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This research presents an analysis of a 600 MW AC floating PV system to be installed in Al-
Khoms, Libya. The system was simulated using PVsyst version 7.4 software with the
transposition method based on the HDKR method using weather data from Meteonorm version
8.1 and Solargis weather data sources. The simulation results show that the system will have an
annual AC energy production of 1,346 GWh/year, a system performance ratio of 81.7%, and a
specific energy production ranging from 1,850 to 2,050 kWh/kWhp/year with a capacity factor of
25.6%. The FPV system will have a bifacial rear irradiance gain of 3.0 to 4.5% and will conserve
1.25 million cubic meters of surface water per year, equivalent to a monetary value of €250,000
to €625,000 per year. Total investment required for the project falls in the range of €480 to €540
million, amounting to €0.80 to €0.90 per watt-peak (Wp) of direct current, and results in a
Levelized Cost of Energy (LCOE) of €0.055 to €0.065 per kilowatt-hour (kWh) over a period of
25 years and a discount rate of 5%. This is in line with the LCOE of conventional power plants
in Libya, which stands in the range of €0.07 to €0.10/kWh. Upon inclusion of the social cost of
carbon (SC_CO2 ~$70/tC0O2), the environmentally adjusted LCOE stands in the range of €0.028
to €0.035/kWh. The results obtained prove the feasibility of utility-scale floating photovoltaic
(FPV) systems in Libya.
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Introduction

Libya, along the Mediterranean coast, offers considerable
opportunities for the development of renewable energy
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resources due to its high sun exposure, amounting to 1,900-
2,200 kWh/m?/year, and its geographical location [1]. While
Libya has considerable solar energy resources, with levels
exceeding 140,000 TWh/year, driven by solar resources alone
[2-6], it has a high dependence on fossil fuels, with over 95%
of its export revenues coming from oil and gas, and a high
hydrocarbon-based energy mix [7].

The Al-Khoms region, located at 32.65°N, 14.26°E, along the
northwestern Libyan coast in the Mediterranean Sea, has
considerable technical potential for the development of
renewable resources, given its Global Horizontal Irradiance,
which exceeds 1,950 kWh/m?/year. Additionally, the region
has considerable practical need for the development of
renewable resources, given its proximity to the Al-Khoms
thermal power plant and its geographical location along the
coastline, where floating PV technology could potentially be
employed [8].

Regarding the floating PV technology, its application helps in
addressing  geographical  limitations and  provides
considerable advantages, including increased levels of energy
efficiency owing to the high level of heat dissipation of water
surfaces [9,10]. Water surfaces exhibit a high level of heat
dissipation, where a reduction in temperature compared to
land surfaces ranges from 5 to 15 degrees Celsius, depending
on the climate and water surface properties [11].

The expansion of global renewable energy continues to gain
momentum. The total worldwide installed capacity from
renewable sources increased by about 50% in 2024, reaching
4,448.1 GW. This includes about 2,200 GW of photovoltaic
solar and about 9.16 GW of FPV [12].

Accordingly, the efficiency of PV modules reduces by 0.4-
0.5 percent for every degree Celsius increase in temperature
above standard test conditions [13-15]. Floating PV
technology helps in addressing geographical limitations and
provides considerable advantages, including increased levels
of energy efficiency owing to the high level of heat
dissipation of water surfaces and the reduction in the need for
agricultural and other developable land, which assumes
considerable importance in densely populated regions along
the coastline, where high levels of land value and
environmental concerns are given high priority [16].

Module coverage significantly reduces surface water
evaporation through shading effects. In Mediterranean
climates characterized by high evaporation rates of 1,800-
2,400 mm/year, this benefit translates to substantial water
conservation volumes [17]. The water surface albedo [18],
though less reflective than other terrestrial surfaces, which
range between 0.06 and 0.07, ensures a consistent rear-side
irradiance, which contributes an additional 3 to 6 percent to
the overall energy vyield [19,20].

The Libyan renewable energy sector is still in its infancy in
terms of development, despite the availability of natural
resources such as solar and wind power, because of a
constellation of challenges, all interconnected and intricate in
nature [21]. The political crisis in Libya, which has resulted
in the establishment of multiple rival governments in the
country since 2011, increases the level of political risk in
infrastructure development in Libya [22]. Security risks are
also a major concern in infrastructure development in Libya,
particularly in relation to infrastructure facilities situated in
remote areas. The Libyan economy is in a crisis because of
political instability in the country and fluctuations in oil
prices. The instability in the value of the official currency in
Libya, i.e., the Libyan Dinar in relation to other major

currencies in the world, is a major challenge to infrastructure
development in Libya [23].

The CO; emissions from the energy sector are the primary
contributor to human-induced changes in the climate. The use
of fossil fuels for electricity generation in Libya—0.65 kg
CO./kwWh—provides a significant opportunity for reducing
emissions. The Paris Agreement and Libya’s Nationally
Determined Contributions provide the context for the
imperative of transitioning from fossil fuels to renewable
energy [24-30].

Additionally, the lack of established renewable energy
financing mechanisms, feed-in tariffs, and tax incentives also
adds complexity to the economics of renewable energy
projects. Libya also needs to upgrade its electrical grid
infrastructure since its losses, such as those associated with
transmission and distribution, stand at over 30% due to
deteriorating electrical grid equipment and a lack of
maintenance [31]. It is also important to note that Libya lacks
comprehensive renewable energy legislation, which provides
guidelines on the development of renewable energy, grid
connections, and power purchase agreements [32,33].

