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ABSTRACT

Aims: This study aimed to evaluate the technical performance and environmental impact of a 45
kWp rooftop grid-connected solar photovoltaic (PV) system installed at the College of Agricultural
Engineering and Technology (CAET), Junagadh Agricultural University, Gujarat.

Methodology: The system was monitored over five months (August—-December 2018). Real-time
data on energy output, meteorological parameters, and system efficiencies were recorded.
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Performance metrics such as array vyield, final yield, module and system efficiencies, performance
ratio (PR), and CO, emission reduction were analyzed using IEC 61724 guidelines.

Results: The system generated 22,205 kWh of DC energy and exported 20,829.26 kWh of AC
energy to the grid. It achieved an average final yield of 3.37 kWh/kWp/day and a performance ratio
of 71%. The average module, inverter, and system efficiencies were 11.26%, 93.84%, and 10.56%
respectively. A total of 20,494 kg of CO, emissions were avoided.

Conclusion: The solar PV system showed reliable performance and high efficiency across
seasonal conditions. It proved effective for reducing institutional carbon footprint and demonstrated
the feasibility of rooftop solar adoption in semi-arid academic environments.

Keywords: Rooftop solar photovoltaic; grid-connected system; performance ratio; energy yield; CO,

emission reduction.

1. INTRODUCTION

Energy is one of the fundamental requirements
for the progress of modern civilization. In the
present era, energy plays a crucial role in
shaping the economy, infrastructure, and lifestyle
of nations. India, being a developing country with
a high population density, is witnessing a rapid
increase in energy demand due to factors like
industrial growth, urbanization, and technological
advancement (Dincer, 2000; Cucumo et al.,
2005; Twidell, 2021). However, the energy sector
in India is still highly dependent on fossil fuels
such as coal, petroleum, and natural gas. These
non-renewable resources are limited and are
causing environmental pollution and greenhouse
gas emissions, leading to global warming and
climate change. Recognizing the urgency to shift
towards cleaner energy sources, India has
embraced renewable energy as a viable
alternative (Parida et al., 2011; Kumar et al.,
2024; Saha and Mandal, 2025). Among all
renewable energy sources, solar energy has
emerged as one of the most promising due to the
country’s geographical location, which receives
ample sunlight throughout the year. The
government has launched initiatives such as the
Jawaharlal Nehru National Solar Mission
(JNNSM), aiming to establish India as a global
leader in solar energy. As a part of this mission,
India set an ambitious target of installing 100 GW
of solar power capacity by the year 2022
((JQawaharlal Nehru National Solar Mission
(Phase |, Il and IIl) — Policies - IEA, n.d.). Solar
photovoltaic (PV) technology, which converts
sunlight  directly into  electricity  using
semiconductor materials, is at the heart of this
transition. Solar PV systems are categorized as
off-grid and grid-connected systems. In recent
years, grid-connected rooftop solar PV systems
have gained popularity due to their potential for
decentralized power generation and utilization of
idle roof space (Kymakis et al., 2009; Shukla et

al.,, 2016; Kar et al., 2023; Majdi et al., 2023a;
Majdi et al., 2023b; EImnifi et al., 2024a; Elmnifi
et al., 2024b). These systems not only reduce
the load on the conventional grid but also offer
economic benefits and contribute towards
sustainable energy goals.

