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Solar photovoltaics are considered the practical solution to energy access and climate change issues, especially in tropical countries
that receive relatively more sunlight throughout the year. However, questions arise on the reliability of these systems in providing
sufficient supply to meet the users’ electricity needs. This paper looks at the reliability of a solar project installed on two rooftops on
an off-grid island in Cebu, Philippines, that provides increased electricity access to 11 households. PVSyst and HOMER Pro
software analyzed solar PV systems performance and techno-economics. The simulations yielded the annual mean values of
reference yield, array yield, final yield, array capture loss, system loss, performance ratio, and capacity factor are 5.66 kWh/m?/day,
3.51 kWh/kWp/day, 3.23 kWh/kWp/day, 2.15, 0.278, 57.10%, and 18.96%, respectively. The peak PV resource of 3.30 kWp/day can
supply the 1.66 kWp/day of the consumer’s electrical demand. It was concluded that the current installation could supply the
electrical load demand of the residents; however, consideration for the potential increase in demand must be in place. While
renewable energy sources are relevant in achieving 100% electrification in rural communities, their ability to address the energy

demands of the users must be carefully considered in planning and design.

1. Introduction

Using renewable energy technologies (RETs) is a rational
approach to address energy access in oft-grid areas effec-
tively and mitigate climate change, of which the energy
sector is one of the highest contributors to carbon dioxide
and greenhouse gas emissions [1, 2]. RETs have recently
become a prevalent energy source, especially with the
constant increase in fuel prices. According to the latest
energy mix, renewable electricity generation is expected to
grow by more than 8%, with hydropower providing the most
significant contribution, and solar and wind are predicted to
account for two-thirds of the increase [3]. The use of RE
sources is perceived to (1) remove reliance on imported fossil

fuels, (2) reduce greenhouse gas emissions, (3) slow the rate
of environmental degradation, (4) increase green employ-
ment opportunities, and (5) provide for a solution to energy
security issues [4-6]. Solar photovoltaics (PV) are gaining
more popularity among renewable energy sources and are
becoming the fastest-growing renewable as they have be-
come more affordable over time [7]. It also requires less
maintenance and is readily accessible, allowing anyone to
customize the capacity of the PV system to meet their energy
demand [8]. In off-grid communities with high solar radi-
ation, this also proves to be the more practical choice [9], as
stand-alone power systems can operate independently from
the grid, provide energy security in the event of natural
disasters and storms, and reduce transmission line losses
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[10]. The sun continuously emits over 170,000 terawatts of
solar energy onto the earth’s surface—more than enough to
meet the world’s energy demand if appropriately collected
[11]. Thus, solar PV generation systems are highly com-
mended for their cheap operational costs, low maintenance
requirements, and environmental friendliness. Despite the
high initial cost of solar PV systems, there is still a growing
market in many nations due to their potential economic and
environmental benefits that could be realized over the
medium and long term [12].

Through Republic Act No. 9136 or the Electric Power
Industry Reform Act (EPIRA), the Philippines aims to
promote renewable energy resources in the electrification of
its rural communities, including its off-grid island com-
munities [13]. The country has set the target to achieve 100%
electrification of identified households as of the 2015 census
by 2022 and 100% electrification of identified households as
of the latest census by 2040, ideally using renewable energy
for remote areas that are unviable to electrify through the
primary grid [14]. However, adopting RETs has been rela-
tively slow in the Philippines, despite renewable energy laws
and policies enacted in the country [15]. Solar PV projects
initiated in small island communities in the country typically
fail after some years of operation due to financial constraints
and the limited capacities of target beneficiaries [16].
Moreover, the complicated regulations and the country’s
growing population tend to hinder the country’s expeditious
adoption of RETs, especially solar renewables [17-19]. In
general, poorer communities also tend to avoid RET
implementations due to socio-technical barriers (lack of
knowledge of adopters coupled with skepticism of the
quality of technical components), economic barriers
(questions on economies of scale considering high in-
vestment requirements of RETs and low-income of
adopters), and policy barriers (perceived insufficiency of
policy measures to support RET adoption) [20-22]. In rural
areas of more progressive countries, the ecological issues
brought about by RET installations (i.e., solar farms
destroying nature and the problem of disposing of solar PV
panels) are the main impediments to adopting RET in such
communities [23].

Perhaps one of the more concerning problems of RET
implementation is its ability to provide a reliable and
continuous supply to meet the electricity needs in com-
munities. Notably, a solar PV system alone is deemed in-
sufficient and unreliable to continuously supply load
demand due to its intermittent nature [24]. Thus, it is
characteristic of solar PV systems to require energy storage
to provide a more reliable energy source [25, 26]. However,
such storage systems are still considered unreliable sources
for meeting the base load demand [27]. Many have studied
solar PV installation and conducted performance analyses to
test the reliability and resiliency of such systems [28-32]. The
performance analysis of solar PV generators is the best
method to determine the potential of solar PV power
production [33]. However, while most studies look at
rooftop installations, no studies have considered island
implementations, particularly those that serve poorer
communities. Moreover, performance evaluations of
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renewable energy implementations, especially in the Phil-
ippines, are focused primarily on economic sustainability,
policy issues, and social impacts [34-37]. To the researchers’
knowledge, no substantial study has been conducted to
assess the reliability of an actual RE installation on a Phil-
ippine island that ascertains the viability of RE sources to
supply the electricity demand of household consumers.

This paper considers an off-grid rooftop solar PV in-
stallation serving selected households in an off-grid island
community in the Philippines. The solar PV system has been
operating since March 2020. Data has been gathered on the
electricity demand of the households served by the system
and system shutdowns over a year. Primarily, the paper aims
to determine the ability of the installed solar PV energy
system to supply the energy demand of the selected
households on this island community. Postinstallation
performance evaluation is done on the installed system,
considering yield, performance, capacity, and losses. Then,
a techno-economic analysis determines the optimum system
size to sufficiently supply the selected households’ load
demand. The results of this paper provide an initial un-
derstanding of the ability of off-grid renewable energy
systems to meet the household energy demand in an islandic
community, which can help stakeholders to plan and design
the optimal system size for such installations effectively.
Moreover, the performance analysis results can offer pre-
liminary evidence to support the country’s policies on using
renewable energy sources in its just energy transition
policies.