This research fills the existing gap between Libya's
renewable energy potential and its implementation through a
comprehensive analysis, with the following objectives:

1) Elaborate and validate specific PVsyst simulation
protocols for FPV systems according to the specific thermal
behavior of maritime climate conditions, including the
calculation of the gain of the bifacial system and the loss
analysis according to the specific conditions of the
Mediterranean coastal climate.

2) Calculate the energy vyield, the Performance Ratio, and the
losses of the system for various design scenarios to determine
the optimal parameters of the system according to the specific
conditions of the Al-Khoms site.

3) Evaluate the benefits of the water-saving feature and
develop integrated models that link the energy produced to
the hydrological effects.

4) Investigate the technical synergies with existing thermal
power plants and the hybridization possibilities to enhance
the stability of the grid.

5) Combine the technical results with the challenges of the
region to provide specific recommendations on the policy
level, the financial level, the technical level, and the risk
level.

Mathematical Model Development

The mathematical tool developed in this study takes
meteorological input data, such as solar irradiance, ambient
temperature, and wind speed, and transforms this information
into an electrical energy output forecast. The transformation
of this data is performed using a cascaded sequence of
physical and electrical models.

System Parameters and Notation

As indicated in Table 1, the tool employs the following
fundamental parameters, with time-dependent variables
defined at one-hour intervals within an annual simulation
horizon of 8,760 hours.

Plane-of-Array Irradiance Model

The irradiance in the plane of the array, GPOA (t), refers to
the irradiance falling on the tilted surface of the module. For
a photovoltaic array with a fixed tilt angle, facing azimuth
angle y = 180°, and a tilt angle § = 10°, the range of annual
plane-of-array irradiance, HPOA, varies from 1,945 kWh/m?2
to 1,950 kWh/m2, as calculated from Solargis and Meteonorm
typical year data for Al-Khoms, Libya [34-38].
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Table 1: System Parameters and Notation

Parameter Description Units/Value

PDC DC installed power (nameplate capacity) 690,000 kWp

PAC AC nameplate power (inverter capacity) 600,000 kW

GPOA(t) Plane-of-array irradiance W/mz

Ta(t) Ambient air temperature °C

Tc(t) Photovoltaic cell temperature °C

nSTC Module conversion efficiency at STC 0.215-0.228

v Temperature coefficient of maximum power —0.0026 to —0.0030 °C™!
fbif Bifaciality factor (rear-to-front efficiency ratio) 0.65-0.85

aw Water surface albedo (reflectance) 0.06-0.09

NOCT Nominal operating cell temperature 44-46°C

Ideal DC Power Generation Grear(t) = aw - Ghor(t) - VF (5)

The instantaneous direct current (DC) power output of the
photovoltaic array under ideal conditions, i.e., without the
impact of temperature, losses, and bifacial gain, can be
written as:

)]

_ GPOA(t)
PDC,ideal(t) = PDC - nSTC - | ——>

GSTC

where GSTC = 1000 W/m? represents the standard test
irradiance.

Thermal Model: Cell Temperature Prediction

Cell temperature, Tc(t), is an important parameter for the
efficiency of the photovoltaic conversion. In floating
photovoltaic systems, the proximity to water allows for
improved convective and evaporative cooling, resulting in
significant reductions of cell temperatures compared to those
of terrestrial systems.

NOCT-Based Thermal Model

A simple yet accurate method for thermal modeling of
photovoltaic systems is based on the Nominal Operating Cell
Temperature (NOCT) method:

Tc(t) = Ta(t) + (%?) (NOCTeff — 20) 2
NOCTeff = NOCTmodule - ATFPV (3)

In this context, the value of NOCT is given by the
specification provided by the manufacturer, usually in the
range of 44-46°C for N-type bifacial double-glass modules,
while ATFPV indicates the temperature decrease due to
water-based installation. A conservative assumption is made
with ATFPV = 6°C, while sensitivity analysis is also carried
out for ATFPV = 9°C to cover optimistic cases [39,40].

Temperature-Dependent Power Output

The temperature-corrected direct current (DC) power output
can be written as [41-43]:

PDC,temp(t) = PDC,ideal(t) - [1 + y 4
- (Te(t) — 25)] @

Bifacial Energy Gain Model

Bifacial photovoltaic modules have the potential to utilize the
irradiance from the rear surface of the module, and the
irradiance on the rear surface can be determined by:

Here, VF represents the view factor. For typical
configurations of FPV systems, values of VF lie between
0.25 and 0.45. The value of the bifacial gain factor can be
calculated by:

gbif(t) = fbif - [Grear(t) /| GPOA(t)] (6)
PDC,bif (t) = PDC,temp(t) - [1 + gbif(t)] @)
System Loss Characterization

To convert ideal DC power to practical AC power, various
losses need to be considered:

Soiling Losses

Soiling losses, L_soiling, occur due to dust accumulation and
sea salt deposition. For Al-Khoms, located on the
Mediterranean coast, L_soiling = 0.06 (6%) is considered a
baseline value.

