‘ energies

Article

Performance Analysis of a Rooftop Grid-Connected Photovoltaic
System in North-Eastern India, Manipur

Thokchom Suka Deba Singh *(°, Benjamin A. Shimray

check for
updates
Academic Editors: Santiago Silvestre

and Jiaqiang E

Received: 5 February 2025
Revised: 2 April 2025
Accepted: 4 April 2025
Published: 10 April 2025

Citation: Singh, T.S.D.; Shimray,
B.A.; Meitei, S.N. Performance
Analysis of a Rooftop Grid-Connected
Photovoltaic System in North-Eastern
India, Manipur. Energies 2025, 18,
1921. https://doi.org/10.3390/
en18081921

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Sorokhaibam Nilakanta Meitei

Department of Electrical Engineering, National Institute of Technology Manipur, Manipur 795004, India;
benjaminshimray@nitmanipur.ac.in (B.A.S.); soronilameitei@nitmanipur.ac.in (5.N.M.)
* Correspondence: sukadeba@nitmanipur.ac.in

Abstract: The performance analysis of a 10 kW, rooftop grid connected solar photovoltaic
(PV) system located in Sagolband, Imphal, India has been studied for 5 years. The key
technical parameters such as array yield (Y4), reference yield (YR), final yield (Yr), capacity
utilization factor (CUF), PV system efficiency (7s,s), and performance ratio (PR) were
used to investigate its performance. In this study, the experimentally measured results of
the system’s performance for the five years (i.e., July 2018 to June 2023) were compared
with the predicted results, which were obtained using PVsyst V7.3.0 software. The mea-
sured energy generation in 5 years (including 40 days OFF due to inverter failure on 17
June 2019 because of a surge, which was resolved on 27 July 2019) was 58,911.3 kWh as
compared to the predicted 77,769 kWh. The measured daily average energy yield was
3.2 kWh/ kWp as compared to the predicted 4.2 kWh/ kWp_ It can be seen that there was
a large difference between the real and predicted values, which may be due to inverter
downtime, local environmental variables (e.g., lower-than-expected solar irradiation and
temperature impacts), and the possible degradation of photovoltaic modules over time.
The measured daily average PR of the system was 70.71%, and the maximum occurred
in the months of October, November, December, and January, which was almost similar
to the predicted result. The measured daily average CUF of the system was 13.36%, and
the maximum occurred in the months of March, April, and May. The measured daily
average system efficiency was 11.31%. Moreover, the actual payback was 4 years and
10 months, indicating strong financial viability despite the system’s estimated lifespan of
25 years. This study highlights the importance of regular maintenance, fault detection,
and better predictive modelling for more accurate energy projections, and also offers an
understanding of real-world performance fluctuations.

Keywords: grid-connected PV system; technical parameters; final yield; performance ratio;
PV efficiency

1. Introduction

Ensuring energy security is an essential part of maintaining national security since
energy is the building block of human civilization [1]. The substitution of non-fossil energy
with renewable energy sources has emerged as a crucial component of the global energy
supply system, aimed at mitigating environmental damage and fostering sustainable socio-
economic growth [1,2]. The electricity produced by renewable energy sources, including
hydropower, solar power, ocean power, wind power, etc., has been steadily expanding
over the last decade. Solar energy is the most abundant renewable energy source on Earth
compared to others, and it is accessible universally [3,4]. India has seen considerable
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progress in solar energy adoption, characterized by extensive photovoltaic installations
and ambitious governmental efforts, like the National Solar Mission, which targets a solar
power capacity of 100 GW by 2022 [4].