A number of studies have been conducted
worldwide to evaluate the performance of solar
PV systems under different climatic and
operational conditions. Mondol et al. (2006)
analyzed the performance of a 13 kWp rooftop
grid-connected PV system and found the monthly
average daily PV, system, and inverter
efficiencies to vary between 4.5% to 9.2%, 3.6%
to 7.8%, and 50% to 87%, respectively. The
performance ratio (PR) ranged from 0.29 to 0.66.
Ayompe et al. (2010) evaluated a 1.72 kWp
system in lIreland, reporting annual energy
generation of 885.1 kWh/kWp with PR and
system efficiency of 81.5% and 12.6%,
respectively. In India, Sharma and Chandel
(2013) studied a 190 kWp grid-connected PV
plant in Punjab and reported a final yield of 1.45
to 2.84 kWh/kWp/day, reference yield of 2.29 to
3.53 kWh/kWp/day, and PR ranging from 55% to
83%. The average annual energy vyield of the
plant was 812.76 kWh/kWp with a system
efficiency of 8.3%. Kumar and Nagarajan (2016)
analyzed an 80 kWp rooftop transformer-less
plant, finding a performance ratio of 83.82% and
system efficiency of 4.16%. Chaita and
Kluabwang (2016) in Thailand studied a 3.5 kWp
rooftop system and reported PR from 59% to
76.4%, with annual energy generation of 4869
kwh. Other notable studies include the work of
Pundir et al. (2016) at IIT Roorkee and Yadav &
Bajpai (2018) at Lucknow University, which
provided insights into energy vyield, system
losses, and CO: reduction for rooftop solar
plants. Rawat (2018) used PVSYST to simulate a
100 kWp rooftop system and reported a PR of
77.79% and CUF of 18.10%. These studies
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contribute significantly to understanding the
behavior and performance of solar PV systems
under various scenarios. However, most
research has focused either on large-scale plants
or on simulated performance rather than real-
time operational analysis under specific climatic
conditions.

While there is extensive literature on the
performance of solar PV systems, there is a lack
of studies focusing on small-to-medium scale
rooftop systems under semi-arid climatic
conditions, especially in western India. Most prior
work focuses on large-scale or simulated
systems, lacking real-world data. Furthermore,
very few studies document institutional rooftop
solar plants designed for dual purposes—power
generation and academic research. While there
is extensive literature on the performance of
solar PV systems, there is a lack of studies
focusing on small-to-medium scale rooftop
systems under semi-arid climatic conditions,
especially in western India. Most existing studies
either deal with megawatt-scale installations or
are simulation-based, lacking practical insights
from actual field data. Furthermore, very few
studies document institutional rooftop solar
plants designed for dual purposes—power
generation and academic research.

The objectives of this study were to analyze the
performance of a 45 kWp rooftop grid-connected
solar PV system installed at the College of
Agricultural  Engineering and  Technology
(CAET), Junagadh Agricultural University. The
study aimed to evaluate energy output, array
yield, final yield, and reference yield, along with
assessing key performance indicators such as
module efficiency, inverter efficiency, and overall
system efficiency. Additionally, it sought to
determine the performance ratio (PR) and
guantify losses including capture losses, system
losses, and inverter losses. The performance
trends of the system under varying
meteorological conditions were also explored

over the monitoring period. Another important
objective was to estimate the environmental
impact, particularly the reduction in carbon
dioxide emissions, achieved through the use of
solar energy. Ultimately, this research provided
real-world, field-based data that contributes to
the existing knowledge base on solar PV
systems, especially within the context of
institutional setups in semi-arid regions of India.

2. MATERIALS AND METHODS

This study was carried out to assess the real-
time performance of a 45 kWp rooftop grid-
connected solar photovoltaic (PV) power plant
installed at the College of Agricultural
Engineering and Technology (CAET), Junagadh
Agricultural University, Junagadh, Gujarat, India.
The methodology used in this study included
detailed site analysis, component description,
instrumentation, monitoring of  operational
parameters, meteorological data collection, and
performance evaluation through established
metrics.

2.1 Installed Location and Meteorological
Data

The rooftop solar PV system is installed on the
main building of CAET, Junagadh Agricultural
University, situated at 21.515471° N latitude and
70.4579° E longitude. The location falls under a
semi-arid climate with high solar insolation,
making it ideal for solar power generation. The
system layout covers a total area of
approximately 323.34 m2 and comprises
polycrystalline modules. The installed system
capacity is 45 kWp, and all electricity generated
is directly fed into the grid.as shown in Fig. 1.
Meteorological data were collected from the
university's meteorological department and
verified using NASA datasets. Table 1 provides
the monthly averages during the monitoring
period.

