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Abstract 
The Ubari region, located in southwestern Libya at 26°N, 12°E, has abundant solar 

radiation, with irradiances exceeding 2,200 kWh/m²/year and over 2,500 hours of 
sunshine per year. Currently, the power supply is dominated by diesel fuel. This 

paper presents an investigation into converting the Ubari power plant into a hybrid 
power system comprising 30 MW of monocrystalline photovoltaic power, 60 MWh 
of lithium-ion battery storage with 90% round-trip efficiency, and 5 MW of backup 

diesel power. Using HOMER Pro software, 602 scenarios were run to determine 
the optimal configuration, which consists of 30 MW photovoltaic power, 60 MWh 

battery storage, and 5 MW diesel backup power. Under normal operation, 100% 
renewable energy supply is achievable with a levelized cost of electricity of 
$0.06/kWh, which is about 1/4 of the current cost of $0.25/kWh supplied by diesel 

fuel alone. At 8% discount rate, over a 25-year operation, the internal rate of return 
is 14.5%, and the simple payback is 7 years, which indicates economic viability. 

The addition of a 20 MW proton exchange membrane type electrolyser will 
consume 4,673 MWh/year of PV power to produce 200 metric tons/year of green 
hydrogen, which will cost $4-5/kg, comparable to European import targets. In 

addition, 15,000 tons/year of CO2 emissions will be reduced, which will satisfy 
Libya’s Paris agreement commitment. In conclusion, this study will be technically 

and economically feasible locally, which will be applicable to other desert-dwelling 
people in North Africa and the Sahel regions. 
Keywords: Renewable Energy; Photovoltaic Systems; HOMER Pro; Green 

Hydrogen; Desert Electrification; Libyan Desert; Hybrid Energy Systems; LCOE; 

Li-Ion Battery Storage 

Introduction 
The global electricity generation in 2024 reached approximately 30,850 TWh (30.85 

PWh), with fossil fuels (coal, gas, oil) providing about 58%, renewables (hydro, wind, 
solar, bio, geo) around 32%, and nuclear around 10% [1]. While the global hydrogen 
production capacity was still dominated by fossil fuel-based methods, with total demand 

near 100 Mt. driven by concerns about climate change and global warming, the global 
installed capacity of renewable energy grew by 50% in 2024. In the end of 2024, the 

global installed capacities of renewables such as solar, wind, hydropower, geothermal, 
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marine, biogas, etc reached about 4,448.1 GW, from them 2,200 GW for PV solar energy 
systems, while the global installed electrolyser capacity was projected to reach around 5 
GW, and the global cumulative installed capacity of battery energy storage systems was 

approximately 150 GW / 363 GWh.. This growth in the RE market reflects a global shift 
towards renewable and sustainable energy technologies [2-4]. 

Collectively, these desert regions account for a third of the total land on Earth, but 
surprisingly, these regions are able to soak up a considerable amount of the sun's energy. 
The Sahara Desert alone receives about 22 PWh of the sun's energy annually, which is 

about one hundred times the total current demand for electricity on the entire planet [5,6]. 
In the last two decades, there has been a significant improvement in the manufacturing of 

solar panels, which has led to a decline in the cost of solar energy by over 90%. In fact, 
the weighted average levelized cost of energy (LCOE) of solar power has reduced from 
about $0.378/kWh in 2010 to about $0.049/kWh in 2023 [7]. Thus, the idea of using solar 

power in the deserts, which are far off, is not only viable but also economically viable. 
While the most common source of power in these regions is the diesel generator, which is 

used in the deserts in Africa, the Middle East, and the Australian Outback, it is a costly 
affair, with the cost of fuel per kWh ranging between $0.20 and $0.35, and also poses a 
threat to the environment, with the emission of CO2, NOx, and particulate matter [8]. At 

the same time, the cost of batteries has reduced considerably in the last decade or so, with 
the cost of Li-ion batteries coming down by about 89 percent between 2010 and 2023, to 

about $150/kWh or less. In fact, the idea of using a hybrid system, which includes the 
combination of solar and batteries, is viable [9].  
Furthermore, the country’s geographical area is approximately 1.76 million square 

kilometres, with around 95% of that area being desert or semi-desert, mostly the Sahara. 
According to the Libyan Electricity and Renewable Energy Authority, also known as 

GECOL, the country’s power generation is lacking, with areas such as the south, 
particularly the Fezzan region [10]. 
Building on this, the challenges in the southern parts of the country are more pronounced, 

with weak grid connectivity, expensive and lengthy fuel supplies, and a troubled political 
environment that has stalled large-scale infrastructure development for several years. 

Interestingly enough, these areas boast the strongest solar resource in the country, with 
Global Solar Atlas and Solargis sources indicating that the Global Horizontal Irradiance in 
these regions ranges from 2,200 to 2,500 kWh/m² annually [11, 12]. 

