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Abstract

The Union of the Comoros, located in the Indian Ocean, faces persistent energy challenges
due to its geographic isolation, heavy dependence on imported fossil fuels, and underdevel-
oped electricity infrastructure. This study investigates the techno-economic optimization
of a hybrid microgrid designed to supply electricity to a rural village in Grande Comore.
The proposed system integrates photovoltaic (PV) panels, wind turbines, a diesel generator,
and battery storage. Detailed modeling and simulation were conducted using HOMER
Energy, accompanied by a sensitivity analysis on solar irradiance, wind speed, and diesel
price. The results indicate that the optimal configuration consists solely of PV and bat-
tery storage, meeting 100% of the annual electricity demand with a competitive levelized
cost of energy (LCOE) of 0.563 USD/kWh and zero greenhouse gas emissions. Solar PV
contributes over 99% of the total energy production, while wind and diesel components
remain unused under optimal conditions. Furthermore, the system generates a substantial
energy surplus of 63.7%, which could be leveraged for community applications such as
water pumping, public lighting, or future system expansion. This study highlights the tech-
nical viability, economic competitiveness, and environmental sustainability of 100% solar
microgrids for non-interconnected island territories. The approach provides a practical and
replicable decision-support framework for decentralized energy planning in remote and
vulnerable regions.

Keywords: solar microgrid; techno-economic optimization; off-grid systems; rural
electrification; island energy systems; HOMER Energy; Union of the Comoros

1. Introduction

The Union of the Comoros, since independence on 6 July 1975, has suffered from
energy stress due to poor management of the national company of energy production and
distribution. Diesel-based energy production is ruining the state’s financial portfolio and
ultimately leaving it without electricity. To address this energy problem, energy production
through renewable energy sources will be a major asset, given the available renewable
energy sources, such as permanent sunshine, an estimated average annual wind speed of
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6 m/s, and an active volcano that can be exploited for geothermal energy. In addition, since
the Industrial Revolution of the 18th century, the massive exploitation of natural resources
has led to a considerable increase in greenhouse gas emissions, exacerbating the effects of
climate change across the world [1]. Among the particularly vulnerable regions, the Union
of the Comoros, due to its island geographical position and limited energy development,
faces major energy challenges [2]. The country’s energy supply depends mainly on fossil
fuels—oil, gas, and coal—the importation of which weighs heavily on the national economy
and the environment [3]. Global energy demand continues to grow, with an estimated 80%
increase in electricity consumption between 2012 and 2040, according to the International
Energy Agency (IEA) [4,5]. Faced with the progressive depletion of fossil resources and
the expected increase in their price, it is becoming imperative to orient energy policies
towards sustainable solutions, in order to avoid irreversible climate consequences. Over
time, progress has been made in the field of photovoltaic materials and architecture by
pushing the limits of performance, notably with the emergence of multijunction, perovskite,
and tandem solar cells [4-8].

From this perspective, many researchers have proposed the integration of renewable
energy sources, such as solar, wind, and hydraulic sources, to sustainably meet the growing
needs [9,10]. Indeed, Mohamad Shahrizal Mohd Noor et al. [11-14] validated, through a
feasibility study, the continuous power supply of a telecommunications tower thanks to
a hybrid solar photovoltaic (PV) and diesel generator system, optimized using HOMER
Energy software (HOMER Pro v3.14.2) [11-14]. The LEOPARD project achieved a 65%
reduction in diesel use with a levelized cost of electricity (LCOE) of EUR 0.47 /kWh through
the optimization of a solar microgrid in Benin, offering a replicable approach for rural
areas in Africa [15]. Olatomiwa et al. [16-19] also highlighted the importance of energy
management strategies in hybrid microgrids, both autonomous and connected.

In Comoros, various research studies conducted by Kassim et al. [17-19], as well as Fahad
et al. [17,18,20-23], focused on the optimization of hybrid PV /diesel and PV /wind/diesel
systems for the electrification of isolated rural areas, showing that hybrid solutions dominated
by solar are economically advantageous and more environmentally friendly.

However, despite a strong solar potential estimated at around 6 kWh/ m?2/ day [17-19],
the exploitation of renewable energies remains marginal, hampered by institutional, eco-
nomic, and technical obstacles [18,24,25]. Currently, the energy mix remains dominated
by biomass and petroleum products, accentuating the country’s energy dependence and
climate vulnerability [17-19]. To address this, the Comorian government has committed to
increasing the share of renewable energies to 50% by 2030, relying mainly on solar, wind,
and geothermal energy [4,5,8,17,26].

Recently, the impact of powder-blasted surface modification on the performance of
non-imaging solar concentrators and the evaluation of a ray-tracing simulation approach
to virtual solar power measurements was analyzed by Nikolaos and Gudrun [27]. Their
results show that surface roughening significantly improves light redirection toward the
concentrator’s edge, enhancing solar cell performance.

In this context, this study proposes to simulate and optimize a hybrid system com-
bining photovoltaic panels, a wind turbine, a diesel generator, and a storage battery for
the electrification of a family house in a rural village located in the commune of Sada
Djoulamlima, north of Ngazidja. Through an approach using HOMER Energy software,
we aim to evaluate the technical and economic performance of the microgrid. Although the
system is initially designed in hybrid form, the results obtained highlight the predominance
of solar energy, ensuring more than 99% of the annual energy coverage. This work thus
proposes a simple, flexible, and reproducible method for the sizing of microgrids in island
environments, promoting energy autonomy while minimizing the environmental impact.
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A review of recent literature shows that while many hybrid microgrid studies (e.g.,
PV-diesel or PV-wind-diesel configurations) address techno-economic aspects, they often
lack advanced mathematical modeling, comprehensive sensitivity analysis, or surplus
energy evaluation. Table 1 provides an updated comparison, including recent publications,
alongside our 100% PV + battery configuration [28,29].

Table 1. Comparative summary of hybrid microgrid studies.

. LCOE Math Sensitivity Surplus Island
Study/Reference Location Tool (USD/kWh) Modeling Analysis Energy Context
Nasir et al. [26] Pakistan HOMER ~0.5 X v X X
Sanfilippo et al. [27] Benin HOMER 0.6-1.2 X X X Partial
Aziz et al. [28] Iran HOMER - X v X X
Almutairi et al. [29] Iran HOMER ~1.06 X v v v
Al Garnietal. [30]  Saudi Arabia HOMER - X v X X
Hasan et al. [31] Bangladesh HOMER - X N X X
Gerlici et al. [32] Europe Math - v X X X
modeling
. Math
Jarso et al. [33] Ethiopia modeling - v - X X
Present study
Comoros real-case Comoros HOMER + 0.563 v v v (~64%) v
Math model
PV + Battery

Legend: V indicates that the criterion is present or addressed in the study; X means it is absent or not considered;
— denotes data that is not specified, is unavailable, or is not applicable in the given publication.

As demonstrated in Table 1, our 100% PV + battery configuration uniquely combines
a competitive LCOE (~0.563 USD/kWh) with fully renewable supply, mathematically vali-
dated sizing, multiparameter sensitivity analysis, and surplus energy quantification, within
a real island setting. In contrast, earlier studies generally employ hybrid combinations with
diesel and/or wind, often lacking one or more analytical dimensions and rarely applied to
island scenarios. This multidimensional integration underscores both the scientific novelty
and the practical relevance of our work.

