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Abstract

This study presents the design and techno-economic comparison of two standalone pho-
tovoltaic (PV) systems, each supplying a 1 kW critical load with 100% reliability under
Cairo’s climatic conditions. These systems are modeled for both the constant and the night
load scenarios, accounting for the worst-case weather conditions involving 3.5 consecutive
cloudy days. The primary comparison focuses on traditional lead-acid battery storage ver-
sus green hydrogen storage via electrolysis, compression, and fuel cell reconversion. Both
the configurations are simulated using a Python-based tool that calculates hourly energy
balance, component sizing, and economic performance over a 21-year project lifetime. The
results show that the PV /H, system significantly outperforms the PV /lead-acid battery
system in both the cost and the reliability. For the constant load, the Levelized Cost of
Electricity (LCOE) drops from 0.52 USD/kWh to 0.23 USD/kWh (a 56% reduction), and the
payback period is shortened from 16 to 7 years. For the night load, the LCOE improves from
0.67 to 0.36 USD/kWh (a 46% reduction). A supplementary cost analysis using lithium-ion
batteries was also conducted. While Li-ion improves the economics compared to lead-acid
(LCOE of 0.41 USD/kWh for the constant load and 0.49 USD/kWh for the night load), this
represents a 21% and a 27% reduction, respectively. However, the green hydrogen system
remains the most cost-effective and scalable storage solution for achieving 100% reliability
in critical off-grid applications. These findings highlight the potential of green hydrogen as
a sustainable and economically viable energy storage pathway, capable of reducing energy
costs while ensuring long-term resilience.

Keywords: PV system; battery size; reliability; electrolyzer; fuel cell; levelized cost of energy

1. Introduction

This paper presents a comparative study of two energy storage systems used in
standalone photovoltaic (PV) setups: traditional lead-acid batteries and green hydrogen
storage. Both the systems rely on solar energy generated during the day to power loads.
This study focuses on two types of loads—the constant load and the night load—while
excluding the daily load, as its minimal storage requirements have a negligible impact on
the system performance.

To evaluate these storage solutions under challenging conditions, the system is eval-
uated based on a worst-case weather scenario in Egypt: three consecutive cloudy days,
which require storage to cover four full days of demand.
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The constant load refers to a 24 h uninterrupted demand, typical of critical applications
such as military operations or field hospitals, where reliability is essential. The night load
requires the storing of solar energy generated during the day for use at night.

This study includes a comparison of system sizing, battery state-of-charge (SOC), and
hydrogen tank capacity, along with performance metrics such as cost and reliability. It
emphasizes use cases that demand uninterrupted energy availability, especially in off-grid
or critical infrastructure contexts.

Hydrogen is gaining attention across multiple sectors due to its potential to decar-
bonize energy systems. Green hydrogen is increasingly viewed as a clean energy carrier
with applications spanning fuel cells, industrial heating, transportation, and electricity
generation. Fuel cells powered by hydrogen offer a zero-emissions alternative to traditional
combustion engines, particularly in heavy-duty transport and long-haul applications [1].

Recent technological advancements in green hydrogen production, storage, and distri-
bution are accelerating its integration into modern energy systems. Improved methods for
hydrogen storage, such as liquefaction, compression, and chemical storage, are making it
more efficient and cost-effective [2,3]. Green hydrogen also addresses a key challenge of
solar and wind energy: intermittency, helping to ensure a stable energy supply.

The global energy demand continues to drive fossil fuel use, contributing to climate
change. As a result, alternative energy sources like solar and wind are increasingly adopted.
However, their variability necessitates effective energy storage solutions to ensure grid
reliability [4].

This paper presents a comprehensive mathematical model for both lead-acid battery
and hydrogen-based systems. It also compares two energy management strategies: one
using batteries for short-term storage, and another employing hydrogen for long-term stor-
age. Among renewable sources, solar energy is advantageous for its year-round availability
and zero emissions [5].

PV system output is highly dependent on sunlight and can fluctuate under cloudy
conditions, leading to instability [6]. To mitigate this, robust energy storage is essential.
While batteries are common in PV setups, they often fall short during prolonged cloudy
periods. A promising alternative is the hydrogen fuel cell (HFC), which generates electricity
from stored hydrogen and enhances long-term system efficiency.

A Proton Exchange Membrane (PEM) electrolyzer is modeled in this study due to
its high efficiency, rapid dynamic response, and compatibility with variable solar input.
This makes it well-suited for integration with standalone PV systems. Hydrogen can be
produced through water electrolysis and stored in tanks for future use, unlike batteries,
which are typically short-term solutions. In PV/HFC systems, excess daytime solar energy
powers an electrolyzer to produce hydrogen, which is stored and later converted into
electricity via a fuel cell during the night or cloudy periods [7].

PEM (Proton Exchange Membrane) fuel cells offer advantages like fast startup, com-
pact size, and long-term stability [8]. Hydrogen storage is suited for long-term energy
needs, while batteries serve medium- and short-term applications [9].

This paper uses a Python-based simulation tool that dynamically calculates the sizing
of system components, solar panels, electrolyzers, fuel cells, and batteries. The tool also
simulates solar radiation based on the location and the time, and adjusts the energy supply
according to environmental inputs and user-defined parameters. It tracks the battery SOC
and optimizes the energy management to improve the system performance. Previous
studies have explored the techno-economic performance of standalone PV systems using
either battery or hydrogen-based storage.

Nasser and Hassan compared the PV /Battery and PV /Hydrogen systems for power-
ing street lighting as a night load in New Borg El-Arab City, Egypt. Although the battery
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system had a higher energy efficiency (17.8%), the hydrogen system proved more eco-
nomical, with a lower Levelized Cost of Energy (LCOE) of 1.06 USD/kWh compared to
2.80 USD/kWh for the battery system [10]. The hydrogen system also achieved a shorter
payback period of 6.44 years versus 11.7 years, highlighting its cost-effectiveness despite
the lower efficiency.