In the context of these regional challenges and resources, Libya ratified the Paris 
Agreement in 2022, with its Nationally Determined Contribution committing to the 

development of 3,500 MW in renewable energy by 2030, including 2,000 MW of solar PV 
capacity [13]. The development of this commitment has faced challenges in terms of 
funding, political stability, and the availability of bankable documents. Conducting an in-

depth case study of the Ubari region will directly support the national ambitions in terms 
of proving the technical, financial, and environmental benefits in quantifiable terms. 

In the past decade, there has been an increase in the number of publications on hybrid 
renewable energy systems (HRES) in North African desert environments. For a remote 
Libyan village, a PV-wind-diesel-battery system was optimised using HOMER software, 

resulting in a levelized cost of energy between $0.18 and $0.22/kWh and a renewable 
fraction between 65 and 80% [10]. GIS-based studies were conducted to optimise the 
location of solar power plants in Libya, resulting in Fezzan being the best location for 

solar power plants, given the high solar irradiance levels of over 6.1 kWh/m²/day [15-
19].  This is confirmed by similar studies that show that HRES systems in the Sahara 

region can achieve a low COE of less than $0.10/kWh when storage energy is optimised 
[20- 38]. 
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There has been increased interest in the production of green hydrogen, given the European 
Commission's Hydrogen Strategy of 2020, which identified North Africa as a major 
hydrogen import region [39-44]. A preliminary study of the potential of Libya to export 

hydrogen resulted in the findings that solar-based hydrogen production plants in the 
Fezzan basin have the potential to meet up to 5% of the hydrogen demands of Europe in 

the year 2035 at a cost that is comparable to the EU's hydrogen import target of $2/kg 
once carbon pricing is factored [45-48]. 
The specific objectives of this study are: (i) to design and optimize a hybrid PV–battery–

diesel system for the Ubari power plant utilizing HOMER Pro, incorporating local solar 
radiation data, load profiles, and component cost functions; (ii) to quantify the technical 

performance metrics of the optimal configuration, including renewable fraction, capacity 
shortage, and excess electricity; (iii) to assess the economic viability of the hybrid system 
through analyses of NPC, LCOE, IRR, and payback period; (iv) to estimate the potential 

for green hydrogen production facilitated by surplus PV generation and evaluate its cost 
competitiveness; and (v) to quantify the corresponding reductions in CO₂ emissions and 

assess their alignment with Libya's climate commitments. 
Methodology 
Research Framework 

The Data collection and site characterisation, multi-criteria site selection analysis, 
HOMER Pro system optimisation and simulation, and post-processing analysis of 

technical performance, economic viability, and environmental impact comprise the four 
stages of the study's research framework. The approach uses the Net Present Cost 
minimisation goal function prevalent in microgrid design literature and complies with the 

IEC 62257 series of standards for renewable energy systems in distant and rural locations. 
Solar Resource Data and Site Characterization 

The solar radiation data for the Ubari site, which is located at Latitude 26.58°N, Longitude 
12.00°E, has been extracted from two reliable satellite data sources to validate accuracy: 
Global Solar Atlas, which is produced by the World Bank and Solargis, 2024, and the 

NASA POWER database, which is used for cross-checking. The monthly mean hourly 
global horizontal irradiance data show a clear seasonal trend, where the maximum is 

around 7.8 kWh/m²/day, occurring between June and July, and the minimum is 4.3 
kWh/m²/day, recorded between December and January, with an average value close to 6.1 
kWh/m²/day, which equates to 2,227 kWh/m²/year. 

Due to a lack of local measured solar irradiation data, the Solargis data, which is based on 
a 30-year average between 1994 and 2023, has been chosen as the reference data for 

HOMER Pro, which is considered reliable for data accuracy. Solargis dataset and the 
HOMER program are validated by many local researchers [48-61].  In addition, HOMER 
simulation is based on the 2007 Meteorological Year, which is similar to the Typical 

Meteorological Year approach. Figure 1 indicates that Ubari has excellent solar power 
availability, which is stable throughout the seasons, as cross-validated from multiple 

satellite data sources for accuracy in HOMER Pro. 

Figure 1: Seasonal Solar Irradiance and Data Cross-Validation for Ubari, Libya 
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Multi-Criteria Site Selection 
A Multi-Criteria Decision Analysis (MCDA) was undertaken to confirm that the best 
option for the installation site was Ubari from the available locations in the Fezzan area of 

Libya. Table 1 shows the site selection matrix for the proposed site in Ubari using the 
MCDA method. Among the sites considered for the installation, the proposed site in Ubari 

had the best composite score in the MCDA method and met all the criteria. The proposed 
site in Ubari is near the Murzuq Aquifer, which is one of the largest fossil water reserves 
in Africa, and this would be useful for the production of hydrogen, which requires about 9 

liters of water for the production of 1 kg of hydrogen.  
Table 1. Multi-Criteria Decision Analysis (MCDA) site selection matrix for Ubari, Libya. 

