labeled for spatial reference. The area
was measured using Google Earth’s built-in tools and confirmed to be a total area of
approximately 2595.65 m?, which is sufficient for the system placement. The selected area
is characterized by low topographical barriers, sparse vegetation, and barren terrain.

It was also found to be suitable for system installation in terms of parameters such as
sunshine duration and access to water resources. Insolation and wind data were integrated
into HOMER Pro 3.14.2 software from Solar Global Atlas and Wind Global Atlas platforms.
Figure 6 shows the annual average solar radiation and aperture index values for the region
under study.

,,,,,,,,,,,,,,,,,,,,, _Annual Avg:

0.75

—10.6

4.56
0.55

0.5

Clearness Index (-

0.45

0.35

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 6. Monthly mean Global Horizontal Irradiance (GHI) with monthly variability for the study
site (kWh m~2 day ). Source: Solar Global Atlas.
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Average Wind Speed (m/s)

The annual average daily radiation for the area is 4.56 kWh/m?/day. The highest daily
radiation is observed in June and the lowest in December. The Sun Power E20-327 model
was chosen as the photovoltaic panel due to its technical advantages such as high efficiency,
long lifespan, and widespread availability in the market. With its low maintenance and
reliable performance, this panel offers a suitable choice for rural off-grid applications. The
selected PV panel has a nominal capacity of 1 kW, with an investment cost of USD 800 and
a replacement cost of USD 700. The annual operation and maintenance cost is relatively low
at USD 10 [42]. The panel provides an efficiency of 20.4% and a lifetime of 25 years, while a
derating factor of 88% was considered to account for dust, temperature, and inverter and
cable losses.

Figure 7 shows the wind speed variation graph.

Monthly Average Wind Speed Data
I I

Jan

wg: 7.68 mis

Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 7. Monthly average wind speed for the study site (m s~1). Source: Wind Global Atlas.

The annual average wind speed at the identified site is 7.69 m/s, which is a prerequisite
for wind energy potential. The information shown in Figure 7 indicates that March has
the fastest wind speed, while August has the lowest wind speed. Wind turbine selection
was based on the criteria of low installation and operational complexity and long-term
reliability for small-scale and budget constrained rural energy systems. In this context,
Bergey Excel 10-R model was preferred. The selected wind turbine has a nominal capacity
of 10 kW and can operate efficiently at low to medium wind speeds with a cut-in speed of
2.5m/s and a start-up speed of 3.4 m/s. This makes it a suitable choice for small-scale rural
settlements [43]. The unit investment cost of the turbine is USD 25,000, the replacement
cost is USD 20,000, and the annual operation and maintenance cost is USD 300 [42]. Its
lifetime is assumed to be 20 years and the installation hub height was set at 30 m to ensure
reliable performance.

These components were selected to ensure sustainability, reliability, and economic
viability. Their technical and economic specifications were entered into HOMER Pro to
simulate and optimize system performance under realistic conditions. Both solar and
wind datasets provided only monthly averages. Clearness index values allowed for partial
seasonal variability in the solar data (Figure 6), while there was no such variability in the
wind data (Figure 7). Therefore, the HOMER Pro simulations used deterministic average
inputs for both sources.
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2.1.4. Hydrogen Energy Storage System Components

In this study, a hydrogen-based energy storage system is designed to store the excess
energy obtained from renewable energy sources in the long term. The system consists of three
main components: electrolyzer, hydrogen tank, and fuel cell. The technical and economic
parameters of these components were optimized using HOMER Pro 3.14.2 software.

e Hydrogen is preferred because of its ability to flexibly balance seasonal production—
consumption imbalances and its long-term storage capability. In the system, the
electrolysis of water is carried out by means of an electrolyzer powered by excess
electricity obtained from solar and wind resources and the hydrogen obtained is stored
in tanks under certain pressure conditions [44].

e In this study, a proton exchange membrane (PEM) electrolyzer, the default model
of HOMER Pro 3.14.2, was used. PEM technology is more suitable than alkaline
electrolyzers due to its rapid response to variable production profiles of renewable
energy sources, compact design, and high purity hydrogen production. The capital
cost for the electrolyzer is defined as USD 1000/kW, with a replacement cost of USD
800/kW and an annual maintenance cost of USD 15/year. This value is in line with
the recommended range of USD 900-1500/kW for commercial scale PEM electrolyzers
reported by the International Energy Agency [45].

e  For hydrogen tanks, capital cost is taken as USD 700/kg, replacement cost as USD
600/kg, and annual operating cost as USD 30/tank. These values correspond to the
average of the estimates reported by IRENA [46] and a conservative approach has
been adopted, taking into account regional cost differences and supply uncertainties.

o The capital cost of the fuel cell is USD 3000/kW, the refurbishment cost is USD
2400/kW, and the hydrogen cost is USD 3.5/kg. These costs are in line with the center
range of values reported by the International Energy Agency [47]. This choice aimed
to provide a balanced assumption for the study region, without extremes.