This study stands out by simultaneously integrating a detailed mathematical modeling
of energy subsystems, a comprehensive economic analysis using the HOMER software
(HOMER Pro v3.14.2), and a sensitivity analysis specifically applied to the insular context
of the Comoros. While several studies have addressed hybrid PV-wind-diesel systems in
isolated areas, few have combined these three dimensions within a real insular framework.
This approach helps fill a gap in the existing literature by providing a decision-making tool
for local energy planning, taking into account the performance, economic constraints, and
technical feasibility of available resources.

What sets this work apart is the 100% solar with storage approach, without recourse to
conventional hybrid solutions incorporating diesel or wind power. In contrast to previous
studies, which propose complex or theoretical hybrid systems, this study presents a simple,
realistic model that can be applied directly in non-interconnected island contexts. The nov-
elty also lies in the in-depth analysis of the energy overproduction capacity for community
use or future expansion.

2. Materials and Methods

The evaluation of renewable energy projects is generally based on the application of
rigorous criteria linked to site-specific data, in order to analyze the operational behavior of
all the scenarios considered [34—42]. In this study, we followed a structured methodological
approach comprising the following steps.
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Site characterization: precise geographic location and description of environmental conditions

e  Modeling data collection;

e  Average daily electricity demand;

e  Daily solar irradiance and daylight index;

e Average wind speed;

e  Daily ambient temperature;

e  System architecture definition: optimal combination of different renewable and con-
ventional technologies.

The data collected were integrated into the HOMER Energy software for the simulation
phase. Different scenarios were simulated based on consumption profiles, local resource
availability, and the technology combinations considered [43].

Following the simulation, several technical and economic criteria were analyzed, includ-
ing payback time, component costs, net present cost (NPC), and net present value for each
scenario. These results were used to select the most advantageous investment strategy.

All field data were processed using a multicriteria grid, with particular attention paid
to the sizing and optimal selection of renewable components [44]. The HOMER Energy tool,
developed by the National Renewable Energy Laboratory (NREL) of the U.S. Department
of Energy in 1992, was used for this analysis. This software is widely recognized for
its ability to perform complex techno-economic studies in the context of off-grid energy
systems [45-52].

To meet the growing needs for modeling photovoltaic projects coupled with storage
and other hybrid technologies, the HOMER Grid version was developed [34,35]. Thanks to
its advanced features, HOMER allows simultaneous integration of technical and economic
parameters, thus offering the possibility to evaluate different configurations, optimize
production costs and identify the most cost-effective design based on local constraints. In
addition, it facilitates the reproduction of real-life system behavior, thus contributing to
better decision-making for energy project designers and developers (see Figure 1).

[ Pre-HOMER assessment ]
| |
| | | | | |
Input Electrical Hardware Cost r‘\nj.al_\‘sis: Output
Parameters Load: system details: -C upum} Paranfeﬁcrs:
iseisia ot || s |
- - N -Diesel generator “ 7
Valuw). : -Profil of the -:\tm{ :\l:bil] -Operation and -Net Present Cost
golaglmpdiation prescribed Battery Maintenance Cost (NPC)
~Temperature Community ~Saltery -Emission,
“Wind * -Converter ele
¥ y 4
y
(@ . . . . o, . ‘
Modeling, Optimisation, and Technico-
Economic Analysis using HOMER
Energy Pro software
. ‘ 7
I
Post-HOMER assessment
-Cost of Energy (COE)
-Net Present Cost (NPC)
-Emission,
\ ..etc Y,

Figure 1. Solar microgrid optimization process with HOMER Energy.

Simulated demand was validated by field surveys of households in the village of Sada
Djoulamlima. These data were compared with standard profiles integrated into HOMER.
Suitability was checked by means of cross-consistency tests.
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2.1. Site Characterization and Load Profile

Assessing the site’s renewable energy potential and defining the electrical load profile
are essential steps in designing an optimal hybrid microgrid. In this study, the chosen site is
located at a latitude of 11°24’ S and a longitude of 43°20 E, corresponding to the village of
Sada Djoulamlima on the island of Ngazidja, in the Union of the Comoros. The time zone
applied for the simulation is GMT+2 (East Africa Time). Interventionary studies involving
animals or humans and other studies that require ethical approval must list the authority
that provided approval and the corresponding ethical approval code.

2.1.1. Solar Resources

The solar resource was characterized based on the monthly average clarity index and
daily global horizontal irradiation (GHI). The average annual solar irradiation reaches
6.14 kWh/m? /day, with monthly variations ranging from 5.29 kWh/m?/day in July to
6.58 kWh/m? /day in October. The average clarity index is stable at around 0.623, reflecting
strong solar potential throughout the year. These conditions favor the integration of
photovoltaics as the main source of production.

The solar characterization of the site is illustrated in Figure 2. The first graph (Figure 2a)
shows an average global irradiation of 6.14 kWh/m?/d over the year, with an annual clar-
ity index of 0.623. As illustrated, the irradiation varies from 5.84 kWh/ m2/d in April to
7 kWh/m?/d in November, while the clarity index gradually increases from 0.54 in January
to 0.66 in October, reflecting an improvement in sunshine conditions. The second curve
(Figure 2b) shows a relatively low daily variability, with the majority of days recording solar
radiation above 0.8 kW/m?, confirming a stable and abundant solar resource throughout the
year. These characteristics make solar a strategic energy resource for supplying the microgrid.

Global Horizontal Radiation

8 r1.0
) M M lo.s
E6 — 1T — —
] — by
g | ™| lo6 2
c ] P
g4 g
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3 45
« o
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0 == = 0.0

Jan Feb ar Apr May Jun Jul Aug Sep Oct Nov Dec
Daily Radiation === Clearness Index
(a)
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§ 1.0
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K] 0.6
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5
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0.2-

0-07 T 1 T 1 1 T 1 T 1 T T

Jan  Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec

(b)

Figure 2. Evolution of global solar irradiation and daily variability over the year: (a) monthly average
daily solar irradiation; (b) daily distribution of solar radiation.
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2.1.2. Wind Resource

Wind resources were also analyzed, revealing an annual average wind speed of
5.09 m/s measured at 10 m above ground level. Monthly speeds range from 3.85 m/s
in March to 6.13 m/s in June. Although moderate, this wind resource can effectively
complement photovoltaic generation, particularly during periods of low sunlight.

Figure 3 presents the statistical analysis of the wind resources at the study site. The top
left graph (Figure 3a) shows the monthly average wind speed distribution, ranging from
3.85m/s (March) to 6.13 m/s (June), indicating a favorable seasonality for wind generation
between May and July. The top right graph (Figure 3b) illustrates the daily variation in wind
speed, where a wide dispersion is observed around the annual average of 5.09 m/s, reflecting
significant but exploitable variability. In the bottom left graph, the wind speed distribution
histogram compared to the Weibull distribution in red (Figure 3c) confirms a normal trend
with a frequency peak around 4.5 to 5 m/s, corresponding to the dominant regime of the site.
Finally, the bottom right curve (Figure 3d) indicates the cumulative distribution, revealing
that more than 80% of the time, wind speeds exceed 3 m/s, which is sufficient to guarantee
the operation of the small wind turbines installed in the hybrid system.

