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Abstract - Residential and industrial areas are using rooftop grid-tied Photovoltaic (PV) systems, which are becoming
increasingly popular. This is because solar energy reduces electrical consumption and provides free energy, while also lowering
carbon emissions to create a more sustainable environment. This paper aims to analyze the 2.72kW p rooftop grid-tied PV system
performance between 2020 and 2023 in Tarlac City, Philippines. The PV generated yearly is measured by Array Yield (Y4),
Reference Yield (Yr), and Final Yield (Yr), which were found to be valued at 3.12, 3.9, and 3.01 kWh/kW, respectively. The
efficiency can decrease due to System Loss (Ls) and Capture Loss (Lc), whichwere 0.78 and 0.12 kWh/kW), respectively. This
results in a Capacity Utilization Factor (CUF) of 15.52% and a Performance Ratio (PR) of 77.10%. The productivity of PV
resulted in an array efficiency (array) was 12.89%, an inverter efficiency (niny) was 94.3%, and a system efficiency (1sys) was
12.16%. PV energy generation was 3,699 kWh, with 2380kWh fed into the grid annually. The system’s annual revenue is $690.59.

The paybackperiodis 6 years witha 238.2% Return On Investment (ROI). Carbon emissions are reduced by 0.379 tCO2/kWyyr.

Keywords - Rooftop solar, Grid-tied, Photovoltaic, Rooftop, Renewable Energy, Performance.

1. Introduction

The global electricity demand has increased, and
conventional energy sources that rely on fossil fuels are
running out. This, combined with environmentalissues, leads
to the use of Renewable Energy (RE) sources, particularly
solar energy [1]. RE is necessary because oil and gas are
decreasing, which is a growing problem of global warming
[2]. In Southeast Asia, energy demand has rapidly increased
by 83%to 701 Mteo from 2000 to 2018 [3]. This is needed in
urbanization and economic growth due to the increase in
population [4]. The ASEAN (Association of Southeast Asian
Nations) established a goal to raise the region's share of RE by
23% by 2025 [5]. The demand for RE will accelerate energy
development and carbon emissions in the ASEAN countries.
The development will help provide affordable, reliable, clean
energy that benefits the communities. The electrical and
power industries in the Philippines are experiencing a supply
crisis due to high demand. RE installation is a good solution
to ensure sufficient sources [6]. As a memberof ASEAN, the
Philippine government intends to expedite the RE resource
transition by permitting foreign ownership of RE projects[7].
The Philippines National Renewable Energy Program (NREP)
statesthatby 2030 and 2040, the country wants to increase its
generation by 35% and 50%, respectively [8]. The government
wants to increase the general public's access to and
affordability of RE. "Renewable Energy Act of 2008"
(Republic Act 9513). This law will expedite the development

of RE resources in the nation. [9]. The regulation promotes
using renewable energy sources asan alternative to electricity,
like solar, wind, hydro, biomass, geothermal, and ocean
energy [10]. Solar PV systems have the greatest research,
development, and cutting-edge technology worldwide among
RE sources [11]. The policy encourages the development of
solar energy using both off-grid and on-grid solar PV systems.
The nation aims to electrify all its urban areas by 2040 to
increase the usage of RE through the primary grid, according
to the Electrical Power Industry Reform Act (EPIRA), also
known as Republic Act No. 9136. [12]. However, certain
solar projects usually fail because of limited capacity and
financial constraints owing to the delayed implementation of
energy laws and policies. The Feed-In Tariff (FIT) and net
metering schemes are among the policies.

The net metering schemes for solar PV systems with a
generation of less than 100 kW serve as a framework for this
paper. The PV excess energy is subtracted from the
consumer's monthly bill [13]. This would return the
investment with a lower electrical cost. However, RE
deployment is often avoided due to policy barriers,
environmental concerns, and a lack of knowledge of the
economic impact of solar energy [14]. The collaboration
between the government and the community will accelerate
the nation's solar PV adaptation. More development in the
infrastructure and the integration of the solar PV systems into
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the main grid may result from this. This is essential for the
nation's sustainable energy solution [15]. Grid-tied solar PV
systems installed on rooftops are common in homes as an
alternate power source [16]. Installing a roof-mounted system
has significantly contributed to greenhouse gas-free energy
generation [17]. The small-scale rooftop grid-tied solar system
has huge potential in urban areas with no land cost and
decreased transmission and distribution costs. Therefore, there
is a significant increase in the number of installations, quality,
and performance due to its demand [18]. There is a lot of
potential in small rooftop PV systems, which have become
more concentrated on research on quality and performance
[19].