Lithium-ion batteries with a capacity of 1 kWh (95% efficiency) are integrated into the
system to compensate for short-term power imbalances. These batteries serve to ensure
system stability during transient load fluctuations.

Based on the HOMER simulations, the optimum system configuration was determined
to have an electrolyzer capacity of 50 kW and a hydrogen tank capacity of 80 kg. The
average annual hydrogen consumption is approximately 1800 kg/year, which corresponds
to an average daily consumption of 4.93 kg. Based on this data, the hydrogen tank capacity
was selected to be approximately 16 times the daily requirement and the backup time of
the system was increased [46].

The electrolyzer capacity was sized considering the energy requirement of 50-55 kWh
for 1 kg of hydrogen production [48]. The 270-275 kWh/day energy amount required
for 4.93 kg of hydrogen production per day requires an electrolyzer capacity of 50-55 kW
during the average 5-h period when solar production is intense [13].

Thanks to this structure, the system converts excess PV production into hydrogen
during daytime hours and provides uninterrupted energy supply through the fuel cell at
night and during low production hours. This results in a sustainable and off-grid energy
system at a rural scale.

2.1.5. Converter

In hybrid energy systems, inverter and rectifier units are used to provide energy
conversion between direct current (DC) powered components (PV panels, batteries) and
alternating current (AC) powered loads. HOMER Pro software models the bidirectional con-
version capability of these components and calculates their impact on system performance
through efficiency values.
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In this study, the nominal efficiency value of inverter and rectifier systems is defined as
95%, economic life as 15 years, and unit installation and renewal costs as USD 300/kW [42].
Thus, the conversion strategy that will maximize the total energy efficiency and economic
performance of the system is obtained on the basis of scenarios.

2.2. System Architecture

The structure of the hybrid system developed to meet the monthly and hourly load
demand is presented in Figure 8. The system, which is powered by PV panels and a
wind turbine, includes a lithium-ion battery for short-term energy needs and a hydrogen
infrastructure consisting of an electrolyzer, hydrogen tank, and fuel cell for long-term
storage. Excess energy from solar and wind sources is converted to DC through converters
and used to produce hydrogen in the electrolyzer. The hydrogen produced is stored in
tanks, and when needed, it is utilized again in the fuel cell to generate electricity. All
converter capacities and control parameters used in the system are optimized via HOMER
Pro 3.14.2 software.
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Figure 8. Off-grid system scenarios: (a) PV-Wind-Battery-Electrolyzer—Fuel Cell, (b) PV-Wind-
Electrolyzer—Fuel Cell, (c) Wind-Electrolyzer—Fuel Cell, and (d) Wind-Battery—Electrolyzer—Fuel Cell.

The scenarios in Figure 8 are evaluated based on criteria such as NPC, COE, investment,
and operating costs. The contribution of the battery and hydrogen components is analyzed
on a scenario basis, as well as the environmental impacts due to hydrogen leakage and
the sustainability of the system. These scenarios provide a technical and environmental
framework for the viability of renewable energy systems in rural areas.
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2.3. Life Cycle Assessment (LCA) and Impact Analysis of Hydrogen Leakage

