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This study explores a sustainable solution for addressing the electricity supply-demand
imbalance in Brack Ashatti by utilizing excess electricity during off-peak hours for hydrogen
production through electrolysis, and subsequently employing fuel cells to generate electricity
during peak periods. The research evaluates the feasibility of using a hydrogen-based system to
stabilize the national grid without the need for additional power generation units. Based on the
calculations, the electrolyzer can produce up to 271.8 cubic meters of hydrogen per hour,
requiring approximately 9.1 MW of electricity, which is sufficient to cover the
network's 6.1 MW energy deficit during off-peak hours. With a hydrogen storage capacity
of 421,255 cubic meters, this system can store hydrogen for later use in fuel cells to meet
the 1689 MW deficit in the national grid during peak times. The results indicate that by
optimizing hydrogen production through electrolysis and utilizing fuel cells for electricity
generation, the proposed system can provide 8,424 MW of power, effectively covering the
network’s deficit. This method not only resolves the supply-demand gap but also proves to be a
cost-effective and efficient solution for achieving grid stability, without requiring additional
power plants.
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Introduction

challenges facing modern energy systems. Today’s electrical

Stability issues in electrical grids, especially with increasing ~ 9rids struggle to adapt to rapid fluctuations in energy
loads during peak timeS, have become one of the major demand, Ieadlng to imbalances that affect System Stablllty

and reliability. During peak times, grids experience
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significant pressure due to high electricity demand, while
during off-peak periods, it is difficult to effectively utilize
surplus energy. These challenges require innovative solutions
to ensure sustainable electricity supply, particularly given the
growing need to meet the increasing demand for energy while
maintaining a balance between production and consumption.
In this context, hydrogen emerges as an effective solution,
due to its unique characteristics that make it ideal for long-
term energy storage. Hydrogen is the lightest element in the
periodic table and one of the most abundant elements in
nature, accounting for 75% of the atomic mass of the
universe. Additionally, hydrogen has properties that make it a
clean fuel, as it only produces water as a by-product when
used in fuel cells, making it an environmentally friendly
solution. It also has a very high energy density compared to
many other fuels; the energy density of hydrogen
is 33.6 kWh/kg, allowing it to store large amounts of energy
in relatively small volumes. Furthermore, hydrogen
technology enjoys a high availability rate of up to 99% in
modern energy storage systems [1-3] making it ideal for use
in electrical grids that require effective storage solutions. The
integration of Hydrogen energy storage in hybrid energy
systems is increasing in many applications [4-9].

Singh et al. [4] analyzed the feasibility of a hybrid hydrogen
fuel cell and solar photovoltaic system for academic research
building in India. A fuzzy logic computing program has been
performed for this purpose. The obtained results have shown
that, hydrogen fuel cell and battery storage, are the most
important components of the hybrid renewable energy
systems to meet the load demand, especially at late night and
early morning hours.
Shifting to practical applications of hydrogen in energy
systems, we refer to the study by Yue et al. , which analyzed
Power-to-Hydrogen-to-Power  systems. In this study,
electrolyzers were used to convert surplus electricity into
hydrogen, which was then converted back into electricity
using fuel cells. The study showed that PEM and Alkaline
electrolyzers typically consume 48-55 kWh to produce 1 kg
of hydrogen, while PEMFC fuel cells generate 16-20
kWh/kg H: of electricity, with an overall efficiency ranging
from 32% to 40%. The researchers also noted that the LCOE
of electricity produced from hydrogen in the grids ranges
from 0.30 to 0.45 USD/kWh, which is relatively high but
acceptable for long-term energy storage applications and grid
support [10].