Advanced PV technologies can significantly improve
rooftop solar performance. Innovations like bifacial panels,
smart inverters, and tracking systems can improve the
performance. [20]. Bifacialpanels can gain 18-22% efficiency
compared to monocrystalline and polycrystalline with 15% to
22% and 15-18%, respectively, because their reflective
surface causes a higher yield [21]. Monocrystalline cells are
the second most efficient but perform better on smallrooftops.
However, this research used polycrystalline cells to be cost-
effective and suitable for large rooftops [22]. Smart inverters
canoptimize efficiency by up to 5-20%, which is also highly
suitable for any rooftop. Tracking System's typical efficiency
gain is 10-25% [23]. While these technologies offerbenefits,
geographical location must be considered. Proper design is
essential to achieve optimal performance.

Many research papers have been presented and published
on rooftop grid-tied solar PV systems in different countries.
According to the studies, rooftop grid-tied PV systems were
conducted at Kumira, Chittagong, for a remote building at a
university. The 135-kW solar PV grid-tied system design and
modelling hasanidealaverage solarirradiance of 585.8 W/m?
[24]. Another paper has proposed an alternative approach,
which is the implementation of a suitable rooftop PV system
in Uganda.

The potential energy yield that may support up to 254
MW, falls between 1046 kWh/kW and 1344 kWh/kW [25]. A
similar study about the performance analysis of an 11.2 kW,
rooftop grid-connected PV system in Eastern India. They
generated an energy level of 14.96 MWh and a performance
ratio 0f 0.78 [26]. One study in the Philippines, located in San
Fernando, Pampanga, evaluated the performance of a 676.8
kW Grid-Tied solar system for commercial buildings.
According to the research, the location has shown a solar
radiation of 5.50 kWh/m?2 with a performance ratio of 0.825
[27].

Numerous studies have been conducted on the
performance of rooftop PV in various regions. There is a
research gap in medium-sized cities in the Philippines, such as
Tarlac City. Existing research has primarily focused on large
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solar farms, national RE policies, and evaluation in
metropolitan areas [28]. Localized, long-term performance
data of residential rooftop PV installation where
environmental conditions, consumption, and  grid
infrastructure have different impacts. Addressing this gap in
the region will be beneficial for the potential distribution of
RE.

This study uses data collected between January 2020 and
December 2023 to analyze the 2.72kW,, rooftop grid-tied PV
system. The novelty of this study is thatit provides details of
system performance metrics, economic impact, and
environmental impact in Tarlac City. Typically, existing
literature often emphasizes short-term assessment or
simulation-based methods, while this study used real-time
data. This study also looks atthe effect of weatherconditions
throughout the year.

2. Methodology

The methodology started with the site location and system
description. This was followed by the collection of
meteorological data and the calculation of performance
metrics. The results were benchmarked against related studies
in the variousregions, with the expectation that it would give
insights into the economic and environmental impact.

2.1. Site Location

A household in Tarlac City had a rooftop PV system with
a generating power of 2.72 kWp, an elevation of 10 meters,
coordinates of 15.48°N, 120.65°E, and an albedo of 0.2. This
geographicaladvantage enabled the solarpanelto absorb more
solar irradiance since this system had been dependent on the
amount of sunlight received.

2.2. System Description

The grid-tied block diagram is shown in Figure 1. This
consisted of a PV module, Micro Circuit Breaker (MCB),
Surge Protection Device (SPD), on-grid inverter, and isolator
switch. The system description had an installed totalrating of
2.72 kWp and took up 16.1 m? of space on the rooftop, which
was arranged in two 2 x 4 meters arrays. Eight 340W JA solar
polysilicon panel modules were installed to provide the total
rated power, and a single 3kW grid-tied Solis 5G inverter was
slightly oversized.