2. Performance Evaluation of Renewable
Energy Projects

Renewable energy, particularly solar photovoltaics, provides
a clean energy source that can address energy needs, par-
ticularly in off-grid communities where sunlight is abundant
and grid extensions are considered technically and eco-
nomically infeasible. However, off-grid solar PV in-
stallations are usually challenged by intermittent supply due
to weather conditions affecting sunlight availability [38, 39].
Solar PVs, along with other renewable energy sources, are
seen to support the provision of 100% electrification. In
achieving SDG 7, evaluating its capability to fully address the
population’s energy needs is imperative. Studies have been
done in relation to its performance evaluation. Such eval-
uations are characteristically assessed against the In-
ternational Electrotechnical Commission (IEC), where the
IEC Standard 61724 serves as a basis for the technical
analysis of a solar PV array. It evaluates various yield
outcomes, losses, performance ratios (PR), and capacity
factors (CF) [40].

A performance analysis of a 2kW rooftop grid-
connected solar PV system installed in an academic
building in Serbia was conducted, where the annual specific
yield factor, reference yield, performance ratio, capacity
factor, and energy efficiency were determined to be
1161.704 kWh/kWp, 1390.9 h, 93.6%, 12.875%, and 11.35%,
respectively. The results showed that the PV system works
efficiently and that solar radiation in Serbia is enough to
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generate electricity to supply a small load or to sell it to the
utility grid [41]. A target-oriented performance assessment
of a grid-connected solar PV system was done for a com-
mercial building in Malaysia. It analyzed the reliability of the
real-time performance of a 232.5 kWp grid-connected solar
PV (GCPV) system. It achieved approximately 90% of the
target yield. The annual PR, CF, system efficiency, and in-
verter efficiency of the system were 85.4%, 14.85%, 9.15%,
and 98%, respectively. This means that the linear models of
the two most important parameters (solar irradiation and
PV module temperature) were statistically significant
enough to predict the GCPV system’s output [42].

Another real-time performance evaluation of a 7.8 kWp
GCPV system was done on a rooftop solar PV installed for
a residential house in Kuala Terengganu, Malaysia. The PV
system’s performance parameters were assessed considering
a two-year energy production between 2018 and 2019. Re-
sults indicated that the PV system could generate sufficient
electricity to supply the demand of the residential house and
that system efficiency and PR are within the acceptable
range. However, the fixed tilt angle and orientation of the
installation affected the performance of the installed grid-
connected rooftop PV system. Using PVSyst software, the
best orientation and tilt angle were determined, and system
performance was simulated. Results indicated that the an-
nual energy production might increase by as much as 4.8%.
It assumes a derating factor of 100%, which produces higher
simulation-generated electricity, and found that HOMER
Pro has high accuracy with an annual error of 1.7%. The
discrepancy between simulation and actual performance is
less if no external, uncontrollable factors occur in the
existing system. The study further concluded that the GCPV
system could be considered an excellent source of long-term
profit for residential applications under the Feed-in-Tariff
(FiT) scheme [43].

The solar potential assessment was done on the four is-
lands of Lakshadweep in the Arabian Sea to estimate solar
yield and performance parameters. The monthly average and
annual average normalized performance parameters such as
array yield, reference yield, final yield, array capture losses,
and system losses of a 10 kWp PV system are calculated with
the following results: 4.13 - 4.29h/d, 5.78-5.88h/d,
3.72-3.86 h/d, 1.58-1.66 h/d, and 0.41-0.43 h/d, respectively.
Also, it is found that the obtained results for the annual
average performance ratio and capacity factor vary in the
range of 64.22-65.83% and 15.51-16.09%, respectively. The
results suggest that in an islandic setting, the performance
parameters of solar PV systems are well within the acceptable
ranges per standards [44]. Similar performance analyses for
grid-connected solar PV systems were done by [45-50],
which are installed on the ground, and other site applications
like rooftops of the building [51-54]. Further performance
assessments compared different installed PV technologies
[55-59]. Results showed that such a study significantly
contributes to determining the efficiency of the PV system
and is within the range of the standards of IEC 61724.

While previous studies have evaluated the performance
of rooftop solar PV installations, these evaluations have
primarily been conducted in urban and commercial settings.

Few have been based on real-world examples of off-grid
systems. This study seeks to address this gap by examining
a solar PV system’s technical and economic feasibility in an
off-grid islandic setting. Unlike urban settings, off-grid is-
land communities may have unique social factors, house-
hold electricity consumption patterns, weather conditions,
and irradiation levels that must be considered.

The researchers selected an actual island community as
a research location and conducted a single case study to
evaluate the solar PV system’s performance and techno-
economic viability. It utilized established methods and
software tools and did not propose a new approach or
methodology. The findings of this paper can provide valu-
able insights into the potential of solar PV systems for
similar remote island communities.

3. Materials and Methods

This section has four subsections: the research location,
framework, performance analysis, and techno-economic
analysis. The research location describes the study area,
including its geographical location and the current electri-
fication landscape. The research framework presents the
study’s conceptual framework, outlining the methodologies
used in the analyses. The performance analysis describes the
method used to assess the performance of the solar PV
system, including the simulation software and the perfor-
mance metrics employed. Finally, the techno-economic
analysis details the methodology used to evaluate the so-
lar PV system’s technical feasibility and economic viability,
including the software used, the technical specifications, and
the economic indicators employed.

3.1. Research Location. The research was conducted on
Gilutongan Island, Cebu, Philippines (10.2067°N,
123.9886°E), as shown in Figure 1. A 45-minute outrigger
boat ride from mainland Cebu can reach it. It is an off-grid
island, meaning it is not connected to the primary grid and
only has four hours of electricity access provided by
a 194kVA diesel generator. The current electricity tariff is
US$0.14 per bulb and US$0.16 per outlet, or approximately
US$1.21 per kWh [61]. The solar PV installation on the
island comprises a 7.92kWp solar PV with a 38.4kVA
battery energy storage system and a 10 kW inverter, installed
on two rooftops and serving a cluster of 11 households
located in one of the subvillages on the island. The system
was installed in March 2020, right before the lockdowns
brought about by the COVID-19 pandemic, providing in-
creased household electricity access. The tariff is set at
US$0.40 per kWh of electricity consumed.