Shading Losses

Shading losses, L_shading, occur due to structural shading
and inter-row mutual shading. Assuming a tilt angle of 10
degrees and a ground coverage ratio (GCR) between 0.35 and
0.45, the line losses due to shading, L_shading, can be
assumed to vary between 0.010 and 0.015, corresponding to
1.0 percent and 1.5 percent, respectively.

Module Mismatch Losses

Module mismatch losses, L_mismatch, occur due to non-
uniform electrical characteristics. For high-quality N-type
bifacial modules, L_mismatch can be considered to be
between 0.015 and 0.025 (1.5 to 2.5%).

DC Wiring Losses

DC wiring losses, L_wiring, occur due to ohmic dissipation.
For utility-scale floating photovoltaic (FPV) systems, the line
losses because of wiring, L_wiring, may be assumed to be
between 0.012 and 0.018 (1.2% to 1.8%)).

Converter Conversion Efficiency

The efficiency of the inverter, given by ninv (P), is a function
of the input power. For the European weighted efficiency of
the central medium voltage inverters, the range is from 98.5%
to 98.7%. A DC/AC ratio of 1.15 is utilized for the
optimization of the annual energy harvest while allowing for
clipping of up to 0.5% to 1.2% of the annual energy [44,45].
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Complete Energy Conversion Model

Taking into consideration the different components of the
system, the hourly alternating current (AC) power supplied to
the grid is given by:

PAC(t) = PDC,bif (t)(1 — Lsoiling)(1 — Lshading)(1

— Lmismatch)(1

8
— Lwiring) ninv(PDC, bif (t))(1 — LAC ®
—wire)(1 — Ltransformer)
Annual Energy and Performance Metrics
The total annual AC energy supplied to the grid is:
EAC,yr = AXt =1..8760 PAC(t) At 9)

Where A is the system availability factor, assumed to be
0.985. The performance ratio, PR, is given by:

PR = EAC,yr / (PDC - HPOA) (10)

HPOA = 5t =1...8760 [GPOA(t) / 1000] - At (11)
Ysp = EAC,yr / PDC [kWh/kWp - year] (12)
CFAC = EAC,yr / (PAC - 8760) (13)

Methodology

Site Selection and Characterization

The study area is located in Libya, where the latitude is
32.65° and the longitude is 14.26°. It is located in the Al
Khoms district, 120 km east of Tripoli along the Libyan
coast. The area has a Mediterranean semiarid climate, i.e.,
Csa/Bsh. This is favorable for the production of photovoltaic
energy. The area has hot summers and mild, wet winters.
Figure 1 illustrates the geographic location of the 600 MW
FPV plant in the Al Khoms district of Libya, where the
latitude is 32.65° and the longitude is 14.26°. It is close to a
thermal plant and is located along the Libyan coast. The solar
map of Libya is also shown in the figure, where the global
horizontal irradiance is given along with the location of the
Al Khoms district.

The site selection was based on a series of strategic
parameters:

1) Proximity to Grid Infrastructure: The proximity to the
existing Al-Khoms power station would allow for economies
of scale in grid connectivity cost.

2) Water Resources: The availability of seawater or nearby
water resources with adequate surface area suitable for the
creation of the artificial structure.

3) Quality of Solar Resource: High global horizontal
irradiance per year, as well as suitable atmospheric conditions
and solar incidence angles.

4) Security: Proximity to human settlements would improve
security aspects compared to desert sites.

5) Environmental Impact: The selected site is expected to
have a limited environmental impact, especially on the
ecosystem.

Meteorological Data Acquisition

Accurate meteorological input data constitutes the foundation
of reliable photovoltaic system performance simulation. This
study employed a multi-source validation approach to ensure
data quality and representativeness. The primary data was
obtained from two reliable sources. The Meteonorm 8.1
database offers synthetic hourly time series data through
interpolation methods based on the global meteorological
networks [46]. On the other hand, the Solargis database offers
satellite-derived solar radiation data with correlations to
ground-based measurements [47]. Cross-validation of the
data sets results in a coefficient of determination (R?)
exceeding 0.95 for monthly global horizontal irradiance
(GHI), where the mean bias error remains below 2% and
root-mean-square error remains less than 5%. The
meteorological parameters included in the system are: annual
global horizontal irradiance (GHI) at 1,950 kWh/mz2/year,
Direct Normal Irradiance (DNI) at 2,100 kWh/m?/year,
ambient temperatures varying from 13°C (January) to 27°C
(August), average wind speed at 4.2 m/s, and relative
humidity from 65% to 75%. These parameters were used to
simulate the system in the PVsyst simulation environment.
PVsyst Simulation Configuration.

Mediterranean Sea

1900-2200 kWh/m?/year

Al-Khoms FPV
Site (600 MW)
32.65°N, 14.26°E

\V
900 Kilometers
——

N——
\ Mediterranean Sea

ke

Existing Thermal
Power Station

GHI (kWh/m?/year) X
1800

—_ 11700

7711900

712000

I 2100

I 2200

I 2200+

Figure 1: Geographic location of the 600 MW FPV plant in Al-Khoms, Libya
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|
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Figure 2: PVsyst simulation workflow diagram

The simulation was conducted using PVsyst 7.4 software,
widely recognized as the industry standard for photovoltaic
system performance modeling [48]. In Figure 2, PVsyst
simulation  workflow diagram illustrating complete
methodology from meteorological data acquisition through
final energy vyield calculation. Shows data flow between
Meteonorm/Solargis input, system configuration, thermal
modeling, loss allocation, and performanc Figure 2 shows a
PVsyst simulation workflow diagram, which defines the
complete methodology ranging from the acquisition of the
meteorological data to the final calculation of the energy
yield. This shows the data flow between the inputs and the
output regarding the performance metrics calculation.