The planetilt and the azimuth mustbe setto 26°and 165°,
respectively. The polycrystalline solar panel that was being
used had a 340Wp rating. The efficiency of this panel in each
cell area was 19.41%. The polysilicon open circuit voltage
(Voc) and short-circuit current (Isc) were 45.9V and 9.43A,
respectively. It can operate at a maximum temperature of
25 °C. The rooftop had both free-standingand fixed-mounted
solar panels installed. Net metering was an RE incentive
mechanism. The rooftop PV system was installed in a typical
residential household with one 1.5 conditioning unit.
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Fig. 1 Block diagram grid-tied
Table 1. Monthly average meteorological data of tarlac city, philippines
Temperature Wind speed GHI DNI DHI Plane of Array (Groa) irradiance
(°C) (m/s) (W/m?) (W/m?) (W/m?) (kWh/ m?)

January 23.49 1.77 212.85 266.46 57.86 473
Febraury 2491 2.39 248.13 289.47 62.98 4.89
March 26.8 1.84 286.78 324.30 60.58 5.67
April 28.99 1.90 291.33 296.88 73.12 5.81
May 28.08 1.32 270.51 252.09 84.32 5.93
June 27.76 1.30 275.55 253.43 88.07 5.33
July 26.78 1.24 262.17 236.57 88.80 5.05
August 27.14 1.36 217.26 132.30 118.49 4.49
September 26.23 1.10 250.43 219.81 89.49 4.12
October 26.14 1.47 187.39 134.76 95.54 3.85
November 26.09 1.75 185.91 193.41 68.46 4.33
December 25.12 1.31 170.17 181.52 65.15 3.68
Average 26.47 1.56 238.21 231.75 79.40 4.82

2.3. Data Collection and Monitoring

The Solis 5G inverter sent a data logger through the
Soliscloud online platform, which was available in a built-in
web browser and mobile application. The solar panel's energy
generation and excess per day can be downloaded hourly. The
platform can monitor daily temperature, wind speed, weather
status, and carbon dioxide reduction. Solar irradiance was
obtained from the weather station.

2.4. Meteorological Data

The provided meteorological data significantly made an
impact on the PV system's performance and efficiency [29].
This was the foundation forestimating solar irradiance in the
area or location and evaluating output power. The monthly
average temperature, wind speed, Global Horizontal
Irradiance (GHI), Direct Normal Irradiance (DNI), Diffuse
Horizontal Irradiance (DHI), and Plane Of Array (Gpoa)
irradiance were shown in Table 1.

This showed that GHI, DNI, DHI, temperature,and Gpoa
irradiance had the highest value in the months of March to
June during the dry season in the Philippines. The months of
the wet season, from October to December, had the lowest
value.
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2.5. PV System Performance Metrics

PV system performance metrics are used to compare and
assess how well the solar system performsin various climates
and locations[30]. The following quantities are used to assess
the PV performance:

Array yield (Ya) is measured by the output energy (Epc)
produced by the array divided by the PV generated (Prated),
shown in Equation (1) [31].

_ _Epc
Y,=—+—

1)

Prated

The energy production under standard test circumstances
(STC) divided by its energy production effectively was known
as the performanceratio (PR), shown in equation 2 [32]. This
was the system's overall effectiveness when compared to its
ideal efficiency.

PR =& x 100 Q)
YF

The hourly to generate AC output power (Eac) on the PV
array known as the specific yield (Yr) [33], which was
computed by dividing the Prated power of the array shown in
Equation (3).
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Y, = —AC_ 3)

=
Prated

Hours needed for a PV array to function under the
reference irradiation were known as the reference yield (Yr)
[34]. This was measured by the reference irradiance (Go),
which is equal to 1000 W/m? divided by the irradiance on a
plane (Gpoa) shown in equation 4.

G
poa
YR = —-—
Go

“)

Capacity Utilization Factor (CUF) in which the energy
generated over that supplied into the grid under maximum
rated power is shown in equation 5 [35].