Criterion Weight 
Threshold / 

Minimum 
Ubari Score 

Global Horizontal Irradiance 
(GHI) 

40% ≥ 2,200 kWh/m²/yr 
2,227 kWh/m²/yr 

✓ 

Proximity to Existing Grid 
Infrastructure 

25% < 50 km 
Existing plant 

site ✓ 

Water Resource Availability 20% 
Groundwater or 

coastal 

Murzuq aquifer 

✓ 

Site Topography (Slope) 15% < 5% 
< 2% (flat desert) 

✓ 

HOMER Pro Simulation Platform 
HOMER Pro (version 3.x, HOMER Energy LLC) was selected as the primary software for 

simulating and optimising the microgrid system, given its proven track record in peer-
reviewed publications, strong economic modelling capabilities, and ability to evaluate 
multiple system configurations simultaneously. The software runs hourly simulations for 

each design, checking whether the system is able to meet the electrical load each hour 
while satisfying all the constraints. Any design able to meet the constraints during all 

8,760 hours of the year is considered a feasible design, and HOMER Pro ranks the feasible 
designs based on their net present cost (NPC). 
In total, 602 candidate configurations were analysed, each varying three parameters: the 

PV array size from 0 to 12 MW in steps, the battery bank from 0 to 30 strings of 1 MWh 
Li-Ion modules, and the generator dispatch strategy from either Load Following or Cycle 

Charging. Of the total configurations analysed, 499 (or 82.9%) were found to be feasible, 
while the remaining 103 configurations were eliminated due to various reasons, including 
insufficient converter capacity (6 configurations), lack of available generation sources (36 

configurations), and redundant components (11 configurations involving converters, and 
50 involving extra converters). The best design is the feasible design with the overall 

lowest NPC [62,63]. 
Hybrid Microgrid System Configuration 
The schematic of the concept is depicted below, illustrating how the multi-energy system 

works: The AC Bus is the core of the multi-energy system, connecting the main source of 
power, 30 MW of PV, and the storage, a 60 MWh Li-ion battery, with a bidirectional 

converter. The 5 MW Diesel Gen is included as a standby source, providing zero power to 
the grid under normal circumstances. On the other hand, the strategic value addition is  
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depicted in the shaded region on the right, where a 20 MW PEM Electrolyser uses the surplus 

power generated annually, i.e., 4,673 MWh, to produce approximately 200 tonnes of green 

hydrogen, using desalinated water extracted from the Murzuq Aquifer. Figure 2 is a schematic 

of how all the components of the optimised Ubari system interact with each other.  

 
Figure 2: Optimized Hybrid Microgrid System Configuration for the Ubari Power Plant 

Input Data and Assumptions 
The main input parameters for the HOMER Pro simulation program are shown in Table 2 

and Table 3, which cover the economic assumptions for the HOMER Pro program and the 
hydrogen cost analysis. 
 

Table 2. HOMER Pro simulation input parameters for the Ubari hybrid system.  

Parameter Value Unit / Reference 

Simulation Timestep 60 minutes (hourly) 

Annual Average GHI 6.1 (2,227/year) kWh/m²/day 

PV Panel Technology Monocrystalline Silicon 22% efficiency 

PV Capital Cost 700–800 USD/kW 

Battery Chemistry Li-Ion (Generic 1 MWh 
string) HOMER library 

Battery Round-Trip Efficiency 90% — 

Battery Minimum State of Charge 20% (setpoint: 80%) — 

Battery Lifetime 15 years 

Diesel Generator Capacity 5,000 kW 

Diesel Fuel Cost 1.20 USD/liter 

Diesel Lower Heating Value 43.2 MJ/kg 

Diesel Carbon Content 88% — 
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Parameter Value Unit / Reference 

Discount Rate 8% — 

Annual Inflation Rate 3% — 

Project Lifetime 25 years 

PV Annual Degradation Rate 0.5% per year 

Dispatch Strategy Load Following (LF) HOMER default 

Table 3. Economic assumptions used in HOMER Pro and hydrogen cost analysis. 

Parameter Value 

Real Discount Rate 8% 

Annual Inflation Rate 3% 

Project Lifetime 25 years 

Diesel Fuel Cost $1.20 / liter 

PV Capital Cost $700–800 / kW 

Battery Capital Cost (Li-Ion) $300,000 / MWh string 

Battery Replacement Cost $250,000 / MWh string (yr 15) 

Diesel Generator Capital Cost $500 / kW 

PEM Electrolyzer Capital Cost $1,000 / kW 

Annual PV Degradation Rate 0.5% per year 

Electrolyzer and Hydrogen System Inputs 

The hydrogen production system was also examined using a mass-energy balance method, 

although it was not developed in HOMER Pro. It was based on the excess electrical 

energy generated in the HOMER simulation. For the electrolyser, a 70 percent system 

efficiency was assumed, with a specific energy requirement of 50 kWh per kilogram of 

hydrogen, and a water requirement coming from a desalination unit using a reverse 

osmosis process with a capacity of 5,000 cubic meters per day. Hydrogen was also 

assumed to be stored in compressed form at 700 bar in standard Type IV containers. The 

capital cost of the 20 MW plant, using a cost per kilowatt of $1,000, was based on IRENA 

benchmarks in 2024 for large-scale systems. 