3.2. Research Framework. The research framework follows
the input-process-output model (Figure 2). The inputs for
the analysis are the hourly load data from April 2020 to
March 2021, solar resource data, technical data of the
existing solar PV arrays, battery storage and inverters, and
economic data, i.e., the cost of the components. The input
data will be used in the performance and techno-economic
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analysis of the system. The performance analysis will cal-
culate the AC energy output, array yield, reference yield,
final yield, performance ratio, capacity factor, array capture
loss, and system loss. The techno-economic analysis will
compute the electrical production, excess energy, levelized

cost of electricity (LCOE), net present cost (NPC), and
payback period. The result will be the Gilutongan island
solar energy project (GISEP) performance evaluation with
a battery storage system. While the approach is similar to
most performance evaluation studies conducted, the
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addition of the optimization of design through the techno-
economic analysis becomes a relevant tool for stakeholders
to create effective plans and designs for energy projects in
off-grid island communities. Moreover, the performance
analysis is conducted on a live solar PV installation that
continuously provides electricity to selected households,
thus providing real-time data on energy consumption and
interruptions in an islandic setting.

3.3. Performance Analysis. The energy analysis of the PV
system is an essential process that aims to evaluate the ef-
fectiveness of the Gilutongan island solar energy project
(GISEP). It will help identify areas for improvement and
optimize the system’s design and operation. This involves
assessing the system’s output in terms of energy production,
efficiency, and reliability over a specific period.

While the IEC 61724 standards provide helpful guidance
for PV system monitoring and performance evaluation, they
may not address specific considerations of unique roof-
mounted PV systems or PV systems deployed in island
settings. Additionally, it may not provide specific parameters
or indices for quantifying self-consumed power and energy.
Therefore, to evaluate the performance of roof-mounted PV
systems in islandic contexts, it is necessary to complement
the guidance provided by the IEC 61724 standard with
additional considerations specific to these scenarios. It in-
cludes factors like specific environmental conditions, wind
patterns, interruptions, and losses, among others.

3.3.1. Input Data Collection. The solar PV system installed
on the island has a capacity of 7.92 kWp, providing increased
energy access to 11 household beneficiaries. It was placed on
two rooftops that are positioned in close proximity to the 11
residences. The PV system comprises 24 polycrystalline PV
panels, each of 33 W, connected to 2 units of a 5 kW inverter
with a built-in charger, and 16 units of a 200 Ah battery
connected in 4 parallel strings, with each string having four
batteries in series. It is assumed that the orientation and tilt
angle of the PV panels are tilted relative to the rooftop
arrangement. With a latitude of 10” north of the equator, the
installation of solar panels is well-situated to receive sunlight
throughout the year.

The electricity production data from the installed system
and the end-user’s energy use were collected from April 2020
to March 2021. The effect of temperature was considered,
and the resource data, i.e., solar radiation, monthly average
daylight hour, and monthly average air temperature for the
selected island, was accessed through PVSyst software.

3.3.2. Data Analysis. The data collected were used as input
data for the solar PV array to obtain the energy produced
and to assess the following indices: reference yield, array
yield, final yield, performance ratio, capacity factor, array
capture loss, and system loss (Figure 3) [58].

(a) AC energy output (E,c): It is the total AC power
produced by the solar PV system over a given period,
as determined by

N
Exc =Y Epc x u(kWh), (1)

t=1

where t is the time in hours, N is the number of
observations in the dataset, Epc is the DC energy
output of the system in kWh, and g is the inverter
efficiency [49, 62].

(b) Reference yield (Y, ): It is the ratio of the total in-
plane irradiance (G;, kWh/m?) to the array refer-
ence irradiance (G,=1kW/m?®). It expresses an
equivalent number of hours at the reference irra-
diance [53, 57].

Gr 2
Y, = e (kWh/m?/day). (2)

(c) Array yield (Y,): It is defined as the direct current
(DC) energy output from the PV array over a given
period normalized by the PV-rated power. It rep-
resents the number of hours the PV array performs
to its rated capacity (P,.q» KWp) [40, 47, 52].

E
Y, = 25 (kWh/kWp/day). (3)

rated

(d) Final yield (Y ¥ ): It is the total AC energy generated
(Epc) from a PV array over a defined period (day,
month, or year) divided by its rated power
[50, 51, 59].

E
Y, = 2% (kWh/kWp/day). (4)

rated

(e) Performance ratio (PR): It is the ratio of the final
yield to the reference yield. It serves as an indicator
of the energy fed to the grid by the received irra-
diance. It reflects the overall losses in the system,
including thermal loss, optical loss, inverter con-
version loss, wire transfer loss, environmental loss,
design loss, system age, and other losses when
converting from DC to AC power [43, 44, 46].

Yy
PR = = x 100% (%) (5)

r

(f) Capacity factor (CF): It is the actual energy output
ratio to the amount of energy generated by the PV
system if operated at full-rated power for 24h per
day for a year [41, 63, 64].

E Y
CF = ——AGamnual 14000 or CF = —2L x 100% (%).
P,..q X 8760 8760
(6)

(g) Array capture loss (L. ): It is the difference between
the reference yield and the array yield. It occurs as
a result of the temperature rise of the cells, dust
accumulation, partial shading, and inhomogeneous
irradiance [45, 52, 62].
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(h) System loss (L,): The difference between the array
and final yields. It is due to losses in the system
components, such as wiring losses, diode losses, and
system aging [50, 53].

L=Y,-Y,. ()

3.4. Techno-Economic Analysis. A comprehensive evaluation
of the technical and economic aspects of renewable energy
projects through techno-economic analysis is crucial in
assessing their feasibility and profitability. The analysis takes
into account various factors, including the location of the
study area, system design, equipment costs, installation and
maintenance costs, electricity generation capacity, and more.
Through this process, the technical design of the Gilutongan
island solar energy project (GISEP) will be assessed for its
reliability as a source of electricity and potential financial
viability.