Although hydrogen does not generate carbon emissions in its direct use, it can lead
to indirect greenhouse gas effects through leaks in the atmosphere. As emphasized in the
literature, leaking hydrogen consumes hydroxyl (OH) radicals in the atmosphere, extending
the lifetime of potent greenhouse gases, such as methane and tropospheric ozone, which
in turn, creates an indirect radiative forcing and increases the global warming potential
(GWP) [49,50]. Therefore, a comprehensive life cycle analysis (LCA) was conducted in this
study, considering both embedded emissions from infrastructure and indirect impacts from
hydrogen leakage. The analysis was conducted in accordance with ISO 14040 and ISO 14044
standards, and the system boundaries were defined as “cradle-to-use” [51,52]. Recycling
and disposal phases were excluded due to a lack of data and long-term uncertainties.
Emissions from the production, installation, and refurbishment stages of the components
in the system, such as PV panels, wind turbines, electrolyzer, fuel cell, hydrogen tank,
and battery, are calculated based on the embedded carbon (EF) values presented in the
literature. For example, approximately 50 g CO,-eq/kWh for PV panel production, 12 g
COy-eq/kWh for wind turbines, approximately 10-15 kg CO,-eq/kW for electrolyzers,
and 6-8 kg CO,-eq/kg H; for hydrogen tanks [53,54]. Total emissions from infrastructure
were calculated using the following expression:

LCE;pta1 = Z?:l(lnstalled Capacity; x EF) (1)

where,

Installed Capacity; : Installed capacity or mass of component i (kW or kg).

EF;: Life-cycle emission factor of component i (kg CO,-eq/kW or kg CO,-eq/kg).

Installed capacity data is taken from HOMER Pro and multiplied by these coefficients
to calculate total GHG emissions from infrastructure. In addition, the indirect climate
impact of hydrogen leakage is also included in the model. According to the literature,
1 kg of leaked hydrogen has a global warming potential of approximately 33 kg CO,-
equivalent [11,55]. Emissions from leakage are calculated with the following formula:

Ha [ eakage emissions = Annual Hy production x Leakage rate x GW Py, (2)

where,

Annual H_2 production: Total annual hydrogen generation (kg).

Leakage rate: Considered as 1%, 5%, and 10%.

GWPp,: 33 kg COz-eq/kg Hy.

The choice of hydrogen leakage rates in this study is based on the literature. Refer-
ence [11] analyzed leakage scenarios of 1%, 3%, and 10%. The extended discussion paper in
Reference [15] and the report in Reference [55] indicate a wider uncertainty range of 1-10%.
Reference [50] analyzed a much wider range of 1-100% to test the theoretical maximum
values. In practical terms, leakage values above 10% are not considered realistic for opera-
tional systems and are mainly used in sensitivity analysis. Therefore, three representative
cases are considered in the present study: 1% (optimistic/low leakage), 5% (intermediate
scenario in the 1-10% range), and 10% (worst case scenario). The upper bound of 10% rep-
resents a pessimistic but reasonable assumption and is consistent with the approach taken
in mainstream atmospheric modeling studies [11,15,55]. This scenario-based approach
provides results that are both robust and comparable to existing research on the climate
impacts of hydrogen leakage.
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Finally, all emissions are normalized to the annual electricity production of the system
and the environmental performance is calculated per kWh:

LCEstar + HZLeakage emissions

GWPotar = (Annual Energy Output(kWh)

) )

This method reveals the true environmental footprint of the system, including not
only operational emissions but also embedded emissions from infrastructure and indirect
impacts of hydrogen leakage.

Annual hydrogen production and consumption data obtained from HOMER Pro out-
puts were evaluated for different leakage rates and the total climate impact of the system
was calculated. In the calculations, leakage-induced GHG impacts are normalized per
1 kWh and thus the environmental performance of the scenarios is presented in a compa-
rable way. All analyses were performed through the MATLAB R2019b-based parametric
model developed within the scope of this study; component-based emission factors and
scenario-specific hydrogen consumption values were integrated in accordance with ISO
14040 and ISO 14044 standards.

3. Results and Discussions

As shown in Figure 8, four different PV-wind-hydrogen hybrid energy system scenar-
ios were modeled using HOMER Pro 3.14.2 software. In each scenario, the capacities of
the system components are varied and accordingly, indicators, such as NPC, COE, annual
operating costs, and hydrogen consumption, are evaluated. In all scenarios, the renewable
energy ratio is set to 100% and the systems are assumed to operate off-grid.

Scenario 1 consists of PV, wind, hydrogen, and battery components and operates with a
Cyclic Charging (CC) strategy. With an NPC of USD 297,419 and a COE of USD 0.340/kWh,
it stands out as the most balanced structure, with a limited hydrogen consumption of
1841 kg/year thanks to the battery.

Scenario 2 has a similar generation structure, but does not include a battery and,
therefore, hydrogen consumption increases to 2011 kg/year with a loss of flexibility. The
NPC is USD 301,126 and the COE is USD 0.345/kWh. This shows that the battery is
effective not only in load balancing but also in saving hydrogen.