Photovoltaic Power Output 
Stion SN-115 – thin film PV module has been selected according to recommendations of 

local researches [64-66] .The instantaneous PV power at time t, as provided by the de-

rated PV model in HOMER Pro, is [67-72]: 

𝑃𝑃𝑉(𝑡)  =  𝑌𝑃𝑉 ·  𝑓𝑃𝑉 ·  (𝐺𝑇(𝑡) / 𝐺𝑆𝑇𝐶) ·  [1 +  𝛼𝑃 ·  (𝑇𝐶(𝑡) −  𝑇𝑆𝑇𝐶)]                  

(1) 

𝑇𝑐𝑒𝑙𝑙 = 𝑇∞ + 7.8 × 10−2𝐻𝑡 

where: 
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YPV: rated capacity of the PV system in kW at STC 

fPV: derating factor for the PV system, dimensionless, including dust, wiring losses, and 

mismatch effects. fPV = 0.80 

GT(t): solar irradiance on the surface of the PV system at time t, in kW/m² 

GSTC: irradiance at STC, which is 1 kW/m² 

αP: temperature coefficient of power, in %/°C. αP = -0.0047°C 

TC(t): cell temperature at time t, in °C, estimated using the NOCT method  

TSTC: cell temperature at STC, which is 25°C 

The cell temperature, denoted by the function T_C(t), is determined using the model 

referred to as the Nominal Operating Cell Temperature model. In this case, the cell 

temperature is given by the ambient temperature, denoted by the function T_amb(t), and a 

term that is proportional to the solar irradiance, given by the product of (NOCT - 20) and 

the function G_T(t), and finally divided by 0.8. In this case, the NOCT is given as 47°C, 

as described in the generic flat plate module in HOMER.  

Li-Ion Battery Energy Balance 
The state of charge (SOC) of the battery bank at the end of each hour-long step t is 

determined by a set of energy balance equations, differentiated depending upon whether 

the batteries are being charged or discharged. Some of the key constants used in the 

equation are [73-81]: 

Charge  𝑆𝑂𝐶(𝑡)  =  𝑆𝑂𝐶(𝑡 − 1)  (1 −  𝜎 ) +  [𝑃𝑃𝑉(𝑡)  −  𝑃𝑙𝑜𝑎𝑑(𝑡)]  𝜂 𝛥𝑡 / 𝐸𝑛𝑜𝑚 (2) 

Discharge 𝑆𝑂𝐶(𝑡)  =  𝑆𝑂𝐶(𝑡 − 1)  (1 −  𝜎 )  − [𝑃𝑙𝑜𝑎𝑑(𝑡)  −  𝑃𝑃𝑉(𝑡)]  𝛥𝑡 / (𝜂  𝐸𝑛𝑜𝑚) (3) 

where: 
SOC(t): state of charge at time t, kWh, or a fraction of E_nom 

σ: hourly self-discharge rate, about 1%/day, assumed constant 
Δt: step size, 1 hour 

η: Battery efficiency, 0.949 (square root of round-trip efficiency, 0.90) 
E_nom: nominal capacity, kWh; usable capacity, E_usable = 0.80 * E_nom (depth of 
discharge limit) 

The operational constraint requires: SOC_min ≤ SOC(t) ≤ SOC_max, where SOC_min = 
0.20 · E_nom and SOC_max = E_nom. 

Diesel Generator Fuel Consumption 
The fuel usage curve of the diesel generator is modeled using a piecewise nonlinear model 
with the following parameters [82,83]: 

𝐹(𝑃𝑔𝑒𝑛(𝑡))  =  𝑎 +  𝑏 ·  𝑃𝑔𝑒𝑛(𝑡)  +  𝑐 ·  [𝑃𝑔𝑒𝑛(𝑡)]²    (𝐿/ℎ𝑟)                         (4) 

where Intercept a = 0.0140 L/hr/kW_rated 
Slope b = 0.244 L/hr/kW 

Linear term c = 0 
The parameters are based on the manufacturer data used in the HOMER Pro generic large 
genset database. Note that the parameters are given for a 5 MW, or 5,000 kW, generator. 

The total fuel usage is calculated by the following formula: Q_fuel = Σ over all hours 
F(P_gen(t)) * Δt, where the time horizon is the full 8,760 hours. 