Nassar et al. designed and analyzed a multi-generation
hybrid system based on wind energy and hydrogen to address
electricity shortages in resource-constrained urban areas such
as the Gaza Strip. The proposed system consists of a 1000
MW wind farm integrated with a 750 MW electrolyzer, 338
MW fuel cells, a hydrogen storage tank with a capacity of
5617 ms3, and a seawater desalination unit. The results
demonstrated that the system is capable of covering the
annual electricity deficit and supplying energy to the
transportation sector, with an LCOE of 0.124 $/kWh when
environmental and social impacts are considered. The study
also confirmed the economic feasibility of the system, with a
payback period of approximately 9 years and a significant
reduction in  carbon  dioxide  emissions  [11].
In another study conducted by Pera et al. (2025) in Spain, a
hydrogen storage system was applied in a solar-powered
energy community. The researchers used a PEM Electrolyzer
with a capacity of 250 kW to produce approximately 4.8 kg
Hz/day during off-peak periods, while a PEM Fuel Cell with a
capacity of 100 kW was used to generate 80-90 kWh/day of
electricity during peak periods. The study showed that the

LCOE of electricity produced from  hydrogen
was 0.34 $/kWh, and the NPC was estimated at 1.42 million
euros over 20 years, reflecting the feasibility of these systems
in distributed environments [12].
In a different context, Kharel and Shabani (2018) analyzed a
hydrogen storage system in Australia to support renewable
energy grids. The system used an Alkaline Electrolyzer to
produce 1,200 kg H> annually, which was then converted into
electricity using PEM fuel cells, producing 22 MWh annually
during peak periods. The study showed that the LCOE
was 0.626 USD/kWh, which is lower compared to other
storage systems, reinforcing hydrogen’s effectiveness as a
sustainable energy storage solution for long-term storage[13].
In Greece, Tziritas et al. (2023) conducted a study on a
hydrogen-based backup support system for service buildings.
The system used a PEM Electrolyzer with a capacity of 60
kW to produce 1.1 kg Hz/day, and a PEM Fuel Cell with a
capacity of 30 kW to generate 18-20 kWh/day of electricity
during peak periods. The results showed that the LCOE
was 0.41 $/kWh, with a 18% reduction in the NPC compared
to traditional diesel generators over a 25-year operational
period [14].

Another study by Wong and Afrouzi focused on enhancing
the efficiency of hydrogen storage systems using hybrid
systems. The researchers employed SOFC fuel cells in
conjunction with PEM Electrolyzers, showing that each
kilogram of hydrogen could generate 22 kWh of electricity.
The LCOE ranged between 0.28 to 0.40 USD/KWh, reflecting
a higher production efficiency compared to other systems
[15].

In a separate analysis, Jung examined a hybrid system
combining PEM Water Electrolyzers with SOFC. The study
showed that producing 1 kg H: required approximately 52
kWh, while the fuel cells produced 23 kWh/kg H.. The
hybrid system was capable of meeting peak load demands
of 120 kWh/day, with a notable reduction in NPC compared
to conventional storage systems[16].
In a comparative study by Pellow et al. (2015), the
differences between battery-based and hydrogen-based
storage systems at the grid level were analyzed. The study
showed that each 1 kg Hz could generate approximately 17—
19 kWh of electricity through fuel cells, and while the round-
trip efficiency is lower than batteries, hydrogen demonstrated
a higher net energy recovery in seasonal storage scenarios.
The LCOE ranged from 0.35to 0.45 USD/KWh[17].
In Europe, Boukhchina et al. (2025) reviewed Power-to-
Hydrogen applications at the national grid level, noting that
experimental projects in Europe produce 10-50 kg H./day
using PEM and Alkaline electrolyzers. This hydrogen was
used to generate electricity ranging from 160-900 kWh/day
through PEMFC fuel cells. The LCOE was estimated
between 0.25 and 0.38 $/kWh[18].