Assessing the performance of the photovoltaic system is crucial for analysis. This
research is important for ascertaining the operational mechanisms of an efficient PV system.
The performance of SPV systems has been studied and evaluated in several countries
during the last few years [5-9]. The efficiency of a grid-connected PV system is contingent
upon many factors, including cell technology, inverters, and installation arrangement.
The outcome is also influenced by many meteorological factors, such as global irradiance,
ambient temperature, and soiling losses [10,11]. A number of researchers have examined
the economics and performance of grid-connected PV systems in various locations. Most
of these studies, however, have limitations that include shorter monitoring times, limited
reach in terms of real-world performance analysis, or dependence just on simulation-based
findings. Sharma et al. [12] analyzed the performance of a 190 kW, grid-interactive SPV
power plant in India. They revealed that the plant obtained an average annual energy pro-
duction of 812.76 kWh/kW,, and a system efficiency of 8.3%. Although this study provided
useful insights into system efficiency, it lacked long-term monitoring, making it difficult to
evaluate degradation trends over multiple years. Ashok et al. [13] investigated the perfor-
mance of an on-grid PV system based on PVsyst modelling. However, this study primarily
relied on simulation-based results without incorporating real-world operational issues
such as inverter downtimes, seasonal variations, and grid instabilities. Rajesh et al. [14]
proposed a technical performance investigation of a 186 kW, grid-connected PV system.
This revealed that the actual energy output agrees with the PVSyst and system advisor
model predictions with an uncertainty of 1.34 percent. Despite this, the study did not
explore the impact of long-term environmental conditions, such as soiling, temperature
variations, or maintenance challenges, on the system’s efficiency. Using arrays made
of polycrystalline silicon and copper indium selenide, both deployed at the same site,
Ramanan et al. [15] carried out a comparative study of the efficiency of two grid-connected
PV systems. The measured and projected results were evaluated in relation to the tech-
nology’s fit for Tamil Nadu’s hot and muggy climate. However, the study lacked an
evaluation of the impact of extreme weather conditions on system performance and did
not provide a detailed failure analysis. P. Ramanan et al. [16] analyzed the performance
of a 1.25 kW, grid-integrated SPV system operating in an outdoor setting. Similar to
other studies, this work did not include detailed failure diagnostics, such as inverter break-
downs or unexpected system losses, which are essential for understanding real-world
operational challenges. The 10 MWp connected grid installed on top of a canal was first
commercialized in India, and Manish et al. [17], under actual field conditions, analyzed
it quantitatively and qualitatively for performance and dependability. While the study
covered large-scale installations, it did not provide a comprehensive comparison with
small-scale rooftop PV systems, which have different efficiency constraints and economic
considerations. Hassane et al. [18] conducted a performance study and examination of
a 6 MW, grid-connected PV system mounted in harsh desert environment conditions.
Despite providing insights into large-scale systems, the study did not address issues such
as panel degradation due to dust accumulation, inverter failures, or financial viability in
different climatic zones. Bhogula et al. [19] performed a comprehensive evaluation of a
1 MW, PV plant located at GITAM University, Andhra Pradesh, India. The evaluation
included aspects such as the plant’s production and deterioration rate, as well as power
and energy losses. However, it lacked a comparative assessment between predicted and
actual performance over an extended period, limiting its applicability to long-term system
evaluations. Ahmad et al. [20] presented the results of an inquiry into the data collected
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from a 467.2 kW, PV system installed on the roofs of three high-rise buildings. While this
study highlighted urban solar installations, it did not discuss small-scale residential systems
or rooftop PV systems in subtropical and high-humidity regions. Based on the literature
review, it was found that several studies have been conducted for performance analysis of
solar PV system in different regions, but there is limited research on the performance of
PV systems in regions with unique climate and geographical characteristics like those in
Manipur. Therefore, the measurement of a photovoltaic system’s performance in Manipur
is crucial due to the region’s distinctive meteorological and geographical characteristics,
which considerably influence solar energy production. Manipur possesses a subtropical
environment characterized by elevated humidity, substantial monsoonal precipitation,
and fluctuating cloud cover, all of which can affect the performance and energy output of
photovoltaic (PV) systems. Nonetheless, there is little research about the performance of PV
systems in these conditions, which diverge from those in other parts of India. This study
will yield critical data on the performance of photovoltaic systems in Manipur, facilitating
the optimization of system design, maintenance, and energy output, thereby enhancing
the sustainability and efficacy of solar energy solutions in the region. This research will
address local energy requirements and enhance broader initiatives to promote renewable
energy in comparable, under-explored regions.