Nousir and Anis developed GUI-based software to calculate the PV and battery sizes
for various load types, including constant, daily, and night loads. Their tool provides
system sizing, cost analysis, and reliability metrics under real climatic conditions in Egypt.
For a 1 kW off-grid system, they found that the LCOEs for daily, night, and constant
loads were 0.14 USD/kWh, 1.05 USD/kWh, and 0.60 USD/kWh, respectively [11]. These
results underline the higher cost of systems designed for continuous energy supply under
adverse weather.

Miled et al. [12] examined a PV—electrolyzer—fuel cell (PVEFC) system for an off-grid
green villa in Tunisia. Using HOMER software version 3.14.2, they optimized a system
consisting of a 20 kW PV array and a 6 kW fuel cell. The system produced 306 kg of
hydrogen annually and met 87% of the villa’s energy needs through solar energy. With
a total LCOE of 97,577.6 EUR—73% of which was attributed to the fuel cell—the study
emphasized the importance of optimal PV tilt angle and solar potential in cost reduction.

Farhani et al. [13] assessed a hybrid solar hydrogen system for an agricultural farm
in Kairouan, Tunisia. Their 140 kW PV array generated 234,765 kWh/year and produced
1991 kg of hydrogen annually. The system’s capital cost was 809,121,000 EUR, and the
optimization process using HOMER Pro confirmed its feasibility for remote applications,
despite the high initial investment.

In another study, Farhani et al. [14] evaluated a hybrid solar-wind-hydrogen system
in the Tunisian Sahel. With a PV capacity of 3000 kWp and a hydrogen output reaching
101.8 kg/day, the region’s favorable solar and wind conditions proved ideal for such hybrid
systems. The study highlighted the feasibility of combining renewables with hydrogen
storage to achieve a sustainable, off-grid energy supply.

Okonkwo et al. [15] investigated PV system sizing for hydrogen refueling stations in
Oman. A 3 MWp grid-connected PV system produced 58,615 kg of hydrogen annually with
a Levelized Hydrogen Cost (LHC) of 5.5 EUR/kg. Standalone PV systems with batteries or
fuel cells resulted in slightly higher LHCs of 5.74 EUR/kg and 7.38 EUR/kg, respectively.
The system also achieved significant CO, reductions, illustrating the environmental benefits
of integrating green hydrogen.

The main comparison in this study focuses on green hydrogen and lead-acid battery
storage systems. A supplementary cost analysis using lithium-ion batteries is also included
to highlight the potential trade-offs of more advanced battery technologies.

While several studies have evaluated PV systems with either battery or hydrogen
storage, most focus on a single load type or use generic sizing tools such as HOMER.
This work introduces a custom-built Python simulation tool that dynamically calculates
the system performance under both constant and night load scenarios using actual solar
radiation data from Cairo, Egypt. Unlike earlier works, this study simulates a worst-case
scenario of 3.5 consecutive cloudy days and compares the two systems in terms of reliability,
storage behavior, and economic indicators, including the LCOE and the payback period.
The dual comparison across two load profiles under the worst conditions provides a new
layer of insight for critical standalone system planning in off-grid environments.

2. System Description

This section compares two standalone energy storage configurations: A PV/Hydrogen
(PV/Hy) system and a PV /Battery system.
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As shown in Figure 1a., the PV /H; system uses solar panels to generate electricity
during the day. This electricity powers an electrolyzer, which splits water into hydrogen
and oxygen. The hydrogen is then compressed and stored in a tank, which is one of the
most widely accepted methods for on-site hydrogen storage.
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Figure 1. Schematic diagram of the comparison systems (a) off-grid PV/H, (b) off-grid PV /Batteries.

This configuration is designed to store hydrogen during surplus production periods
(e.g., summer months) and utilize it during low-production periods (e.g., winter months).
At night, or when solar radiation is unavailable, a fuel cell converts the stored hydrogen
into electricity to meet both the constant and the night load demands.

As shown in Figure 1b., the PV /Battery system consists of PV panels, a battery storage
bank, a charge controller, and a DC/AC inverter. During daylight hours, the PV array
supplies power to the load and charges the battery bank. During the night, the stored
electricity in the batteries powers the load through the DC/AC converter.

This system is commonly used for off-grid applications or backup power systems,
especially where energy demand must be met consistently.

The solar time at the study location in Cairo, Egypt, ranges from 6 to 12 h per day, as
shown in Figure 2a: solar radiation is the highest between April and September, leading to
increased power generation. The excess energy produced during these periods is stored (in
batteries or as hydrogen) for later use during the months with lower solar radiation.
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Figure 2. (a) Monthly solar global horizontal irradiance @Cairo, Egypt (30° N) (b) Monthly average
ambient temperature.

Figure 2a,b presents the monthly average global solar radiation (Ht) and the ambient
temperature for Cairo, Egypt, based on long-term meteorological data extracted from
HOMER software using the Surface Meteorology and Solar Energy (SSE) database [16].
According to simulations using HOMER software, daily solar irradiation at the site reaches a
peak of 7.69 kWh/m? /day in June, while the lowest value is 3.0 kWh/m? /day in December.
A constant 1 kW load is assumed throughout the study.

The fuel cell is modeled based on the electrochemical reaction of hydrogen and oxygen
to produce electricity and water. Its efficiency is influenced by several parameters, including:
the operating pressure, the current density, the temperature, the fuel cell coefficient, and
the hydrogen-to-electricity conversion ratio. These values are selected based on typical
commercial fuel cell systems [2-17].

Both the electrolyzer and the fuel cell operate in a loop, where the electrolyzer pro-
duces hydrogen during surplus solar generation and the fuel cell consumes it to generate
electricity during low or no solar periods. These dynamic supports both the constant and
night load scenarios.
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3. A Mathematical Model of the System

This study utilizes actual environmental data specific to Cairo, Egypt (Latitude:
30.0444° N, Longitude: 31.2357° E), to simulate and evaluate the performance of two
energy storage systems. Three scenarios are considered, corresponding to different num-
bers of continuous cloudy days (NC =1, 2, 3) occurring during January and December.
These cases are used to investigate the impact of prolonged cloudy conditions on the
required storage capacity and overall system cost.

This system is designed to supply a continuous 1 kW load throughout the year, under
both constant and night load profiles. To optimize solar energy capture, photovoltaic (PV)
panels are installed at a 30° tilt angle facing south, which is typical for this latitude [16].