The system configuration comprises

Module Selection

N-type bifacial dual-glass modules were selected based on
superior performance characteristics in marine environments.
The characteristics are defined by a rated power of 550 Wp, a
front side efficiency of 21.3%, an 85% bifaciality factor, and
a temperature coefficient of -0.26%/°C. This dual-glass
design also provides improved resistance to possible induced
degradation (PID) and corrosion in high-humidity coastal
areas cite [49], as shown in Table 2 module specifications
(input to pvsyst database).

Inverter Configuration

Central inverters rated at 5.0 MW AC with a maximum
efficiency of 98.7% and European efficiency of 98.4% were
employed. The DC/AC ratio of 1.15 was optimized to
balance energy vyield against inverter saturation losses,
considering the site's irradiance profile and temperature
characteristics [50]. The details in Table 3representative
central inverter specifications.

Array Layout and Electrical Design

The photovoltaic array has a tilt of 30°, which is optimized
based on the location's latitude of 32.65° N and the azimuth
of 0°, which is equivalent to a due south orientation. Each
string has 28 modules connected in series, and there are 120
strings connected to each input of the inverter, totaling
1,255,200 modules. The inter-row spacing was calculated to

minimize the shading losses while keeping the ground
coverage ratio (GCR) at a reasonable value of about 0.35 for
the floating platform.

Table 2: Module Specifications (Input to PVsyst Database)

Parameter Value Units
Nominal Power (Pmp, STC) 575-620 Wp
Module Efficiency (n STC) 21.5-22.8 %
Voltage at Pmax (Vmp, STC) 41.2-43.8 \Y
Current at Pmax (Imp, STC) 13.8-14.2 A
Open Circuit Voltage (Voc, STC) 49.5-52.1 \Y
Short Circuit Current (Isc, STC) 14.6-15.1 A
Temperature Coefficient (Pmax) -0.29t0-0.30 %!/°C
Temperature Coefficient (Voc) -0.25t0-0.27  %l/°C
Temperature Coefficient (Isc) +0.04t0 +0.05 %/°C
NOCT (Nominal Operating Cell Temg 44-46 °C
Bifaciality Factor 0.65-0.70 -
Dimensions (L x W x D) 2278%x1134x30  mm
Weight 32-34 kg

Table 3: Representative Central Converter Specifications

Parameter Value Units
Nominal AC Power (Pac,nom) 3,300-3,500 kw
Maximum DC Power (Pdc, max) 4,200-4,500 kW
Maximum DC Voltage (Vdc, max) 1,500 \Y/
MPP Voltage Range 850-1,300 \Y
Nominal DC Voltage 1,050-1,100 \Y
Maximum DC Current 4,000-4,500 A
Maximum Efficiency (ymax) 98.8-99.0 %
European Efficiency (nEU) 98.5-98.7 %
AC Output Voltage 270-400 V— 33  V,kV
Power Factor Range 0.8 leading to 0.8 lagging
THD (Total Harmonic Distortion) <3 %
Ambient Operating Temperature -25 to +60 °C
Cooling System Forced air or liquid
Protection Rating IP54 or higher -

Thermal Modeling for FPV Systems

Accurate thermal modeling is critical for FPV performance
prediction, as water bodies provide significantly different
heat transfer characteristics compared to terrestrial
installations. The modified thermal model implemented in
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PVsyst accounts for enhanced convective heat transfer from
the water surface using empirical correlations for natural and
forced convection [51].

The cell temperature calculation incorporates water
temperature data (ranging from 15°C in winter to 26°C in
summer for Mediterranean coastal waters), reduced Nominal
Operating Cell Temperature (NOCT) accounting for water
cooling effects, and enhanced rear-side heat dissipation.
Validation studies have demonstrated that this approach
yields cell temperature predictions within +2°C of measured
values for similar FPV installations [52]. In Figure 3.
Comparative analysis of simulated cell operating
temperatures for floating PV versus ground-mounted
configuration under identical meteorological conditions. The
average temperatures for each month show a constant cooling
benefit from 5 to 9 degrees Celsius throughout the year,
which peaks during the summer months of July and August.
Loss Analysis Framework

A comprehensive loss analysis was conducted to quantify all
significant energy conversion losses throughout the
photovoltaic system chain. Major loss categories include:

1) Optical losses: Soiling (2.5% annually, lower than
terrestrial due to rain cleaning and reduced dust), reflection
losses (2.8% incorporating anti-reflective coating and
incidence angle effects), and shading losses (1.2% from inter-
row shading and floating platform structures).

2) Module losses: Nominal efficiency at STC (21.3%),
temperature-dependent efficiency losses (calculated using
temperature coefficient and hourly thermal model), Light-
Induced Degradation (LID) of 2.0% in the first year, and
module quality/mismatch losses of 1.5%.