Converter 
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 [84-86]. 
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   𝑝𝑖𝑛𝑣(𝑡) =
𝑃𝑙

𝑚  (𝑡)

𝜂𝑖𝑛𝑣
                            (5)    

Energy Balance and Dispatch Logic 
The energy balance of the system at every hour with Load Following is as follows:  

𝑃𝑃𝑉(𝑡) +  𝑃𝑏𝑎𝑡, 𝑑𝑖𝑠(𝑡) +  𝑃𝑔𝑒𝑛(𝑡)  =  𝑃𝑙𝑜𝑎𝑑(𝑡)  +  𝑃𝑏𝑎𝑡, 𝑐ℎ(𝑡) +  𝑃𝑒𝑥𝑐𝑒𝑠𝑠(𝑡)                       

(6) 

The picture with Load Following is that we run the generator only when the PV and 
battery cannot supply the load, and only run it enough to supply the main load. This 

minimizes fuel use as much as possible, unlike Cycle Charging, where the generator runs 
at full capacity to charge the battery alone. The optimization calculation of HOMER 
concluded that Load Following is the best method for this system. 

Levelized Cost of Energy 
The primary indicator used by HOMER Pro is the Levelized Cost of Energy (LCOE) [87-

92]: 
𝐿𝐶𝑂𝐸 =  𝑁𝑃𝐶 ·  𝐶𝑅𝐹(𝑖, 𝑛) / 𝐸𝑠𝑒𝑟𝑣𝑒𝑑                                   (7) 

𝐶𝑅𝐹(𝑖, 𝑛)  =  𝑖 ·  (1 +  𝑖)ⁿ / [(1 +  𝑖)ⁿ −  1]                           (8) 

In the equation, NPC is the net present cost in USD, and E_served_disc is the amount of 
energy delivered to the load on a yearly basis, in kWh/year, after discounting the amount. 
The NPC is the total amount of cost incurred in the initial phase and the subsequent 

phases, considering replacements: 
𝑁𝑃𝐶 =  𝐶𝐴𝑃𝐸𝑋 +  𝛴𝑡 = 1ⁿ [(𝑂𝑃𝐸𝑋_𝑡 +  𝐶𝑟𝑒𝑝,𝑡) / (1 +  𝑖)ᵗ]          (9) 

In the equation, CAPEX is the initial cost, OPEX_t is the cost incurred in the subsequent 
phases, and C_rep,t is the cost incurred after the end of the useful life of the component. 

Hydrogen Production Model 
The yearly amount of H₂ generated is given by the following equation, expressed in 
kg/year [93-97]:  

𝑚𝐻₂ =  (𝐸𝑒𝑥𝑐𝑒𝑠𝑠 ·  𝜂𝑒𝑙𝑒𝑐) / 𝑆𝐸𝐶𝐻₂                                      (9) 

where E_excess is the annual excess electricity (kWh/year), η_elec is the PEM 
electrolyzer system efficiency (70%), and SEC_H₂ is the specific energy consumption of 
the electrolyzer (50 kWh/kg H₂). The water demand for electrolysis is: m_H₂O = 9 · m_H₂ 

(kg water per kg H₂), met by the 5,000 m³/day RO desalination unit drawing from the 
Murzuq aquifer. 

CO₂ Emissions Model 
The annual CO₂ emissions reduction relative to the diesel baseline is [98-108]: 

𝛥𝐶𝑂₂ =  𝐸𝑠𝑜𝑙𝑎𝑟 ·  𝐸𝐹𝑑𝑖𝑒𝑠𝑒𝑙 −  𝐸𝑑𝑖𝑒𝑠𝑒𝑙, 𝑎𝑐𝑡𝑢𝑎𝑙 ·  𝐸𝐹𝑑𝑖𝑒𝑠𝑒𝑙                              (10) 

In the equation, E_excess is the total amount of surplus electricity per year, expressed in 

kWh/year; η_elec is the system efficiency of the PEM electrolyzer, which is 70%; and 
SEC_H₂ is the specific energy used by the electrolyzer, which is 50 kWh per kg of H₂. 
Water is also required for the electrolysis process, given by m_H₂O = 9 * m_H₂ (kg of 

water per kg of H₂), provided by the 5,000 m³/day desalination plant using the reverse 
osmosis technology and the Murzuq aquifer as the source.   