Scenario 3 has only wind and hydrogen components and operates with a Load Follow-
ing (LF) strategy. At 1535 kg/year, it achieves one of the lowest hydrogen consumptions,
but COE increases to USD 0.350/kWh due to the non-utilization of surplus production.

Scenario 4 operates with LF strategy and includes a battery. The lowest hydrogen
consumption (1380 kg/year) was achieved, but costs increased due to the capacity increase.

As a result, the CC strategy with battery support provides advantages in reducing
costs and hydrogen consumption, while the LF strategy saves hydrogen but does not utilize
the surplus production sufficiently. The control strategy and battery integration directly
shape the system performance.

3.1. Energy Production and Supply Reliability

The four different scenarios examined in this study are structured to evaluate the
performance of a stand-alone hybrid energy system in terms of different control strategies,
battery availability, and generation resource allocation. The system performance indicators
are summarized in Table 2, and the scenarios are analyzed comparatively in terms of
technical parameters.
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Table 2. Technical and economic performance results of the off-grid system according to different

scenarios.
. . Operating Initial Capital Ren Fraction Total Fuel
Architecture Dispatch  NPC (USD) COE (USD) Cost (USD/yr) (USD) (%) (kg/yr)
PV50-WT2-FC10-EL50-
HT80-CONV?25 CcC 297,419 0.34 7849 212.5 100 1841
PV60-WT2-FC10-EL50-
HT80-CONV?25 CcC 301,126 0.345 8035 214.5 100 2011
WT4-FC10-EL50-HT80-
CONV?25 LF 30,438 0.35 8122 216.5 100 1535
WT4-FC10-EL50-HT80-
CONV?25 LF 311,538 0.356 8236 2225 100 1380
Table 3 presents the annual energy production, resource contribution rates, and op-
erational efficiency metrics of the scenarios in a comparative manner. The scenarios are
designed with different combinations of PV, wind, battery, and hydrogen components, and
control strategies. These differences have been decisive on the generation—consumption
balance, excess energy ratio, and system efficiency.
Table 3. Annual energy production and performance indicators by scenarios.
Parameter Scena];iaottlel(;’\: ;_'I:/)Vind + Scenario 2 PV + Wind + Hj) Scenario 3 (Wind + Hj) Scenario 4 Wind + Battery + Hy)
Total Production (kWh/yr.) 187,538 206,303 193,967 191,609
PV Production (kWh/yr.) 78,751 (42%) 94,502 (45.8%) - —
Wind Generation (kWh/yr.) 87,589 (46.7%) 87,589 (42.5%) 175,178 (90.3%) 175,178 (91.4%)
Fuel Cell Producti
ue (1e<w117;r.)uc ion 21,198 (11.3%) 24,213 (11.7%) 18,790 (9.69%) 16,432 (8.58%)
Total Consumption (kWh/yr.) 175,719 185,541 162,660 155,128
AC Primary Load (kWh/yr) 59,561 59,345 59,213 59,612
Deferrable Load (kWh/yr) 21,360 21,360 21,241 21,240
Excess Electricity (kWh/yr.) 8625 (4.6%) 17,760 (8.61%) 26,310 (13.6%) 31,777 (16.6%)
Unmet Electric Load o o o o
(kWhiyr) 769 (0.94%) 986 (1.21%) 1236 (1.51%) 838 (1.03%)
Capacity Shortage (KWh/yr.) 1488 (1.82%) 2282 (2.79%) 2357 (2.88%) 1466 (1.79%)

Scenario 1 which includes PV, wind, battery, and hydrogen components, provides the
most balanced result. System efficiency was kept high with 4.6% over generation, 0.94%
unmet load, and 1.82% capacity deficit.

Scenario 2 increased generation with its non-battery structure, but its excess generation
increased to 8.61% and its load balancing capability decreased. This shows that the battery
system is critical not only for energy storage but also for providing flexibility in off-grid systems.

Scenario 3 relied solely on wind and hydrogen components, with more than 90% of
generation coming from wind. However, this structure created an imbalance in the summer
months, resulting in a 13.6% overproduction.

Scenario 4 shows a high surplus generation rate of 16.6% due to low resource diversity
despite battery integration. However, it performed better than Scenario 3 in terms of unmet
load and capacity gap.