3.4.1. Technical Analysis. The PV Syst simulation output was
utilized for further analysis using HOMER Pro software. The
system architecture comprises a solar PV array with a ca-
pacity of 2-3.96 kWp, two 5kW inverters, and a bank of 16
units of 200 Ah batteries connected in four parallel strings.
Each string contains four batteries connected in series, as
illustrated in Figure 4.

Table 1 presents the technical specifications and in-
stallation cost of the system under consideration. The
technical specifications show the solar module’s size and
type of material, the number and capacity of the batteries
used, the type of inverters used, and other related system
components. The installation cost includes all necessary
expenses during the installation and commissioning of the
solar PV system, such as capital, replacement, operation, and
maintenance costs. All data were then fed into the HOMER
Pro software for further analysis.

3.4.2. Economic Analysis. Economic analysis is another
fundamental approach to determining the financial feasi-
bility of the PV system. Table 2 presents a detailed overview
of the metric indicators used to measure the installation
investment cost if it is a power-generating asset. These

considering capital cost, net present cost, levelized cost of
energy (LCOE), and payback period. Carefully evaluating
these indicators will help determine the system’s develop-
ment, financing, and operation, ensuring that the system
delivers the greatest possible value to all stakeholders.

4. Results and Discussion

This section presents a comprehensive analysis of the per-
formance and techno-economic feasibility of the existing
Gilutongan Island Solar Energy Project (GISEP). It also
provides a detailed discussion of the simulation results
obtained from PVSyst and HOMER Pro software. The
findings of this study are expected to provide valuable in-
sights into the feasibility and economic viability of the solar
PV system, as well as its potential impact on the standard of
living of island residents.

4.1. Weather Data Analysis. Weather-related parameters
significantly influence the efficiency and performance of
solar photovoltaic systems. These weather-related factors are
essential for designing reliable and resilient solar energy
systems capable of adapting to the diverse conditions posed
by the natural environment.

Solar irradiance, the amount of sunlight reaching the
panels, is subject to variations due to factors like cloud cover,
rain, and atmospheric conditions, leading to fluctuations in
energy production. From Figure 5, the minimum solar ir-
radiation is 5.68 kWh/m?/day in May, and the maximum is
6.08 kWh/m?*/day in October. The values of the clearness
index are all less than 1, which suggests that atmospheric
elements such as clouds, haze, or pollution affect the amount
of sunlight reaching the solar panels.

The temperature variations impact panel efficiency, with
both high and low temperatures posing challenges that can
affect overall output. Figure 6 shows that the temperatures
range from 23°C to 34°C, and the required or optimal op-
erating temperature for PV panels typically falls within the
range of 25 to 35 degrees Celsius. Thus, the temperature
range of the GISEP is considered ideal for maximizing the
efficiency and output of solar panels. Severe weather events,
such as storms and hurricanes, can also compromise the
structural integrity of PV systems, necessitating robust
design considerations.
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FIGURE 4: System architecture of Gilutongan island solar energy project (GISEP).

TaBLE 1: Technical specifications and cost of the installed solar PV system [65].

Cost (US$)*

Unit Description Value .
Capital Replacement Oo&M
Material Polycrystalline
Rated maximum power (P,,..) 330 Wp
Open circuit voltage (V) 46.40 V
Maximum power voltage (V) 37.65V
Solar module Short circuit current (I.) 9.28 A $430/kW $430/kW $21.50/kW
Maximum power current (I,,,,) 8.77 A
Temperature coefficient of I 5.60 mA/°C
Operating temperature, °‘C 25°C
Lifetime 25 years
Inverter efficiency 96%
Converter Rectifier efficiency 100% $184/kW $184/kW $9.20/kW
Lifetime 15 years
Material Lead acid
Nominal capacity 200 Ah
Battery Nominal voltage 12V $310 $310 $15.50
Nominal energy capacity 38.40kWh
Lifetime 10 years

*Currency conversion rate during the installation is US$1.00 to PhP50.00.

Another factor included in the analysis is examining
wind data to discern prevailing wind patterns. The highest
average wind speed is 5.08 m/s, with minimum and maxi-
mum wind speeds of 0.59m/s and 9.08 m/s, as shown in
Figure 7, which indicates a diverse range of wind conditions.
It contributes to a range of effects on solar PV systems,
encompassing cooling benefits, cleaning advantages, struc-
tural considerations, and implications for energy
production.

The wind direction values cover a wide spectrum of
degrees, signifying varying prevailing wind directions.
However, as seen in Figure 8, a wind rose displays a pre-
dominantly northeast (NE) wind direction, impacting solar
PV systems with both advantages and challenges. The

advantages include consistent energy capture, as solar panels
are strategically positioned to maximize energy from the
prevailing NE wind, ensuring stable and predictable energy
output. Additionally, a consistent wind direction optimizes
aerodynamic design, minimizing stress and enhancing
system longevity. However, challenges may arise, such as the
potential for uniform stress on solar panels due to the
predominant NE wind, posing risks to their long-term
durability.

Furthermore, systems optimized for an NE wind pattern
face limitations in adaptability to changes in wind direction,
impacting overall efficiency. Uneven cleaning, caused by the
unidirectional wind pattern, may also affect panel efficiency.
In summary, while an NE-dominated wind rose offers
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FIGURE 6: Monthly minimum, maximum, and average temperature variations.

energy capture consistency and design advantages, careful
consideration is necessary to address challenges related to
stress uniformity and system adaptability to varying wind
patterns.

4.2. Performance Analysis. There are two 3.96 kWp installed
solar PV panels, each having the same number of modules
and strings. Still, for the simulation of the GISEP system
through PVSyst software, only one system was used to
represent the whole. Another input parameter used in the
simulation was a 38.4kWh battery storage. The software

automatically defined the maximum power point tracking
(MPPT) solar charge controllers corresponding to the PV
array and battery ratings.