Azamian (2020) examined a hydrogen storage model for
residential buildings. The system produced 2.4 kg H./day
using a PEM Electrolyzer, with 5 kW fuel cells generating 40
kWh/day of electricity. The NPC of the system was estimated
at 96,000 USD, with an LCOE of 0.39 USD/kWh[19].
The available literature demonstrates that hydrogen is a
promising solution for energy storage and addressing load
and peak issues in electrical grids, especially for long-term
storage and integration with renewable energy sources.
Despite the challenges related to efficiency and cost,
continuous advancements in electrolyzer and fuel cell
technologies, along with legislative and economic support,
enhance the feasibility of these systems as a sustainable and
future-proof solution for grid stability.
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Key Information on Brack Alshatti City

Geograpic location

Brack Alshatti city is located in southwestern Libya, within
the Fezzan region, specifically in the eastern part of Wadi al-
Shati. it extends southward to the Zallaf Sand Sea. The city
lies at approximate geographic coordinates of 27°53' N and
14°28" E. Brack is a large oasis in the heart of the Libyan
desert, combining desert terrain with agricultural fertility due
to the availability of groundwater. Its elevation is
about 334 meters above sea level, and the topography is
generally flat with some hills and limited highlands reaching
up to 560 meters. The prevailing climate in the area is
continental desert, characterized by high temperatures in the
summer and cold winters, with low precipitation and
humidity. Studies indicate the presence of various natural
resources in the region, including deposits of iron ore and
manganese, in addition to groundwater that is considered
potable in terms of most physical and chemical properties,
except for elevated concentrations of iron in some cases [22].
Electrical Energy Situation:

In 2024, the city of Brak al-Shati faces a complex reality in
the electrical energy sector. The total electricity generated
was approximately 605,879.5 MWh, while the total electrical
load during the same period was about 590,018 MWh.
Although the available capacity exceeds the required loads
throughout the year, the city still suffers from a noticeable
shortage during peak periods, when demand rises beyond the
grid’s immediate response capability, leading to frequent
power outages. This imbalance is attributed to the lack of
effective energy storage systems, inefficient load distribution,
and partial reliance on unstable conventional energy sources.

Climatology details

Brack AShatti is located in southwestern Libya and has a hot
desert climate. The region is characterized by extremely high

temperature differences between day and night. Summer
temperatures often exceed 40°C, while winters are relatively
mild. The area receives very limited rainfall, usually less than
50 mm annually, concentrated in sporadic events during the
cooler months. It records more than 3,000 hours of sunshine
per year. Figures 2 and 3 illustrate the horizontal solar
radiation and the temperature variations throughout the year.
Methodology

The followed approach is illustrated by the flowchart
depicted in Fig. 4. The research focuses on analyzing the
energy, economic and technical performance of the proposed
system illustrated in Fig. 5, This system will be compared
with conventional fossil-fuel power generation systems in
terms of economic and operational efficiency.

The goal of the study is to balance grid loads during peak
demand periods using these new technologies, thus
contributing to reducing carbon emissions by improving the
use of renewable energy sources and storing hydrogen as an
effective means for later use. The analysis is based on hourly
generation and load data for all of 2024 (8,760 hours = 365
days x 24 hours). The data reflects dynamic energy trends in
Brack Ashatii, illustrating seasonal and daily variations in the
demand and supply of electricity. The procedure involves
several steps: data collection and preprocessing, energy
balance analysis, system sizing, economic analysis, and load
balancing performance analysis Each action is calibrated to
allow for a comprehensive assessment of the overall potential
of the system towards Brack's energy needs. The
methodology incorporates a number of assumptions

Layout of proposed Grid and Fuel Cell system

To boost the feasibility of this research work, the analysis is
applied for a generic grid and Fuel Cell . The layout of the
proposed system is shown in Fig. 4.
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Figure 4: A layout of proposed hydrogen fuel cell system

Assumptions, limitations and uncertainties of the results:

To make the analysis easer, the following assumptions were

adopted:

- The electrical load is assumed to be constant during one
hour.

- hydrogen is considered as an ideal gas.

- The economic evaluation excludes the salvage value of the
equipments.

- Neglecting the transmission losses and leaks in electricity
transition system and fuel lines.

- Constant efficiency of electrolyzer (n; = 80%) and fuel
cell (nr = 60%) systems.

A key limitation of this study is that the influence of

parameter variability on the design and performance of the

proposed system has not been investigated.