As a result, resource diversity and battery integration play an important role in
achieving generation consumption balance in off-grid systems. In this context, Scenario 1
stands out as the most successful configuration in terms of energy continuity, economic
efficiency, and rural viability.
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3.2. Hydrogen Storage Performance and System Continuity

The cyclical change between storage and consumption of hydrogen throughout the year
is presented in detail in Figure 9 with data on hydrogen tank level and frequency of use.
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Figure 9. Variation in hydrogen storage levels in the system: (a) daily tank level profile throughout the
year showing seasonal patterns, and (b) monthly distribution of tank levels presented as box plots.

Hydrogen tank capacity was determined as 80 kg in the system design. During
the annual system operation, the hydrogen level varied depending on the production
consumption balance. Especially in the March—-July period, hydrogen production through
the electrolyzer intensified due to increased renewable production and the tank level
frequently reached 80% fullness. On the other hand, the tank level dropped in October—
December due to decreased production and increased consumption, reaching a critical
level of 1.22 kg at the end of the year.

The histogram results show that the hydrogen level is mostly concentrated in the
64-80 kg range and the storage unit is effectively utilized by the system. However, the
low level observed at the end of the year indicates that the 80 kg capacity offers limited
operational flexibility. Figure 10 shows the short-term production—consumption dynamics
of the system and the relationship between renewable resources and electrolyzer output.

As shown in Figure 10a, during daytime hours, PV generation (brown line) reached
its maximum in the middle of the day, while wind generation (purple line) contributed
mainly in the morning and late afternoon. This combined renewable energy generation
often exceeded the load demand (dark blue line) and the excess energy was diverted to
hydrogen production as shown in Figure 10b. The electrolyzer output (light blue line)
followed the availability of excess renewable energy, peaking at 0.9 kg/h at midday. At
night, when there was no PV production and wind output is low, the electrolyzer is off-line.
Backup electricity was provided by the fuel cell (orange line), which converted the stored
hydrogen into power to meet the load. This condition highlights the role of hydrogen
storage. Importantly, the fuel cell and electrolyzer did not run simultaneously, ensuring a
time-dependent but bidirectional energy conversion. The maximum hydrogen production
rate (0.9 kg/h ~ 21.6 kg/day, equivalent to 720 kWh) demonstrates the system’s capacity to
support residential and agricultural energy demand in small-scale, off-grid rural contexts.
These results highlight the effectiveness of the Power-to-Hydrogen strategy in utilizing
surplus renewable resources.
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Figure 10. (a) System power generation and load curves (May 12). Dark blue: total load met power.
Orange: hydrogen fuel cell output power. Purple: Bergey Excel 10-R wind turbine output power.
Brown: Sun Power E20-327 photovoltaic panel output power. (b) Electrolyzer hydrogen production
rate (kg/h) time series (May 12).

3.3. Comparative Energy Efficiency Analysis of Hybrid Systems

In the performance evaluation of hybrid energy systems, a detailed analysis was
carried out by taking into account the energy production, storage capacity, and in-system
losses of the system components. These analyses were carried out to determine the ef-
ficiency of the systems and the effectiveness of hydrogen utilization. Table 3 compares
the total generation, fuel cell output, hydrogen flow, and power electronics losses for four
different hybrid system scenarios.

According to Table 4, the highest electricity generation was achieved in Scenario 2,
where PV and wind resources were supplemented by a hydrogen system. Since there is
no battery, the surplus generation is directly utilized in hydrogen production, resulting in
a hydrogen efficiency of 36.1%. However, an increase in inverter and rectifier losses was
observed due to the CC strategy.

Scenario 1 offered a more balanced and flexible structure thanks to battery integration.
With 34.5% hydrogen efficiency despite a lower generation level of 187,538 kWh, it has a
balanced performance in terms of system losses and energy management.

Scenario 3 is based on wind and hydrogen sources only. The highest hydrogen
efficiency of 36.7% is achieved, which is attributed to the reduction in power electronics
losses with the LF strategy.

Scenario 4 is based on wind and hydrogen, similar to Scenario 3, but with additional
battery integration. Battery support reduces inverter and rectifier losses. However, it limits
the use of hydrogen in the energy flow, reducing efficiency to 35.7%.