Wind Resource
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Figure 3. Statistical analysis of wind resources: (a) monthly average wind speed distribution; (b) daily
variation in wind speed; (c) statistical distribution of wind speed; (d) annual cumulative curve at the
study site.
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2.1.3. Ambient Temperature

Ambient temperatures were also considered, as they influence the performance of
photovoltaic panels. The average annual temperature is 26.6 °C, with slight seasonal
variations ranging from 24.7 °C in August to 27.9 °C in March. This warm and relatively
stable climate is conducive to solar energy production, although thermal management
strategies must be considered.

Analysis of the temperature data shows that the study site benefits from a stable cli-
mate throughout the year, with average temperatures ranging from 24.7 °C to 27.9 °C. The
monthly temperature trend curve (Figure 4a) highlights a slight decrease in temperature
during the cool season, but the amplitude remains small, characteristic of a temperate
tropical climate. The distribution diagrams (Figure 4b) indicate that the majority of temper-
atures are concentrated around 26-28 °C, reflecting high thermal constancy. This stability
is favorable for the performance of photovoltaic systems, limiting efficiency losses due to
overheating and thus contributing to better energy efficiency of the solar microgrid.

28.0+
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27.54 == Baseline data
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N
=

N
vt
o
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NN
( o
o

[$)]
[6)]

NN
s o
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(a)

24 : Baseline data

28.00
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27.28
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25.12
24.76
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Hour of Day
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(b)

Figure 4. Annual analysis of ambient temperature at the study site: (a) monthly variation in average
temperature; (b) statistical distribution of temperature.

2.1.4. Diesel Fuel Characteristics

The diesel generator used in the hybrid architecture runs on fuel with a lower calorific
value of 43.2 MJ/kg, a density of 820 kg/ m?3, a carbon content of 88%, and a sulfur content
of 0.33%. The fuel price was set at 1 USD/L, in line with local market conditions.

2.1.5. Microgrid Architecture and Load Profile

The microgrid studied (Figure 5) consists of several production sources and storage
units interconnected via a bidirectional converter. The system includes 9 kW of photo-
voltaic (PV) panels, a generic 1 kW wind generator, and a 2.5 kW backup diesel generator
to ensure power continuity in the event of insufficient renewable production. Energy
storage is provided by 24 H3000-type batteries, configured to meet daily energy needs and
load variations. The assembly is coupled by a 2 kW AC/DC converter, allowing flexible
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management of energy flows between the alternating current (AC) and direct current (DC)
networks. This microgrid was specifically sized to supply an average residential load of

12 kWh/day, with a peak power of 1.8 kW, corresponding to the typical energy needs of a
rural household.

Diesel AC Load DC PV
e @)

Wind Conv.

Storage

Figure 5. Microgrid architecture.

The load profiles presented illustrate the site’s energy demand on a daily and annual
scale. On a typical day, the electricity consumption (Figure 6a) is low between 0:00 and
6:00 a.m. (approximately 0.2 kW), increases gradually from 7:00 a.m. to reach an initial
plateau of 0.6 to 0.8 kW between 12:00 and 15:00, before peaking at approximately 1.0 to
1.1 kW between 17:00 and 19:00, in connection with domestic activities. After 20:00, the load
gradually decreases during the night. Annually, consumption (Figure 6b) remains relatively
stable at around 1.0 to 1.2 kW, with occasional peaks reaching 1.7-1.8 kW, reflecting a regular

energy demand, which is a favorable element for optimizing the design and management
of the hybrid solar/wind/diesel microgrid.

12. Daily Profile
1.0
Sos
=
5 0.6
8 0.4
go0.
0.2
0.0
0 6 12 18 24
Hour
(@)
2'07 === Scaled data
] == Baseline data
154 T ||| W i
i ]
5 1.0
2
&
0.5

.0
"Jan Feb Mar‘Apr‘May‘Jun‘ Jul ‘Aug‘Sep‘Oct‘Nov‘Dec
(b)

Figure 6. Daily and annual load profiles of the studied site: (a) daily load profile of the studied;
(b) annual load profile of the site studied.
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The peak power of 1.8 kWp corresponds to the typical daily needs of a rural household
(lighting, refrigeration, small appliances, TV, etc.). This value is validated by the recorded
load profile (Figure 6) and locally collected data.

2.2. Simulation Tool and Assumptions

The modeling, optimization, and technical-economic analysis of the hybrid micro-
grid were performed using HOMER Energy Beta version 3.11.0 software, an advanced
version developed by the U.S. Department of Energy’s National Renewable Energy Lab-
oratory (NREL). This tool is particularly suited to the study of standalone hybrid power
systems, allowing the integration of technical, economic, and climatic parameters into a
comprehensive simulation.

The simulations were run on an Asus laptop equipped with an Intel Core i7 processor,
thus ensuring sufficient computing power for processing multiple scenarios and performing
sensitivity analysis. The hybrid model studied consists of the following elements, detailed
in Table 2.

Table 2. Components of the hybrid microgrid studied.

Component Description Power (kW)
Solar Production Photovoltaic Panels (PV) 9.0
Wind Production Generic Wind Turbine 1.0

Thermal Production Backup diesel generator 2.5
Storage 24 storage battery of type H3000 —
Conversion Bidirectional AC/DC Converter 2.0
Total installed power Solar + Wind + Diesel 12.5

The microgrid is designed to supply a residential load with an average daily consump-
tion of 12 kWh with a peak power of 1.8 kW. The main assumptions considered are shown
in Table 3.

Table 3. Main simulation assumptions.

Parameters Hypothesis Retained
Solar resources Average irradiation: 6.14 kWh/m? /day—Clarity index: 0.623
Wind resources Average annual wind speed: 5.087 m/s (at 10 m in height)
Ambient temperature Average annual temperature: 26.6 °C
Diesel prices 1.0 USD/L—PCI: 43.2 MJ/kg—Density: 820 kg/m?

The analysis also includes:

e  An economic assessment based on the levelized cost of energy (COE), the net levelized
cost (NPC), and the renewable fraction.
e A sensitivity analysis on variations in solar resources, wind speed, and fuel costs.

Although the initial configuration is a hybrid solar/wind/diesel system, the optimiza-
tion results demonstrate that solar photovoltaic emerges as the predominant source, thanks
to the high solar availability of the study site.

2.3. Microgrid Architecture Modeling
2.3.1. Modeling of the Diesel Generator Set and Fuel

In this study, a diesel generator (AC) is integrated to ensure electricity production
in the case of insufficient renewable resources. Designed to operate between 75% and
100% of its nominal capacity, the generator can also participate in battery charging [17-19].
For a better performance comparison, it was included in the simulation model developed
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with HOMER Energy [33,40]. The physical characteristics of diesel fuel are summarized in
Table 4, as follows.

Table 4. Physical characteristics of fuel.

