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Abstract:

The hybrid system was designed to fully meet the electricity needs of the Brack
Al-Shatti area, assuming independent operation from the electrical grid. This
study provides a technical evaluation of a hybrid system comprising photovoltaic
(PV) panels, batteries (BT), and diesel generators (DG), developed to meet an
annual electricity demand of approximately 590 GWh. The analysis examines the
impact of different PV capacities (ranging from 0 to 1000 MW) and
corresponding battery sizes on diesel fuel consumption, CO: emissions, and the
levelized cost of energy (LCOE). Diesel consumption decreases significantly as
PV capacity increases, from approximately 123 million kg per year at zero PV
capacity to zero at 1000 MW. At the same time, battery capacities increase from
mnitial values to 3747 MWh, supporting the storage of excess solar energy and
meeting nighttime load requirements, thereby reducing dependence on diesel fuel.
The average annual energy cost (LCOE) reflects a balance between technical and
economic  performance, reaching a minimum of  approximately
US$0.231077/kWh for PV capacities between 200 and 300 MW and battery
capacities between 115 and 433 MWh. This configuration maintains operational
stability while effectively reducing diesel consumption.

Keywords: batteries; diesel generators; CO- emissions; levelized cost of energy
(LCOE); photovoltaic (PV)

Introduction

Driven by concerns about climate change, global warming, and oil depletion, the global
installed capacity of renewable energy grew by 50% in 2024. By the end of 2024, the
total global installed renewable energy capacity—including solar, wind, hydropower,
geothermal, marine, and biogas—treached approximately 4,448.1 GW, of which about
2,200 GW was attributed to solar photovoltaic (PV) systems. This growth in the
renewable energy (RE) market reflects a global shift toward sustainable and clean energy
technologies [1-3].

Libya has sought to keep pace with this global transition. As one of the largest producers
of oil and natural gas, and a signatory to the Paris Agreement, the country has undertaken
measures to transition toward renewable energy through its 25-year strategy, which aims
to increase the contribution of renewable and environmentally friendly energy sources to
more than 50% of the national electricity generation mix. In light of concerns regarding
the depletion of global fossil fuel reserves, solar energy and other alternative sources
represent viable solutions in Libya [4—6] and are considered appropriate options for
addressing energy scarcity.
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Owing to recent advancements in energy technologies, developments in electrical storage
systems, and reductions in component costs, solar and wind energy have emerged as
widely adopted solutions for supplying electrical loads in remote and off-grid areas [6].
However, the intermittent and variable nature of these energy sources introduces
complexity into energy systems, leading to technological, environmental, social, and
economic challenges. It is also essential to consider the impact of thermal loads on
concentrated photovoltaic (CPV) cells [7]. Electricity can be generated through various
configurations, including grid-connected, off-grid, or hybrid systems [8—34]. Hybrid
systems are generally regarded as the most efficient option; however, they are associated
with higher costs due to the integration of specialized electrical converters.

The ongoing energy crisis in the country has prompted researchers to explore various
forms of alternative energy sources and system components to ensure the provision of
clean and sustainable power [35]. Numerous studies have investigated autonomous
hybrid energy systems as a means to meet load demand and improve quality of life in
remote and isolated regions worldwide [36-49]. One such study employed a
metaheuristic technique, Multi-Objective Particle Swarm Optimization (MOPSO), to
optimize microgrid systems comprising photovoltaic (PV) panels, batteries (BT), and
wind turbines (WT) [50]. Another study examined an off-grid configuration
incorporating PV, WT, and batteries to supply electricity to five residential loads [51—
53]. Additional research has focused on analyzing the deployment of renewable energy
sources (RESs) within the country [54]. In [55], various hybrid configurations were
assessed for powering an isolated region in Iran using a stand-alone energy system.
Moreover, several studies have explored the application of RESs in Libya, taking
advantage of their local potential and environmental benefits [56—69].

Microgrids have emerged as a promising and effective solution for remote areas, offering
reliable, efficient, and clean energy generation [70—72]. These systems can integrate a
variety of renewable energy sources, such as solar, wind, and hydropower, alongside
diesel generators. In addition, energy storage technologies can be utilized to store surplus
electricity. This combination makes microgrids particularly suitable for regions lacking
access to the main utility grid or experiencing frequent power outages due to natural
events such as storms [73,74].

The use of photovoltaic (PV) systems has become increasingly widespread in hospitals,
residential buildings, and public facilities in Libya. However, the high cost of solar
systems remains a significant challenge [75]. To address this issue, optimization
techniques such as the Crow Search Algorithm and Particle Swarm Optimization (PSO)
have been employed for sizing hybrid renewable energy systems (RES) in Libya [76].
Solar panels are generally categorized into three main types: monocrystalline,
polycrystalline, and thin-film technologies [77]. The efficiency of each type varies,
producing different energy outputs depending on location and environmental conditions.
Monocrystalline and polycrystalline panels are considered the most suitable for the study
area, depending on seasonal variations and local climatic factors such as temperature and
solar irradiance [78].

Microgrids, as classified in [79], operate in two primary modes: grid-connected and off-
grid [80]. The grid-connected mode is used when the end user is connected to the utility
grid, whereas the off-grid mode applies when the user is fully isolated. Mini-grid and
off-grid systems based on renewable energy sources (RESs) have also been explored
[81]. Furthermore, the optimal sizing of hybrid systems, including PV, wind turbines
(WT), and batteries (BT), has been widely investigated [82]. For example, a study on
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PV-battery systems in Morocco highlights global efforts to address energy and
environmental challenges [83].

A study conducted for rural areas considered the integration of renewable energy sources
(RESSs), such as photovoltaic (PV), wind turbines (WT), and biomass, along with battery
storage. The study utilized the Artificial Bee Colony (ABC) algorithm to optimize
system sizing and validated the results using HOMER and Particle Swarm Optimization
(PSO) [84]. Given the high solar irradiance in the study area, the work in [85] explored
various integrated systems. Additionally, the current state of the national electrical
supply system is documented in [86], indicating that the national electricity company is
the sole electricity provider. Domestic electricity consumption patterns, including the use
of various household appliances, are detailed in [87].

This study aims to develop an optimization model for determining the optimal sizing of a
hybrid energy system based on photovoltaic (PV) solar panels and battery storage, with a
diesel generator serving as a backup source during cloudy conditions or battery
depletion. Appropriate objective functions and constraints were applied to balance cost
and performance, ensuring that the energy demands of Brack Al-Shatti, Libya, are met.
The selected objective functions include the Levelized Cost of Energy (LCOE) and
Payback Time (PBTM), while the constraint ensures a zero Loss of Power Supply
Probability (LPSP), reflecting continuous power supply reliability. The System Advisor
Model (SAM) was employed to estimate the actual productivity of the PV system based
on real-time climatic data provided by the Renewable Energy Laboratory at Wadi
Alshatti University for the year 2023. It is noteworthy that the proposed system does not
rely solely on solar energy but incorporates backup sources, such as diesel generators, to
ensure energy availability under unfavorable conditions.

Renewable energy, derived from naturally occurring sources such as solar radiation,
precipitation, tidal movements, wind, and geothermal heat, is characterized by its
renewability and sustainability [88]. It represents a practical alternative to conventional
fossil fuels and is often referred to as “alternative energy.” These energy flows exist
naturally in the environment and can be harnessed to meet human needs, with the sun,
gravitational forces, and Earth's rotation serving as primary drivers. Importantly, the
growth in global energy demand is closely linked to increases in per capita Gross
National Product (GNP). Projections suggest that continued reliance on fossil fuels may
lead to insufficient energy supply in the future.