The simulation is implemented using Python, performing an hourly energy balance
analysis over a full year (8760 h). Component sizes, including PV arrays, batteries, elec-
trolyzers, hydrogen storage tanks, and fuel cells, are determined based on the hourly power
demand and solar availability.

The simulation process begins with input data: load profiles, solar irradiance, the
temperature, and system duration. Control component efficiencies are included to ensure
realistic power flow estimates. Both the systems are analyzed under identical load and
weather conditions, and an economic model is integrated to evaluate the capital cost, Lev-
elized Cost of Energy (LCOE), and payback period, enabling a comprehensive comparison
between the PV /Battery and PV/Hydrogen configurations.

3.1. PV Panels Model

The photovoltaic (PV) array consists of multiple silicon-based modules connected
in series and in parallel. Each module is rated at 200 W under Standard Test Conditions
(STC), which correspond to solar radiation of 1000 W/ m?, a cell temperature of 25 °C, and
an air mass (AM) of 1.5. Each panel generates 8.27 A at 24 V under these conditions [18].
To estimate the solar energy availability, the global radiation on a tilted surface (Gr)
is calculated using standard solar geometry equations that account for the hour angle,
declination, latitude, and panel tilt angle [19]:

7T

= —H
Gr 21 T(

cosw + tan 6tan(@ — B)
sinW¢ + W{tan 6tan (@ — )

(1)

where:

Hr Global radiation (Kwh/m?/day) (direct and diffused radiation on tilted surface)

w hour angle

W{ The sunset hour angle on tilted surface

6 declination angle

O latitude of location

8 tilted angle

Figure 3 illustrates the monthly radiation and clearness index, calculated using
HOMER-derived data for Cairo. The clearness index represents the ratio between global
and extraterrestrial radiation and the seasonal variation of solar radiation on a tilted surface
in Cairo. The radiation levels peak during the summer (June-August) and fall in the winter
months (November—December), reflecting the impact of seasonal solar availability on en-
ergy production. The current, power, and energy generated by the PV array are determined

as follows:
Va

I= Lo x Gr—1Iy x eV 2)

where:
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Figure 3. Global radiation @Cairo, Egypt (30° N) (direct and diffused radiation on tilted angle 30°).

Isc0 the short circuit current of PV array under standard test condition (STC)
V4 array voltage

n, perfection factor

Vr thermal voltage

Iy reverse saturation current

PAI I x VA (3)
where: Py is the array power
E= Eg+Py % At )
where:
Ar=0.1h

Ey is the energy present in the array at previous (Ar)

E output energy from PV array

These equations allow hourly energy output to be tracked over time, accounting for
changing solar conditions and system performance.

3.2. Battery Model

The batteries in the standalone PV system store energy for nighttime use. Battery
capacity during charging and discharging can be expressed using the following equation:

Ip=1-11 (5)

where Ip is battery current and Iy, is load current.

A critical parameter for battery sizing is the State of Charge (SOC), which represents
the available energy in the battery relative to its capacity. This increases during charging
and decreases during discharging. The SOC is updated using [20]:

If I > I}, then the battery is charging, as:

IB X flcthT

SOCq= SOCo+=——— )

where:
nch = Charging efficiency for battery is set at 85%.
AH is the amount of current a battery can provide over a while.
SOC is the ratio of stored energy in the battery at previous moment.
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If I < Iy, then battery is discharging.

Ig X At

S5O0Cdisen= SOCo—q 1 Al

@)
where ndisch is the discharging efficiency for the battery set at 85%, and SOC = 0.8 for
January first.

To ensure reliable operation, the battery SOC is maintained between 20% and 95%,
avoiding deep discharges and overcharging. A key design assumption is that the SOC at
the start of each year equals the end-of-year SOC (0.8), ensuring energy continuity across
annual cycles.

During the winter solstice (21 December), Cairo experiences its longest night, approxi-
mately 14 h. In a worst-case scenario of three consecutive cloudy days (NC = 3), the system
must store 3.5 days of energy. During cloudy periods, solar radiation is assumed to drop to
15% of the normal values. The Battery Factor (BF)as shown in Equation (8), represents the
number of storage hours required, following the formulation in [11].

F_ Battery energy (wh) ®)

average load power (w)

A Python program has been developed, and the result obtained is shown in Figure 4,
showing the instantaneous SOC of the battery for one year, with the array size 10 KWp,
assuming 6 cloudy days (3 consecutive days during December and 3 consecutive days
during January). During cloudy days, the solar irradiance is supposed to be 15% of that
during sunny days. It is shown that the SOC drops significantly during the cloudy days in
January and December. However, the SOC is always higher than the minimum acceptable
value (0.2).

0 S TSR THM R N T

08 0 e N T T
0.7
80.6
0.5
0.4
0.3
0.2

0 2000 4000 6000 8000
Hours
Figure 4. The SOC variation during the entire year @ NC = 3, BF = 140, Array Size 10 kWp, tilted
angle 30°.

The battery design assumes the SOC at the beginning of each year remains consistent
with that at the year’s end (0.8), ensuring no energy loss at the start of the following year.

The design is made so that the SOC never decreases below 0.2, so that the power is
always available for the load (i.e., 100% reliability). Also, the design discussed in this work
considers the system reliability, which is defined as:

(Lax d—=Tysy)

Reliability = T v d
d

)
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L4 Load duration in hours per day

T, Number of hours during which no power is supplied to the load during the year
(unmet load)

d Number of days during the year

Figure 5 compares the reliability of the PV /Battery system under two load profiles,
the constant and the night load, assuming three consecutive cloudy days (NC = 3). The
results show that the reliability increases with the battery capacity in both cases. How-
ever, to achieve 97% reliability, the constant load system requires only 30 kWh of battery
storage, whereas the night load system requires approximately 50 kWh. This is due to
the misalignment between the energy production (daytime) and the energy consumption
(nighttime), which makes the night load more demanding in terms of the storage capacity.
These findings emphasize the importance of considering the load timing in the battery
storage system design.