Table 3 shows data related to the performance of a solar
PV system for each month of the year and the overall yearly
performance. The data includes the amount of global hor-
izontal and incident irradiation received and various energy
outputs and demands.

The GlobHor and GlobInc columns describe the amount
of global horizontal and global incident solar radiation at the
collector plane in kilowatt-hours per square meter, re-
spectively. The E_Avail represents the potential annual
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available energy from the PV system, while the EArray The EUnused is the amount of unused energy the system

represents the effective output energy of system. E_Load is  generates when the battery is full. The E_Miss column in-
the amount of energy the user needs, while E_User is the  dicates the amount of missing energy, which is the difference
energy supplied to the user. between the energy demand and the supplied energy. The
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TaBLE 3: Energy production by solar PV array.

Month GlobHozr GlobInc2 E_Avail EArray E_Load E_User EUnused E_Miss SolFrac (ratio)
(kWh/m?) (kWh/m?) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh)
January 160.1 174.8 552.9 486.3 447.9 441.4 86.60 6.50 0.985
February 151.3 159.9 504.7 433.6 401.0 401.0 89.20 0.00 1.000
March 196.4 201.1 625.3 532.3 490.3 490.3 114.80 0.00 1.000
April 198.3 195.6 615.3 341.7 310.3 310.3 287.10 0.00 1.000
May 176.4 169.1 532.7 365.5 335.7 335.7 182.30 0.00 1.000
June 177.9 167.2 529.0 327.8 299.1 299.1 214.90 0.00 1.000
July 175.8 166.8 529.5 332.7 304.8 304.8 211.00 0.00 1.000
August 170.4 166.1 528.9 341.2 3121 312.1 201.70 0.00 1.000
September 169.0 170.4 536.7 384.5 370.0 370.0 168.40 0.00 1.000
October 180.9 189.8 593.5 555.5 507.0 507.0 59.70 0.00 1.000
November 143.2 154.1 482.6 502.3 497.6 474.6 1.20 22.99 0.954
December 139.0 151.6 478.9 472.7 467.6 428.2 26.30 39.39 0.916
Year 2,038.6 2,066.7 6,510.0 5,076.1 4,743.4 4,674.5 1,643.20 68.89 0.985

The bold values in Table 3 indicate the total figures.

SolFrac shows the solar fraction ratio of the energy supplied
to the user (E_User) to the energy needed by the user
(E_Load).

The simulation results show that each solar PV system’s
potential annual available energy is 6,510kWh, with an
effective output energy of 5,076.1 kWh. However, it is im-
portant to note that various factors, such as shading, dust
and dirt, reflection, spectral losses, irradiation, thermal
losses, array mismatch, DC cable losses, etc., can cause
a considerable decrease in energy output, as outlined in [66].
The annual energy demand of the user is 4,743.4 kWh, which
is slightly higher than the supplied energy of 4,674.5 kWh,
resulting in a deficit of 68.9kWh. This deficit may be at-
tributable to the inverter and AC cable losses, etc.

Despite the energy deficit, the solar PV system can
provide the needed energy demand of the user for most
months of the year. However, there are three months
(November, December, and January) during which the solar
PV system may not be able to meet the user’s energy de-
mands. These months are typically described as cool and dry
and are associated with frequent power interruptions.

Table 4 presents the performance indices of the GISEP
system. These indices evaluate the system’s overall perfor-
mance in terms of energy output and losses throughout the
year. The reference yield (Y,), which represents the available
solar radiation on the PV module, has an annual mean value
of 5.66 kWh/m?*/day. Meanwhile, the array yield (Y,), which
represents the energy output of the PV system, has an annual
mean value of 3.51kWh/kWp/day. The final yield (Y ),
which takes into account the losses in the PV system, has an
annual mean value of 3.23 kWh/kWp/day.

The results show that the minimum yield outcome is in
July, while the maximum yield outcome is in October. This
could be due to the variations in solar radiation throughout
the year. Moreover, the yearly mean array capture loss (L)
and system loss (L,) are 2.15 and 0.28, respectively, with
November showing the highest array capture loss. These
losses are attributed to several factors, such as shading, dust
and dirt, reflection, spectral losses, irradiation, thermal
losses, array mismatch, DC cable losses, etc.

The performance ratio (PR), which represents the ratio
of the final yield to the reference yield, ranges from 40.10% to
77.80% throughout the year, with an average value of
57.10%. A high-performance ratio indicates that the PV
system efficiently converts available solar radiation into
electrical energy. On the other hand, the capacity factor
(CF), which represents the ratio of the actual energy output
to the maximum energy output, is 18.96%. This indicates
that the system is generating energy at less than its maxi-
mum capacity due to the losses in the system.

The result of the simulation in PVSyst software is
summarized in Figure 9 for more detailed representation
and interpretation. The available solar radiation (Y,) of two-
3.96 kWp installed PV panels in Gilutongan Island has an
annual average of 5.66 kWh/m?/day. The system’s potential
annual available energy (E_Avail) is 6,510 kWh. However,
factors such as shading, dust, and reflection can cause
a considerable decrease in energy output (Y,), which
reached 3.51 kWh/kWp/day and an annual output energy
(EArray) of 5,076.1 kWh.

With array capture and system losses equivalent to 2.15
and 0.28, respectively, the final yield (Y f) becomes
3.23 kWh/kWp/day. The available annual energy supplied to
the user (E_User) has decreased to 4,674.5kWh. The per-
formance ratio reflects the system’s ability to convert solar
energy into usable electricity. From the simulation, the
average PR value is 57.10%, and the capacity factor is 18.96%.

4.2.1. Power Interruptions and Losses. The simulation results
of the GISEP in the PV Syst software showed technical losses,
as shown in Figure 10, which reveals why there is a missing
energy of 1.45%, equivalent to 68.89 kWh.