Renewable energy sources (RESs) offer several advantages over conventional systems.
These include immediate access to electricity without the need for extensive grid
expansion, reduced vulnerability to oil price fluctuations, and lower fuel transportation
costs. Additionally, RESs contribute to improved healthcare services, rural development,
economic efficiency, and local job creation. Their integration also plays a crucial role in
addressing global challenges such as climate change and poverty by promoting the
efficient use of locally available resources [89].

Urban populations connected to conventional power grids are increasingly adopting
renewable energy sources due to concerns over fossil fuel depletion and environmental
impacts. These clean energy sources, often referred to as “green energy,” include solar,
wind, geothermal, and other sustainable alternatives.

Advancements in photovoltaic technology have significantly expanded the global
potential for solar energy generation. Improved economic feasibility has supported the
deployment of PV systems in both large-scale projects and small standalone applications
serving residential, public, and commercial sectors.
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The concept of hybrid renewable energy systems emerged in the mid-1980s and gained
momentum in the early 1990s due to the need for enhanced grid stability and reliability.
This growth was driven by the integration of large shares of wind energy into small
autonomous grids. As global energy demand continues to rise alongside environmental
concerns, renewable energy systems remain central to sustainable development strategies
[90,91].

Conventional photovoltaic systems exhibit inherent variability in output due to short-
term fluctuations in weather conditions [92]. To enhance efficiency and optimize energy
utilization, integration with other renewable or conventional energy sources has become
increasingly important. However, such integration introduces challenges related to
intermittency, low energy density, and stochastic behavior.

Recent advancements in control systems, processing technologies, and energy
management have enabled the reliable operation of hybrid systems combining PV with
diesel backup. A comparative study between batteries and fuel cells as backup solutions
identified fuel cells as a more favorable option for PV systems under certain conditions
[93].

Solar energy, encompassing both light and heat from the sun, is harnessed through a
wide range of technologies, including solar heating, photovoltaic systems, solar thermal
energy, solar architecture, molten salt systems, and artificial photosynthesis. The
underlying principle is the photovoltaic effect, where incident light provides sufficient
energy to release electrons, generating a voltage that drives current through an electrical
circuit.

In addition to core PV system operations, auxiliary features such as battery backup and
uninterruptible power supply (UPS) capabilities enhance system reliability by
maintaining critical loads during outages [94-97].

Several studies have explored the application of hybrid energy systems in various
contexts. For instance, [98] proposed an off-grid hybrid system to power a COVID-19
quarantine facility in Gaza. In [99], an optimization approach was presented for a
PV/wind system integrated with pumped hydro storage in Brack, Libya. In [100], a
rooftop PV system was evaluated for Assiut University, focusing on economic and
technical feasibility. In [101], a hybrid system comprising PV, wind, and biomass was
proposed with a significant investment cost.

A wide range of energy technologies—including PV systems, wind turbines,
hydropower, diesel generators, microturbines, and fuel cells—contribute to the modern
energy landscape [102—-107]. Energy storage technologies such as battery banks and
hydrogen systems play a crucial role in system performance. The primary contribution of
this study lies in presenting an integrated framework for the design, modeling, and
simulation of an off-grid hybrid energy system combining renewable and conventional
sources to meet the energy demands of the Wadi Al-Shatti region in southern Libya.
Study area and seasonal changes

Brack Al-Shatti is located in the southeastern part of Libya and serves as a significant
urban hub within the Wadi Al-Shatti region. The city is situated approximately 700
kilometers south of the capital, Tripoli, and 60 kilometers north of Sabha, as illustrated in
the map of Libya in Figure 1. Brack Al-Shatti has a population of 43,100, ranking it as a
mid-sized city among southern Libyan cities, according to the Libyan census of 2004.
The city is geographically located at an altitude of 349 meters above sea level, with
coordinates of 27°53'33"N and 14°28'33"E.
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The area is characterized by an arid climate, with relatively high temperatures in
summer, moderate winters, and minimal precipitation. These climatic and environmental
conditions are essential factors in the design and operation of renewable energy systems,
particularly with regard to the efficiency of solar panels and energy storage systems.
Climatic records and solar radiation data indicate that the area is highly suitable for solar
energy projects, making it a strategically favorable location for the implementation of
off-grid hybrid energy systems.
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Figure 1: Map of the site under consideration [108]

Methodology for Renewable Energy Systems with Energy Storage

As illustrated in Figure 2, this study aims to simulate an integrated off-grid hybrid energy
system in order to determine its optimal configuration. The hybrid system consists of
photovoltaic (PV) generation, battery storage, and a diesel generator. The simulation
process begins with the collection of climatic data, hourly electrical load demand, and
the technical, economic, and environmental parameters of the system.

The impact of different photovoltaic capacities was analyzed, ranging from 0 to 1000
MW in increments of 100 MW. An hourly simulation was conducted over an entire year
(8,760 hours) for each scenario, starting with the initial state of charge (SOC) of the
batteries, PV output, and diesel generator fuel consumption. To maintain operational
constraints and prevent potential load deficits, the stability of the batteries was evaluated.
In the event of any modification in system parameters, the simulation was rerun.

After accounting for all costs, including capital expenditures, replacement and
maintenance costs, and fuel consumption across all scenarios, the levelized cost of
energy (LCOE) was calculated. Finally, the optimal configuration was identified based
on the minimum LCOE that satisfies all operational constraints, resulting in a reliable,
cost-effective, and environmentally sustainable system suitable for large-scale off-grid
applications.
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Analysis and Sizing Optimization of Off Grid PV/Battery/Diesel
Generator Hybrid renewable Energy System

Climatic Data, Electrical Load, Technical Economic and Enmmenal
Data of PV Solar system, Battery and Diesel Generator
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Figure 2: The following approach is illustrated in the flowchart

Collected Data
The average hourly Global Horizontal Irradiance (GHI) data for the study site in 2023

are presented in Figure 3. The data were obtained from the meteorological station located

185

Special issue: Seminar on the transition to clean energy in Fezzan: Renewable energy
engineering in desert regions - Thursday, 12- -February - 2026



Design, Modeling, and Simulation of an Off-Grid Hybrid Energy System Integrating Solar Photovoltaics, Diesel Generators, and Batteries. Irhouma et al.

at the Solar Energy Laboratory, Faculty of Engineering, Wadi Al-Shatti University,
Brack City.

On the other hand, temperature is a key climatic parameter, as it directly affects the
efficiency of photovoltaic (PV) modules and consequently influences electrical demand.
Figure 4 shows that the average temperature in Brack City is approximately 22°C,

ranging from 5°C to 40°C. The data were subsequently analyzed using Microsoft Excel.
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Figure.3: Hourly global horizontal solar radiation (GHI)
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Figure 4: Hourly Variation in Ambient Air Temperature for the case study

Modeling of a Hybrid Energy System

The proposed energy system consists of a renewable energy source (PV), battery energy
storage, a diesel generator (DG), and inverters, all integrated with residential demand as
an AC load, as shown in Figure 5.

DC Bus AC Bus

Solar Panel
Diesel Generator System

- Load Demand

Battery Energy Storage
Figure 5: Schematic of the Proposed Hybrid Energy System
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This hybrid system operates independently of the public grid and is designed to meet the
capacity requirements of the selected study area, ensuring uninterrupted power supply,
which represents a model for addressing contemporary energy challenges [109]. Table 2
presents the detailed specifications of the system components.