100
95
90
85
80
75

70 —— NC=3 @ Contant Load
NC=3 @ Night Load

20 40 60 80 100 120 140
Battery Factor (KWh)

Reliability %

Figure 5. Battery Factor versus Reliability @ different number of cloudy days.

The simulation results show that, for a constant 1 kW load in Cairo (30° N latitude),
increasing the battery capacity to 140 kWh with a 10 kWp PV array reduces the annual
system downtime (To ff) to zero hours per year. In comparison, under a night load
scenario, only 80 kWh of the battery storage with an 8 kWp PV array is required to achieve
the same zero-downtime condition. This demonstrates that the night load configuration
requires nearly half the storage capacity to maintain full reliability, primarily due to the
better alignment between the energy generation and the consumption.

As shown in Tables 1 and 2, the system reliability has a direct and significant impact
on the overall cost. Even a small reduction in reliability can lead to substantial cost savings
in the battery and PV sizing. The Python-based simulation tool developed in this study
dynamically calculates the system reliability versus the cost by tracking the total number of

hours during the year when the load is not served (TO f f).

Table 1. A 1 kW constant load standalone PV /Battery system (NC = 3).

Battery Array Size s q s Initial Cost Cost
Factor (BF) (KWp) Togr (0) Reliability USD USD/KWh
20 10 516.84 94.1% 10,334.18 0.10
30 10 131.4 98.5% 13,938.78 0.14
40 10 122.64 98.6% 17,543.37 0.17
60 10 96.36 98.9% 24,752.55 0.24
80 10 70.08 99.2% 31,961.73 0.31
120 10 17.52 99.8% 46,380.12 0.45

140 10 0 100% 53,589.28 0.52
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Table 2. A 1 kW night load standalone PV /Battery system (NC = 3).
Battery Array Size . ge1s Initial Cost Cost
Factor (BF)  (kWp) To ) Reliability USD USD/KkWh
20 8 257.5 97.06% 9709.18 0.25
30 8 151.6 98.27% 13,313.78 0.32
40 8 116.7 98.67% 16,918.37 0.39
50 8 84.1 99.04% 20,522.96 0.46
60 8 66.7 99.24% 24,127.55 0.53
70 8 15.3 99.65% 27,732.14 0.60
80 8 0 100% 31,336.73 0.67

To model realistic worst-case conditions, the simulation assumes three consecutive
cloudy days in both January (days 10-12) and December (days 349-351). During these peri-
ods, the solar irradiance is reduced to 15% of the normal values, forcing the system to rely
solely on stored energy. The tool helps the designers balance the critical load requirements
and economic constraints by showing the cost and reliability trade off, depending on the
intended application.

3.3. Electricity Controller Unit

The controller’s primary function is to supply the electricity efficiently. It includes a
DC/DC converter that maximizes the hydrogen production by matching the PV array and
the electrolyzer characteristics (power point tracking), along with an inverter for the AC
loads. The controller is assumed to operate with an efficiency of 95% [21].

3.4. Electrolyzer

The electrolyzer is directly connected to the DC bus and uses excess electricity gener-
ated by the PV panels to produce hydrogen through electrolysis. This hydrogen is then
stored for later use in the fuel cell. The DC/DC converter ensures optimal power delivery
to both the electrolyzer and the compressor, matching the PV array output via power point
tracking [22]. The annual energy consumption of the compressor is approximately 1% of
the total generated energy. The electrolysis process splits the water into hydrogen and
oxygen, and the hydrogen is stored in a dedicated tank. The hydrogen production rate of
the electrolyzer is modeled as:

iy (£) = %‘?Mm x At (10)
where P is the rating of electrolyzer (kW), ngy is the efficiency of electrolyzer and HHV pp»
is the heating value of hydrogen in MJ/kg, respectively. In the mathematical modeling of
an electrolyzer, the hydrogen is produced in kg/h.

For a 1 kW electrolyzer and 90% efficient electrolyzer with the heating value of the
hydrogen being 143 MJ/kg, which equals 39.44 kWh/kg, the mass flow rate of the hydro-
gen will be 0.02268 kg/h/kW. Therefore, a 1 kW electrolyzer will produce 0.02268 kg/h
hydrogen [2-17], taking into account A7 = 0.1 h. The electrolyzer produces hydrogen,
which is stored in a proposed tank for night usage to produce electric power through the
fuel cell.

3.5. Fuel Cells

The fuel cell subsystem is responsible for converting stored hydrogen into electricity
through an electrochemical reaction with oxygen. In this study, a proton exchange mem-
brane (PEM) fuel cell is used, which is known for its compact size, high energy density, and
quick startup time [23].
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The electrolytic process utilizes a thin membrane that allows positive ions to pass while
preventing electrons and neutral gases. Hydrogen from the electrolyzer enters through
the anode, while oxygen enters through the cathode, initiating a chemical reaction that
dissociates into protons and electrons [24].

This creates a concentration gradient across the membrane, with protons diffusing
toward the cathode and electrons flowing from the anode to the cathode, generating an
electrical current. The fuel cell model used here is based on a linear approximation of the
hydrogen consumption as a function of the power output, rather than a fixed efficiency
percentage. The hydrogen consumption rate is calculated as:

Rpp="14 P}c + 7Yy Pfc(t) (17)

where Ry is the mass flow rate of the hydrogen, Y| and Y, are the fuel cell intercept
coefficient in kg/h/kW rated and the fuel cell slope curve in kg/h/kW, respectively, and
P} . is the rated capacity of the fuel cell in kW. For a 1 kW FC rating, considering Y and
Y> to be 0.0003 and 0.058 kg /h/kW, respectively, these factors determining the efficiency
of the fuel cell, Ry is calculated as 0.059 kg/h. Therefore, 0.059 kg/h of hydrogen is
required to generate 1 kW of power by FC [11-19]. The hydrogen low heating value (LHV)
is 33.3 kWh/kg [25]. The coefficients Y1 and V5 play a crucial role in modeling hydrogen
consumption in fuel cell systems. Y represents the baseline hydrogen consumption rate
per unit of rated fuel cell capacity, while Y3 accounts for the hydrogen required relative
to the fuel cell’s actual power output at any given time. These coefficients help to refine
the system’s hydrogen flow calculations, ensuring a more accurate estimation of hydrogen
consumption during both steady-state and variable operating conditions.