Fuel Property Value
Lower calorific value (PCI) 432 MJ/kg
Density 820 kg/m?
Carbon content 88%
Sulfur content 0.4%
Maximum fuel cost USD 1
Minimum fuel cost USD 0.98

A very important element of this study is fuel. From the generator inputs, one can
determine the fuel curve, which is described as the amount of fuel that the generator
consumes to produce electricity. HOMER Pro assumes that the fuel curve is a straight line.
The following equation gives the fuel consumption of the generator in units/h as a function
of its electrical power [45,48-53]:

F= FO~Ygen + Fl-Pgen (1)

where Fj is the fuel curve intercept coefficient [units/h/kW], F; is the fuel curve slope
[units/h/kW], Y.y is the rated capacity of the generator [kW], and Pg,, is the electrical
output of the generator [kW]. In HOMER Energy, we define the generator’s electrical
efficiency as the electrical energy coming out divided by the chemical energy of the fuel
going in. The following equation gives this relationship [53]:

3.6. Py

I (2)
mfuel~LHVfuel

Ngen =
where Py is the electrical output [kW], m fuel 18 the mass flow rate of the fuel [kg/h], and
LHYV fuel is the lower heating value (a measure of energy content) of the fuel [M]/kg]. The
factor of 3.6 arises because 1 kWh = 3.6 M]. The mass flow rate of the fuel is related to F, the

generator’s fuel consumption, but the exact relationship depends on the units of the fuel. If
the fuel units are kg, then m fuel and F are equal; so the equation for m Fuel 18 as follows [53]:

mfuel =F= FO'Ygen + F1~Pgen (3)

If the fuel units are L, the relationship between m fuer and F involves the density. The
equation for m fuel 18 as follows:

F o Pfuel (FO-Ygen +F1-Pgen)
1000

mfuel = Pfuel (1000 = 4)

where pg is the fuel density [kg/ m3]. If the fuel units are m3, the factor of 1000 is
unnecessary, and the equation for 115,,; is as follows [53]:

mfuel = PfuelF = Ofuel (FO-Ygen + F1-Pgen) (5)
If the fuel units are L, the efficiency equation becomes:

3600. Pgepy
Ngen =
P Fuel (FO-Ygen + F]-ngn) 'LHVfuel
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If we divide numerator and denominator by Y., the capacity of the generator, and
define a new symbol pg, for the relative output of the generator (pgen = Pgen/Ygen), then
the efficiency equation becomes [53]:

3600.pgen

@)
0 fuel (FO + Fl-Pgen) 'LHVfuel

Ngen =

This equation gives the efficiency of the generator as a function of its relative output.
HOMER Energy plots this relationship in the efficiency curve in the generator inputs win-
dow when the fuel units are L. If the fuel units are m?, the efficiency equation becomes [53]:

- 3.6.pgen ®)
o O fuel (FO+F1~Pg€n)'LHVfuel
Finally, if the fuel units are kg, the efficiency equation becomes [53]:
3.6.
P ©)

Tsen = By + Fr-pgen) LHV

This curve in Figure 7 shows the evolution of the efficiency of a diesel generator
according to its relative output power (P/Py,m). We observe that the efficiency increases
rapidly for low loads, reaching around 30% to 50% for a relative power between 0.4 and 0.8,
then stabilizes around 55% to 60% at full load. This indicates that the generator operates
optimally between 75% and 100% of its nominal capacity, which justifies its integration into
a hybrid system coupled with storage.

Efficiency Curve
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104
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Figure 7. Generator electrical efficiency curve as a function of relative power.

2.3.2. Photovoltaic Solar Panels Modeling

In a photovoltaic system, a cutting factor, which is a scale factor applied to the produc-
tion of the PV panel and a cutting factor of 90% for the component, is added to account for
losses and those attributable to fouling of the PV panel [18,54,55]. The energy production
of the PV generator is determined using the following formula [56]:

G
Ppy = vafpv ( T > [1 + UCP(TC - TC,STC)] (10)
Gr,sTC

where Ypy is the rated capacity of the PV array, meaning its power output under standard
test conditions [kW], fpy is the PV derating factor [%], Gr is the solar radiation incident on
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the PV array in the current time step [kW/ m?], éT,STC is the incident radiation at standard
test conditions [1 kW/m?], ap is the temperature coefficient of power [%/°C], T¢ is the PV
cell temperature in the current time step [°C], and T¢ s7c is the PV cell temperature under
standard test conditions [25 °C].

If, on the PV page, you choose not to model the effect of temperature on the PV array,
HOMER assumes that the temperature coefficient of power is zero; so the equation above
is simplified [56]:

Ppy = Ypy fpv (GT ) (11)
GrsTC
The equivalent diagram of a photovoltaic cell includes a current generator that models
illuminance and a diode in parallel that models the PN junction, but the real equivalent
diagram considers the parasitic resistive effect due to manufacturing, it is represented on
the equivalent diagram by two resistors Figure 8.

Lyn

Figure 8. Electrical diagram equivalent of a solar cell.

The current source generates a current I, proportional to the illuminance H [w/ m?].
The shunt resistor R, characterizes the leakage current at the junction, and the resistor Rs
represents the various contact and connection resistors. The current I supplied by the cell is
the difference between the current Ly, and the current of the diode Ip [17].

[=1IL,—Ip—1, (12)

(13)

V+ Rl V + Rl
I:Iph—ID:Iph—IO<€xPe(+s)—1>—+S

mkT, Ry

where I, is the saturation current of the unlit junction, I, the current of the cell, e is the
charge of the electron (1.6 X 10719 C), K is the Boltzmann constant (1.38 x 10723 J/K), T, is
the junction temperature of the photovoltaic cell, m is the ideality factor of the junction, V
is the voltage across the cell, R; is the series resistor, and Ry, is the shunt resistor [54].

_Eg
Iy = exp( T ) (14)

where V = kxT¢/e is the thermal tension, and E; is the bandgap energy for a given

semiconductor material. It is almost constant, and Iy is therefore a function of temperature.
Ideally, we can neglect Rs and I in front of V, then work with a simplified model [57]:

eV 1%
I=Iu—Ip=1In—1I <exp(m.k.Tc) — 1) — R—p (15)

The influence of temperature is important and has consequences for the design of

photovoltaic panels and systems. Temperature is an essential parameter since cells are
exposed to solar radiation, which can heat them. In addition, part of the absorbed radiation
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is not converted into electrical energy [58]: it is dissipated in the form of heat; this is why
the cell temperature (T.) is always higher than the ambient temperature T, [57].

(16)

NOCT — 20
T. =T, + H,»n.()

1000

T, is an ambient temperature (°C), Hin is the solar irradiation on the inclined plane
(w/m?), and NOCT is the operating temperature of the cell, which is defined as the
temperature of the cell when the module operates under the following conditions of solar
irradiation of 1000 W/m?Z2, spectral distribution of AM1.5, ambient temperature of 25 °C,
and wind speed greater than 1 m/s.

2.3.3. Modeling of Wind Production
To estimate the wind speed at the height of the wind turbine hub, two methods are used:
o  Logarithm method:

Z u
(%)

Zanem
ln(—zO )
where Uy, is the wind speed at the hub height of the wind turbine [m/s], Uapen is the

wind speed at anemometer height [m/s], Zj,; is the hub height of the wind turbine [m],
Zanem is the anemometer height [m], Z is the surface roughness length [m], and In(. . .) is

Unup = Uanem- (17)

the natural logarithm. If you choose to apply the power law, HOMER calculates the hub
height wind speed using the following equation [17,59]:

e Power law method:

7 o
Upup = uunem'( foth ) (18)

Zunem

where o is the power law exponent, depending on site conditions [17,46]. The wind turbine
performance is adjusted for the actual air density according to:

Pwrg = <p> Pwrc,st (19)
f0

where Py is the wind turbine power output [kW], Pwrg, s7p is the wind turbine power
output at standard temperature and pressure [kW], p is the actual air density [kg/m?], and
Qo is the air density at standard temperature and pressure (1.225 kg/m?) [60].