Table 1. Metrological data of the location

Month Temperature Humidity Rainfall No. of Wind speed Solar irradiation
(°C) (%) (mm) rainy days (km/h) (kw/m?/day)

August 27.70 83 88.60 12 9.3 34

September  27.80 71 51.50 5 5.2 5.23

October 29.50 47 00 0 2.7 5.61

November  27.10 47 00 0 2.7 4.82

December  22.00 47 00 0 3.7 4.42

Total 140.10 17

Mean 25.82 59 4.72 4.67
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Fig. 1. Location of 45 kWp rooftop grid connected solar power plant

2.2 Basic Components of Grid Connected
PV System

A grid-connected photovoltaic (PV) system
primarily consisted of several key components
that worked together to convert solar energy
into usable electrical power and feed it into the
grid. The core component was the PV module,
which captured solar radiation and converted it
into direct current (DC) electricity. The PV
modules used in the installation are
polycrystalline silicon-based, each rated at 315
W. Table 2 summarizes the technical
specifications of the modules. These modules
were arranged in series-parallel configurations to
meet the required system voltage and
current. The DC distribution and combiner box
gathered outputs from the PV modules and
ensured proper circuit protection before
directing power to the inverters. The Power

Conditioning Unit (PCU), which included two
inverters of 15 kW and 30 kW capacity
respectively, converted DC power into alternating
current (AC) with the appropriate voltage and
frequency for grid compatibility (Fig. 2) and
specifications are given in Table 3. The AC
distribution box handled the output from the
inverters and was equipped with protective
devices such as MCCBs, surge protectors, and
current transformers (CTs) for accurate energy
monitoring and system safety. Additionally, a
monitoring system was integrated to track real-
time system performance, including voltage,
current, and energy output. Other essential
components included earthing arrangements,
environment monitoring instruments, and net
metering equipment such as generation and bi-
directional meters, which enabled seamless
interaction between the solar power system and
the utility grid.

Table 2. PV module specifications

Parameter

Specification

1. Power max (Pmax)
2.Voltage at max power (Vmax)
3.Current at max power (Imax)
4. System voltage(V)

5.0pen circuit voltage (Voc)
6.Short circuit current (Isc)
7.Series fuse rating

8. Area of panel(A)

9.By pass diode rating
10.Nominal ratings at STC

315 W
36V

8.75 A
1000 V
44V

9.40 A
15A

2.16 m?

20 A

1000 W/ m?
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Table 3. Specification of PCU inverters

Specification Inverter 1 Inverter 2
Model BG15KTR BG30KTR
Max. DC vol.(v) 1000 1000
MPPT Vol. 180-800 280-800
Max DC power(w) 15600 31200
Max. input current(A) 21x2 33x2
Rated output power 15000 30000
Max. AC current(A) 24 48

Max. efficiency 98.30% 98.5%
MPPT efficiency 99.9% 99.9%

WIFI
WIRELESS
MONITOR

FROM SOLAR
PANNEL TO
DCDB BOX

DC
DISTRIBUTION
BOX

PCU
(TWO INVERTERS)

| BOX
TO
PCU

EARTHING

Fig. 2. A view of components of solar PV system

2.3 Instrumentation and Data Logging

To monitor the performance of the rooftop solar
photovoltaic system, a variety of instruments
were employed for accurate and reliable data
collection. A pyranometer and a solarimeter were
used to measure the solar irradiance incident on
the tilted plane of the PV modules. For
temperature  monitoring, RTD (Resistance
Temperature Detector) sensors were installed to
record both ambient and module surface
temperatures, which are critical for evaluating
thermal effects on system efficiency. Electrical
parameters such as voltage and current from the
PV modules and inverters were measured using
digital multimeters and clamp meters, ensuring
precise readings during different operating
conditions. Additionally, a weather station was
set up near the installation site to record
essential meteorological parameters such as
humidity, rainfall, and wind speed, providing a

comprehensive  environmental dataset that
supported the performance evaluation of the
system.