The key sources of uncertainty in this study are mainly the

data including climate and electrical load data and physical

quantities such as density and low heating value of the H2

Furthermore, economic risks occur from volatility in the

capital and operating costs of energy technology. Notably, in

some cases; the costs of equipements vary by more than

360% [19].

Hydrogen System

There are several uses for hydrogen, including energy storage

[10], power generation [21], industrial sector [22,13] and fuel

for H, vehicles [4]. Hence, hydrogen production from green

energy sources is essential to meet sustainable energy targets
(SETs) as the globe attempts to move to a low-carbon
economy [22]. The hydrogen system consists Electrolyzer for
H, production,Storage tank, and Fuel cell for electricity
production.
The instantaneous H2 productivity of the electrolyzer
(y, (£)) may be estimated as:
Pw(t) X NE

LHVy, ] @

2 t=1-8760
Where, my, (t) is the H productivity (ton/hr) powered
P,(t) (MW), LHVy, is the lower heating value of H
(33.33 kWh/kg H,) and ng, is the electrolyzer efficiency
(80%).

While the hourly electrical energy produced by the fuel cell
Ppc (MW) is determined as:

Prc(t) = [mHz(t) X LHVy, X nFC]t=1—>8760
Where: ng. represents the fuel cell efficiency (60%).
The produced hydrogen will be stored at 1000 bar, the high
pressure compressed gas tank made of composite materials,
such as carbon fiber, with a thermoplastic polymer liner [94].
The instantaneous of energy level or volume level of H2 in
the storage tank is estimated as:
my, (1)

My, () =

@

®)

Vi, (t) =

HZ :|
t=1-8760
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Figure 5: The methodology flowchart

Where: py, is the density of the compressed hydrogen at 100
MPa, taking as 71.59 kg/m? [30]. Accoridingly the volume
of the H2 storage tank we be dermined as:

my, (t)

PH, ]

t=1-8760
The energy consumed by the compressors Pe,,y,,, (t) in MWh
are:

VH2 = max[

my, (t)

Peomp(t) = ————A 5
comp 7]comesz P ( )

Accordingly, the capacity of the compressor will be:

Pcomp = max[PComp (t)]t=1—>8760
Where 1.0, refers to reciprocating compression efficiency
and is taken as 95%.
Water requirement
It is needed about 11.0 kg of pure water to produce 1.0 kg of
H,. The energy consumption in Reverse Osmosis plants are in
the range of 0.0016 kWh/kg. As such, energy consumption to
purify the seawater to meet the feedstock purity requirements
for electrolyser ranges roughly from 0.055 to 0.077 kWh/kg
H, (given assumed water consumption of 11 | H,O/kg Hy).

The cost for water desalination is about $0.85/m? H,0, which
then adds about $0.0075/kg H; to the production cost H, [26].
Pro(t) = 11.0 mHz(t)

Accordingly, the capacity of the RO plant will be:

Pro = max[Pro()]¢=1-8760
Analysis and Design constraints
LPSP=0
Economic analysis
Involving the environmental damage cost on the economic
analysis enhances the competitiveness of eco-friendly
renewable energy in the energy market, even in countries that
subside energy prices [27-33]. The levelized cost of energy is
considered the most important economic and environmental
indicator for demonstrating the feasibility of several
alternatives of energies. As the proposed system provides two
energies; electricity and Hydrogen it is essential to estimate
the levelized cost of electricity (LCOE) and the levelized cost
of Hydrogen (LCOE). The present research is different from
others as there are two energy sources and two consumption
sides. This necessitated the development of traditional
equations for calculating the levelized cost of energy, and the
new equation was formulated in terms of the share of each
source in supplying energy to the consumer.

Table 1: The key information on economic and environmental factors related to the components of the system

Equipment Capital Cost Operation & Maintenance Lifespan; year Ref.
Electrolyzer $1800-2,450/kW $10-175/kW 10 [13], [15]
Fuel Cell $1200-2900/kW $49-170/kW 10 [13], [14]
Hydrogen storage tank $30-50/kg Ha $0.0162/kg 10 [17]
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r(l+r)"

n
LcoE =4 +7)

1 (Cpe + Cgy + Cy) + (Op¢ + Oy + Og)

(6)

28 Epc (t)

where r is the real interest rate (2.4%), n is the plant lifespan
(10 years). The rated power of the FC are determined from
their corresponding energies.