In general, system performance should not be limited to hydrogen efficiency alone but
should be evaluated based on multidimensional criteria such as load availability, surplus
generation, and component coordination.
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Table 4. Comparison of energy efficiency and hydrogen utilization in hybrid renewable energy

systems.
Component Energy Production Fuel Cell Hydrogen Annual Inverter Losses Rectifier Losses Hydrogen
omponents (KWhyr.) Production  Energy Flow (kWh/yr) (kWhyr.) (kWh/yr) Efficiency (%)
PV + Wind + Hydrogen + Battery 187,538 21,198 61,376 1517 1608 345
PV+ Wind + Hydrogen 206,303 24,213 67,032 1527 1475 36.1
Wind + Hydrogen 193,967 18,790 51,183 806 4192 36.7
Wind + Hydrogen + Battery 191,609 16,432 45,987 781 3873 35.7

3.4. Impact of Hy Leakage on Carbon Equivalent Emissions: A Scenario Based Analysis

In this study, CO,-equivalent leakage emissions based on scenario-based hydrogen
consumption are calculated separately, although the HOMER Pro 3.14.2 software assumes
zero operational emissions. In Table 5, the annual emissions from hydrogen leakage according
to the scenarios and their variation according to leakage rates are presented comparatively.

Table 5. CO, equivalent emissions from H, leakage according to scenarios.

. H; Consumption o Leaking H, CO; Equivalent
Scenarios (kg/yr) Leakage Rate (%) (keg/yr) Emission (kg/y.)
1 18.41 607.53
Scenario 1 1841 5 92.05 3052.5
10 184.1 6075.3
1 20.11 663.63
Scenario 2 2011 5 100.55 3318.5
10 201.1 6636.3
1 15.35 506.55
Scenario 3 1535 5 76.75 2532.75
10 153.5 5065.5
1 13.80 455.4
Scenario 4 1380 5 69 2277
10 138 4554

According to the findings presented in Table 5, CO,-equivalent emissions from hydrogen
leakage vary significantly depending on the annual hydrogen consumption in the scenarios
and the assumed leakage rate. In particular, at 10% leakage rate, the highest emission value
is recorded in Scenario 2 with 6636 kg/year and the lowest in Scenario 4 with 4554 kg/year.
This reveals that the level of hydrogen consumption is a determinant of the environmental
impacts due to leakage. This trend was similarly observed at lower leakage rates of 1% and
5%, with emission levels increasing proportionally. This suggests that hydrogen should be
considered not only as a clean energy carrier, but also for its secondary environmental impacts
due to leakage potential. In this context, integrating the leakage parameter into LCA studies
will allow for more realistic and holistic environmental analysis.

3.5. Life Cycle (LCA) Emission Analysis of the System

In this part of the study, the environmental impact of the hybrid energy system was
examined for both its production and operation stages through a life cycle analysis (LCA).
Annual carbon emissions of individual components were calculated using emission factors
reported in previous studies. Hydrogen leakage was also taken into account to estimate
total yearly emissions and specific CO, values (g CO,-eq/kWh). For this purpose, a
parametric LCA model was created in MATLAB R2019b. The model combines annual
capacity and generation data obtained from HOMER Pro 3.14.2 with emission factors and
leakage parameters from the literature. The resulting values for the four scenarios are
presented in Table 6.



Processes 2025, 13, 2909

18 of 23

Table 6. Annual LCA results and specific carbon emissions by scenarios.

Scenario 1

Emission Factor (GOKWPV + H, (Goslfxl;%osz (zslcxl;:-iglj) SieﬁazriO:k(év‘ﬁlT
Component Unit Capacity (kg CO,-eq/kW Lifespan (yr.) ;:t:/:g; :nl:rl]a}i +2 WT.) A.nnual An.nu.al Battery) 1_\nnual
or kg) Emission Emission Emission Emissions
(kg COz-eq) (kg CO»-eq) (kg CO,-eq) (kg COz-eq)
PV Panel kW 1000 [56] 25 2000 2400 0 0
Wind Turbine units 1300 [42] 20 130 130 260 260
Fuel Cell kW 10 [13] 20 5 5 5 5
Electrolyzer kW 453 [57) 15 1510 1510 1510 1510
H, Tank kg 875 [46] 20 3500 3500 3500 3500
Lit]};ium—lon KWh 63 [58] 10 252 0 0 25.2
attery
Inverter kW 50 15 8333 83.33 8333 83.33
H; Leakage kg/yr. 33 607.53 663.63 506.55 4554
Total Emission kg COz-eq 7861.063 8291.96 5864.88 5838.93
Specific CO, g COz-eq/kWh 1474 44,69 36.05 37.64

According to Table 6, the presence of components, such as PV and batteries in the system,
contributed to the reduction in hydrogen leakage while increasing annual carbon emissions.
In Scenarios 1 and 2, the presence of PV systems increased total emissions. However, with the
increase in renewable generation, the carbon intensity of the system was balanced and the
specific emission remained around 44.7 g CO;-eq/kWh. Scenario 1 with battery integration
slightly reduced emissions from leakage due to more balanced hydrogen utilization.