Table 2. System input parameters
Components | Parameters Value Units

Photovoltaic | Photovoltaic module Stion SN-115

; 11.40 %
41.0
3.0 Amp
125 w

-0.004 | %/°C

-0.360 | volt/°C

0.007 | Amp/°C

Capital Cost; 870 $/kW
O&M Cost, 21 $/kW/year
Lifespan,; 30 year
0.052 kg
Battery Lifespan 10 Year
Nominal voltage 12 A"

Hourly self-discharge rate 0.007 %/hour

Capital cost 400000 | $MW
O&M Cost 81000 | $/MW
Maximum DOD 70 %
Max SoC 100 %
Min SoC 20 %

Inverter Lifespan 15 Years
Efficiency 95 %
Capital Cost 2800 $

Diesel Capital Cost 5000000 $/ MW

generator Lifespan 25 years
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O&M Cost 200000 | $/MW

Fuel cost 1.32 $/kg

A hybrid energy system integrates multiple renewable energy sources and is generally
more cost-effective and reliable than single-source energy systems.

In this study, the system components include photovoltaic (PV) panels, battery storage
(BT), and diesel generators (DG), all designed for an off-grid configuration. To ensure
efficient and safe utilization of energy storage as a flexible asset capable of performing
multiple grid functions, the implementation of Energy Management Systems (EMS) and
optimization strategies is essential [110—-112].

The photovoltaic (PV)

The actual output power of the photovoltaic (PV) panel under real operating and climatic
conditions is given by [113,114]:

Ppy = Pgrc[1+ Bp(Teey — Tsrc)]% (1)

Where: T,,;; are the cell’s surface temperature at Standard Test Condition, is the power
temperature coefficient. The challenge that researchers will face is to find an empirical
equation to determine the cell surface temperature [113,114].

Teoy = To +7.8%1072H, )
Although all climatic data were obtained from the SolarGis platform, the incident solar
radiation on the PV surface was recalculated. This is because SolarGis applies the
Moneer model [115], whereas local studies indicate that the Liu and Jordan model is
more suitable for southern regions [116—120].

H,
Ppy = Pgre[1 4 Bp(Teey — TSTC)]H
STC
Energy storage system

It 1s the responsible device for steadying power balance and absorbing transients within
the range of maximum and minimum of SoC of the battery. Depends on the charge and
discharge cycles of the battery which compute the lifespan of energy storage [121]. The
battery is considered in the system to deal with the intermittent nature of Renewable
Sources (RS). The utilized battery in the system is Lithium-iron phosphate (LiFePO4)
and its datasheet of the battery is reported in [121]. The capacity of the battery can be
computed by Equation (3), while the charge and the discharge amount of the battery can

be calculated by Equation (4) and (5), respectively [121].
AD *EL

Npr*DOD M iny )

where the E refers to the average load demand, the AD represents autonomy days, DOD
refers to the depth of discharge, ninv refers to the inverter efficiency, and 7 is battery
efficiency. The two operations for charging and discharging to show the battery status as
SoC as presented in Equation (4) have been taken into consideration for charging and
discharging as presented in Equation (4) and Equation (5), respectively.

Cpr =

S0Cyin < S0C, < S0Cy, .4 “4)
SOC = SoC(t—1) * (1 —0) +<(pp,,(t)) —Q—S)) *Tgr )
S0C = SoC(t—1)* (1—0) + <’;’,(t) - (ppv(t))> e (©)

Equations represents the battery status in charging mode considering the sigma that
that refers to the self-discharging rate of the battery bank.
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Converters

When a system has both AC and DC components, power converters such as DC/AC and
AC/DC are necessary. While the considered load is AC, solar PV panels and batteries
produce DC output. The converter size is determined by combining peak load demand

with inverter efficiency, while the inverter rating is determined using Equation [122-
124].

pinv(t) = w (7)

Ninv
Diesel Generator
The DG will work when the energy on the battery is depleted (minimum of DoD
accomplished). The modeling mathematical equations can be calculated by Equation (8)
with the help of Equation (9) and Equation (10), respectively.

FCy = Ag * Ppg + Bg » B¢ ®)
FUELC = (S; X FC( ) * CPV
©)
_ ri(a+r)”
CPV = e (10)

where the in Equation (8) refers to the fuel consumption that measured in (Liter/kW), is
the coefficient of FC that equals 0.24, is the generated power from the DG, is the
constant valve or coco efficient of FC equals 0.084, and refers to the rated power,
respectively. Additionally, the cost of fuel (FUELC) is mathematically formulated in
Equation (9), the denoted as the current price of diesel fuel per liter represents the
modeled of fuel consumption, denoted as the cumulative present value which
mathematically can be expressed in Equation (10).

Optimization process

Objective functions

This study aims to determine the optimal configuration of a hybrid energy system
composed of photovoltaic panels (PV), battery storage, and a diesel generator for Brack
City, Libya, with the objective of minimizing both the Levelized Cost of Energy (LCOE)
Accordingly, the objective function (OF) is formulated to evaluate system performance
based on economic feasibility and return on investment. [125]

OF = w,(LCOE) +w,(PBTM) (11)
The LCOE of the hybrid system is calculated using the following equation
LCOE

r(1+ )"V r(1+r)"8T r(1 +r)"P6

1 Cpg + (0&Mpy + 0&Mpr + 0&Mp) + Crygy, * Fuel mass — NCO,
EL

D i A T LU S O T

(12)

Where Cpy, Cprand Cpg are the capital costs of the PV, Batteries and Diesel Generator
system; are PV, Batteries and Diesel Generator operation & maintenance costs
respectively. states for the discount rate (2.5%). and are the PV, Batteries and Diesel
Generator system lifespans. is the net cost of CO2 [126]

NCO, = O[(EF,,, * Load) — (masssye * EFg,, )] (13)
Where the COz price in Libya and equal 70$/ton CO2 [127-130] and is Emission Factor
of CO2 and equal 2.78 kg CO2/kg diesel [131-133]. TB, the total benefits of the hybrid
system over the project lifespan [134] is given by,

TB = { (1+r)n-1} )

r(1+r)™"

(14)
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The average annual benefits are given by [134]
TR, =2 (15)

The average annual benefit gives indication on the economic feasibility of the project.
Another economic indicator is the Payback Time Money, PBTM depends on the project
total cost, Cs, and average annual benefit. PBTM is given by,

PBTM = -5 (16)

nTBy,
Where initial capital investment cost, replacement cost in year t, operation and
maintenance cost in year t, fuel cost for the generated in year t, total energy generated by
the system in year t (in kwh), discount rate, project lifetime (in year)

Results and Discussion

Energy Contribution and System Performance

The investigated hybrid power system integrates photovoltaic (PV) generation, battery
storage, and a diesel generator to ensure continuous electrical demand supply throughout
the year. The results on a temporal scale indicate that solar power output is highly
sensitive to variations in solar irradiation. During peak solar hours, the PV system
generates sufficient electrical power to supply the direct load and simultaneously
recharge the batteries, as shown in Figure 6.

Battery Operating Dynamics

The state-of-charge (SOC) profile of the battery demonstrates stable performance
throughout the year (8,760 hours). This stability corresponds to a relatively high
charging level, ranging from 2,600 to 3,600 MWh for most of the year. This indicates
that the system provides adequate storage capacity to accommodate daily load
fluctuations and continuous solar energy surplus, enabling regular battery recharging
throughout most of the operational period.