This approach better reflects real fuel cell behavior, including idle consumption and
dynamic load response. In contrast, fixed-efficiency models (e.g., 50-60%) do not account
for changes in operating conditions. By using intercept and slope coefficients, this model
enables more accurate sizing and hydrogen flow tracking, which improves the reliability
and system optimization.

3.6. Hydrogen Tank

A constant mass flow of hydrogen is required for power generation by FC. Therefore,
the size of the hydrogen tank becomes a critical parameter to ensure the reliability of
the power generation system. The hydrogen tank stores the hydrogen produced by the
electrolyzer and supplies it to the fuel cells for power generation. The hydrogen generated
daily is stored to ensure a continuous supply during the periods when solar radiation
is unavailable. The size of the hydrogen tank, measured in kilograms, is treated as a
decision variable in the system model. The hydrogen storage system designed for this work
operates on a small scale, meeting a 1 kW load and ensuring a continuous power supply
over 24 h a day, 365 days a year, in constant load and from sunset to sunrise periods in
night load. Unlike large-scale industrial hydrogen storage systems, this system operates
at low pressure and stores a limited volume of hydrogen, which significantly reduces
associated risks. Therefore, while hydrogen storage systems of any scale require careful
safety considerations, the risks associated with this small-scale design are substantially
lower compared to large-scale applications [26,27]. The modeling of hydrogen gas utilizes
steady-state properties and the ideal gas law, assuming ideal behavior under standard
conditions. This approach simplifies the analysis and allows for efficient estimation of
hydrogen’s thermodynamic behavior during storage and system operations. While the
optimal conditions for hydrogen storage have been applied in this design, it is essential to
consider that, in practical applications, safety factors such as pressure relief systems, leak
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detection, and material durability must be rigorously addressed to ensure the system’s
reliability and safe operation.

The Python-based simulation tool developed in this study is fully flexible and user-
configurable. It allows users to input different values for key system parameters such as
the tilt angle, the latitude, PV module characteristics, the battery depth of discharge (DOD),
and various electrolyzer and fuel cell efficiencies. This makes the model highly adaptable
to different locations, system scales, and operational strategies. It can be used not only for
standalone systems under Cairo’s climate but also for broader applications across diverse
environmental and technical conditions.

3.7. Model Validation and Assumption Justification

The parameters used in this simulation are based on real data and technical speci-
fications, most of which are described in detail in Section 3: hourly solar radiation and
temperature data for Cairo. The PV module selected for this study has an open-circuit
voltage of 33 V, a short-circuit current of 8.27 A, voltage at a maximum power point of
25V, and a current at a maximum power point of 8 A [18]. The panel is installed with
a fixed 30° tilt angle facing south. Battery efficiency (70% efficiency), electrolyzer sizing
assumptions (90% efficiency), and PEM fuel cell behavior (using voltage coefficients) are
based on published values and typical commercial systems. The hydrogen consumption
was set at 0.058 kg/kWh. Economic inputs, including capital and replacement costs, follow
recent literature values. The simulation assumes a worst-case scenario of 3.5 consecutive
cloudy days (NC = 3), requiring four days of full autonomy. All the technical values and
sources are listed in the relevant system description and model sections.

4. Energy Management Strategy

Efficient and reliable operation of a standalone PV /H; system requires a well-defined
energy management strategy. This strategy ensures that the load demands are continuously
met, either through direct PV generation or through stored energy in the form of hydrogen.

The energy management system monitors the following:

e  Power supplied to the load
e  Excess PV energy is used for hydrogen production via the electrolyzer
e  Power generation by the fuel cell using stored hydrogen

The loads demands must be satisfied by solar PV generation Py, (t) during the day and
fuel cells during the night to supply the load. The difference between power generation is
calculated as:

AP(t)= Pyo(t)—Py (1) (12)

Therefore, depending on AP(t) three Scenarios are formed as follows:

[Scenario:1] If AP(t) >0, i.e., the generation is more than the load, the following steps
have been implemented [17].

Step:1 The excess power (Pg; = AP(t)) is fed to the electrolyzer. The amount of
hydrogen generated by the electrolyzer per (Ar) as explained in Equation (10).

Step:2 The amount of hydrogen accumulated per Ar, (G (t)) in the storage tank is
calculated as:

Ga(t)= Guo(t — 1)+mhy (1) (13)

where Gy (t — 1) is the hydrogen present in the tank at the previous moment.

Step:3 In the case of storing hydrogen as shown in Equation (10), the volume of
hydrogen becomes larger than the volume of the tank (G},), i.e., Gua(t) > G}, Then the
electrolyzer is not turned on because there is no volume available in the hydrogen tank.
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[Scenario:2] If AP(t) = 0, then no power exchange is there; the total demand is met by
the solar power generation only.

[Scenario:3] If AP(t) <0, the load demand is more than the power generated by the PV
cells, and the required power to meet the load is provided by fuel cells and the PV during
the day; during the night all power is supplied by the fuel cell. The power is managed
as follows:

Step:1 As a first step, check the hydrogen availability in the hydrogen tank. The power
required to be produced by the fuel cell is calculated as:

Pre(t) = PL(t) — Ppo(t) (14)

Step:2 The amount of hydrogen consumed by the FC from the hydrogen tank at a
particular time to produce Pf.(t) is given by Equation (14). The hydrogen storage tank is
updated after taking hydrogen; the remaining hydrogen in the tank is calculated as:

G2 (t)= Gma(t —1)—Rma(t) (15)

where G (t — 1) is the hydrogen in the tank at time (t — 1).

Step:3 In case the hydrogen tank does not have sufficient hydrogeni.e., Rpy > G (t),
this was taken into account in the design to avoid any energy loss because the load is critical.

To ensure efficient energy management and reduce the energy loss, careful sizing of
all major system components is essential. These include photovoltaic panels (Pyy), fuel cells
(PJZ .), the electrolyzer (P ), and hydrogen storage tank size (Gf;,).

These parameters were tuned to handle worst-case weather conditions, specifically
three consecutive cloudy days on 10-12 January and December 349-351. These scenarios
are embedded in the Python version 3.13.5-based simulation, which tracks the hydrogen
levels, the battery SOC (for comparison), and the power flows hourly.