The net present value NPV is determined as:

r(l+nr)"
(15—1‘#)—1(6” + CEl + Cst) + (OFC + OEL + Ost)]
NPV = r(1+r)"
1+rn—-1

Results and Discussion

Sizing of proposed hydrogen system

The aforementioned equations were analyzed using Microsoft
Excel, which included all of the data supplied in the
preceding sections. The results show that the system's energy
balance and the answer-stability condition were achieved for
a Fuel Cell with an installed capacity of 9.1 MW and an
electrolyser with an hourly capacity of 271.8 cubic meters of
hydrogen , which corresponds to around 105 MW of
electrical production. The needed hydrogen storage capacity
was computed as 421255 m3 at a pressure of 100 MPa by
133KW compressor.

Load Balancing Performance

The hydrogen fuel cell system's load balancing is assessed
through its ability to smooth excess and shortage hours to
maintain grid stability in Brack Ashatti.

On an annual basis, it encounters a total of 3,998 excess
hours and 2,608 shortage hours, of which excess energy is
stored or generated as 8424.2 MWh during the off-peak
hours, while energy is released to cover about 1689 MWh of
shortage hour.

Figure 6 show the level of energy in the hydrogen storage
tank.

Hourly Hydrogen Productivity from Electrolysis

Fig. 7 shows the hourly productivity of hydrogen (H2) from
an electrolyzer system with a nominal capacity of 271.8M3
per hour. This corresponds to a power input of 11.32 MWh.
The electrolyser functions under variable power supply
circumstances. it also shows considerable changes in hourly
hydrogen generation due to the intermittent grid electricity
availability. During periods of low load, the electrolyser hits
its peak productivity of around 271.8m? per hour, indicating
that its rated capacity is fully used. In contrast, during high
load, hydrogen production decreases dramatically or stops
totally.
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Figure.7: Hydrogen production from Excess Electricity
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Hourly Electricity Generation from Fuel Cell

Figure 8 depicts the hourly power generation curve of the
fuel cell with a capacity of 10.2 MW. The system'’s operation
is inextricably related to the hydrogen storage infrastructure,
which buffers the intermittent generation of hydrogen from
the electrolyzer and guarantees a more reliable power supply.
The hydrogen storage system essentially enables this
smoothing effect, which reduces the influence of the inherent
fluctuation of grid-based hydrogen generation [46,50].
Nonetheless, the system efficiently maintains baseline power
generation, which contributes to grid stability and increases
energy security. These findings highlight the crucial
importance of combined fuel cell and hydrogen storage
systems in accelerating the transition to electrical energy
infrastructures. By improving energy generation, such hybrid
arrangements provide dependable, dispatchable electricity
supply [36].

The dynamic energy behavior of the Hydrogen system:
Fig. 9 illustrated the energy behavior of the subgrid under
consideration integrating the proposed H2 system.

It is clear from Fig. 9 the effect of the power supply capacity
on the storage capacity. Also it is clear that the hydrogen fuel
cell system capacity the strategic importance of hydrogen
and fuel cell systems as a flexible, dispatchable, and scalable
energy storage solution for fossil fuel-dominated power
grids. By converting surplus electricity into a storable energy
carrier and reconverting it during peak demand

Economic Analysis:

The economic assessment evaluates the financial feasibility
of a Hydrogen Fuel cell system using LCOE and NPC
methodologies. For the base LCOE calculation (without LCA
and Ccoz), the LCOE is $202.2/MWh, which demonstrates a
capital cost of $27000000, and ongoing operating and
maintenance (O&M) costs, inclusive of their combined costs
over a 10-year lifespan. The base LCOE is competitive with
Brack's (brack’s power station-based system.) cost of
$200/MWh at peak hours and can provide meaningful
savings. Considering Cco2, which is based on the calculation
of 0.0378 ton CO,/MWh, valued at the social cost of $50/ton
(which adds an additional $1.89/MWh), and LCA concerns,
which take into account the emissions due to environmental
construction impacts and land use, the LCOE increases to
$267.1/MWh. The NPC is calculated at $3,875,000 over 10
years, using a 8% discount rate and a 2% inflation rate.