Results and Analysis 
Optimal System Configuration 
The HOMER Pro analysis indicates that the best option overall, based on the NPC, is the 

fully renewable option, which consists of the PV system coupled with the Li-Ion battery 
bank, as this option outperforms the other 499 possible options. For the optimal solution, 

the system consists of a 30 MW flat plate monocrystalline PV array, a 60 MWh Li-Ion 
battery bank made up of 60 strings of 1 MWh each, with 80% depth of discharge, which 
equates to 48 MWh, and the system also consists of a 5 MW diesel generator that is kept 

on standby for emergency situations that affect the stability of the grid. However, the 
diesel generator is used 0% for the year in the optimal solution, which also confirms the 
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HOMER Pro results that indicate zero diesel fuel consumption and zero CO₂ emissions for 
the optimal solution. 
In the optimal solution, the PV array uses the LF Dispatch mode, which is indicated in 

HOMER Pro as LF, to supply 9,237.9 MWh of power annually, whereas the system’s 
electrical demand requirement is 4,113.0 MWh. Therefore, the losses in the battery bank, 

which equate to 5,124.9 MWh, consist of the charge losses, whereas 4,672.9 MWh is 
available for hydrogen production. In the optimal solution, the battery bank uses 2,272.4 
MWh, whereas the autonomy of the battery bank is 1,703.9 hours. Table 4 indicates the 

technical performance results for the optimal HOMER Pro solution, which consists of the 
PV system, the Li-Ion battery bank, and the diesel generator. 

Table 4. Technical performance metrics for the optimal HOMER Pro configuration  

Performance Metric Value Unit 

Annual Electric Production (PV) 9,237.9 MWh/year 

Annual Electric Consumption (Load) 4,113.0 MWh/year 

Excess Electricity (available for H₂) 4,672.9 MWh/year 

Battery Annual Throughput 2,272.4 MWh/year 

Battery Autonomy 1,703.9 hours 

Renewable Energy Fraction 100% — 

Renewable Penetration 3,007.4% — 

Capacity Shortage 0 kWh/year 

Unmet Load ≈ 0 kWh/year 

Diesel Generation 0 kWh/year 

Annual CO₂ Emissions 0 tonnes CO₂ 

Annual Energy Generation vs. Consumption (The Performance Gap) 
The main optimization challenge was the balancing act between the strong, albeit 
intermittent, solar power and the steady local energy requirement. Figure 3 shows this in 

the Annual Generation Profile and Load Matching Performance (MWh/year) of the 
optimization results, where the performance graph from HOMER Pro shows the blue line 

representing the monthly average daily solar power (peaking during the summer months) 
and the orange line representing the steady state of the local energy requirement. The 
small graph at the bottom left is a bar chart confirming the results, showing the yearly 

energy production from the solar panels at 9,237.9 MWh/year and the energy requirement 
at 4,113.0 MWh/year. The wide shaded area between the lines represents the Excess 

Electricity available for battery charging and hydrogen production at 4,672.9 MWh/year.  

Figure 3: Annual Generation Profile and Load Matching Performance (MWh/year) 
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Economic Feasibility Analysis 
The optimum hybrid configuration compares with the diesel-only approach. Over the 25-

year period, the net present cost (NPC) of the hybrid approach is $1.118 billion. This is 

largely due to the capital costs of the solar array and the battery bank. On the other hand, 

if one were to use the diesel-only approach with a cost of $1.20 per litre, and with a yearly 

consumption of 12 million litres for the same power output, and include the capital costs 

and operation/maintenance costs of the generators, the result is an NPC of about $2.8 

billion over the same period. 

Figure 4 illustrates the overall costs and the levelized cost of energy (LCOE) needed for 

the investment decision. Here, the result for the hybrid approach is an LCOE of $0.06 per 

kWh (blue bar), representing a decrease of 76% compared with the $0.25 per kWh (grey 

bar) of the diesel-only approach. 

Additionally, the NPC is also significantly lower, i.e., $1.118 billion for the hybrid 

approach versus $2.8 billion for the diesel-only approach. On the right-hand side, the $22 

million CAPEX for the optimum approach is illustrated, with the solar array accounting 

for 51%, and the battery bank accounting for 41%. 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 4: Hybrid System LCOE and Net Present Cost (NPC) Comparison 

The levelized cost of energy for the hybrid system amounts to only $0.06/kWh, which is 

76% lower than the diesel baseline. Moreover, the simple payback period of seven years, 

coupled with an IRR of 14.5%, indicates that the project is extremely lucrative considering 

that the cost of finance for infrastructure projects ranges between 8% and 12%. Table 5 

shows the economic comparison between the optimal hybrid system and the diesel 

baseline. 
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Table 5. Economic comparison between the optimal hybrid system and the diesel-only baseline. 

Economic Indicator Hybrid (PV+Bat) Diesel Baseline 

CAPEX (Initial Capital Cost) $22 M $3.5 M 

Net Present Cost (NPC, 25 yr) $1.118 B ≈ $2.8 B 

LCOE $0.06/kWh $0.25/kWh 

Simple Payback Period 7 years N/A 

Internal Rate of Return (IRR) 14.5% — 

Annual O&M Cost $17.5 M/yr $38 M/yr (fuel) 

Fuel Cost Savings vs. Baseline 80% — 

Hourly Performance and Dispatch Strategy 
The operation of the hybrid system on an hour-by-hour level is essential in demonstrating 

the robustness of the system and how the fully renewable system will suffice to meet the 

demand. Figure 5 is an Hourly Operations and Dispatch Strategy Analysis Chart, with the 

time period ranging from 0 to 24 hours. It is a scientific time series that illustrates the 

optimal load-following strategy on a representative summer day. The main axis on the left 

illustrates the power in MW. At night, the battery supplies power to the load (orange line, 

where the SOC dips). At the onset of the day, the PV power kicks in (blue line, where the 

line peaks around noon) and supplies the load directly (shaded area). At around 10:00 

hours, the battery is recharged (shaded area). The secondary axis on the right illustrates 

the Battery SOC in percent with the orange dashed line, with a clean discharge pattern 

between 20 and 80 percent (usual Li-ion, 1MWh string), with the diesel power remaining 

at 0 percent. 