2.4 Performance Evaluation Metrics

Performance was assessed using standard
definitions from IEC 61724 such array yield
(energy output from the array per kwp), final yield
(net energy delivered to the grid per kwp),
reference yield (total in-plane solar irradiation
divided by reference irradiance), performance
ratio (ratio of final yield to reference yield),
module efficiency (efficiency of converting
incident sunlight into dc power), inverter
efficiency (efficiency of dc to ac conversion) and
system efficiency (efficiency of converting total
incident solar energy to ac output).

The performance losses were calculated as
capture loss, system loss and total loss. The
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capture loss (loss due to temperature effects,
soiling, shading, and wiring) was the difference
between reference and array yield while the
system loss (loss due to conversion and
mismatch) was the difference between array and
final yield. The total loss (overall energy loss
from reference irradiance to grid) was the
difference between reference yield and final
yield.

3. RESULTS AND DISCUSSION

This section presents a comprehensive
performance analysis of the 45 kWp rooftop grid-
connected solar PV system installed at CAET,
Junagadh Agricultural University. The results are
based on real-time data collected from August to
December 2018. Key performance parameters
including energy output, various yield metrics,
efficiency  figures, system losses, and
environmental impact are discussed based on
the recorded operational data.

3.1 Monthly Energy Generation and
Yields

The energy output and performance parameters
for each month were calculated and are
summarized in Table 4. These include energy
generated (DC and AC), array yield (Ya), final
yield (Yf), reference vyield (Yr), and losses
(capture, system, and total). In August month,
the lowest energy generation was observed due
to frequent cloud cover and moderate solar
irradiance during the monsoon season. Despite
this, the system maintained a decent final yield of
2.08 kWh/kWp/day. From September onward, a
steady increase in generation and yield was
observed, corresponding with clearer skies and
higher solar insolation. In October, the plant
recorded the highest energy generation at
6084.10 kWh, with the maximum array vyield

(4.36 h/d) and final yield (4.08 h/d) during the
monitoring period.

In November and December, a slight decline in
performance was observed due to shorter
daylight hours and mild reductions in irradiation.
However, the system still maintained good
stability with average daily final yields of 3.70 and
3.30 kWh/kWy/day, respectively. The consistent
performance ratio around 70%-77% across all
months suggests that the system operated
efficiently despite seasonal variations.

3.2 Efficiency and Performance Ratio

The system’s performance was further evaluated
based on module, inverter, and system
efficiencies, along with the monthly performance
ratio (PR), as shown in Table 5. Throughout the
monitoring period, the inverter efficiency
remained consistently high, averaging 93.84%.
This stability indicates the reliability and good
quality of the power conditioning unit (PCU) used
in the system. The variation in inverter efficiency
across months was minimal, ranging from
93.51% to 94.21%, reflecting minimal power
conversion losses during the DC to AC
conversion process.

The module efficiency showed a gradual
increase from August to November, peaking at
12.10% in November. This improvement can be
attributed to clearer skies, cooler temperatures,
and stable irradiance conditions, which generally
enhance PV module performance by reducing
thermal losses. In December, although the solar
irradiance was lower compared to previous
months, the module and system efficiencies
remained fairly high at 11.80% and 11.08%,
respectively. This indicates that the system was
effectively utilizing available solar radiation even
under sub-optimal conditions.

Table 4. Average monthly performance parameters of 45 kwp grid-connected solar PV system