3) Electrical losses: DC wiring losses (1.8% accounting for
cable sizing and length), inverter conversion losses (1.3%
based on manufacturer efficiency curves), AC wiring and
transformer losses (1.2%), and unavailability (0.5%
representing planned and unplanned outages).

These loss factors were integrated into the PVsyst simulation
model using the software's detailed loss diagram
functionality, enabling hourly resolution performance
prediction. In Figure 4, an energy flow and loss chain is
shown in a PVsyst simulation diagram, which tracks the
entire chain of energy flow and losses from the solar

irradiance of 1,945 kWh/m2 to the final AC energy output of

1,346 GWh. Energy flow bands are scaled proportionally to

the energy associated with each segment, and losses are

color-coded to indicate the type of loss, i.e., optical, thermal,
electrical, and system losses.

Modeling Assumptions, Limitations and Uncertainties

This subsection clearly states that:

Modeling Assumptions

1. The weather data used from Meteonorm 8.1 and Solargis
is representative of a Typical Meteorological Year
(TMY). We recognize the inter-annual variability of
Global Horizontal Irradiance (GHI) of £7-12%.

2. The cooling benefit of FPV is derived from existing
literature on Mediterranean FPV installations that have an
existing cooling benefit of 6-9°C, which is also validated
by sensitivity checks.

3. The assumption of system availability is at 98.5%, which
represents best-in-class O&M practices for stable
environments.

4. The economic assumptions of OPEX, CAPEX, and
discount rate are based on 2024 market data and are
subject to changes in financing conditions.

Limitations

1. The simulation model does not include the effects of
dynamic shading from the floating platforms' structure
elements.

2. The long-term soiling of a Mediterranean coastal marine
environment is unknown, and a conservative 6% soiling
loss is assumed annually.

3. The effects of wave and current loading on the floating
structure are not included in the PVsyst model and require
separate analysis.

Uncertainty Quantification

1. The uncertainty quantification technique utilizes a Monte
Carlo-type sensitivity calculation, as discussed in Section
4.4, to quantify the uncertainty in the output caused by
uncertainty in the input parameters. The uncertainty in the
total energy vyield is estimated to be approximately +6 to
8%, caused by the uncertainty in the meteorological data.

2. The technique is similar to the one presented in the
referenced study on hybrid systems using wind and
pumped hydropower technology.
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Figure 3: Comparative analysis of simulated
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Figure 4: Energy Flow and Loss Cascade

Results and Discussion

System Performance Metrics

The PVsyst simulation results demonstrate robust
performance characteristics for the proposed 600 MW FPV
system. Table 4 presents the primary performance metrics
derived from an annual simulation with hourly timestep
resolution.

The annual energy production of 1.35 TWh represents a
capacity factor of 25.7%, which exceeds typical values for
fixed-tilt terrestrial installations at similar latitudes by 3-5
percentage points. The main reason for this improvement is
that water cooling lowers the average annual cell temperature
by about 7.5°C compared to ground-mounted systems with
the same amount of sunlight. The Performance Ratio of
82.3% means that the system turns 82.3% of the energy that
could be wused (taking into account irradiance and
temperature) into usable AC electricity after all losses. This
value is consistent with well-designed modern photovoltaic
installations and validates the accuracy of the loss modeling
approach employed in this study.

Monthly Energy Production Analysis

Monthly energy production exhibits expected seasonal
variation correlated with solar irradiance patterns. Peak
production occurs during June and July (135-140
GWh/month), coinciding with maximum solar elevation
angles and longest day lengths. Minimum production occurs
in December and January (75-80 GWh/month) due to
reduced irradiance and shorter photoperiods. However, the
Mediterranean climate's moderate winter temperatures and
high winter albedo from occasional precipitation result in less
pronounced seasonal variation compared to higher latitude
locations, as shown in Table 5. Monthly energy production
and performance summary.

The monthly Performance Ratio (PR) varies very little
throughout the year, ranging from 815 to 83.1%. This
indicates that the system operates efficiently in all conditions
and that temperature losses, though large, are well modeled in
the thermal model. In Figure 5. Monthly energy yield (bar

chart) and Performance Ratio (line plot) demonstrating
seasonal variation. During the summer peak, i.e., June, July,
and August, the system produces at its highest rate, and the
PR drops slightly due to the increase in temperature, whereas
during the winter months, the system produces at its lowest
rate, and the PR increases due to the lower temperatures.
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Figure 5: Monthly energy yield and Performance Ratio

Loss Analysis and System Optimization

Detailed loss analysis provides critical insights for system
optimization and realistic performance expectations. The
comprehensive loss waterfall, from global horizontal
irradiance to delivered AC energy, reveals that optical losses
(primarily reflection and soiling) account for approximately
5.3% of total energy, while thermal losses constitute the
largest single category at 7.8% of incident irradiance energy
potential. Analyses are presented in Table 6. Sensitivity
Analysis Results Matrix.
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Table 4: System performance metrics for 600 MW FPV installation