Furthermore, no repeated deep-discharge cycles were observed, which contributes to
prolonging battery lifetime. However, a significant deep-discharge event is observed
during the initial operation phase (approximately hours 900—1000). This is attributed to
reduced solar irradiation, insufficient initial battery capacity, or delayed activation of the
diesel generator as a backup source. Such conditions may accelerate battery degradation
if they recur.

After a stabilization period, the SOC remains within a narrow operating range, indicating
effective charge—discharge management, a good balance between load demand and solar
generation, and the supportive role of the diesel generator in preventing the SOC from
reaching critical minimum levels. Minor fluctuations are observed during mid-year
periods; however, these variations are not operationally critical and are directly
associated with changes in solar irradiation and load demand. Overall, the battery system
demonstrates high operational efficiency, indicating that the hybrid system is well
managed. Nevertheless, further detailed analysis is required to investigate the initial
deep-discharge behavior to prevent possible recurrence, as shown in Figure 7.

Generator Contribution

To ensure uninterrupted power supply, the diesel generator operates during periods of
low solar irradiance and/or when the demand exceeds the combined capacity of the PV
and battery system. Its role is essential for system reliability; however, it is associated
with environmental impacts due to carbon emissions and increased operational costs
related to diesel fuel consumption.
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Levelized Cost of Energy (LCOE)

The variation in the Levelized Cost of Energy (LCOE) is illustrated in Figure 8 as a
function of the installed photovoltaic (PV) capacity for the proposed hybrid system.
Initially, the system relies entirely on the diesel generator, as no PV capacity is installed
(PV =0 MW), and the LCOE is approximately 0.32327 USD/kWh. The LCOE decreases
to about 0.25240 USD/kWh when 100 MW of PV capacity is integrated.

The minimum LCOE value of 0.23077 USD/kWh is achieved at a PV capacity of 200
MW, indicating the most economically optimal configuration. This result corresponds to
a capital payback period of approximately 12.32 years, which reflects a favorable
investment scenario.

However, the LCOE increases slightly to 0.28444 USD/kWh at 300 MW and further
rises to 0.37661 USD/kWh at 500 MW. Higher PV capacities of 600, 700, and 800 MW
result in a pronounced increase in LCOE, reaching 0.55081, 0.62535, and 0.69905
USD/kWh, respectively. This increase is associated with extended payback periods
exceeding 36 to 44 years.

Although a slight decrease in LCOE is observed at 1000 MW (approximately 0.68966
USD/kWh), the payback period remains relatively long at 40.28 years. These results
indicate that high PV capacities are not economically optimal. Instead, moderate
capacities, particularly around 200 MW, provide the lowest cost of electricity generation.
In summary, the analysis shows that the minimum LCOE of 0.23077 USD/kWh is
obtained at 200 MW PV capacity with a payback period of 12.32 years. While CO:
emissions decrease with increasing PV capacity, both LCOE and payback period
increase correspondingly. Therefore, the optimal configuration is achieved at moderate
PV penetration levels, ensuring a balanced trade-off between economic feasibility and
environmental performance.

Operational and Environmental Impacts of a Hybrid Power System

The results shown in Figure 10 for the analysis of the hybrid PV —battery—diesel system
indicate that increasing photovoltaic (PV) capacity leads to a significant and measurable
improvement in both operational performance and environmental impact. Initially, there
is no PV penetration, and the system relies entirely on the diesel generator for electricity
generation, resulting in high fuel consumption and elevated CO: emissions, reaching
approximately 4.83 x 10° tCOz/year. This condition represents the baseline scenario for
evaluating system performance improvements.

When PV capacity is increased to 100200 MW, diesel generation decreases, leading to
reductions in both fuel consumption and CO: emissions. However, the system still
partially depends on the diesel generator due to insufficient PV contribution during
periods of low solar irradiance.

At PV capacities ranging from 300 to 500 MW, a significant transition occurs, where the
combined operation of PV generation and battery storage demonstrates high efficiency.
At 300 MW, emissions are approximately 2.80 x 10° tCO2/year; however, at 500 MW,
they decrease to about 3.4 x 10* tCO-/year, representing nearly a tenfold reduction
compared to the baseline scenario.

This range represents a critical operational zone in which renewable energy consistently
exceeds demand during daytime periods, enabling effective battery charging and limiting
diesel operation to only a few hours per year. The sharp reduction in emissions
corresponds to a substantial decrease in annual fuel consumption, from 71,000 t at 300
MW to 8,600 t at 500 MW, confirming a clear transition toward renewable energy
reliance.
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Beyond 600 MW, the system approaches a near-zero emission regime. At PV capacities
between 800 and 1000 MW, diesel generators become practically redundant due to the
large storage capacity (up to 4000 MWh) and high solar energy availability, which
together satisfy almost the entire load demand. As a result, CO- emissions approach zero,
with full elimination achieved at 900—-1000 MW.

Assuming a carbon price of 70 USD/tCO: in Libya, the economic value of emission
reduction increases significantly, reaching more than 33 million USD annually when
diesel consumption is fully eliminated. This indicates that, in addition to environmental
benefits, high-penetration photovoltaic systems can deliver substantial long-term
economic value.

Overall, the results confirm that increasing PV capacity fundamentally changes system
behavior: fuel consumption decreases, emissions are significantly reduced, and the
system transitions from diesel-dominated operation to nearly fully renewable operation.
These findings highlight the technical, environmental, and strategic advantages of high
solar penetration hybrid systems, particularly in regions such as southern Libya with
abundant solar resources.
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Conclusion

The off-grid hybrid photovoltaic (PV)-battery—diesel system for the Brack Al-Shatti area
is capable of meeting an annual electricity demand of 590 GWh. Full decarbonization is
achieved at PV capacities between 800 and 1000 MW, combined with battery storage
capacities of approximately 3,000—3,700 MWh, leading to a substantial reduction in both
CO: emissions and diesel fuel consumption. The results indicate that hybrid renewable
energy systems are technically feasible and can provide a reliable and sustainable power
supply in remote arid regions. A balanced configuration of 200-300 MW PV capacity
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and 115-431 MWh battery storage minimizes diesel dependence while maintaining
system stability and operational reliability.
References

1.Salem, M., et al. (2025). Technical and environmental cost-benefit analysis of strategies
towards a green economy in the electricity sector in Libya. Economics and Policy of
Energy and the Environment, 12, 133-167.

2.Youssef, A. (2026). Nuclear plants trends for development planning in Egypt. Wadi
Alshatti University Journal of Pure and Applied Sciences, 4(1), 277-286.

3.Moumani, K. (2023). Management of sustainable development in the light of Arab and
international cooperation: A case study of the Arab vision of management of sustainable
development. Wadi Alshatti University Journal of Pure and Applied Sciences, 1(1), 1-8.

4. Amer, K., et al. (2025). Economic-environmental-energetic (3E) analysis of photovoltaic
solar energy systems: Case study of Mechanical & Renewable Energy Engineering
Departments at Wadi AlShatti University. Wadi Alshatti University Journal of Pure and
Applied Sciences, 4(1), 51-58.

5.Abdulgader, A., et al. (2023). Power management and sizing optimization for isolated
systems considering solar, battery, and diesel generator based on cost and reliability
under Murzuq and Sabha cities weather. In International Conference on Research of
Mechanical Design Automation and Materials (pp. 28-29). Bhopal, Madhya Pradesh,
India.

6.Maka, A., Salem, S., & Mehmood, M. (2021). Solar photovoltaic (PV) applications in
Libya: Challenges, potential, opportunities and future perspectives. Clean Energy and
Environmental Technology, 5, 100267.