A slight loss of 0.38% due to irradiance level fluctuations
suggests a minor performance dip linked to variations in
solar irradiance. A more substantial 12.58% loss attributed to
elevated temperatures underscores the negative impact of
high temperatures on PV module efficiency. Conversely,
a modest positive value of 0.75% in module quality loss
implies a potential improvement from using high-efficiency
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TaBLE 4: Normalized performance indices of GISEP.
Month Y, (kWh/m?/day) Y, (kWh/kWp/day) Y (kWh/kWp/day) PR (%) L, (ratio) L (ratio)
January 5.64 3.96 3.60 63.80 1.678 0.366
February 5.71 3.91 3.62 63.30 1.802 0.294
March 6.49 4.34 3.99 61.60 2.152 0.342
April 6.52 2.88 2.61 40.10 3.644 0.265
May 5.45 2.98 2.73 50.10 2.476 0.243
June 5.57 2.76 2.52 45.20 2.815 0.241
July 5.38 2.71 2.48 46.10 2.671 0.227
August 5.36 2.78 2.54 47.40 2.580 0.237
September 5.68 3.24 3.11 54.80 2.444 0.122
October 6.12 4.53 4.13 67.40 1.599 0.395
November 5.14 4.23 4.00 77.80 0.908 0.233
December 4.89 3.85 3.49 71.30 1.040 0.363
Year 5.66 3.51 3.23 57.10 2.15 0.28

The bold values in Table 4 indicate the average figures.
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FIGURE 9: Solar photovoltaic system with simulation results.

or premium-quality solar panels. Mismatch losses of 2.10%
point to reduced efficiency due to mismatched modules and
strings, while ohmic wiring loss indicates energy output
reduction from wiring resistance.

A significant 24.45% loss during battery full conditions
highlights underutilized generated energy, possibly due to
energy storage limitations. Converter efficiency losses dur-
ing operation (4.11%) and minor losses related to power and
voltage thresholds indicate areas for efficiency improvement.
Energy storage efliciency loss of 2.91%, charge/discharge
current efficiency loss of 2.05%, and other minor losses
associated with gassing and self-discharge collectively
contribute to the multifaceted nature of losses.

Addressing temperature, mismatch, and unused energy
issues could enhance the overall efficiency of the solar PV
system.

The actual historical records of power interruptions,
detailing their frequency, duration, and causes, are docu-
mented in Table 5. In January, a short interruption of
20 minutes occurred due to cloudy conditions. Subsequent
interruptions in May, June, and October were more ex-
tended, lasting 180, 300, and 300 minutes, respectively, and
were attributed to inverter overheating. December stood out
with 14 interruptions totaling 4500 minutes, attributed to
both inverter overheating and maintenance downtime.

The analysis suggests that while cloudy conditions and
inverter issues contributed to disruptions, a significant

portion of interruptions in December were linked to
maintenance activities. Addressing inverter-related chal-
lenges, especially overheating, and optimizing maintenance
procedures are crucial to enhancing system reliability.

4.2.2. Performance Comparison of a Rooftop-Installed Solar
PV System. Table 6 compares the performance of grid-tied
solar PV systems in various locations that used poly-
crystalline silicon materials installed on rooftops. It is based
on the average final yield, performance ratio, and capacity
factor to determine if this study’s result was on par with their
results.

The average final yield represents the energy a solar PV
system generates per day per kWp of its rated capacity. Based
on the results, the present study on Gilutongan Island, Cebu,
Philippines, has an average final yield of 3.23 kWh/kWp/day.
This value is within the average final yield of other studies,
which ranges from 2.55kWh/kWp/day to 4.93 kWh/kWp/
day. The highest average final yield is observed in Durban,
South Africa, while the lowest is in Norway. The other lo-
cations, including Malaysia, Kiltan, Northern India, Bhu-
baneswar, Thailand, and Tangier, have average final yields
within the range of the present study. The reason is that the
amount of irradiation varies for every location, so if
a country has a higher ambient temperature, the value of the
final yield is much higher than that in cold countries.
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Figure 10: Simulation result of system losses.

Performance ratio (PR) is a measure of how efficiently
a solar panel system converts sunlight into electricity. The
table shows that the PR varies widely across the different
locations, ranging from 46.08% in Malaysia to 83.03% in
Norway. Durban, South Africa, has the highest performance
ratio range (81.4%-93.7%) among all the locations.

The higher the performance ratio value, the more likely
the solar PV system will work near its rated power. In
contrast, a lower PR value implies production losses owing
to technical or design issues [67]. The low PR of GISEP,
40.1%, can be attributed to the time when the project started
in April 2020. Still, it can be seen that the system’s per-
formance is improving as it progresses. Typically, the PR

value shifts between 0.6 and 0.8 due to the variable weather
conditions, but it can go above 0.9 in colder regions
[53, 67, 70]. Additionally, 60-80% PR is within the defined
standard of IEC 61724 for daily irradiance of more than
2kWh/m? [40].

The capacity factor (CF) is the ratio of actual energy
output to the maximum possible output over a given period.
It is an important metric that indicates that the system
produces electricity efficiently and reliably. The CF of the
different locations ranges from 10.1% to 18.96%, as the table
shows. The highest capacity factor of 18.96% is observed in
this study, which suggests that the solar PV system on
Gilutongan Island utilizes a significant portion of its rated
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TaBLE 5: Power interruptions of GISEP.

Month Frequency  Duration (minutes) Cause (s) Losses

January 1 20 Cloudy Nontechnical

February 0 0 — —

March 0 0 — —

April 0 0 — —

May 1 180 Thunderstorm with rain Nontechnical

June 1 300 Inverter overheat Technical

July 0 0 — —

August 0 0 — —

September 0 0 — —

October 1 300 Inverter overheat Technical

November 0 0 — —

December 14 4500 Rain/cloudy, inverter overheat, maintenance downtime Nontechnical, t.echnlcal,
nontechnical

TaBLE 6: Comparison between this paper and other reviewed literature.
. Rated capacity Average final Performance ratio  Capacity factor

Location (kWp) vield (kWh/kWp/day) (%) (%) References

Malaysia (2018) 7.8 3.30 46.08-75.72 13.71 [43]

Kiltan, Lakshadweep Island, India 10 3.86 60.48-71.8 16.09 [44]

Durban, South Africa 8 4.93 81.4-93.7 10.1 [48]

Norway 2.07 2.55 83.03 (ave.) 10.58 [52]

Northern India 5 3.99 72.67-82.5 16.39 [53]

Bhubaneswar, Eastern India 11.2 3.67 56.0-87.0 15.27 [67]

Thailand 3.5 3.80 59.0-76.4 — [68]

Tangier, Morocco 5 4.45 58.0-98.0 14.84 [69]

Gilutongan Island, Cebu, Philippines 7.92 3.23 40.1-77.8 18.96 Present study

capacity. However, it is important to note that the capacity
factor can be influenced by various factors such as climate,
shading, and maintenance practices. The capacity factor also
depends on the location of the PV system and varies
according to the received sunlight and the number of clear
sunny days [71].