Figure 9 shows that the power curve of the generic 1 kW wind turbine shows a
gradual increase in production from 4 m/s, reaching a maximum power of around 1 kW
at 12m/s. Beyond this speed, the power decreases slightly and then stabilizes around
0.75 kW between 18 m/s and 24 m/s, reflecting the regulation limits of the wind turbine.

104 Power Curve

0 6 12 18 24
Wind Speed (m/s)

Figure 9. Power curve of the generic 1 kW wind turbine.
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2.3.4. Converter Modeling

The converter provides a bidirectional transformation of electrical energy between
direct current (DC) and alternating current (AC), operating as an inverter or rectifier as
needed [17]. Its nominal capacity defines the maximum power it can provide in AC mode,
while the rectification capacity is expressed as a percentage of this value. In HOMER, these
capacities are considered constant and without overload. The converter must also be able
to synchronize with the AC network frequency, which is not the case for all models. The
inversion and rectification efficiencies are fixed, and the economic aspects include the initial
cost, the replacement cost, and the expected lifetime [17].

2.3.5. Modeling of Battery Storage
HOMER models a battery bank as a DC energy storage system with:

e A fixed efficiency;
e  Charge/discharge rate limits;
e A maximum energy transfer capacity before replacement.

The battery bank’s lifespan (in years) is calculated by:

N . .
Rpngs = MIN [ DoattQuigetine, Rt f (20)
chrpt

where Ry, is the life of storage bank (year), Ny, is the storage bank number of the
battery, Qjifetime 1S the single storage lifetime throughput (kWh), Qtnrpt 1s storage throughput
annually (kWh/year), and Ry, f is storage float life (year). The cyclic energy expenditure
through the storage bench is known as the cost of battery wear and tear of the battery.
Suppose that storage characteristics show that throughput is a constraint on lifetime. In
this case, the program estimates that the storage bench will need to be replaced when
its total throughput equals the throughput of its lifetime. Therefore, the storage bench
approaches its necessary replacement with each kWh of flow. The software uses the
following calculation to calculate the cost of storage wear [37,46,59]:

o Crep,batt
Npqp- Qlifetime‘ VIt

Cow (21)
where Ciep ot 1s the storage bank replacement cost (USD), Ny, is the storage bank num-
ber of the battery, Qjipine is single storage lifetime throughput (kWh), and 7 is storage
roundtrip efficiency (fractional).

To ensure the proper operation and durability of the battery bank, a battery man-
agement system (BMS) is implicitly considered within the control logic of the microgrid.
The BMS is responsible for monitoring and regulating the state of charge (SOC), depth
of discharge (DoD), charge/discharge cycles, and temperature of the storage units. Its
function is essential to prevent overcharging, deep discharges, and thermal degradation,
which are known to accelerate battery aging.

In the proposed architecture, the bidirectional converter works in synergy with the
BMS to balance energy flows between generation, storage, and load. During daylight hours,
excess PV energy is directed toward charging the battery, while in the evening or during
cloudy conditions, the stored energy is dispatched to meet the load demand. The BMS
continuously supervises battery health, optimizes charge algorithms, and ensures that all
safety limits (voltage, current, temperature) are respected.

Figure 10 shows that the optimal configuration is a 100% solar system (9 kW PV,
24 batteries, 2 kW converter) with no diesel or wind, achieving a COE of 0.563 USD/kWh
and zero fossil fuel use. Adding diesel or wind increases the COE (up to 1.180 USD/kWh)
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and reduces the renewable fraction (down to 0%), indicating poorer performance. Given
the site conditions (6.14 kWh/m?/day solar, 5.09 m/s wind), full solar with storage proves
to be the most cost-effective and sustainable option.

Senstivity Resutts  Optimization Results |

Senstivity variables

Global Solar (kWh/n?/d)|6.14 v | Wind Speed (m/s)|5.03 ¥ | Diesel Price ($/1) |1 o

Double click on a system below for simulation results
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¥ 8@ s 24 2 S13000 12 32562 0563 100 ]
¥y OSeR o 25 24 2 $14000 1516 $33383 0577 1.00 0
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F o 9 25 1 $7.650 4135 $60515 1046 0.74 2604 6533
A B 1 25 1 $2.100 4989 $65873 1139 021 3191 8.020
&3 25 $1.000 5.263 $68276 1180 000 3552 8759
Figure 10. Technical and economic optimization results for different PV /wind/diesel hybrid
configurations.
Figure 11 illustrates the temporal dynamics of PV production with battery storage.
Annual generation peaks between September and November, coinciding with maximum
solar irradiance, and slightly declines from December to February. Hourly output is
concentrated between 6:00 and 18:00, with midday peaks reflecting optimal sun exposure.
Seasonal variations are evident, with higher and longer production in summer and reduced
output in winter. Daily fluctuations are mainly due to weather conditions, confirming the
cyclical and climate-dependent nature of solar energy availability.
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Figure 11. Electrical production of the PV-storage system: (a) monthly average electrical production;
(b) photovoltaic production.
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As for the battery characteristics, the system includes 24 storages battery with a
nominal voltage of 48 V DC. The total nominal capacity is 144 kWh, with a usable nom-
inal capacity of 101 kWh, offering an autonomy of 195 h. The total energy flow reaches
244,704 kWh over a 20-year lifespan.

Figure 12, provides a comprehensive overview of battery performance. Figure 12a
shows that battery capacity declines non-linearly with increasing discharge current: it
remains near 3600 Ah below 400 A but drops below 1800 Ah above 1200 A due to internal
losses. Figure 12b highlights that increasing the depth of discharge (DoD) from 10-20%
to 70-80% reduces cycle life from ~7000 to less than 1000 cycles, though total energy
throughput remains stable (~9000-10,000 kWh), indicating a trade-off between lifespan
and discharge depth. Figure 12c confirms system robustness, with the state of charge (SoC)
staying above 90% most of the year and reaching 100% daily, except for brief drops during
some January and March mornings. This reflects the adequacy of both PV generation and
battery sizing in covering energy needs with minimal risk of shortfall.
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Figure 12. State of charge of storage battery in the PV—storage microgrid. (a) Effect of discharge
current on battery capacity; (b) effect of depth of discharge on battery lifetime and energy throughput;
(c) battery bank state of charge.
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3. Results

The study’s results are structured around two key approaches: optimization and
sensitivity analysis. HOMER simulations identified a PV-only microgrid with H3000
battery storage as the most cost-effective and reliable solution, offering minimal energy
cost, high reliability, and zero carbon emissions. A sensitivity analysis confirmed the
robustness of this configuration under varying diesel prices (0.78-2.00 USD/L), solar
irradiance (0.50-2.00 kWh/m?/day), and wind speeds (1.5-7.5 m/s), demonstrating strong
resilience to local resource and market fluctuations.