7.Singh, S., Chauhan, N., & Singh, J. (2021). Feasibility of grid-connected solar-wind
hybrid system with electric vehicle charging station. Power Systems and Clean Energy,
9(2), 295-306.

8.Aqila, A., Abubaker, A., & Nassar, Y. (2025). Design of a hybrid renewable energy
system to meet housing thermal loads: Performance evaluation under real conditions of a
house in Samno region, Libya. Wadi Alshatti University Journal of Pure and Applied
Sciences, 3(2), 179-191.

9.Salem, M., Elmabruk, A., Ithouma, M., & Mangir, 1. (2025). Assessment of wind energy
potential in Western Mountain: Nalut and Yefren as case study. Wadi Alshatti University
Journal of Pure and Applied Sciences, 3(1), 35-42.

10. Nassar, Y., & El-Khozondar, H. (2024). A new design for a built-in hybrid energy
system, parabolic dish solar concentrator and bioenergy (PDSC/BG): A case study —
Libya. Journal of Cleaner Production, 441, 140944.

11. Nassar, Y., & Alsadi, S. (2022). Design of an isolated renewable hybrid energy system:
A case study. Materials for Renewable and Sustainable Energy, 11, 225-240.

12. Aqila, A., Nassar, Y., El-Khozondar, H., & Suliman, S. (2025). Design of hybrid
renewable energy system (PV/wind/battery) under real climatic and operational
conditions to meet full load of residential sector: A case study of Samno village, southern
Libya. Wadi Alshatti University Journal of Pure and Applied Sciences, 3(1), 168—181.

13. El-Khozondar, H., et al. (2025). Economic and environmental implications of solar
energy street lighting in urban regions: A case study. Wadi Alshatti University Journal of
Pure and Applied Sciences, 3(1), 42—151.

14. Salim, E., Abubaker, A., Ahmed, B., & Fathi, N. (2025). A brief overview of hybrid
renewable energy systems and analysis of integration of isolated hybrid PV solar system

194

Special issue: Seminar on the transition to clean energy in Fezzan: Renewable energy
engineering in desert regions - Thursday, 12- -February - 2026



Design, Modeling, and Simulation of an Off-Grid Hybrid Energy System Integrating Solar Photovoltaics, Diesel Generators, and Batteries. Irhouma et al.

with pumped hydropower storage for Brack City, Libya. Wadi Alshatti University
Journal of Pure and Applied Sciences, 3(1), 152—-167.

15. Alsharif, A., et al. (2023). Mitigation of dust impact on solar photovoltaic performance
considering Libyan climate zone: A review. Wadi Alshatti University Journal of Pure
and Applied Sciences, 3(1), 152—167.

16. Almhdi, E., & Miskeen, G. (2025). Power and carbon footprint evaluation and
optimization in transitioning data centres. Wadi Alshatti University Journal of Pure and
Applied Sciences, 3(2), 221-229.

17. Alkhazmi, A., et al. (2026). Design and analysis of PV solar street lighting systems in
remote areas: A case study. Wadi Alshatti University Journal of Pure and Applied
Sciences, 4(1), 1-14.

18. Al-Mathnani, A., Mohammed, A., Al-Hashmi, S., & Geepalla, E. (2025). Control and
modification of 12-pulse static compensator with PV cell using new control algorithm.
Wadi Alshatti University Journal of Pure and Applied Sciences, 3(1), 30-34.

19. Ahmad, S., Agrira, A., & Nassar, Y. (2025). The impact of loss of power supply
probability on design and performance of wind/pumped hydropower energy storage
hybrid system. Wadi Alshatti University Journal of Pure and Applied Sciences, 3(2), 52—
62.

20. Ahmed, B., Fathi, N., EI-Khozondar, H., & Khaleel, M. (2026). Optimal design of hybrid
renewable energy system (PV/wind/PHS) under multiple constraints of connection to the
electricity grid: A case study. Wadi Alshatti University Journal of Pure and Applied
Sciences, 4(1), 83-93.

21. Latiwash, 1., Fathi, N., & Abubaker, A. (2025). Performance analysis and sizing
optimization of a utility-scale stand-alone renewable energy PV /battery storage system
for urban zones. University of Zawia Journal of Engineering Sciences and Technology,
3(2), 261-275.

22. Mohammed, M., Mohammed, E., & Elzer, R. (2026). Techno-economic feasibility of
parabolic trough solar steam for thermal enhanced oil recovery. Wadi Alshatti University
Journal of Pure and Applied Sciences, 4(1), 184—190.

23. Mohammed, S., Algassie, H., Mahammed, A., El-Khozondar, H., & Alatrash, A. (2025).
Exploring promising sites for establishing hydropower energy storage (PHES) stations in
Libya using geographic information systems (GIS). Wadi Alshatti University Journal of
Pure and Applied Sciences, 3(1), 85-94.

24. Abduallah, A., et al. (2026). Leveraging hydrogen for covering energy shortage in an
electricity subgrid. Wadi Alshatti University Journal of Pure and Applied Sciences, 4(1),
245-254.

25. Imbayah, I., et al. (2026). Modeling a 600 MW floating photovoltaic system in Al-
Khums City, Libya: Performance analysis and implementation using PVSyst. Wadi
Alshatti University Journal of Pure and Applied Sciences, 4(1), 223-237.

26. Al-Maghalseh, M., Hammad, A., Hamdan, M., & Abdelhafez, E. (2026). Thermal
comfort of buildings integrated photovoltaics (BIPV). Wadi Alshatti University Journal
of Pure and Applied Sciences, 4(1), 146—164.

27.Ben Dalla, L., Karal, O., El-Sseid, M., & Alsharif, A. (2026). An IoT-enabled, THD-
based fault detection and predictive maintenance framework for solar PV systems in
harsh climates: Integrating DFT and machine learning for enhanced performance and
resilience. Wadi Alshatti University Journal of Pure and Applied Sciences, 4(1), 41-55.

195

Special issue: Seminar on the transition to clean energy in Fezzan: Renewable energy
engineering in desert regions - Thursday, 12- -February - 2026



Design, Modeling, and Simulation of an Off-Grid Hybrid Energy System Integrating Solar Photovoltaics, Diesel Generators, and Batteries. Irhouma et al.

28. Abduallah, A., Mohammed, S., & Ghatus, M. (2025). Integrating electricity sub-grid
with pumped hydropower storage system for grid stability and sustainability. Wadi
Alshatti University Journal of Pure and Applied Sciences, 3(2), 322-332.

29. Elmnifi, M., et al. (2026). Design and manufacture of a photovoltaic thermal solar
collector equipped with aluminum foam fins for enhanced electrical, thermal, and
integrated performance. International Communications in Heat and Mass Transfer, 173,
110844.

30. Imbayah, 1., Belghasem, A., AlAshhab, A., Maqra, M., & Khaleel, M. (2025). Design of
a PV solar-covered parking system for the College of Renewable Energy Tajoura, Libya:
A PVSyst-based performance analysis. University of Zawia Journal of Engineering
Sciences and Technology, 3(2), 288-307.

31. Hala, J.,, et al. (2025). Technical-economical-environmental assessment of grid-
connected hybrid renewable energy power system for Gaza Strip-Palestine. Engineering
Science and Technology, an International Journal, 69, 102120.

32. Abuhelwa, M., Elnaggar, M., Salah, W., & Bashir, M. (2025). Exploring the prevalence
of renewable energy practices and awareness levels in Palestine. Energy Science &
Engineering, 13, 1292-1305.