Figure 6 illustrates the full energy flow logic of the system, showing the generation,
storage, and load management under dynamic environmental and load conditions.

Figure 7 illustrates the full-year hydrogen production and storage cycle, assuming
three consecutive cloudy days in both January and December. At the start of the year,
the hydrogen production and storage levels are low due to reduced solar radiation in
the winter. As the spring and the summer arrive, increased solar energy enables greater
hydrogen generation, allowing the system to accumulate surplus hydrogen. This reserve is
then used in the autumn and the winter to maintain the load supply. The hydrogen storage
level at the end of the year closely matches the starting value, ensuring energy continuity
into the following year. This seasonal balance confirms the system’s ability to meet load
demand year-round with no energy loss.

The results clearly show that the hydrogen storage is at its minimum during the
winter and reaches its maximum in the summer, due to higher solar energy availability
in the summer months. Notably, the amount of stored hydrogen at the end of the year is
approximately equal to the amount at the beginning of the next year, indicating that the
hydrogen generated annually is fully utilized to meet the load demand.

Figures 7 and 8 present an analysis based on a system configuration under the assump-
tion of three consecutive cloudy days. The system operates with a constant load of 1 kW.
During the day, the photovoltaic (PV) array has a capacity of 10 kWp, and the electrolyzer
is sized at 8 kW. For the night load, the array size is reduced to 8 kWp, and the electrolyzer
is downsized to 5 kW. These sizing choices are made to ensure that the maximum current
generated by the solar panels can be effectively utilized. Additionally, a 1 kW fuel cell is
included to match the load demand during the periods without sunlight.
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Figure 6. Flow chart for energy management of the proposed system.

The hydrogen tank begins the year with an initial capacity of 15 kg and reaches 19 kg
by the end of the year for a constant load. For the night load, the tank starts at 11.5 kg and
increases to 17.6 kg at the end of the year. The results show that the hydrogen production
fluctuates across the four seasons, primarily influenced by the varying energy output of
the PV system. This PV-generated energy plays a critical role in driving the electrolyzer
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and determining the overall hydrogen yield, sufficient hydrogen to meet the load demand
during the solar radiation period.
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Figure 7. State of hydrogen entire year @ NC = 3, array size 10 kWp, tilted angle 30°.
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Figure 8. State of hydrogen entire year @ NC = 3, array Size 8 kWp night load, tilted angle 30°.

Figure 9a,b illustrates the accounts for three cloudy days in January (10th, 11th, and
12th) and three days in December (349th, 350th, and 351st), respectively; these figures
highlight the impact of reduced solar irradiance on hydrogen production and storage.
During these periods, solar energy generation drops significantly, leading to a complete
halt in hydrogen production. Consequently, the system draws upon the existing hydrogen
stored in the tank to supply the load through the fuel cell. This rapid decline in the hydrogen
storage demonstrates the system’s reliance on prior storage to maintain an uninterrupted
energy supply under extended low-solar conditions. These periods represent the worst-case
climatic scenarios considered in the system design to ensure reliability during prolonged
cloudy days.

Figures 10 and 11 show the monthly hydrogen production under varying seasonal
conditions, emphasizing the effect of cloudy days in winter. The hydrogen production
drops significantly during the cloudy periods in January and December due to reduced solar
input. However, the system’s sizing ensures that enough hydrogen is stored in advance
to handle these events. The design maintains a sufficient end-of-year hydrogen reserve to
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guarantee the energy availability at the beginning of the following year, demonstrating
resilience against Cairo’s most adverse solar conditions.
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Figure 9. (a) Three successive cloudy days in January. (b) Three successive cloudy days in December.
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Figure 10. The hydrogen production during the solar radiation period by month through the year @
NC = 1&2&3, constant load 1 KW, array size 10 kWp, tilted angle 30°.
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Figure 11. The hydrogen production during the solar radiation period by month through the year @
NC = 1&2&3, constant load 1 KW, array size 10 kWp night load, tilted angle 30°.

5. Economic Analysis

This section presents a cost-based comparison between the PV/H, and PV /Battery
systems under constant and night load conditions. The reference system is designed
to supply a 1 kW continuous load throughout the year, including worst-case weather
conditions. All the initial costs include mounting and installation.

The total cost of each system includes the capital cost of the PV array and other major
components such as batteries, Proton Exchange Membrane Fuel Cell (PEMFC), Proton
Exchange Membrane Electrolyzer (PEMEZ), converters, and hydrogen tanks. Table 3
summarizes the initial costs and lifespans for all components. A 21-year project lifetime
and an annual interest rate of 6% are assumed, with an operation and maintenance (O&M)
cost of 5% of the component’s initial cost as reported in [10].

Table 3. Initial cost and lifetime of both system components [18].

Component Initial Cost Lifetime (Years)
PV 312 USD/Kw 25
PEMEZ 1000 USD/Kw 20
PEMEC 1000 USD/Kw 10
Converter 146 USD/Kw 10
H; Tank 570 USD/Kg 20
Compressor 1800 USD/Kw 20
Battery 100 USD/Kw 3

The component requiring a replacement in the PV/Hydrogen system is the fuel
cell and DC/DC Converter. The FC operates based on hours rather than years. The
configuration results in 50,000 h of fuel cell operation throughout the year, necessitating
replacement at the end of the 10th year. The effective interest over each 10-year period is
0.8% for the FC and DC/DC Converter.

For the PV /Battery system, the batteries require replacement every three years, with
an effective interest rate of 0.19% per replacement cycle. Replacement costs are determined
according to established equations; all other components share the system’s full 21-year
lifetime and are not replaced.