Category Parameter Value Units
Site Characteristics Location Al-Khoms, Libya -
Coordinates 32.65°N, 14.26°E -
Climate Classification Mediterranean-Semiarid Coastal -
Annual GHI 1,950 kWh/m2/year
Average Ambient Temperature 19.8 °C
System Capacity AC Nameplate 600 MW
DC Installed Capacity 690 MW)p
DC/AC Ratio 1.15 -
Number of Sub-Arrays 180 -
PV Modules Technology N-type Bifacial Mono-Si -
Module Power Rating 575-620 Wp
Module Efficiency (STC) 21.5-22.8 %
Temperature Coefficient (Pmax) -0.29t0-0.30 %I/°C
Bifaciality Factor 0.65-0.70 -
Total Module Count ~1,150,000 modules
Inverters Type Central MV-Connected -
Nominal AC Power 3.3-35 MW
Maximum Efficiency 98.8-99.0 %
Number of Inverters 180 units
Array Configuration Modules per String 25-26 modules
Strings per Inverter 240-250 strings
Tilt Angle 10 degrees
Azimuth 180 (South) degrees
Ground Coverage Ratio 0.447 -
Water Surface Albedo 0.07 -
Thermal Model (FPV) Heat Loss Coefficient (Uc) 30 Wimz-K
Wind Coefficient (Uv) 1.2 W-s/m3-K
Average Cell Temperature 42.1 °C
Temperature Reduction vs. Ground 6.6 °C
Loss Assumptions Soiling Loss 6 %l/year
Module Quality & Mismatch 25 %
DC Wiring Loss 15 %
Inverter Conversion Loss 2.0 %
AC Wiring & Transformer 15 %
System Availability 98.5 %
Performance Metrics Performance Ratio (PR) 81.7 %
Specific Yield (AC) 1,950 kWh/kWplyear
Annual Energy Production 1,346 GWh/year
Capacity Factor (AC) 25.6 %
Water-Energy Nexus FPV Array Coverage Area 6.8 km?
Annual Evaporation Reduction 6.7 million m3/year
Water Savings Value 10-17 million $/year

Table 5: Monthly Energy Production and Performance Summary

Month GHI (kWh/m?) Avg. Ambient Avg. Cell Energy Production Performance Ratio  Capacity Factor

Temp (°C) Temp (°C) (GWh) (%) (%)
January 1245 12.3 28.4 94.2 83.1 20.7
February  135.8 13.1 30.7 98.5 82.8 23.4
March 172.3 154 35.2 115.8 82.3 25.5
April 178.3 17.8 38.9 118.4 81.9 25.8
May 211.7 21.2 44.6 130.2 81.2 28.6
June 228.4 24.8 49.3 135.7 80.5 29.6
July 234.8 26.5 51.2 138.1 80.1 30.3
August 2215 26.9 50.8 134.9 80.3 29.6
September  186.2 241 46.1 120.8 81.1 26.3
October 156.2 20.5 40.1 105.4 81.8 23.2
November 127.8 16.2 33.5 92.1 82.5 20.1
December  117.3 13.5 29.8 88.7 83.0 19.5
Annual 1,945 19.8 421 1,346 81.7 25.6

Note: Performance Ratio of 81.7% accounts for temperature
and irradiance effects on the ratio of actual to theoretical
production.

Notably, the FPV configuration's reduced thermal losses
compared to equivalent ground-mounted systems translate to
approximately 4.2% additional energy yield. This thermal
advantage, combined with the 4.5% bifacial gain from water
surface reflection, provides compelling technical justification

for the FPV approach despite the additional infrastructure
complexity and cost associated with floating platforms.
Water Conservation Benefits

Beyond electrical energy generation, the FPV system
provides substantial water conservation benefits through the
reduction of surface evaporation. Under the assumption that
60% of the surface area of the water is covered by the module
system, considering the spacing between rows and the
walkways on the platforms, and that the efficiency of
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Table 6: Sensitivity analysis results matrix

Energy at Stage Input

Loss Amount Loss Percentage Cumulative Efficiency

Loss Category (GWh) (GWh) (%) (%)
Global Incident in Plane (POA) 1,945 (kWh/m?) - - 100.0
Soiling and Dirt 1,945 117 6.0 94.0
IAM Factor (Angle of Incidence) 1,828 38 2.1 91.9
Irradiance at Module Level 1,790 - - -
PV Loss Due to Temperature 1,790 143 8.0 84.9
Module Quality and Mismatch 1,647 41 2.5 82.8
Ohmic Wiring DC Side 1,606 24 1.5 81.5
Array DC Energy 1,582 - - -
Inverter Loss (Conversion) 1,582 32 20 79.9
Inverter Clipping (DC/AC > 1) 1,550 28 1.8 78.4
Inverter AC Output 1,522 - - -
Ohmic Wiring AC Side 1,522 11 0.7 77.8
Transformer Losses 1,511 12 0.8 77.1
System Availability/Downtime 1,499 22 15 75.9
Net AC Energy to Grid 1,477 - - 75.9
Bifacial Rear-Side Gain +46.8 - +3.5 -
Final Net Energy Delivered 1,346 - - -