33. Alsharif, A., et al. (2024). Optimal sizing of hybrid renewable system for residential
appliances. In Proceedings of the 4th International Maghreb Meeting of the Conference
on Sciences and Techniques of Automatic Control and Computer Engineering (MI-STA)
(pp- 290-295).

34. Hala, J., et al. (2023). DC off-grid PV system to supply electricity to 50 boats at Gaza
Seaport. In 2023 8th International Engineering Conference on Renewable Energy &
Sustainability (ieCRES) (pp. 1-5).

35. El-Khozondar, H., et al. (2026). Feasibility of concentrating solar power as a solar fuel
for electrical power stations: A case study of Ubari gas-power station in Libya. Wadi
Alshatti University Journal of Pure and Applied Sciences, 4(1), 56—69.

36. Mohamad, K., et al. (2025). Renewable energy transition pathways and net-zero
strategies. IJEES, 3(4), 1-16.

37. Ahmed, B., et al. (2025). Technical, economical and environmental aspects of hybrid
renewable energy systems. Scientific Journal for Publishing in Health Research and
Technology, 1(2), 1-17.

38. Hala, J., et al. (2025). Sustainable street lighting in Gaza: Solar energy solutions for main
street. Energy, 360, 100042.

39. El-Khozondar, H., El-Khozondar, R., & El-Batta, F. (2025). Technical-economical-
environmental assessment of grid-connected hybrid renewable energy power system for
Gaza Strip-Palestine. Engineering Science and Technology, an International Journal, 69,
102120.

40. Abuhelwa, M., et al. (2025). Exploring the prevalence of renewable energy practices and
awareness levels in Palestine. Energy Science & Engineering, 13, 1292—-1305.

41. Salah, W., et al. (2025). Assessment of waste-to-energy approaches to compensate for
the shortage in energy supply in Gaza, Palestine. Biofuels, Bioproducts and Biorefining,
19(6), 2318-2332.

42. Elmnifi, M., et al. (2025). Design of an innovative wastewater treatment system using
photovoltaic-hydro system coupled with reverse osmosis technology: Sustainability and
continuous improvement. In Proceedings of the 7th International Symposium on Water
Resource and Environmental Management.

196

Special issue: Seminar on the transition to clean energy in Fezzan: Renewable energy
engineering in desert regions - Thursday, 12- -February - 2026



Design, Modeling, and Simulation of an Off-Grid Hybrid Energy System Integrating Solar Photovoltaics, Diesel Generators, and Batteries. Irhouma et al.

43. Rekik, S., & El Alimi, S. (2024). Unlocking renewable energy potential: A case study of
solar and wind site selection in the Kasserine region, Tunisia. Energy Science &
Engineering, 12(3), 771-792.

44. Rekik, S., Khabbouchi, I., & El Alimi, S. (2025). A spatial analysis for optimal wind site
selection from a sustainable supply-chain-management perspective. Sustainability, 17(4),
1571.

45. Alkout, A., Rekik, S., & El Alimi, S. (2024). Strategies assessment for accelerating
renewable energy development using MCDM approach: A case of Libya. In Proceedings
of the 4th International Conference on Renewable & Sustainable Energies and Green
Processes.

46. Rekik, S., Khabbouchi, I., Eladeb, A., Alshammari, B., & Kolsi, L. (2025). A spatio-
techno-economic analysis for wind-powered hydrogen production in Tunisia. Alexandria
Engineering Journal, 128, 833—-851.

47. Shetwan, A., Rekik, S., & Ghlaio, Y. (2025). A hybrid failure mode and effects analysis
with decision-making trial and evaluation laboratory approach for enhanced fault
assessment in power plants. Energy Exploration & Exploitation, 43(6), 2604—2636.

48. Rekik, S., Mensah, J., & Shetwan, A. (2026). Towards a sustainable energy future:
Evaluating renewable energy options in Tunisia. Unconventional Resources, 100322,

49. Kumar, B., Rekik, S., Richards, D., & Yabar, H. (2025). Solar-assisted thermochemical
valorization of agro-waste to biofuels: Performance assessment and Al application
review. Waste, 4(1), 2.

50. Barakat, S., Ibrahim, H., & Elbaset, A. (2020). Multi-objective optimization of grid-
connected PV-wind hybrid system considering reliability, cost, and environmental
aspects. Sustainable Cities and Society, 60, 102178.

51. Alsharif, A., et al. (2024). Optimal sizing of hybrid renewable system for residential
appliances. In Proceedings of MI-STA 2024.

52. Aqila, A., et al. (2025). Design and analysis of a PV/wind/battery hybrid renewable
energy system for residential buildings under real time conditions. In Engineering for
Palestine Conference Proceedings.

53. Aqila, A., & Fathi, N. (2026). Design and analysis of a hybrid renewable energy system
to cover residential sector loads in Libya. Fezzan University Scientific Journal (in press).

54. Mohamed, A., Al-Habaibeh, A., & Abdo, H. (2013). An investigation into renewable
energy resources in Libya. Renewable Energy, 50(2), 732-740.

55. Fazelpour, F., Soltani, N., & Rosen, M. (2016). Economic analysis of standalone hybrid
energy systems. International Journal of Hydrogen Energy, 41(19), 7732-7743.

56. Belgasim, B., et al. (2018). The potential of CSP for electricity generation in Libya.
Renewable and Sustainable Energy Reviews, 90, 1-15.

57. Nassar, F., et al. (2022). Design of isolated renewable hybrid energy system: A case
study. Materials for Renewable and Sustainable Energy, 11, 225-240.

58. Fathi, N., & Awidat, S. (2007). Reliability of photovoltaic utilization in southern Libya.
Desalination, 209(1-3), 86-90.

59. El-Khozondar, H., et al. (2024). Assessing solar and wind energy viability in Libya.
Applied Solar Energy, 60, 149-170.

60. Ibrahim, M., et al. (2024). Design of pumped hydroelectric storage integrated PV/wind
system. Energy Conversion and Management, 322, 119173.

61. Fathi, N., Hala, J., & Masoud, A. (2025). The role of hybrid renewable energy systems in
covering power shortages in public electricity grid: An economic, environmental and
technical optimization analysis. Journal of Energy Storage, 108, 115224.

197

Special issue: Seminar on the transition to clean energy in Fezzan: Renewable energy
engineering in desert regions - Thursday, 12- -February - 2026



Design, Modeling, and Simulation of an Off-Grid Hybrid Energy System Integrating Solar Photovoltaics, Diesel Generators, and Batteries. Irhouma et al.

62. Ali, A., Karram, E., Fathi, N.,, & Hafez, A. (2021). Reliable and economic isolated
renewable hybrid power system with pumped hydropower storage. In Proceedings of the
2021 22nd International Middle East Power Systems Conference (MEPCON) (pp. 515—
520). Assiut, Egypt.

63. Hilmy, A., et al. (2023). Feasibility of innovative topography-based hybrid renewable
electrical power system: A case study. Cleaner Engineering and Technology, 14,
100650.

64. Salem, M., et al. (2025). Towards green economy: Case of electricity generation sector
in Libya. Solar Energy and Sustainable Development Journal, 14(1), 334-360.

65. Khaleel, M., et al. (2024). Evolution of emissions: The role of clean energy in
sustainable development. Challenges in Sustainability, 12(2), 122—-135.

66. Elmnifi, M., et al. (2023). Simulating the energy, economic and environmental
performance of concentrating solar power technologies using SAM: Libya as a case
study. Solar Energy and Sustainable Development Journal, 12(2), 1-23.