To incorporate the effect of photovoltaic (PV) performance degradation over time, the
Levelized Cost of Energy (LCOE) was calculated using a present worth factor that includes
an annual degradation rate. This is represented by Equation (16)
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1+1
POZ EO X CO X (j) (16)

where:

Py Total cost over 21 years

Eg Average yearly generated energy (kWh)

Co Cost of Energy per kWh

i Yearly interest rate

g the annual degradation rate (assumed 2% for PV systems in Egypt)

This formula accounts for the typical 2% annual drop in the PV output, which is often
caused by environmental factors such as dust accumulation and surface glass abrasion
from sandstorms. If degradation is neglected (i.e., g = 0), the equation reduces to the
conventional annuity factor used in Equation (17):

~—N
Py= By x Co x (A20ED ) 17)

Tables 4 and 5 present the impact of adding three cloudy days to the capital investments
for each system configuration. The impact of system reliability was factored in when
comparing the two loads and their effect on the cost of energy. The Levelized Cost of
Electricity (LCOE) is used to estimate the cost of providing 1 kW of electricity. The results
show that the PV /H, system is more cost-effective than the PV /Battery configuration for
critical applications. For a constant load with several cloudy days, NC = 3, the LCOE values
are 0.23 USD/kWh for the PV /H, system and 0.52 USD/kWh for the PV /Battery system.
In the case of the night load, the LCOE increases to 0.36 USD/kWh for the PV /H; system
and 0.67 USD/kWHh for the PV /Battery system.

Table 4. A 1 kW constant load standalone PV /hydrogen system (NC = 3).

Tank Size Ar&("‘s'vls);ze T, () Reliability Ill}gg}k%’;t USCD‘/’IS(;Vh

2 10 219 97.5% 13,255.37 0.13
4 10 148 98.3% 14,395.37 0.14
6 10 132 98.5% 15,535.37 0.15
8 10 74 99.16% 16,675.37 0.16
10 10 68 99.22% 17,815.37 017
13 10 7 99.99% 19,525.37 0.19
15 10 0 100% 20,665.37 0.20
19

(End of The 10 0 100% 2294537 0.23

First Year)

Table 5. A 1 kW night load standalone PV /hydrogen system (NC = 3).

Tank Size Ar(fe’vlsjize Ty (h) Reliability I{I‘g]‘;‘/lkcv\‘]’;t USCD‘/’E;Vh

2 8 164 96.6% 9630.37 0.19

4 8 115 97.37% 10,770.37 021

6 8 89 97.97% 11,910.37 0.23

8 8 54 98.77% 13,050.37 0.25

10 8 19 99.57% 14.190.37 0.28

115 8 0 100% 15,045.37 0.29
176

(End of The 8 0 100% 18,522.37 0.36

First Year)
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As a supplementary economic estimate, the performance of lithium-ion batteries was
also considered. Using typical values from the recent literature, 400 USD/kWh capital cost,
and a 13-year lifespan [20] calculated an approximate Levelized Cost of Electricity (LCOE),
which was calculated using the same energy demand profiles as in the lead-acid simulation.
The resulting LCOE was 0.41 USD/kWh for the constant load and 0.49 USD/kWh for
the night load, representing a 21% and a 27% cost reduction, respectively, compared to
lead-acid batteries.

Lithium-ion batteries offer clear advantages in terms of the energy density, longer
life cycle, and reduced replacement frequency. However, they also require advanced
thermal management, especially in hot climates, due to their sensitivity to high operating
temperatures, which can reduce the performance and the safety over time [28,29]. While
this estimate is not derived from a full simulation, it provides a realistic economic reference,
reinforcing the potential of lithium-ion as an improved battery storage option, though
hydrogen storage remains more cost-effective in this study’s scenarios.

The total cost of the hydrogen-based system is primarily driven by the cost of the
hydrogen storage tank, in addition to the costs of the electrolyzer, the fuel cell, and the
photovoltaic (PV) components. The overall system cost can be expressed as the sum of
these individual components. Among them, the tank cost increases linearly with the
required storage size and tends to dominate the total cost, especially in scenarios with
extended cloudy day requirements. Since the number of hydrogen tanks must be an integer,
this introduces stepwise changes in the total cost, while the remaining cost variation is
attributed to the continuous variation in the other system components.

The higher LCOE observed in the battery-based system is primarily due to the sub-
stantial number of batteries required to meet the energy demand, their relatively short
operational lifespan, and the significant costs associated with battery replacement over the
system’s lifetime.

5.1. Payback Period

The Payback Period (PBP) reflects how quickly the system investment is recovered. It
is calculated as:
1— (14i) FBP
i

Py= Eg x Cp x ( ) (18)

where:
Cp Cost of Energy multiplied by the profit of the system.
PBP Payback Period in years

5.2. Economic Sensitivity Analysis

A sensitivity analysis was conducted to assess how changes in solar irradiance, hydro-
gen storage capacity, and electricity costs affect the economic feasibility of the systems. This
analysis revealed that the areas with lower solar irradiance may experience higher LCE
values, suggesting the need for regional optimization and adaptation to local conditions.
The criterion used to assess the economic feasibility of any system is the payback period.
The shorter the payback period, assuming an annual interest rate of 6%, the better the
investment.

Figures 12 and 13 show the constant load. The PBP is 7 years for the PV /H; system
and 16 years for the PV /Battery system. In the case of the night load, the PBP increases to
7.2 years for the PV /H, system and 15 years for the PV /Battery system.
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Figure 12. The payback period of the two considered systems for the constant load versus the

interest rate.
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Figure 13. The payback period of the two considered systems for the night load versus the

interest rate.

The payback period of the PV /Battery system is always longer than that of the PV/H;
system. The main reason for this is the high cost and short lifetime of the batteries, as the
battery cost is the dominant factor in the PV/Battery system. The short lifespan of the
batteries requires their replacement every three years. On the other hand, in the PV/H,
system, the hydrogen tanks are the primary cost, but the tank lifetime is much longer, with
no need for replacement.

Figure 14 shows the effect of the selling price of one kWh on the payback period
for both systems for a constant load. It is clear that as the selling price increases (i.e., an
increase in profit), Figure 14 illustrates that the payback period (PBP) is a vital indicator of
the project feasibility. The calculations were performed using established equations, with a
profit of 20% selected to facilitate a comparison between the two systems under various
load conditions. This percentage was chosen based on the highest observed LCOE, which
corresponds to the battery-based configuration.