4.3. Techno-Economic Analysis. The PVSyst simulation was
used to estimate the electrical production of the solar PV
array based on the local weather conditions and other pa-
rameters. The simulation results were then used as inputs to
the HOMER Pro software, which was used to analyze and
compare two different system configurations for the solar
PV system, as shown in Table 7.

The first system configuration is composed of a 3.96 kWp
solar PV array, 5 kW inverter, and 16 units of 200 Ah battery
connected in 4 parallel strings, with each string having four
batteries in series. The second system configuration consists
of a 2-3.96 kWp solar PV array, 2-5kW inverter, and 16
units of 200 Ah battery with the same parallel strings.

The first system configuration can produce 6,510 kWh/yr of
electrical energy, enough to supply the demand of 4,743.4 kWh/
yr. Additionally, it has an excess energy of 1,570 kWh/yr.
However, the likelihood of having service disruptions, which
can be attributed to the intermittent availability of sunlight,
should be considered to avoid power outages. Also, providing
a reliable energy source to the residents could improve their
standard of living, which may account for the increase in the
number of electrical appliances used.

On the other hand, the second system configuration
can produce 13,020 kWh/yr of electrical energy, which is
more than enough to supply the demand. It also has an
excess energy of 8,020 kWh/yr and a spinning reserve
that can accommodate additional electrical loads, in-
creasing the system’s reliability and availability. Thus, the
second system configuration is ideal because it has
a spinning reserve in the event that the residents add
more electrical loads or compensate for periods of low
solar resources.

The techno-economic analysis also provided the net
present cost (NPC), levelized cost of energy (LCOE), and
payback period for each system configuration. The NPC
determines the total cost of a power system over its lifetime.
It takes into account all costs associated with the system,
including initial installation costs, maintenance costs, re-
placement costs, and other expenses over the system’s
lifetime. In the simulation results, the second configuration
has a higher NPC of US$21,223.73 compared to the first
configuration, with an NPC of US$16,588.75. This means the
second configuration is more expensive to install and
operate over its lifetime.

The levelized cost of energy (LCOE) in the second
configuration is also higher at US$0.346/kWh compared to
US$0.271/kWh for the first configuration. LCOE measures
the total cost of generating electricity from the system over
its lifetime, including all operating and maintenance costs,
discounted to their present value and divided by the total
amount of electricity generated. A higher LCOE indicates
higher costs per unit of electricity generated.
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TaBLE 7: Simulation results of the techno-economic analysis.

Net present

Levelized cost

?;srt;muraﬁons Electrl(iavlv lljlr/ocri)ucnon Ex(clf\s/\s[ ;/nerl)rgy cost (NPC) of energy Paybz(icgaf)erlod
§ Y Y (USS$) (LCOE) (US$/kWh) Y
T g g 6,510 1,570 16,588.75 0.271 2.49
13,020 8,020 21,223.73 0.346 3.60

& B P

Finally, the payback period, the time required for the
system to generate enough savings to recover its initial costs,
is 3.60years for the second configuration compared to
2.49 years for the first configuration. This means the second
configuration will take longer to break even on its initial
investment.

Opverall, the second configuration is more suitable de-
spite its higher cost if additional loads are likely to be added
in the future. In contrast, the first configuration may be more
cost-effective in scenarios with less uncertainty regarding
future loads.

4.4. Technical and Nontechnical Losses. The weather data
analysis for the solar photovoltaic system on Gilutungan
Island reveals crucial insights into its efficiency and per-
formance. Solar irradiance variations, influenced by weather
factors such as cloud cover and atmospheric conditions,
directly impact energy production. The temperature range of
23°C to 34°C is considered optimal for panel efficiency, and
the prevailing Northeast wind direction provides both ad-
vantages and challenges. While it ensures consistent energy
capture and aerodynamic design benefits, challenges arise
from potential stress uniformity and limited adaptability to
changing wind directions.

The analysis of technical losses points to various factors
affecting system performance. Addressing temperature,
mismatch, and unused energy issues could enhance system
efficiency. Historical records of power interruptions reveal
a mix of technical and nontechnical causes, emphasizing the
need to address inverter-related challenges, mainly over-
heating, and optimize maintenance procedures to improve
system reliability.

While nontechnical losses can indeed impact the eco-
nomic viability of a solar PV system, the implemented se-
curity and operational measures within the project offer
a robust defense against potential financial losses. Firstly,
security measures have been diligently implemented. The
electrical room, housing critical components of the PV
system, is situated within a fenced area and further secured
in a locked room specifically designed for the project. Ad-
ditionally, the PV modules are securely mounted on the
rooftop within the confines of the fenced area, effectively
deterring theft or unauthorized access.

Furthermore, in addressing concerns related to fraud,
the installation of smart meters across all 11 houses ensures
accurate measurement and consumption of electricity only
by the connected households. This antifraud technology
serves as a protective mechanism, minimizing the risk of
fraudulent activities that could lead to nontechnical losses.

While there is no formal legal agreement in place with
the households, the organization of the 11 households has
been structured to facilitate internal agreements. The con-
sensus among the households on aspects such as collection
procedures and the distribution of responsibilities adds
a layer of protection against legal disputes and potential
financial inefficiencies.