67. Fathi, N., Amer, K., Irhouma, M., & Ahmed, S. (2016). Economical and environmental
assessment of electrical generators: A case study of southern region of Libya.
International Journal of Energy Policy and Management, 1(4), 64—71.

68. Abodwair, A., et al. (2024). Feasibility assessment of hybrid renewable energy based EV
charging station in Libya. Solar Energy and Sustainable Development Journal, 13(2),
311-349.

69. Amhimmid, A., et al. (2024). Financial modeling of social and environmental impacts of
wind farm in urban zones: A case study of Zawia, Libya. International Journal of
Energy and Environmental Engineering, 15(4), 1-19.

70. Kiehbadroudinezhad, M., Merabet, A., Abo-Khalil, A., Salameh, T., & Ghenai, C.
(2022). Intelligent and optimized microgrids for future supply power from renewable
energy resources: A review. Energies, 15(9), 3359.

71. Khatun, E., Hossain, M., Ali, M., & Halim, A. (2023). A review on microgrids for
remote areas electrification: Technical and economical perspective. International
Journal of Robotics and Control Systems, 3(4), 627-642.

72. Mudaheranwa, E., Ntagwirumugara, E., Masengo, G., & Cipcigan, L. (2023). Microgrid
design for disadvantaged people living in remote areas as a tool in speeding up electricity
access in Rwanda. Energy Strategy Reviews, 46, 101054.

73. Kamal, M., Ashraf, 1., & Fernandez, E. (2023). Optimal sizing of standalone rural
microgrid for sustainable electrification with renewable energy resources. Sustainable
Cities and Society, 88, 104298.

74. Karamov, D., Ilyushin, P., & Suslov, K. (2022). Electrification of rural remote areas
using renewable energy sources: Literature review. Energies, 15(16), 15165881.

75. Alweheshi, S., Abdelali, A., Rajab, Z., Khalil, A., & Mohamed, F. (2019). Photovoltaic
solar energy applications in Libya: A survey. In Proceedings of the 2019 10th
International Renewable Energy Congress (IREC) (pp. 1-6). IEEE.

76. Elbaz, A., & Giineser, M. (2020). Optimal sizing of a renewable energy hybrid system in
Libya using integrated crow and particle swarm algorithms. Advanced Science,
Technology and Engineering Systems Journal, 6(1), 264-268.

77. Alsharif, A., et al. (2017). Utilization of solar power in distributing substation.
International Journal of Electronics and Electrical Engineering, 5(2), 189—194.

78. Elmnifi, M. (2024). Ensuring sustainability in Libya with renewable energy and pumped
hydro storage. Ecological Questions, 35(3), 1-17.

198

Special issue: Seminar on the transition to clean energy in Fezzan: Renewable energy
engineering in desert regions - Thursday, 12- -February - 2026



Design, Modeling, and Simulation of an Off-Grid Hybrid Energy System Integrating Solar Photovoltaics, Diesel Generators, and Batteries. Irhouma et al.

79. Zia, M., Elbouchikhi, E., & Benbouzid, M. (2018). Microgrids energy management
systems: A critical review on methods, solutions, and prospects. Applied Energy, 222,
1033-1055.

80. Hannan, M., Tan, S., Al-Shetwi, A., Jern, K., & Begum, R. (2020). Optimized controller
for renewable energy sources integration into microgrid: Functions, constraints and
suggestions. Journal of Cleaner Production, 256, 120419.

81. Chakir, A., et al. (2019). Optimal energy management for a grid-connected PV-battery
system. Energy Reports, 6,218-231.

82. Hussain, S., Alammari, R., Igbal, A., & Shikfa, A. (2020). Optimal sizing of a stand-
alone hybrid PV-WT-BT system using artificial intelligence-based technique. In
Proceedings of IEEE ICIoT 2020 (pp. 55—-60).

83. Singh, S., Singh, M., & Kaushik, S. (2016). Feasibility study of an islanded microgrid in
rural area consisting of PV, wind, biomass and battery energy storage system. Energy
Conversion and Management, 128, 178—190.

84. Alshammari, N., & Asumadu, J. (2020). Optimum unit sizing of hybrid renewable
energy system utilizing harmony search, Jaya and particle swarm optimization
algorithms. Sustainable Cities and Society, 60, 102255.

85. Makrides, G., Zinsser, G., Norton, M., Georghiou, G., Schubert, M., & Werner, J.
(2010). Potential of photovoltaic systems in countries with high solar irradiation.
Renewable and Sustainable Energy Reviews, 14(2), 754—762.

86. Almaktar, M., Elbreki, A., & Shaaban, M. (2021). Revitalizing operational reliability of
the electrical energy system in Libya: Feasibility analysis of solar generation in local
communities. Journal of Cleaner Production, 279, 123647.

87. Mohamed, A., Al-Habaibeh, A., Abdo, H., & Elabar, S. (2015). Towards exporting
renewable energy from MENA region to Europe. Applied Energy, 146, 247-262.

88. Mustafa, M., Anandhakumar, G., Jacob, A., Singh, P., Asha, S., & Jayadhas, S. (2022).
Hybrid renewable power generation for modeling and controlling the battery storage
photovoltaic system. International Journal of Photoenergy, 9491808.

89. Olatomiwa, L., Mekhilef, S., Huda, A., & Ohunakin, O. (2015). Economic evaluation of
hybrid energy systems for rural electrification. Renewable Energy, 83, 435—-446.

90. Nassar, Y., et al. (2024). A new design for a built-in hybrid energy system, parabolic
dish solar concentrator and bioenergy (PDSC/BG): A case study-Libya. Journal of
Cleaner Production, 441, 140944.

91. Elmariami, A., et al. (2023). Life cycle assessment of 20 MW wind farm in Libya.
Applied Solar Energy, 59, 64-78.

92. Hong-Sung, K., Naotaka, O., & Kiyoshi, T. (2001). Advanced grid connected PV system
with functions to suppress disturbance. Solar Energy Materials and Solar Cells, 67, 559—
569.

93. Elmnifi, M., et al. (2026). Design and manufacture of a photovoltaic thermal solar
collector equipped with aluminum foam fins. International Communications in Heat and
Mass Transfer, 173, 110844.

94. International Energy Agency. (1996). Photovoltaics in buildings: A design handbook for
architects and engineers. Paris, France. https:/www.routledge.com/Photovoltaics-in-
Buildings-A-Design-Handbook-for-Architects-and-Engineers/Erge-
Sick/p/book/9781849711920

95. Bekele, G. (2009). The study into the potential and feasibility of standalone solar-wind
hybrid electric energy supply system for application in Ethiopia (PhD thesis). KTH
Royal Institute of Technology.

199

Special issue: Seminar on the transition to clean energy in Fezzan: Renewable energy
engineering in desert regions - Thursday, 12- -February - 2026


https://www.routledge.com/Photovoltaics-in-Buildings-A-Design-Handbook-for-Architects-and-Engineers/Erge-Sick/p/book/9781849711920
https://www.routledge.com/Photovoltaics-in-Buildings-A-Design-Handbook-for-Architects-and-Engineers/Erge-Sick/p/book/9781849711920
https://www.routledge.com/Photovoltaics-in-Buildings-A-Design-Handbook-for-Architects-and-Engineers/Erge-Sick/p/book/9781849711920

Design, Modeling, and Simulation of an Off-Grid Hybrid Energy System Integrating Solar Photovoltaics, Diesel Generators, and Batteries. Irhouma et al.

96. Dwivedi, S., Maulik, K., & Mrityunjay, K. (2014). Hybrid power system based on
renewable energies: A future for sustainable energy solutions. International Journal of
Advanced Trends in Computer Science and Engineering, 3(1), 43—49.