LXlOO

Prated X 8760

CUF = )

The system efficiency (nsys) is the productivity of the
inverter and PV array [36]. This computed Eacis obtained by
the Gpoa times the surface area (Ag) of the PV array shown in
equation 6.

Eac
Gpoa X Ag

x 100 @)

Nsys =

The capture loss (Lc) was calculated by the difference
between Yr and Ya, shown in equation 7. These losses occur
because there is a rise in temperature in the PV cell, dust
accumulation, partialshading, and inhomogeneous irradiance
[37].

System Loss (Ls) was due to wiring resistance, power
dissipation in semiconductors,and aging. This was measured
by Ya minus Yg, shown in equation 8.

Ly=Y, =Y

2.6. Economic and Environmental Impact

The sustainability of the 2.72 kW; rooftop PV system was
evaluated through the following: Return On Investment
(ROI), Net Present Cost (NPC), Levelized Cost Of Energy
(LCOE), and payback period. These were used to evaluate the
economic impact. The carbon (CO2) emission balance was
used to assess the environmental impact.

3. Results and Discussion
3.1. Technical Analysis of 2.72 kW, Rooftop PV System
This discusses the system's performance metric results.
The averageyield of the Ya, Yr, and Yr was shown in Table
2. Theresults were 3.12,3.9, and 3.01 kWh/kW,, respectively.
It was observed that April had the highest PV generation
during the dry season. The lowest PV generation wasrecorded
during the wet season in December due to low temperature
and solar irradiance. The L. and Ls were 0.78 and 0.12
kWh/kW,;, each yeardue to dust and dirt, shading, losses in the
cable, and mismatch.

The weather conditions highly affected the output PV
generated. This was observed by collecting the hourly rate of
PV generated and the Gpoa. It was also observed that the
difference in generation was due to fluctuation in solar
irradiance under the influence of different weather conditions.

L.=Y, —-Y, (®) X X . .
Correlation analysis was used to evaluate the relationship
between the PV generated and solar irradiance under weather
conditions.

Table 2. Monthly average energy yield and losses of the system
Ya Yr Yr Lc Ls
Cell Te‘fgerat“re f&ch fv';fh (kWh (kWh &Wh | (kWh | (kWh
€O ( ) ( ) /KW) /m?) /kWp) /kWp) /kWp)

January 34.71 5.58 5.85 2.15 2.78 2.05 0.63 0.1

Febraury 39.83 7.94 8.24 3.03 3.86 2.92 0.83 0.11

March 44 .48 9.74 10.06 3.7 4.64 3.58 0.94 0.12

April 48.94 12.00 12.40 4.56 5.74 441 1.18 0.15

May 45.09 1047 10.85 3.99 4.9 3.85 0.91 0.13

June 45.14 10.83 11.21 4.12 5.04 3.98 0.92 0.14

July 39.86 8.30 8.62 3.17 3.84 3.05 0.67 0.12

August 41.8 9.19 9.55 3.51 4.29 3.38 0.78 0.13

September 36.44 6.20 6.47 2.38 291 2.28 0.53 0.11

October 37.68 6.83 7.13 2.62 3.26 2.51 0.64 0.11

November 38.96 6.28 6.56 241 3.14 2.31 0.72 0.1

December 35.17 4.81 5.06 1.86 245 1.77 0.58 0.09

Average 40.8 8.18 8.50 3.12 39 3.01 0.78 0.12
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Fig. 2 Clear sky hourly rate of PV Generated and Solar irradiance

In Figure 2, the average output on a clear sky was 14.8
kWh. This showed thata clear sky hasa 0.784 strong positive
correlation, and the system can achieve an optimal PV
generation with high solar irradiance. In Figure 3, the partially
cloudy conditions had PV outputsofanaverage of 11.9 kWh

and a 0.728 strongpositive correlation. It was a reliable output
even with the partial shading in the solar panels.In Figure 4,
the overcast condition had a lower PV output of 9.2 kWh. It
hada value 0f0.636, a moderately positive correlation due to
the total shading.