Educational efforts have also been a focal point
throughout the project’s duration. Monthly meetings and
capacity-building initiatives have been conducted, covering
both technical and financial aspects. These educational
endeavors contribute to raising awareness among stake-
holders, reducing the likelihood of billing errors or disputes
that could result in nontechnical losses. It is worth noting
that, currently, there is no insurance coverage in place.
However, the comprehensive security measures, antifraud
technologies, and organizational structure implemented
within the project serve as proactive measures to mitigate
risks associated with nontechnical losses.

In summary, the project has taken significant steps to
fortify itself against nontechnical losses through a combina-
tion of physical security measures, technological safeguards,
organizational structuring, and educational initiatives. While
insurance coverage may be considered for added protection,
the existing measures collectively contribute to a resilient and
economically sound photovoltaic system.

5. Conclusion

Renewable energy sources, particularly solar PV, are seen as
pragmatic solutions to the electrification problem, especially
in off-grid island communities in the Philippines. The
abundance of sunlight and the ease of installation are the
primary reasons why these are popular technologies in rural
electrification initiatives. However, such solar PV in-
stallations suffer from intermittency due to weather con-
ditions that affect the availability of sunlight. The problem of
the ability of these systems to continuously supply the
electricity demand then arises. The need to study the per-
formance of solar PV installations in an islandic setting
becomes necessary to support energy planning and design as
communities strive to achieve SDG 7, Just Energy Transi-
tion, and 100% electrification.

The literature shows limited studies on the performance of
solar PV plants after installation. Most studies are focused on
commercial and household installations in urbanized com-
munities. Hence, this paper conducted a performance eval-
uation and techno-economic analysis of an existing solar PV
system installed in an off-grid island community in the
Philippines. The solar PV project was launched in March 2020
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as a pilot project that serves 11 households (out of 342). This
paper aimed to determine if the installed system is viable in
terms of reliability and resiliency. In addition, it answers
whether a just energy transition using renewable energy re-
sources can be achievable in off-grid island communities.

The performance analysis of the solar PV system, sim-
ulated using PVSyst software, indicates a potential annual
available energy of 6,510 kWh. However, various factors
contribute to a decrease in effective output energy, resulting
in a deficit of 68.9 kWh compared to the user’s annual energy
demand. Despite this deficit, the system can meet the user’s
energy needs for most months, except for November, De-
cember, and January, which are characterized by cool and
dry conditions and frequent power interruptions. Further-
more, the performance indices highlight the system’s effi-
ciency, with a performance ratio ranging from 40.1% to
77.8% throughout the year and a capacity factor of 18.96%,
which is reliable and resilient to withstand various weather
conditions. Hence, the analysis results were quite acceptable
and within the range specified by the IEC 61724 standards.

The techno-economic analysis conducted on two dif-
ferent system configurations for the solar PV system on
Gilutungan Island provides valuable insights into their
electrical production, reliability, and cost-effectiveness. In
conclusion, the second system configuration proves more
suitable for the solar PV system on the island, offering
greater electrical production and reliability despite higher
costs. The first configuration may be more cost-effective in
scenarios with less uncertainty regarding future loads. This
analysis underscores the importance of considering both
technical and economic factors in designing and imple-
menting solar PV systems, ensuring optimal performance
and long-term sustainability.

It is important to highlight that the study is crucially
limited in its determination of electricity load, which is reliant
on the current consumption of households. It fails to consider
the potential increase in electricity demand, especially when
households are encouraged to engage in productive uses of
electricity to support the financial viability of rural electrifi-
cation projects, as highlighted in several mini-grid studies in
the rural setting [72-74]. While renewable energy sources,
particularly solar PV, are relevant in achieving 100% elec-
trification in rural communities and the Just Energy Tran-
sition, their ability to address the energy demands of the users
must be carefully considered in planning and design. Further
studies should consider the expected increase in electricity
demand, particularly those that look into the productive uses
of electricity. Socio-economic considerations are also sig-
nificant, as rural electrification should not only address the
simple lighting of households but must also improve the
users’ quality of life.

Nomenclature

Abbreviations and Symbols

RET: Renewable energy technology
PV: Photovoltaic
EPIRA: Electric Power Industry Reform Act

SDG 7:
IEC 61724:

GCPV:

FiT:

GISEP:

E,c (kWh):
Enc (kWh):

u (%):

t (h):

N:

Y, (kWh/m?/
day):

Gy (kWh/m®):
G, 1 kW/m?):
Y, (kWh/kWp/
day):

Prated (kWp)
Y, (kWh/kWp/
day):

PR (%):

CF (%):
EAC,annual (kWh)
L. (Ratio):

L, (Ratio):
Prax (Wp):

Ve (V):

Vinp (V):

I (A):

NPC (US$):
CTA (US$):
CC (US$):

CR (US$):
COM (US$):
CRF (Ratio):

r (%):

n (years):
LCOE (US$/
kWh):

Pload (kWh)
PB (years):
CES (US$/year):
MPPT:
GlobHor (kWh/
m?):

GlobInc (kWh/
m?):

E_Avail (kWh):
EArray (kWh):
E_Load (kWh):
E_User (kWh):
EUnused (kWh):
E_Miss (kWh):
SolFrac (Ratio):
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Grid-connected solar PV
Feed-in-Tariff

Gilutongan Island Solar Energy Project
AC energy output

DC energy output

Inverter efficiency

Time

Number of observations in the dataset
Reference yield

Total in-plane irradiance
Array reference irradiance
Array yield

Rated capacity of the array
Final yield

Performance ratio
Capacity factor

Annual AC energy output
Array capture loss

System loss

Rated maximum power
Open circuit voltage
Maximum power voltage
Short circuit current

Net present cost

Total annual cost

Capital cost

Replacement cost
Operation and maintenance cost
Capital recovery factor
Interest rate

Component lifetime
Levelized cost of electricity

Hourly load demand

Simple payback period

Annual cost of energy savings
Maximum power point tracking
Global horizontal irradiance

Global incident (irradiation) in the
collector plane

Available solar energy

Effective energy at the output of the array
Energy need of the user (load)

Energy supplied to the user

Unused energy (battery full)

Missing energy

Solar fraction (EUsed/ELoad).

Data Availability

Data are available upon request.
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