In Scenarios 3 and 4, only wind and hydrogen components are used and the absence
of PV eliminates the emission burden from panel generation. This led to a reduction in total
emissions and specific emissions to 36.05 and 37.64 g CO,-eq/kWh, respectively. Scenario
3, especially without batteries, stands out as the most environmentally advantageous with
the lowest carbon emissions.

The results show that hydrogen production and storage infrastructure should be
carefully managed in terms of environmental impacts. In addition, although the presence
of components, such as PV and batteries, increases the energy security and functionality of
the system, they can have significant impacts on the total carbon footprint.

3.6. Literature Comparison

This study is benchmarked against the literature examining similar hybrid systems.
The comparison is based on technical and environmental performance indicators such as
COE, excess generation rate, and specific carbon emissions. In addition, its position in
the literature is also discussed in terms of its focus on rural and off-grid scenario. Table 7
summarizes the technical and environmental comparisons for selected studies.

Table 7. Comparison of selected literature and this study at technical, environmental, and implemen-
tation level.
Study System Components COE (USD/kWh)  Excess Electricity (%) S(geég‘;fc‘l’/‘l‘;v“ﬁ)“ Notes
Thisstudy PV + Wind + H; + Battery 0.340 <10 44.74 Rural Cm‘;‘f‘fﬁgg;c‘\' has Hy

[24] PV + Wind + H, 0.189 >20 N/A Grid-connected, large-scale

[25] PV + H, + Battery 1 (€/kwh) >25 N/A Urban, off-grid

[27] PV + H; + Fuel Cell 0.177 N/A N/A No LCA analysis

[30] PV + Wind + H, (Refueling) 0.146 4 N/A Tra“sf"’“aﬁo“l;‘:rigg;ed' no housing

[32] PV+ Wind+ H, N/A >25 ~50-65 Mains connected, LCA available

[34] PV + Wind+ H, 7.4 (€/kwh) >25 N/A Transportation oriented

[59] PV + Wind + Diesel + H, - ~15 ~70-90 Includes LCA, island application
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This comparison highlights the distinct contribution of this study to the literature.
Most of the studies that have been conducted so far look at grid-connected, large-scale,
or transportation-oriented systems that benefit from economies of scale and grid-assisted
balancing [24,25,30,32]. This study, on the other hand, looks at a completely off-grid rural
setting where these benefits are not available. The proposed system has a COE of USD
0.340/kWh in this scenario. This is higher than certain large-scale, grid-connected cases
(USD 0.146-0.189/kWh) but much lower than the highest range documented for off-grid
systems (up to EUR 1/kWh) [25]. The technical benefits of optimal component sizing and
a surplus generation rate of <10% compared to >25% in many studies showing balanced
supply-demand matching make up for the difference in cost. From an environmental
point of view, the system has specific emissions of 44.74 g CO,-eq/kWh, which is in
line with the 2.02 kg CO,-eq/kg H; lifecycle potential of green hydrogen [60]. It also
includes a life cycle assessment (LCA) of the effects of hydrogen production, storage, and
leakage, which is something that is not often looked at in similar research [24,27]. Beyond
these techno-economic and environmental considerations, our results show that hydrogen
storage provides significant improvements in flexibility and reliability for rural off-grid
systems. This is consistent with previous evaluations of storage solutions in microgrids [61]
and extends the findings to hydrogen-based applications.

Overall, although the proposed design has a higher COE than grid-supported systems,
it provides a technically efficient and environmentally robust pathway for sustainable
energy access in remote rural communities.