Partially Cloudy
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Fig. 3 Partially Cloudy Hourly Rate of PV Generated and Solar Irradiance
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Fig. 4 Overcast Hourly Rate of PV Generated and Solar Irradiance
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Fig. 5 Rain Hourly Rate of PV Generated and Solar Irradiance

In Figure 5, the output was 2.1 kWh during the rainy
weather conditions. The correlation had a weak positive

@ Jan to December 2020 ™ Jan to December 2021
12

10

PV Generated (kW/mo)

50 100

correlation 0f 0.445. This caused the output generation to drop
as the solar irradiance decreased.

A Jan to December 2022 X Jan to December 2023

L 2 XAQA

150 200 250

Solar Irradiance (W/ m2/mo)

Fig. 6 Correlation of PV generation versus Solar Irradiance from January 2020 to December 2023

The relationship between daily PV generation and daily
solar irradiation between January 2020 and December2023 is
shown in Figure 6. Ithad a moderately positive correlation of
0.679 from 2020 to 2023. Other factors influencing the
relationship between PV generation and solar irradiance
included the wind, cell temperature, dust, shading, array
degradation, and system losses. This indicated that the solar
irradiance,ambient temperature, and cloud coverremained the
factors influencing the system output. This validated that the
performance was largely dependent on the solar irradiance for
the basis of yield prediction and capacity factor estimation.
The monthly average of CUF, PR, Narray, Ninv, Nsys, and energy
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supplied to the grid were used to analyze the system's
efficiency, which was shown in Table 3. This measurement
was based on the region, GHI of the PV location, ninv, and
TNarray. The PR varied from 60% to 80%, compared to the
present study PR with a value of 77.10%. This indicated a
good performance for a rooftop PV system. The CUF varied
between 15.58% and 15.12% from March to April, with an
average of 15.52% annually. The annualaverages for niny and
Narray Were 95.8% and 13.57%, respectively. The current
system efficiency was 13%, indicating that the inverter and
array were performing satisfactorily. The energy supplied to
the grid generated 2380 kWh per year.
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Table 3. Monthly Average Energy supplied to Grid, Array Efficiency, Inverter Efficiency, CUF, PR, and System Efficiency

Etgeé%{ds(lll?&;le)d Ilarray Ilinv CUF PR Ilsys
January 159.75 13.09% 94.7% 11.78% 73.60% 12.40%
February 186.75 13.30% 95.8% 12.36% 75.50% 12.74%
March 183.00 13.52% 96.3% 15.58% 77.10% 13.02%
April 202.00 13.47% 96.5% 15.57% 77.00% 13.00%
May 226.75 13.79% 96.3% 15.12% 78.70% 13.28%
June 229.50 13.84% 96.4% 13.32% 79.00% 13.34%
July 210.50 14.00% 95.8% 12.03% 79.50% 13.41%
August 198.00 13.86% 96% 12.33% 78.80% 13.31%
September 206.5 13.87% 95% 12.57% 78.20% 13.18%
October 191.00 13.61% 95.3% 12.03% 76.90% 12.97%
November 194.50 13.03% 95.2% 10.82% 73.70% 12.40%
December 191.750 12.89% 94.3% 11.75% 72.40% 12.16%
Table 4. PV Performance Summary of Researcher Related to Rooftop Grid-Tied System.

Country/ Site Location System Capacity PR CUF Module Type Nsys References
Kuala Terengganu,Malaysia 7.8 kW) 75.72% 13-16% mono-Si 10%-12% [38]
Jakarta, Indonesia 5 kW, 76.07% 11.13% poly-Si - [39]
Hue, Vietnam 1.32 kW, 78.11% 15.07% poly-Si 12.89% [40]
Cebu, Philippines 8.36 kW, 40.1%-77.8% | 18.96% poly-Si - [41]
Tak province, Thailand 3.5 kWp 599%-76.4% - poly-Si - [42]
Northern India 5 kWp 76.97% 16.39% poly-Si 10.02% [43]
Male, Maldives 6.6 kWp 81.56% 18.89% poly-Si 13.87% [44]
Central Java, Indonesia 30 kW, 79.40% - poly-Si - [45]
Mae Hong Son, Thailand 11 kW, 73.45% 14% poly-Si/fmono-Si 10.41% [46]
Singapore 142.5 kW, 81.00% 15.70% poly-Si 11.20% [47]
Norway 2.07 kWp 83.03% 10.58% | poly-Si/mono-Si | 11.60% [48]
ngugliaf?z;h’ 3.2 kW, 6430% | 20.41% poly-Si - [49]
Turkey 2.73 kWp 72% 15.69% poly-Si - [50]
Ireland 1.72 kW, 81.50% 10.10% mono-Si 13.30% [51]