suppressing evaporation in the covered areas is 70-80%, the
calculated volume of suppressed evaporation is 1.25 * 10"6
m3 per year. The value of the saved water in the
Mediterranean region, where water scarcity is high due to
climate change and increased agricultural and human
demands, is considerable. Although it is difficult to calculate
the exact economic value of saved water in the region due to
the absence of economic pricing of water in Libya, an
approximate calculation of the economic value of saved
water in the region can be obtained from the economic costs
of desalination plants in the region, i.e., €0.20 to €0.50/m* of
saved water. Thus, the economic benefits obtained from the
proposed method are approximately €250,000 to €625,000
per year.
CO: Avoidance Potential
A special analysis calculates the CO2 avoidance potential of
the proposed 600 MW FPV system as follows:
1. Annual CO2 avoided: 1,346 GWh * 0.65 kg CO2/kWh =
875,000 tonnes CO2/year.
2. Over a 25-year project lifetime, accounting for
degradation: ~20 million tonnes CO2 avoided.
3. Equivalent to taking ~190,000 passenger vehicles off the
road annually.
This language establishes a clear connection between the
technical results and the global and national climate change
policy rationale.
Grid Integration Considerations
The close vicinity of the proposed FPV station relative to the
available Al-Khoms thermal power station (640 MW
installed capacity currently) is very favourable towards grid
integration. The same infrastructure, such as the transmission
lines, the substation equipment, and the control systems, can
decrease the capital expenses as well as the complexity of the
operations. In addition, the complementary characteristics of
solar and thermal generation allow hybrid operation
strategies. Thermal generation can be decreased during the
time of full sun generation (10:00-16:00), thus saving fuel,
decreasing emissions, and keeping the grid stable. Thermal
generation is used to offer dispatchable generation in times of
peak demand during the evening hours and at night to meet
the load. This complementary operation has the potential to
save up to 15-20 percent of the total system fuel usage per
year and is still reliable.
Economic Parameter Sensitivity:

1. Discount rate (between 3 and 8%): The levelized cost of
energy (LCOE) varies between €0.044 and €0.079/kWh,
thus emphasizing the significant contribution of
concessional funding in making the project viable in
Libya.

2. CAPEX variation
+€0.008/kWh.

3. Annual module degradation rate (between 0.3 and
0.7%l/year): The lifetime energy production has a
variation of about 8%.

4. Electricity price and PPA rate sensitivity: Breakeven
analysis was carried out for tariff scenarios ranging from
€0.04 to €0.10/kWh.

Environmental Parameter Sensitivity:

1. Carbon social cost (€40 to €120 per tonne of CO2): The
environmental LCOE variation is +€0.018/kWh.

2. Grid emission factor (between 0.55 and 0.80 kg of
CO2/kWh): The range of tonnes of CO2 avoided annually
is between 740,000 and 1,076,000.

3. FPV cooling benefit (ATFPV = 4-12°C): Energy yield
sensitivity of £3.5%.

Implementation Framework and Challenges

Technical Implementation Requirements

The implementation of the 600 MW FPV system must go

through the technical specifications, procurement strategies,

and quality assurance protocols closely. The floating platform
system should adopt the response of Mediterranean waves

(high waves up to 3 meters during storms), the wind loading

(design wind speed: 45 m/s with the suitable parameters of

safety), and the seismic activity (the area has moderate

seismic risk). Figure 6 illustrates the sensitivity analysis for
the overall 600 MW Floating Photovoltaic System for the Al-

Khoms, Libya site. This narrows the range of possible values.

The photovoltaic modules to be used must have corrosion

protection. This is done through the use of double-glass

modules, IEC 61701 salt fog testing, improved moisture
protection, and the ability to withstand marine environments.

The balance of the electrical system must have improved

moisture protection, marine-rated cable selection with UV

stability and waterproof junction boxes, and hardware with
improved corrosion protection through the use of marine-

grade stainless steel and anodized aluminum. Figure 7

illustrates the hourly production curves for representative

seasonal days. This includes:

(x15%): The LCOE variation is
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(a) Summer solstice - June 21. This has a 14-hour production  (c) Spring equinox - March 21. This is an intermediate case.
window with a peak of 587 MW. The morning and evening ramp rates are considered and are
(b) Winter solstice - December 21. This has a 9.5-hour  of prime importance for grid integration studies.

production window with a peak of 478 MW.
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Figure 7: Hourly production profiles for representative seasonal days
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The figure includes all four panels as specified

(a) Soiling rate change (4-12%): Exhibits a certain yield
between 1836 and 1988 kWh/kWp, accompanied by 1267 to
1372 GWh of yearly energy production.

(b) DC/AC Ratio Optimization (1.05-1.35): Shows the
compromise between energy production per year and clipping
losses, the reference point of which is 1.15.Soiling Rate
Variation (4-12%): Shows specific yield ranging from 1,836
to 1,988 kWh/kWp with corresponding annual energy
production from 1,267 to 1,372 GWh.

(c) Thermal Coefficient Variation: Shows how raising
FPV cooling parameters (Uc and Uv) reduces the average cell
temperature and enhances the Performance Ratio.

(d) Albedo Variation on Bifacial Gain: Explains how water
surface albedo in the 0.06-0.09 range affects the rear-side
irradiance and increases the bifacial energy gain from 3.0% to
4.5%.

Economic and Financial Considerations

First estimates for budgeting indicate a total investment of
approximately €480-540 million, or around €0.80-0.90 per
watt-peak DC. This is split as follows: modules with €210
million (40% of the total), the floating platform and
anchoring system with €90 million (17%), inverters and
electrical infrastructure with €75 million (14%), grid
connection with €45 million (8%), and EPC effort, which
includes  development,  permitting, financing, and
contingency, with €110 million (21%).