The results for the constant load are as follows: the PBP is 5.3 years for the PV/H,
system and 9.7 years for the PV /Battery system. In the case of the night load, the PBP
increases to 6.3 years for the PV /H, system and 12.2 years for the PV /Battery system.
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Figure 14. Payback period in years versus the selling price for the constant load @i = 5%.

As shown in Figure 15, the payback period the PV /Hj is shorter than that of the
PV /Batteries at different interest rates and different load profiles.
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Figure 15. Payback period in years versus selling price for night load @i = 5%.

5.3. Inflation Causes

Inflation and interest rate changes affect the component replacement costs differently,
depending on the system.

PV /Battery system: since the batteries are replaced multiple times, the cost in-
creases with inflation. The energy cost rises to 0.30 USD/kWh (the constant load) and
0.40 USD/kWHh (the night load) at an average battery replacement interest rate.

PV /H; system: the hydrogen tank, with its long lifetime, is less sensitive to inflation.
Cost estimates are 0.37 USD/kWHh (the constant load) and 0.60 USD/kWh (the night load),
assuming a 6% interest rate and a 50 kg tank.

Figures 16 and 17 illustrate these economic sensitivities. The PV /Battery system cost is
closely tied to battery inflation, while the PV /H, system is more capital-heavy upfront but
less sensitive over time. While this study focuses on small-scale, low-pressure hydrogen
storage suitable for standalone systems, the results offer an insight into how scaling affects
economic performance. At the grid scale, the economies of scale would likely reduce
the capital cost per unit of hydrogen storage, particularly in tank fabrication and system
integration. As a result, the LCOE and the payback period could improve, especially
for systems with large energy demand and long-duration storage needs. However, such
systems introduce additional factors such as high-pressure storage and advanced safety
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systems, which were not modeled in this study. Future work may expand the analysis to
grid-scale applications, incorporating those considerations.
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Figure 16. The Levelized Cost of Energy versus the tank size for the constant load.
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Figure 17. The Levelized Cost of Energy versus the battery size for the constant load.

6. Conclusions

This study presents a comparative techno-economic analysis of two standalone photo-
voltaic (PV) systems designed to supply critical loads, one using lead-acid batteries and
the other using green hydrogen as storage. Both the systems were modeled and simulated
under Cairo’s climatic conditions, assuming worst-case scenarios of 3.5 consecutive cloudy
days. The systems were evaluated for two load profiles: the constant load and the night
load, to achieve 100% reliability and reduce energy loss.

The simulation results show that the PV /H, system consistently outperforms the
PV /Battery system in both cost and performance. For the constant load, the Levelized
Cost of Electricity (LCOE) is reduced from USD 0.52/kWh (Battery) to USD 0.23/kWh
(Hydrogen). For the night load, the LCOE improves from 0.67 USD/kWh to 0.36 USD/kWh.
This confirms that the night load is inherently more expensive to support due to its reliance
on stored energy during solar-off hours.

Payback period analysis further supports the advantage of hydrogen. At a 6% interest
rate, the PV /H; system achieves a payback period of 7 years for the constant load, compared
to 16 years for the PV /Battery system. With a 20% profit margin included, this drops to
5.3 years for hydrogen, versus 9.7 years for batteries. Night load scenarios follow a similar
trend, with hydrogen offering significantly shorter cost recovery times.
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In terms of reliability—cost trade-offs, the analysis shows that small compromises in
reliability can significantly reduce the system cost. For instance, increasing the tank size
from 2 kg to 15 kg (the constant load) improves the reliability from 97.5% to 100%, but raises
the initial cost by 55% and the LCOE by 0.13 USD/kWh. A similar pattern is observed in
night load scenarios, emphasizing the need to balance the system cost with the criticality of
the application.

The economic sensitivity analysis reveals that hydrogen systems are more resilient to
inflation and interest rate changes. While battery systems suffer from frequent replacements
and compounding costs, hydrogen systems front-load most expenses, benefiting from
longer component lifespans, especially the hydrogen tank. Even under extended cloudy
day conditions and variable inflation rates, the PV /H; system maintains a lower LCE than
its battery-based counterpart.

In the current simulation, energy loss is defined as the duration or amount of unmet
load (T,fs), which is set to zero in the final optimized scenarios. However, the real-
world losses occur through system inefficiencies (e.g., inverter loss, DC-DC converter loss,
electrolyzer/fuel cell conversion, and curtailment when hydrogen storage is full). These
losses are embedded in the efficiency parameters of each component (e.g., 90% electrolyzer
efficiency, 95% inverter, and 95% DC-DC converter), but excess PV energy that cannot be
stored is not explicitly tracked as curtailed energy. Future work could quantify annual
energy loss due to curtailment and other inefficiencies more explicitly.

This study compares hydrogen storage with traditional lead-acid batteries due to
their lower initial cost and continued use in small-scale off-grid systems. In addition to
the core comparison between hydrogen storage and lead-acid batteries, a supplementary
economic estimate was conducted for lithium-ion batteries to provide a broader perspective
on storage alternatives. The results showed that lithium-ion storage reduces the Levelized
Cost of Electricity (LCOE) compared to lead-acid by approximately 21% for the constant
load and 27% for night-only load scenarios. While lithium-ion offers improved the energy
density, higher efficiency, and longer lifespan, it also introduces operational challenges,
particularly in hot climates like Egypt, where thermal management becomes critical. These
findings suggest that lithium-ion technology may offer a viable alternative for certain
applications. Still, green hydrogen remains the most cost-effective and scalable solution
across both load profiles in this study.

While this study focuses on the techno-economic performance of hydrogen and battery
storage systems, we recognize the importance of assessing their environmental impacts.
Battery manufacturing, particularly for Li-ion systems, involves the mining and process-
ing of rare materials, which can result in significant environmental burdens. Hydrogen
produced via electrolysis (green hydrogen) is cleaner during operation, but still requires
energy and water input. A full life-cycle environmental analysis comparing hydrogen and
battery systems is an important area for future research. Such analysis could complement
the economic findings and provide a more comprehensive sustainability perspective.

The PV /H; system offers a more reliable, economically viable, and future-resilient
solution for standalone critical-load applications. Its superior long-term performance
under adverse weather and economic conditions makes it a strong candidate for off-grid,
high-reliability energy systems.
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