3.1. Optimization Result

Figure 10 shows that the optimal configuration is a 100% solar system (9 kW PV,
24 battery, 2 kW converter) with no diesel or wind, achieving a COE of 0.563 USD/kWh
and zero fossil fuel use. Adding diesel or wind increases the COE (up to 1.180 USD/kWh)
and reduces the renewable fraction (down to 0%), indicating poorer performance. Given
the site conditions (6.14 kWh/m?/d solar, 5.09 m/s wind), full solar with storage proves to
be the most cost-effective and sustainable.

3.1.1. Energy Production

The energy produced and consumed annually for this configuration is shown in Table 5.
Indeed, we see that the whole is dominated by photovoltaic PV with a total production
of 14,892 kWh/year which represents 100% of the total production. Consumption is also
100% photovoltaic PV with a total energy quantity of 4526 kWh/year. Therefore, diesel and
wind turbines do not intervene for this configuration.

Table 5. Annual production and consumption (kWh/year).

Source/Consumption Quantity (kWh/an) Percentage (%)
Production—PV array 14,892 100
Total production 14,892 100
AC load consumption 4526 100
Total consumption 4526 100

The energy balance of the system is shown in Table 6. In this balance, we can note a
total electricity surplus of approximately 63.7%, which is equivalent to an annual energy
of 9490 kWh/year. This shows that there will be no electricity shortage. The investment
capital is USD 32,582 with an energy cost of 0.563 USD/kWh. The annual operational cost
due to maintenance operations for the operation of the system is 1532 USD/year.

Table 6. Energy balance of the system.

Indicator Quantity (kWh/an) Percentage (%)

Excess electricity 9490 63.7
Unsatisfied portion of the charge 0.0000174 0
Capacity shortage 0 0
Renewable fraction - 0

Indicator Quantity Price

Net Present cost (NPC) 32,582 UsD

Cost of Energy (COE) 0.563 USD/kWh

Annual operating cost 1532 USD/an
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Table 7, which shows the technical performance of the PV system, presents a nominal
power of 9 kW with an average power produced of 1.7 kW. The average daily energy is
40.8 kWh/d. The annual operating hours are 4406 h/year with a levelized energy cost of
0.0491 USD/kWh.

Table 7. Technical performance of the PV system.

Indicator Value Unit Value
Nominal power 9.00 kw
Average power produced 1.70 kW
Average daily energy 40.8 kWh/d
Capacity factor 18.9 %
Total annual production 14,892 kWh/an

Figure 11 illustrates the temporal dynamics of PV production with battery storage.
Annual generation peaks between September and November, coinciding with maximum
solar irradiance, and slightly declines from December to February. Hourly output is
concentrated between 6:00 and 18:00, with midday peaks reflecting optimal sun exposure.
Seasonal variations are evident, with higher and longer production in summer and reduced
output in winter. Daily fluctuations are mainly due to weather conditions, confirming the
cyclical and climate-dependent nature of solar energy availability.

As for the battery characteristics, there are 24 batteries with a nominal voltage of 48 V
DC bus. The total nominal capacity is 144 kWh with a useful nominal capacity of 101 kWh
for an autonomy of 195 h. The total energy flow is 244,704 kWh for a lifespan of 20 years.

The state of charge of the storage battery in the microgrid is shown in Figure 12 and
Table 8. Comparing the annual energy entering the battery, which is 2705 kWh/year, and
the outgoing energy, which is 2333 kWh/year, we note a good efficiency of the battery,
which is of the order of 0.86 or 86%. The energy losses are not significant, which reassures
the efficiency of the battery.

Table 8. Energy use and efficiency.

Indicator Value Unit Value
Input energy 2705 kWh/yr
Output energy 2333 kWh/yr
Deep dumps 6 times/year
Energy losses 367 kWh/yr
Annual flow rate 2515 kWh/yr
Wear cost per kWh 0.016 USD/kWh
Average cost of energy 0.000 USD/kWh

Figure 12 provides a comprehensive overview of battery performance. Figure 12a
shows that battery capacity declines non-linearly with increasing discharge current: it
remains near 3600 Ah below 400 A, but drops below 1800 Ah above 1200 A due to internal
losses. Figure 12b highlights that increasing the depth of discharge (DoD) from 10-20%
to 70-80% reduces cycle life from ~7000 to < 1000 cycles, though total energy throughput
remains stable (~9000-10,000 kWh), indicating a trade-off between lifespan and discharge
depth. Figure 12¢ confirms system robustness, with the state of charge (SoC) staying above
90% most of the year and reaching 100% daily, except for brief drops during some January
and March mornings. This reflects the adequacy of both PV generation and battery sizing
in covering energy needs with minimal risk of shortfall.



Solar 2025, 5, 39

19 of 31

18

12

Hour of Day

Hour of Day
N

) 'rL .,|.'-'a

The technical performance of the converter is shown in Table 9 above in terms of
inverter and rectifier power. These values demonstrate its proper operation. As for the
annual energy usage of the converter, the number of operating hours for the inverter is
8759 h/year. The annual incoming energy is 5029 kWh/year, and the outgoing energy is
4526 kWh/year, which corresponds to an optimal efficiency of 0.89 or 89%.

Table 9. Technical performance of the converter.

Indicator Inverter Rectifier Unit Value
Capacity 2.00 2.00 kw
Average power 0.52 0.00 kW
Minimum power 0.00 0.00 kW
Maximum power 1.77 0.00 kW
Capacity factor 25.8 0.0 %

Figure 13a shows the inverter’s hourly output over the year, with power ranging from
0 kW (black) to 1.8 kW (red). Output is concentrated between 6:00 and 18:00, peaking
at midday in line with solar irradiance. Seasonal variations are clear: higher and more
stable output occurs from May to August, while lower values appear in December—January,
reflecting solar resource variability. Figure 13b reveals no rectifier activity throughout the
year (uniform 0 kW), indicating that the system operated exclusively on PV and battery
discharge, without any grid input or AC-to-DC conversion. This confirms the inverter’s
effectiveness and the autonomy of the solar—storage configuration.
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Figure 13. Converter production of the PV-storage system: (a) inverter output over the year;

(b) rectifier output over the year.

Figure 14 analyzes system behavior over two representative two-week periods in
January and August. In January (14-a), the PV output peaks daily between 6 and 7 kW
from 10:00 to 14:00, while AC load remains relatively constant between 0.5 and 1.5 kW. This
mismatch results in excess electricity reaching up to 5.5 kW, with approximately 15 kWh
of surplus observed on January 8. Battery state of charge (SOC) fluctuates between 92%
and 100%, with daily full recharge but limited overnight discharge, indicating potential
overdimensioning or underutilization of storage capacity.
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Figure 14. Daily energy profiles over two weeks in January and August: (a) daily energy profile over
two weeks in January; (b) daily energy profile over two weeks in August.

In August (14-b), the PV generation consistently reaches 6.5-6.8 kW around midday,
with similar AC load profiles. Excess electricity frequently exceeds 5 kW, peaking at
18-20 kWh/day (e.g., August 8). SOC remains within 94-100%, with shallow discharge
cycles. Inverter output ranges from 0.8 to 1.6 kW, aligned with load variations. Despite
excellent solar availability and stable operation, the limited battery cycling and consistent
surplus suggest overcapacity in storage or a lack of flexible demand integration.