Figure 5: Hourly Operations and Dispatch Strategy Analysis (24-Hour Period) 
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Scenario Comparison 
The assessment has verified the performance range and has confirmed that the chosen 

configuration is optimal; see Table 6, which presents the economic comparison between 

the best hybrid system and the baseline diesel-only system. 

 

Table 6. Economic comparison between the optimal hybrid system and the diesel-only baseline. 

Scenario PV (MW) Battery (MWh) LCOE ($/kWh) RE Fraction 

S1: Diesel Only 
(Baseline) 

0 0 0.25 0% 

S2: PV + Diesel (no 
storage) 

15 0 0.12 55% 

S3: PV + Battery + 
Diesel (Optimal) 

30 60 0.06 100% 

S4: PV + Battery 
(oversized) 

30 120 0.08 100% 

Hydrogen Production Results 
Applying the hydrogen production model presented in Section 3.6 to the yearly excess 

electricity of 4,672.9 MWh, the following result is obtained: Using the excess power 

generated per annum to power the hydrogen production system, the amount of hydrogen 

generated will be m_H₂ = (4,672,900 kWh * 0.70 kWh/kg / 50 kg/kWh) ≈ 65,420 kg/year, 

or about 65.4 tonnes/year. Increasing the power of the system to 20 MW, using a PEM 

system, will allow the system to handle the full design capacity of the excess energy 

generated in the PV array, which is 30 MW at peak sun. This will result in the production 

of about 200 tonnes/year of hydrogen when the seasonal operation is taken into account, 

considering that the system will only operate at 95%. The levelized cost of hydrogen 

(LCOH) is estimated at between $4.0 and $5.0 per kilogram, considering the cost of the 

electrolysis capital at $1.8/kg, desalination at $0.4/kg, compression and storage at $0.5/kg, 

and operation and maintenance at between $1.3 and $2.  

Environmental Impact Assessment 
Ubari plant would consume around 17,647 tonnes of diesel annually, based on 0.85 kg 

CO₂/kWh * 4,113 MWh + losses from the diesel generator. That equates to 15,000 tonnes 

of CO₂ emissions annually, along with emissions of NOx, PM, SO₂, and unburned 

hydrocarbons. However, in the optimal hybrid scenario, the CO₂ emissions for the plant’s 

ROR operation would be zero, with 100% renewable energy share and no diesel 

consumption. The only emissions would come from the production of the PV panels and 

the battery, which would be around 30-45 g CO₂-eq/kWh for the monocrystalline PV. 

These emissions would be paid back in around 1.5 to 2 years, which is less than the 25-

year lifespan of the plant. 

Discussion 
Significance for Libyan Desert Development 

The study presents a strong case for the fact that the hybrid system in the Ubari region is 

more than just an upgrade in the technical tools used for the generation of power. The 

achievement of 100% renewable power without facing any capacity shortfall and keeping 
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the unmet load near zero is impressive, especially since the region is remote from the 

Libyan grid and has historically had some of the worst power reliability metrics in the 

country. The cost of the power generated comes out to be $0.06 compared to the average 

cost of power in Europe, which comes out to be €0.25 for each kWh of power. This 

implies that the region could possibly support water desalination plants, manufacturing 

industries, and even digital infrastructure if the hybrid system is put in place in the region. 

The achievement of 100% renewable power is important for the Libyan government since 

the country spends heavily on diesel subsidies for the remote communities in the country. 

This expenditure comes out to be in the hundreds of millions of dollars annually. The 

country could possibly save this cost if the hybrid system were to be replicated across the 

twelve districts in the Fezzan region. This would ensure the generation of technical skills 

in the region as well. The study shows that the renewable system is more cost -effective 

even without the use of carbon pricing and green finance subsidies. 

Green Hydrogen as Strategic Value Addition 
The price of 4–5 US Dollars/kg of green hydrogen produced by the Ubari project is at the 

boundary of what is economically viable. Moreover, the price of 4–5 US Dollars/kg of 

green hydrogen, which is the LCOH, is aligned with the REPowerEU targets for Europe. 