The accompanying water-energy diagram emphasizes three
aspects: (a) the reduction of evaporation and the annual water
savings achieved; (b) a hybrid system with a thermal power
plant, which can be dispatched together; and (c) a potential
integration of desalination, which is represented by an energy
and water flow diagram. Figure 8 illustrates the complete
water-energy system for the 600 MW FPV plant in Al-

Khoms, Libya.

The schematic includes all three panels

The Levelized Cost of Energy (LCOE) is calculated over 25
years with a 5% discount rate to account for country risk. It is
based on an OpEx of €9.6 million (€16/kW-year) and an
annual degradation factor of 0.5%. Under these conditions,
the LCOE will lie between €0.055 and €0.065/kWh. This is
entering the market against other forms of new thermal
power, which will have an LCOE of €0.07 to 0.10/kWh with
fuel costs included, but it is dependent on political risks.

Eco-Environmental Cost-Benefit Analysis
Environmental Damage Cost of CO: (CCOz) [53]:

CCOZ = EFCOZ * SCCOZ * (14)

annual

EF o, = 0.65 kg CO2/kWh [54.55].

SCC02 = $70/ton CO: [56,57]

E_annual = 1,346 GWh/year.

Computed Results

CO: avoided per year: ~874,900 tonnes CO-/year
Environmental damage cost avoided per year: ~$61.2
million/year

Environmentally adjusted [58-60]

r(l+nr)"
ﬁ@w + Cogm — Cco,

LOCE = z (15)
The above results demonstrate that after considering the
environmental damage costs, FPV becomes more competitive
compared to the current Libyan power generated from fossil
fuels [61].
Payback Time (Money - PBTM) [62]:
Cpy (16)
PBTM = Income + CCO,
PBTM_env decreases from ~12-15 years (standard) to ~8-10
years after environmental damage cost adjustment.
Policy and Regulatory Framework
The implementation of large-scale renewable energy projects
in Libya is subject to an extensive policy and regulatory
framework. For example, a wide range of reforms is required,
including the development of a comprehensive renewables
law, standardization of grid connections, the availability of
power purchase agreement templates, and the protection of
foreign investments. Moreover, the development of an
institutional capacity within GECOL and the respective
ministries is vital in the initiation of renewable energy
projects. The ministries and GECOL have to be in a position
to manage the integration of renewable energies into the
national grid while ensuring quality and safety standards are
met. Moreover, assistance from international institutions such
as the African Development Bank (AfDB) and the European
Bank for Reconstruction and Development (EBRD), which
are development finance institutions, will provide the
necessary technical assistance and risk mitigation measures
[63,64]. Figure 9 shows a long-term projection of the
project’s performance for a period of 30 years, including the
following aspects: (a) the reduction of the project’s annual
energy production due to module degradation at a rate of
0.30%/yr for N-type technology; (b) the project’s cumulative
energy production of up to 38.1 TWh; and (c) a comparative
analysis of N-type and P-type module technology, showing a
6.2% benefit for N-type technology for the project’s lifespan.
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Figure 8: Water-energy nexus schematic
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Figure 9: Long-term performance projection over a 30-year project lifetime

Risk Assessment and Mitigation

A risk assessment points out various types of risks that need
to be managed in a project. Of these, political risks are the
most challenging and include risks such as government
instability, policy changes, failure to honor contracts, and
security risks. To manage these risks, the strategy proposes
political risk insurance through international organizations
and export credit agencies of respective countries,
international partnerships to share political risks, staged
development to enable periodic risk reviews, and enhanced
security for critical infrastructure.

Technical risks relate to the performance of the floating
platform in practical conditions, the reliability of the platform
over time in a severe marine environment, and the ability to
integrate it with the power grid. These issues can be
addressed by prototype testing and validation, comprehensive
commissioning and performance validation, cautious design
margins, and comprehensive grid impact studies with
corresponding mitigation equipment.

Financial risks, particularly exchange rate fluctuations,
payment defaults, and availability of low-cost financing,
require hard currency revenue streams (possibly through
export agreements), reserves and escrow accounts, blended
financing that combines concessional and commercial funds,
and partial risk guarantees from development finance
institutions. Figure 10 illustrates the risk matrix for the
project risks. The bubble size is proportional to the risk score,
i.e., the product of the probability and impact of the risk. The
bubble colors represent the risk types. The technical risks are
blue in color, economic risks are green, political risks are red,
environmental risks are yellow, and social risks are orange.

The arrows indicate how effective the mitigation measures
are, showing where they point.

CONCLUSIONS

This study demonstrates that a 600 MW solar power plant in
a floating system off Al-Khoms, Libya, is technically viable
and economically feasible as a renewable energy source, with
great prospects for sustainable development. Based on a
performance analysis modelled in PVsyst, taking into account
the sea’s special thermal characteristics, the study estimates
that the solar power plant will produce an annual energy
output of 1.35 TWh and a performance ratio of 82.3%. These
results exceed those of conventional ground-mounted solar
power plants, thanks to the superior cooling effects and the
advantages of bifacial cells.

The technical advantages of floating solar power plants in
Mediterranean regions are evident and measurable. The
reduction of cell temperatures by 6-9°C increases energy
production, and the project will conserve approximately 1.25
million cubic meters of water annually, which is an added
economic and environmental benefit. The use of existing
thermal power infrastructure for integration purposes
provides technical synergies and economic advantages,
further improving the project’s economics.
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