Present Study 2.72 kWp 77.10% 15.52% poly-Si 13.00%

Table 4 shows the summary of the PV performance of the
research study related to the rooftop grid-tied PV system in
different locations compared to the present study. These
results of PR, CUF, and system efficiency in various countries
for a small-scale rooftop PV system were used asthe basis for
comparison. [t also showed that the present study had a higher
PR compared to the related research in Malaysia, Indonesia,
India, South Africa, Thailand, and Turkey due to their GHI
locations. In addition, other countries like the Maldives, South
Africa, and India had a higher CUF thatvaried between 16%
and 20%, while the present study was equal to 15.51%. The
Nsys in the present study had the same result in Vietnam, the
Maldives, and Ireland.

3.2. Economic and Environmental Impact

The economic impact was provided by the Net Present
Value (NPV), Levelized Cost Of Energy (LCOE), payback
period, and Return On Investment (ROI) for 20 years. From
2020t02023,the PV generated was 3699 kWh, and the energy
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supplied to the grid was 2380 kWh. The NPV calculated the
overall cost of the system over its lifetime. NPV was
$4,197.26, which will be the system's lifetime expenses.

The LCOE was the overall energy generation cost
over the lifetime of the system. LCOE had a value of
$0.088 per kWh. The total investment was $1762.12,
and the operating cost was PHP 176.21/year for the 2.72
kW, rooftop PV system. The ROI was 2382%
profitable, and thepayback was 6 years. Due to the lower
middle income in the Philippines, the net-metering was
typically compensated by the average generation cost
and alack of incentive for RE. The average monthly energy
supply to the grid and the associated cost savings were shown
in Figure 7. The data displayed the seasonalpattern overtime
of the profit. This demonstrated that the average monthly
energy supply to the grid was 198.33 kWh, resulting in a
monthly savings of $57.55.
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Energy generation on the PV system was expected to
cause a significant impact on the environment forthe project’s
lifetime of 20 years. The Life Cycle Emission (LCE) system
was the quantity of carbon emissions produced during the
development and manufacturing of the PV system.

The LCE grid was defined by carbon emissions from the
grid. The LCE grid and LCE system had a value of 480
gCO2/kWh and 5.4 tCOz, respectively. It was estimated that
the reduced carbon emission into the atmosphere is around
0.379 tCO2/ kWy/yr.

4. Conclusion

The 2.72 kW, rooftop PV system in Tarlac City,
Philippines, was successfully presented on the 4 years of PV
performance analysis. The effect of weather variation on solar
irradiance was converted to PV generation. It was observed
that the clear sky and the partially cloudy conditions had a
very strong correlation due to the fewer factors affecting the
PV armray's generation. Meanwhile, the overcast and rainy
conditions had a weak correlation due to various factors that
can affect the system. This showed a positive correlation
between solar irradiance and PV-generated energy for long-

Reference
(1]

term efficiency. The PR, CUF, Narray, Ninv, and nsys indicated
that the system in Tarlac City, Philippines, produced
satisfactory results while operating within the standard
parameter set by the other countries.

The economic impact showed a viable financial return
with earnings aftersix years, and a significant impact on
reducing CO:z in the environment, which can contribute to
renewable energy and climate change. Overall, these provided
a practical insight into policies, benefits, and challenges in
tropical climates. Future research may expand the scope by
applying real-time monitoring, predictive modeling, and a
large-scale system for nationwide adaptation.
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