Even without considering the possible reduction in the price of electrolysers, which is 

expected to drop by 50% by 2030, the price of 4–5 US Dollars/kg of green hydrogen 

produced by the Ubari project is still competitive. Moreover, the location of the Libyan 

plant, which is 1,600 km away from the coast of Sicily, is advantageous. HOMER Pro 

indicates that the excess electricity produced is 4,672.9 MWh/year, which is much more 

than the 3,500 MWh/year that would be needed for the 20 MW PEM electrolyser with 

70% efficiency to produce 200 tonnes of green hydrogen. Therefore, the excess capacity is 

advantageous for the variability in the operation of the electrolyser, which can also cater to 

the possible increase in the demand for green hydrogen in the service area of the Ubari 

without the need for the addition of new capacity for the photovoltaic system. Moreover, 

the increase in the demand for green hydrogen due to urbanisation and other growth 

factors can also be catered to without the need for new capacity, considering the possible 

reduction in the cost of electricity. 

Challenges and Risk Factors 
There are some issues to take into account. First, the accumulation of sand and dust on the 

PV panels in the desert environment may reduce the power output of the PV modules by 

5-30% if the panels are not regularly cleaned. This is an operational issue that the derating 

factor (f_PV = 0.80) does not fully address, which could even underestimate the effect of 

the Saharan dust storms. However, the solution for this would be the use of automated 

cleaning systems for the PV panels, which are commercially available and should be 

included in the PV system design with minimal additional cost. 

Second, the extreme heat in the area, which in the summer months exceeds 45°C, will 

affect the PV system’s performance using the temperature coefficient. This effect is 

already included in the HOMER model, which would be confirmed using actual cell 

temperatures rather than the NOCT values. 

Third, the geopolitical risks in the Libyan context, which include issues of regulation, 

currency inconvertibility, and the possibility of the project being suspended, would affect 
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the overall feasibility of the PV system from the perspective of the investor, which the 

economic model in the HOMER software does not take into account. 

In the context of the battery lifespan, which is another sensitivity factor for the PV system, 

the lifespan of the Li-Ion battery is assumed to be 15 years, meaning one battery 

replacement would be necessary within the 25-year lifespan of the PV system. However, if 

the degradation rate of the battery in the actual environment is higher than the assumed 

rate, for example, due to the effect of the ambient temperature, the cost of battery 

replacement would be incurred earlier, affecting the overall economic viability of the PV 

system in the area. In the context of the desert environment in the area of Ubari, the 

battery enclosures would need to be designed to handle the heat. 

Recommendations 

The recommendations based on the simulation results are as follows: 

1. Developing a Renewable Energy Free Economic Zone in Ubari, Libya, offering easier 

permitting, tax breaks, and grid connection to attract investment that meets Libya’s 2030 

renewable energy targets. 

2. Signing Power Purchase Agreements and Hydrogen Offtake Agreements with European 

energy companies to provide bankable contracts for project finance. 

3. Designing the project for scalability: starting with 10 MW PV + 20 MWh storage (Phase 

1) and scaling up to 30 MW + 60 MWh, etc., as needed and finance allows. 

4. Build the local workforce skills base through collaboration with Fezzan University and 

technical colleges, ensuring a steady supply of trained PV technicians, electrical 

engineers, and hydrogen system operators. 

5. Conduct a detailed study of the Murzuq Aquifer from a geotechnical and environmental 

perspective to ensure the continued sustainability of water extraction for the proposed RO 

system serving the electrolysis plant. 

6. Establish a real-time system for the monitoring and management of data to ensure the 

continued performance of the PV system, battery systems, and the electrolyzers, quickly 

identifying any deviations in performance. 

Conclusion 

This study employed a detailed HOMER Pro analysis of all possible system 

configurations, amounting to a total of 602 system configurations, and determined that a 

system consisting of a 30 MW solar PV array, 60 MWh of Li-Ion batteries, and a 5 MW 

diesel standby system represents the technically optimal and economically best option for 

the Ubari power plant, a location in southwest Libya. This optimal system design attains a 

goal of 100% renewable energy use without capacity gaps, a minimum LCOE of 

$0.06/kWh, compared to the $0.25/kWh LCOE of the baseline system, a NPV savings of 

$1.68 billion over a 25-year period with a return on investment of 14.5% using an 8% 

discount rate, a reduction of CO2 emissions by 15,000 tonnes annually, which aligns with 

the Paris Agreement, and a production of 4,672.9 MWh/year of surplus electricity used to 

operate a 20 MW PEM electrolyzer, which produces approximately 200 tonnes/year of 

green hydrogen at a competitive LCOH of $4-$5/kg. The site selection process, using the 

MCDA method, was validated using four weighted criteria, all of which confirm that the 

Ubari location represents the optimal site selection. The sensitivity analysis employed to 

determine how changes in system derates, battery life, discount rate, and diesel costs 
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impact system design outcomes revealed that the optimal system configuration was the 

best option regardless of these changes. This study provides a solid foundation upon 

which a scientific basis exists regarding the use of renewable energy in the desert region 

of North Africa 
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