These results confirm the system’s reliability and high solar productivity but underline
the need to enhance energy valorization, either by resizing the battery or integrating
additional loads to improve self-consumption and reduce energy waste.

Figure 15 presents a set of scatter plots analyzing the impact of solar irradiance on
system performance. In Figure 15a, excess electricity shows a strong positive correlation
with irradiance: virtually zero below 0.2 kW/m?, it increases beyond 0.3 kW /m?, reaching
~2-3 kW at 0.5 kW/m?, and exceeding 5 kW at 0.8 kW/ m?2, with a peak around 6.5 kW. A
saturation effect appears beyond 0.95 kW /m?, indicating limitations in storage or inverter
capacity, and pointing to the need for demand-side flexibility or larger storage systems.

Figure 15b confirms the system’s efficiency, with a tight linear relationship between
irradiance and PV output. Power rises proportionally from <0.5 kW at low irradiance to
6.5-7 kW at 1.0 kW/m? without signs of saturation, showing that the PV array operates
close to its nominal performance across the full irradiance range.
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Figure 15. Performance analysis of a PV-battery hybrid system based on the impact of solar irradiance
on energy flows and system saturation: (a) excess electricity vs. global solar; (b) PV power vs. global
solar; (c) inverter output vs. global solar; (d) SOC vs. global solar.

In Figure 15¢, inverter output follows irradiance with partial correlation. While
output increases with irradiance, dispersion becomes significant beyond 0.6 kW/m?. At
~0.8 kW/m?, output varies between 0 and 3 kW, reflecting constraints such as battery
saturation, limited load demand, or inverter capacity. A ceiling effect is observed at
~2.5-3 kW, suggesting the inverter operates at its limit during peak solar hours.

Figure 15d illustrates the battery state of charge (SOC) as a function of irradiance.
Below 0.2 kW/m?2, SOC ranges between 90 and 98%; above 0.4 kW/ m?2, it clusters near
100%, indicating frequent full charge during high irradiance periods. This saturation
suggests underutilized storage and insufficient energy sinks, reinforcing the need to resize
storage or integrate flexible loads to avoid overcharge and better harness solar potential.

No load interruptions or load shedding were observed during the simulations. The
storage capacity of 101 kWh guarantees an autonomy of more than 8 days at constant load.
Furthermore, Figure 12¢ shows that the state of charge remains >90% for most of the year.

3.1.2. Economic Analysis

Figure 16 shows a comparative curve illustrating the simulation results of the different
energy configurations. It is clearly observed that the “PV + Battery” system offers both the
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lowest levelized cost of energy (COE) (0.563 USD/kWh) and the lowest total levelized cost
(NPC) (USD 32,582), surpassing all other hybrid or diesel-based options. This is the most
economically advantageous system. The diesel-only operating system represents the worst
case, where costs are very high and, therefore, to be avoided because we end up with USD
70,000 for the NPC and 1.2 USD/kWh for the COE energy cost.
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Figure 16. Comparison of energy configurations—COE and NPC.

The overall investment cost of the project is summarized in Figure 17. Indeed, the
red bar pointing downwards represents the estimated investment cost of USD 13,000. The
maintenance and upkeep cost is approximately 1200 USD/year. At 20 years, almost all
the equipment must be renewed and replaced, including battery, converters, and others,
with an overall cost of approximately USD 12,000. At 25 years, we begin to see a return on
investment; so there are profits of approximately USD 7000.
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Figure 17. Cash flow.

3.1.3. Gas Emissions

Since the analyzed energy system is entirely based on renewable resources, such as
photovoltaic solar energy and battery storage, it generates no polluting emissions. Since
the diesel generator is not used, no fossil fuels are burned, which completely eliminates
the emissions of carbon dioxide (CO,), carbon monoxide (CO), nitrogen oxides (NOy),
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sulfur dioxide (SO3), fine particles, or unburned hydrocarbons. This 100% renewable
configuration thus contributes to the clean operation of the microgrid, respecting the
environment and perfectly suited to sustainability objectives.

3.2. Microgrid Configuration with Sentience Parameters

Figure 18a—c illustrate how wind speed and diesel price influence system configura-
tion under varying global solar irradiance levels. At high irradiance (6.14 kWh/m?/day,
Figure 18a), photovoltaic production dominates entirely across the full wind speed range
(0-7.5m/s) and diesel prices up to 2 USD/L, making PV-only systems the most favorable.
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Figure 18. Evolution of wind speed as a function of fuel price: (a) global solar = 6.14 kWh/m?/d;
(b) global solar = 2 kWh/ m?/d; (c) global solar = 0.98 kWh/ m?/d.
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When irradiance decreases to 2 kWh/m?/day (Figure 18b), hybrid configurations
emerge: PV/DG/battery, Wind /DG /battery, wind /PV /battery, and wind /PV /DG /battery.
For diesel prices > 1 USD/L and wind speeds > 4.5 m/s, a fully renewable wind /PV /battery
setup becomes optimal. Mixed architectures involving diesel remain marginal, suggesting
partial relevance in resource-limited conditions.

Under very low irradiance (0.98 kWh/m?/day, Figure 18c), four configurations coexist,
with a predominance of wind/PV/DG/battery and PV/DG/battery. In all cases of low
solar availability, diesel becomes necessary to ensure supply, often complemented by wind,
highlighting its compensatory role under weak solar conditions.

Figure 19a—c show the impact of diesel price (0-2 USD/L) on system configuration
across different solar irradiance levels, under fixed wind speeds.
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Figure 19. Evolution of global solar as a function of fuel price: (a) wind speed = 7.5 m/s; (b) wind
speed = 5.09 m/s; (c) wind speed = 3.5 m/s.
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At 7.5 m/s wind speed (Figure 19a), five configurations emerge: PV /battery,
PV /DG /battery, wind /DG /battery, wind /PV /battery, and wind /PV/DG/battery. For
irradiance above 6 kWh/m? /day, PV /battery dominates. Between 2 and 6 kWh/m? /day,
PV /DG/battery prevails, especially at higher diesel prices, while lower diesel costs favor
100% renewable setups (wind /PV /battery).

At 5.09 m/s (Figure 19b), wind contribution weakens, leading to a dominance of
PV /DG /battery across most irradiance levels. Only when solar input is low do full hybrid
systems (wind/PV /DG /battery) appear to balance the deficit.

With very low wind (3.5 m/s, Figure 19c), PV/DG/battery becomes the prevailing
configuration regardless of solar irradiation or diesel price. In such conditions, solar
remains essential, while diesel compensates for the lack of wind input.