An increase in LCOE with Cco> and LCA represents the
environmental and social implications of Hydrogen Fuel cell,
which are vital for energy planning in Libya where more than
90% of electricity generation is sourced from fossil fuel
technologies [27]. The NPC of $3,875,000 is a discounted
aggregated total of capital costs, O&M costs and
environmental costs incurred over the lifetime of the project.
Table 2 compares the LCOE of the Hydrogen Fuel cell
system system to other energy storage technologies, as well
as brack’s power station-based system. This provides a more

complete understanding of cost effectiveness [28,46,47].
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Table 2: LCOE Comparison with Other Technologies

Technology LCOE Notes

($/MWh)
Hydrogen Fuel cell 202.2 Without LCA/Cco2
system (Brack, Base)
Gas power plant 200 High fuel cost, emissions
Lithium-lon Batteries 250-350 High upfront cost, shorter

lifespan

Compr. Air Storage 150-220 Requires specific geology
Flywheels 300-500 High cost, short duration
Discussion

The results confirm that the hydrogen-based energy storage
system, comprising electrolyzers, hydrogen storage tanks,
and fuel cells, represents a technically and economically
feasible solution for mitigating electricity supply—demand
imbalances in Libya’s power grid. The system effectively
utilizes surplus electricity during off-peak periods to produce
hydrogen at a rate of up to 271.8 md3h, requiring
approximately 9.1 MW of electrical input, which is sufficient
to absorb the 6.1 MW off-peak surplus observed in the
network. With a total hydrogen storage capacity of 421,255
m3, the system ensures adequate energy availability to
compensate for peak-period shortages.

Operationally, the stored hydrogen enables reliable electricity
generation through fuel cells, supplying up to 8,424 MW of
electrical power and covering the network’s peak deficit of
1,689 MW. The integration of hydrogen storage decouples
electricity generation from real-time demand and electrolyzer
operation, resulting in significantly improved output stability
compared to the fluctuating grid conditions. Although short-
term reductions in fuel cell output occur when hydrogen
storage levels are temporarily insufficient, the system
consistently maintains baseline power generation, thereby
enhancing grid reliability and energy security during high-
demand periods.

From an economic standpoint, the proposed system
demonstrates strong competitiveness. The levelized cost of
energy (LCOE) is approximately 202 USD/MWh. Moreover,
the ability to avoid constructing additional power plants
further strengthens the economic justification of the system.
Conclusion

This research addressed one of the fundamental challenges
facing the electricity sector in Libya, namely the imbalance
between electricity supply and demand, particularly during
peak load periods. By utilizing surplus electricity available
during low-load periods to produce hydrogen through
electrolyzers, and subsequently using this hydrogen to
generate electricity via fuel cells, the study presented a
practical and integrated framework for achieving effective
energy balancing without the need to construct additional
power generation plants. The results demonstrated that the
proposed system is capable of converting unused surplus
electricity into a storable energy resource that can be
deployed when needed, enabling the production of sufficient
hydrogen to compensate for power deficits during peak
demand periods. The study also showed that integrating
electrolyzers with hydrogen storage systems and fuel cells
significantly enhances grid stability, improves supply
reliability, and reduces reliance on costly and short-term
conventional solutions. From an economic perspective, the
analysis confirmed that the proposed system exhibits clear
economic feasibility, as the levelized cost of energy falls
within a competitive range, even when carbon disposal costs
are taken into account. This confirms that hydrogen-based
solutions are not merely environmentally sustainable options,

but also represent practical and cost-effective pathways for
improving the performance of the national electricity grid.
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