97. Alyu, A., Salau, A., Khan, B., & Eneh, J. (2023). Hybrid GWO-PSO based optimal
placement and sizing of multiple PV-DG units for power loss reduction and voltage
profile improvement. Scientific Reports, 13, 6903.

98. El-Khozondar, H., et al. (2023). Standalone hybrid PV/wind/diesel-electric generator
system for a COVID-19 quarantine center. Environmental Progress & Sustainable
Energy. https://doi.org/10.1002/ep.14049
100. Awad, H., et al. (2022). Optimal design and economic feasibility of rooftop
photovoltaic energy system for Assuit University, Egypt. Ain Shams Engineering
Journal, 13(3), 101599.

101. Nassar, Y., et al. (2022). Design of an isolated renewable hybrid energy system: A
case study. Materials for Renewable and Sustainable Energy, 11,225-240.

102. Fathi, N., & Alsadi, S. (2019). Assessment of solar energy potential in Gaza Strip,
Palestine. Sustainable Energy Technologies and Assessments, 31, 318-328.

103. Farmer, J. (2007). A comparison of power harvesting techniques and related energy
storage issues (Master's thesis). Virginia Polytechnic Institute and State University.

104. Salau, A., et al. (2023). Design and analysis of a sustainable power system for
healthcare centers using renewable energy sources. Journal of China University of
Petroleum, 47(4), 1249—-1260.

105. Hailu, E., Salau, A., & Godebo, A. (2021). Assessment of solar energy potential of
East Gojjam Zone, Ethiopia using Angstrom—Prescott model. International Journal of
Engineering Research in Africa, 53, 171-179.

106. Weldemariam, L. (2010). Gen-set/solar/wind hybrid power system of off-grid power
station for rural applications (Master's thesis). Delft University of Technology.

107. Roos, C. (2009). Solar electric system design, operation and installation: An
overview for builders in the US Pacific Northwest.

108. Istanbul City Guide. (n.d.). Map of Libya. https://www.istanbul-city-
guide.com/map/libya/map-of-libya.gif

109. Zia, M., Elbouchikhi, E., & Benbouzid, M. (2018). Microgrids energy management
systems: A critical review on methods, solutions, and prospects. Applied Energy, 222,
1033-1055.

110. Tran, D., et al. (2020). Thorough state-of-the-art analysis of electric and hybrid
vehicle powertrains. Renewable and Sustainable Energy Reviews, 119, 109596.

111. Sorlei, 1., et al. (2021). Fuel cell electric vehicles: A brief review of current
topologies and energy management strategies. Energies, 14(1), 252.

112. Wang, C., Liu, R., & Tang, A. (2021). Energy management strategy of hybrid
energy storage system for electric vehicles. Journal of Energy Storage, 51, 104314.

113. Fathi, N., et al. (2023). Thermoelectrical analysis of a new hybrid PV -thermal flat
plate solar collector. In Proceedings of the 8th International Engineering Conference on
Renewable Energy & Sustainability.

114. Ali, F., et al. (2019). Numerical analysis and optimization of PV/T flat-plate solar
air heating collector. Solar Energy Research Update, 6, 43-50.

115. Fathi, N., Hafez, A., & Alsadi, S. (2020). Multi-factorial comparison for
transposition models for inclined solar irradiance. Frontiers in Energy Research, 7, 163.
116. Fathi, N. (2020). Analytical-numerical computation of view factor for rectangular
surfaces. International Journal of Heat and Mass Transfer, 159, 120130.

200

Special issue: Seminar on the transition to clean energy in Fezzan: Renewable energy
engineering in desert regions - Thursday, 12- -February - 2026


https://doi.org/10.1002/ep.14049

Design, Modeling, and Simulation of an Off-Grid Hybrid Energy System Integrating Solar Photovoltaics, Diesel Generators, and Batteries. Irhouma et al.

117. Alsadi, S., El-Khozondar, H., & Refaat, S. (2022). Diffuse solar irradiation
transposition models for MENA capitals. In Proceedings of SGRE 2022 (pp. 1-6).

118. Nassar, Y., et al. (2022). View factors in horizontal plane fixed-mode solar PV
fields. Frontiers in Energy Research, 10, 859075.

119. Khaleel, M., et al. (2025). Sensitivity of global solar irradiance to transposition
models. e-Prime: Advances in Electrical Engineering, Electronics and Energy, 11,
100887.

120. Alatrash, A., et al. (2025). Optimum number of glass covers of thermal flat plate
solar collectors. Wadi Alshatti University Journal of Pure and Applied Sciences, 2(1), 1—
10.

121. Borhanazad, S., et al. (2014). Optimization of micro-grid system using MOPSO.
Renewable Energy, 71, 295-306.

122. Albuzia, D., Ali, A., Mohmed, M., & Hafez, A. (2025). Reliable and robust optimal
interleaved boost converter interfacing photovoltaic generator. Wadi Alshatti University
Journal of Pure and Applied Sciences, 3(2), 192-201.

123. Mremi, W., Al-Mathnani, A., & Alfathi, S. (2026). Harmonic distortion in three-
phase networks using a 24-pulse STATCOM. Wadi Alshatti University Journal of Pure
and Applied Sciences, 4(1), 122—-130.

124. Hala, J., et al. (2023). DC off-grid PV system to supply electricity to 50 boats at
Gaza Seaport. In Proceedings of ieCRES 2023 (pp. 1-5).

125. Salem, M., et al. (2025). Assessment of wind energy potential in Western Mountain:
Nalut and Yefren case study. Wadi Alshatti University Journal of Pure and Applied
Sciences, 3(1), 35-42.

126. Abduallah, A., et al. (2026). Leveraging hydrogen for covering energy shortage in
an electricity subgrid. Wadi Alshatti University Journal of Pure and Applied Sciences,
4(1), 245-254.

127. Alfathi, S., Miskeen, G., & Mremi, W. (2026). Evaluation and prediction
performance of solar panel and wind turbine systems using simulation. Wadi Alshatti
University Journal of Pure and Applied Sciences, 4(1), 94-104.

128. Almhdi, E., & Miskeen, G. (2025). Power and carbon footprint evaluation and
optimization in transitioning data centres. Wadi Alshatti University Journal of Pure and
Applied Sciences, 3(2), 221-229.

129. Inweer, M., & Nassar, Y. (2025). Carbon emissions life cycle assessment of cement
industry in Libya. Wadi Alshatti University Journal of Pure and Applied Sciences, 3(2),
162-173.

130. Inweer, M., et al. (2025). Carbon footprint life cycle assessment of cement industry
in Libya. Discover Concrete Cement, 1, 37.

131. Mohammed, S., et al. (2023). Carbon and energy life cycle analysis of wind energy
industry in Libya. Solar Energy and Sustainable Development Journal, 12(1), 50-69.
132. Mansour, S., et al. (2025). Estimation of CO- emission within Libya's electricity
generation sector. Next Research, 2(3), 100567.

133. Salem, M., & Hala, E. (2025). Estimation of CO: emissions from the electric power
industry sector in Libya. Solar Energy and Sustainable Development Journal, 14(1), 42—
55.

134. Fathi, N., et al. (2021). Dynamic analysis and sizing optimization of a pumped
hydroelectric storage-integrated hybrid PV/wind system. Energy Conversion and
Management, 229, 113744.

201

Special issue: Seminar on the transition to clean energy in Fezzan: Renewable energy
engineering in desert regions - Thursday, 12- -February - 2026