In Figure 20a, we note the evolution of solar irradiation as a function of wind speed,
and this is for a diesel price fixed at 2 USD/L. The architecture that appears in the four
combinations of the system includes photovoltaic panels because the sunshine is favorable
in this case. When the wind speed exceeds 4.5 m/s, which is the minimum reference speed
for wind turbine production, the system is dominated by an energy mix in renewable
energy with energy storage in battery, PV/wind /battery, and this is for a value of solar
irradiation that exceeds 6 kWh/m?2/d. When the price of diesel is down by 1 USD/L
(Figure 20b), the PV/GD/battery combination is favorable to the system regardless of
the daily solar irradiation. The combination including PV/GD/battery is favorable to the
system with any diesel price. The presence of a PV and wind system in the architecture
accompanies the diesel thermal power plant in order to reduce the energy bill at home for
citizens for an acceptable energy price.
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Figure 20. Evolution of global solar as a function of wind speed: (a) diesel price =2 USD/L; (b) diesel
price =1 USD/L.
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4. Discussion

The simulation results confirm that the optimal configuration for the studied site
is a fully renewable microgrid based exclusively on photovoltaic (PV) generation and
battery storage. This system ensures complete energy autonomy, with a competitive
levelized cost of electricity (LCOE) of 0.563 USD/kWh and eliminates greenhouse gas
emissions. Its effectiveness stems from favorable local conditions: high solar irradiance
(6.14 kWh/m?/day average), stable ambient temperature (26.6 °C annually), and a regular
residential load profile. These factors enable strong alignment between production and
consumption, minimizing the need for backup systems.

Alternative configurations integrating a 1 kW wind turbine or a 2.5 kW diesel generator
were tested but proved less efficient. They increased energy costs (up to 1.180 USD/kWh),
reduced the renewable fraction, and introduced pollutant emissions. Their marginal
contribution under typical site conditions makes them economically and environmentally
counterproductive.

The solar—storage system also generated a 63.7% annual energy surplus, far exceeding
the site’s needs. This surplus of nearly 9500 kWh/year represents a valuable opportunity
for local development, such as powering community infrastructure (schools, pumps, health
centers), supporting small-scale industries (refrigeration, agro-processing), or even produc-
ing hydrogen or feeding secondary storage. In the long term, the system’s scalability opens
possibilities for microgrid interconnection or regional energy trading, should infrastructure
or policy evolve. To assess system robustness, a detailed sensitivity analysis was performed
on three critical parameters, as summarized in Table 10.

Table 10. Parameters considered in the sensitivity analysis.

Parameter Unit Variation Range Purpose/Impact Analyzed
Solar irradiation kWh/m?/day 0.50-2.00 Evaluate system reliability with fluctuating solar resource
Wind speed m/s 1.50-7.50 Assess wind turbine viability and its potential contribution

Diesel fuel price

Examine the cost impact of fossil fuel usage and

USD/L 0-78-2.00 competitiveness of diesel

Across all scenarios, the PV + battery system remained the most cost-effective and reliable.
Only in extreme cases of very low irradiance did hybrid systems with wind or diesel provide
short-term support. However, these alternatives remained suboptimal in terms of cost and
emissions. This confirms the resilience and adaptability of the PV-storage configuration,
which is critical for island environments subject to climatic and market volatility.

The storage system, composed of 24 H3000 batteries (101 kWh usable capacity), was
dimensioned to minimize deep discharges and extend lifespan. With a roundtrip efficiency
of 86%, daily charge cycles remained shallow, indicating good thermal and operational
stability. The inverter (2 kW, 89% efficiency) ensured continuous load coverage without
oversizing. A summary of the system’s key performance indicators is provided below, as
shown in Table 11.

This strategic energy surplus reinforces the microgrid’s flexibility and development
potential. The system is not only optimized for current needs but is also scalable, supporting
long-term resilience and energy sovereignty.

What sets this study apart is its multidimensional approach:

e A quantified evaluation of surplus energy and its potential applications;

e A robust sensitivity analysis of technical and economic variables;
e A contextualized discussion tailored to insular and off-grid environments.



Solar 2025, 5, 39

27 of 31

This comprehensive methodology enhances the practical relevance of the findings
and offers a concrete decision-support tool for energy planners, particularly in remote and
resource-constrained regions.

Although some results may appear expected, the originality of this study lies in the
combined integration of three rarely addressed aspects: a detailed sensitivity analysis
(including cost variations and battery charge/discharge behavior), a quantified evaluation
of surplus energy and its potential valorization, and a contextualized discussion tailored to
the constraints of insular regions. This multidimensional approach enhances the practical
relevance of the results and supports decision-making for decentralized energy planning in
remote areas.

Table 11. Summary of quantitative results from the optimized PV-storage microgrid.

Aspect Indicator Value/Performance
. Annual PV production 14,892 kWh/year (100%)
Energy Production and Use Annual AC load consumption 4526 kWh/year (100%)
- 9490 kWh/year (~63.7% of
Energy Surplus Surplus electricity (unused energy) production)

Public lighting, water pumping,

Possible applications of surplu: >
ossible applications ol SUrpius economic activities

Economic Indicators Cost of energy (COE) 0.563 USD/kWh
Net present cost (NPC) USD 32,582
Annual operating cost 1532 USD/year
Nominal power 9.0 kW
PV System Performance Capacity factor 18.9%
Average daily production 40.8 kWh/day
Number of batteries 24 (H3000 type)
Battery Storage Useful capacity 101 kWh
Roundtrip efficiency 86%
Rated power (inverter/rectifier) 2.0kW/2.0 kW
Converter - o
Inverter efficiency 89%

5. Conclusions

This study demonstrated the technical feasibility and economic viability of a fully
solar-powered microgrid with battery storage, tailored to the specific needs of an isolated
island context. The optimized system provides:
Full energy autonomy based entirely on renewable resources;
A competitive levelized cost of electricity at 0.563 USD/kWh;
Zero emissions of greenhouse gases or other pollutants;

A 63.7% surplus of generated electricity, representing a strategic reserve for future
development or community-scale applications.

Sensitivity analyses confirmed the robustness of this PV-battery architecture across a
wide range of conditions, including fluctuating solar resources, varying wind speeds, and
diesel price volatility. In all scenarios, solar-based configurations consistently outperformed
hybrid alternatives involving diesel or wind, both economically and environmentally.

The originality of this work lies in its integrated and context-specific methodology,
which combines detailed system modeling, economic assessment, environmental impact
analysis, and explicit consideration of the structural constraints of insular territories. This
holistic approach provides clear, actionable recommendations for policy-makers and engi-
neers engaged in the energy transition of isolated or underserved regions.

Unlike many theoretical studies, this work proposes a realistic, scalable, and op-
erational energy model with immediate applicability. It contributes concrete solutions
to improve energy security, support local economic development, and enhance climate
resilience in small island developing states and similar off-grid environments.
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Nomenclature

The following abbreviations are used in this manuscript:

Abbreviation/Acronym Meaning Unit

PV Photovoltaic kW, kWh
SOC State of Charge (battery charge level) %

COE Cost of Energy USD/kWh
NPC Net Present Cost USD
LCOE Levelized Cost of Energy USD/kWh
HOMER Hybrid Optimization Model for Electric Renewables —

HRES Hybrid Renewable Energy System —

AC Alternating Current kWh/year
DC Direct Current —

kW Kilowatt (power) kW

kWh Kilowatt-hour (energy) kWh

uUsD US Dollar $

CAPEX Capital Expenditure (initial investment) USDh
OPEX Operating Expenditure (annual operating cost) USD/year
RES Renewable Energy Sources —

%Ren Renewable fraction in total electricity production %
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