3.7. Critical Evaluation and Limitations of the Study

The results show that the integration of hydrogen based storage into a PV-wind hybrid
system is technically feasible and economically sustainable. However, some limitations
need to be considered. Firstly, the HOMER Pro 3.14.2 software does not directly consider
hydrogen leakage, so an additional MATLAB R2019b based model was developed, adding an
additional layer of uncertainty to the calculations. Furthermore, the hourly time resolution
cannot reflect short-term fluctuations and dynamic responses of critical components, which
may lead to optimistic performance and cost estimates. Second, cost parameters for critical
components, such as electrolyzers and fuel cells, are highly sensitive to market dynamics,
which may affect the accuracy of long-term projections. Third, hydrogen storage tanks were
modeled without considering pressurization and thermodynamic losses, resulting in an
underestimation of energy and costs. Fourth, the analysis focused only on a single rural region
in Western Anatolia, so it may not be possible to generalize directly to regions with different
climatic or socioeconomic conditions. Furthermore, field-based implementation costs, such as
security and regulatory compliance, were excluded. Finally, life cycle analysis (LCA) excluded
recycling and end-of-life phases due to a lack of data, which may lead to an underestimation
of the environmental burden of some components. Future research that includes dynamic
cost modeling, site-specific analyses, simulations with higher time resolution, and extended
LCA boundaries will contribute to more robust and generalizable results.

4. Conclusions

The applicability of renewable energy technologies in rural areas is critical not only
for expanding energy access but also for achieving sustainable development goals. In this
study, four different off-grid hybrid energy system scenarios consisting of PV, wind turbine,
electrolyzer, hydrogen tank, fuel cell, and battery are evaluated from a technical, economic,
and environmental perspective.

Scenario 1 (PV + wind + battery + hydrogen) stood out as the most balanced con-
figuration under the CC strategy with a Net Present Cost (NPC) of USD 297,419, Cost of
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Energy (COE) of USD 0.340/kWh, and hydrogen consumption of 1841 kg/year and specific
emissions of 44.74 g CO,-eq/kWh. The other scenarios showed a balance between battery
integration, hydrogen efficiency, and surplus generation. These findings highlight the
critical role of component selection and control strategy in optimizing system performance.

The validity and reliability of the findings are supported by hourly simulations of
HOMER Pro 3.14.2, verified source data, and scenario-based comparisons. Hydrogen
leakage was measured and included in the Life Cycle Analysis (LCA), resulting in realistic
emission estimates in line with benchmarks in the literature. However, due to current limi-
tations of HOMER Pro 3.14.2, hydrogen leakage could not be incorporated directly into the
optimization stage. Instead, it was calculated after the optimization using scenario-based
annual hydrogen consumption data and then integrated into the LCA, ensuring realistic
environmental impact estimates under existing software constraints. Economic estimates
were based on HOMER Pro 3.14.2’s cost database and manufacturer data, providing a
reasonable basis. However, cost assumptions remain sensitive to market dynamics and
regional variability, which may affect economic credibility.

Despite the comprehensive scope of this study, certain limitations need to be consid-
ered. Analyses based on HOMER Pro 3.14.2’s hourly time-step resolution and optimization
framework may not accurately reflect short-term operational fluctuations. Furthermore, the
study was conducted on a specific site and performance indicators may vary in different
climatic conditions, load profiles, or economic contexts. Furthermore, cost assumptions for
hydrogen production and system components have the potential to be directly affected by
future market dynamics and technological developments.

Future studies should include dynamic cost modeling and sensitivity analysis to
improve economic accuracy. Optimizing electrolyzer capacity according to seasonal pro-
duction and load variability can improve system efficiency. Temperature and pressure
dependent modeling of hydrogen leakage will improve the accuracy of LCA results. Al-
based forecasting and real-time control systems could strengthen energy management
under variable production conditions. Multi-objective optimization approaches can bal-
ance cost, emissions, and reliability. Moreover, the integration of hydrogen into sectors,
such as agricultural irrigation or cooking, could increase the system’s versatility in rural
applications. These conclusions should be considered together with the methodological
limitations discussed above, which provide context for the interpretation of the results.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current

CcC Cycle Charging

CO, Carbon dioxide

COE Cost of Energy

DC Direct Current

EF Emission Factor

GHG Greenhouse Gas

GHI Global Horizontal Irradiance

GWP Global Warming Potential

H; Hydrogen

HOMER Hybrid Renewable and Distributed Generation System Design Software
IEA International Energy Agency

IICEC International Center for Energy and Climate
LCA Life Cycle Analysis

LCE Life Cycle Emission

LF Load Following

NPC Net Present Cost

NREL National Renewable Energy Laboratory

OH Hydroxyl

1Y% Photovoltaic
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