Month Energies Yields Losses
2018 Energy Energy Array Final Reference Capture System Total
Epc Eac Yield Yield Yield Loss Loss Loss
kWh kWh Ya(h/d)  Yr(h/d) Yr(h/d) Lc(h/d)  Ls(h/d)  Lt(h/d)
Aug 1063.54 998.57 2.15 2.08 3.40 1.26 0.13 1.39
Sept 5223.17 4889.21 4.00 3.75 5.23 1.23 0.26 1.48
Oct 6084.10 5689.12 4.36 4.08 5.61 1.25 0.28 1.53
Nov 4957.62 4657.99 3.93 3.70 4.82 0.89 0.24 1.13
Dec 4876.57 4594.37 3.50 3.30 4.42 0.93 0.20 1.13
Total 22205.0 20829.26 17.99 16.84 23.48 5.56 111 6.63
Mean  4441.00 4165.85 3.60 3.37 4.70 1.11 0.22 1.33
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System efficiency followed a similar trend,
ranging from 8.82% in August to 11.41% in
November, with an overall mean efficiency of
10.56%. The increase in system efficiency from
the monsoon to post-monsoon period highlights
the impact of improved solar exposure and
reduced atmospheric moisture on the
performance of the overall PV system.

The performance ratio (PR), which reflects the
overall effectiveness of the PV system by
comparing actual output to the theoretical
potential, ranged between 0.59 in August and
0.77 in November. The average PR across the
monitoring period was 0.71, indicating good
system performance in line with international
benchmarks. The relatively lower PR in August
was primarily due to reduced solar availability
and environmental factors such as cloud cover
and rainfall.

3.3 Environmental Impact: CO, Emission
Reduction

The environmental benefits of the 45 kWp
rooftop solar PV system were quantified by
calculating the amount of carbon dioxide (CO,)
emissions avoided through clean electricity
generation. Since the energy generated by the
plant displaces the equivalent energy that would
otherwise be produced from conventional fossil-
fuel-based power plants, it contributes directly to
emissions reduction. The month wise CO,
emission reductions are given in Fig. 3.

According to the Central Electricity Authority
(2018), the standard grid emission factor for the
Indian power sector is 0.984 kg CO, per kilowatt-
hour of electricity. Using this value, the total CO,
emissions avoided during the monitoring period
were calculated based on the actual AC energy

Table 5. Average monthly module, inverter and system efficiencies, and performance ratio

Month Module Inverter System Performance
efficiency (%) efficiency (%) efficiency (%) ratio
August 9.39 93.89 8.82 0.59
September 11.40 93.61 10.66 0.72
October 11.60 93.51 10.82 0.73
November 12.10 93.96 11.41 0.77
December 11.80 94.21 11.08 0.74
Mean 11.26 93.84 10.56 0.71
6000
5000 A
g
4000 -
c
8
©
S 3000 A
©
et
0’2000 -
)
1000 A I
0
August Sept Oct Nov Dec

Month

Fig. 3. Reduction of CO; in the different months
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exported to the grid. Given the total AC energy
output of 20,829.26 kWh, the total CO, emission
avoided was 20,496 kg CO..

4. CONCLUSION

The performance evaluation of the 45 kWp
rooftop grid-connected solar photovoltaic (PV)
system installed at CAET, Junagadh Agricultural
University, was carried out over a five-month
period from August to December 2018. The
analysis included detailed assessment of energy
generation, yield metrics, efficiency parameters,
system losses, and environmental benefits. The
system generated a total of 22,205 kWh of DC
energy, out of which 20,829.26 kWh was
successfully delivered to the utility grid. The
average daily final yield was found to be 3.37
kwWh/kWp/day, while the mean performance ratio
(PR) over the study period was 71%, indicating

efficient and consistent system operation.
Module, inverter, and system efficiencies
averaged 11.26%, 93.84%, and 10.56%

respectively, confirming the quality and suitability
of the installed components. One of the most
significant outcomes of the installation was its
contribution to environmental sustainability. The
system helped avoid approximately 20,494 kg of
CO, emissions over five months, supporting
institutional commitments to green energy
and climate action. In conclusion, the study
validates the technical feasibility, operational
efficiency, and environmental effectiveness of
deploying rooftop grid-connected solar PV
systems in academic institutions. The results
provide a strong foundation for scaling similar
systems in other campuses across India,
especially in regions with high solar potential.
Furthermore, the data collected and analyzed
can serve as a valuable resource for future
research, policymaking, and system design
improvements.
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