To forecast how well a PV system would work at a particular site, you may choose
from a variety of commercial software tools. In order to forecast the energy output of
PV systems, these programs compile data from meteorological databases, PV modules,
and inverters. The often-used PV simulation software available include PVsyst, system
advisor model (SAM), PVSOL, and Helioscope, each of which has its advantages and draw-
backs. Because of its well-known accuracy in performance prediction, large meteorological
datasets, and ability to simulate real-world losses—including temperature impacts, soiling
losses, and inverter efficiency—PVsyst V7.3.0 was selected for this study. For academic and
commercial research, PVsyst is also a preferred choice since it provides strong energy yield
estimates and financial modelling. PVsyst remains one of the most validated and exten-
sively referenced tools in performance assessment studies of grid-connected PV systems,
even while other programs like SAM provide thorough financial analysis and policy-related
evaluations, and PVSOL offers improved visualization for small-scale rooftop systems.
This research models the grid-connected system’s performance characteristics using the
PVsyst simulation program. When it comes to studying, sizing, and analyzing data from
whole PV systems, PVsyst is the software program to use. However, many studies rely-
ing on PVsyst do not incorporate real-world inefficiencies such as inverter failures, grid
constraints, soiling losses, and maintenance issues, leading to over-optimistic performance
predictions. A grid-connected PV system with a power output of 10 kW, was extensively
analyzed in this study for the moderate climatic condition of Manipur, looking at both its
actual and predicted performance. We compared the accurately measured performance
parameters with the parameters simulated using PVsyst software under various resource
datasets. The data were collected for a period of five years, from 1 July 2018 to 30 June 2023.
Simulations were conducted utilizing climatic data obtained from measurements, as well
as data provided by NASA POWER Data Access Viewer (DAV) V2.4.14. The performance
characteristics that were studied include yearly energy produced, performance ratio, final
yield, and reference yield. The acquired findings provide valuable information on the PV
system’s performance, as well as the reliability of employing both measured and calculated
meteorological data in Sagolband, Imphal, India. Finally, we compared our findings to
those of other research conducted on a global scale.

The remainder of this paper is arranged as follows: The SPV system description is
presented in Section 2. Section 3 discusses the technical performance parameters of the PV
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systems. The results and discussion are explained in Section 4. In Section 5, the conclusion
is presented.

2. PV System Description

The PV system was installed on the terrace of the fourth floor of a building, which was
15 m above ground level at Sagolband, Imphal (24.804° N, 93.926° E). The system consisted
of 31 poly-crystalline modules and had two strings. One string connected 16 modules in
series, and the other string 15 modules in series. The system faced South at a fixed tilt angle
of 22° and an azimuth angle of 0°.

DC was converted to AC and sent straight to the power grid using a 3-phase ABB
solar inverter 10 kW on a grid with two separate MPPTs using RS-485 (communication
interface), with 10.3 kW rated as DC input power and 10 kW rated as AC output power.

The monitoring period for the present study was 5 years, from July 2018 to June 2023.
The values of GHI, DHI, ambient temperature, and clearness index were taken as daily
averages. The energy generated by the grid was monitored online every hour using a data
logger. The site details of the installed 10 kW, rooftop grid-connected PV system are given
in Table 1. The specifications of the 10 kW, rooftop Grid-connected PV system are given in
Table 2. Figure 1 shows the system’s schematic drawing. Figure 2 shows the projected PV

system’s Google Maps image.
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Figure 1. Proposed diagram of the 10 kW), rooftop grid-connected PV system.
Table 1. Site details of the installed 10 kW), rooftop grid-connected PV system.
. Latitude at Longitude at Inclination of .
Site State, Country the Site the Site the Panel Region
Sagolband, =\ 1 i, India 124.804° N +93.926° E 22° North-eastern
Imphal part of India
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Table 2. Specifications of 10 kW), rooftop Grid-connected PV system.

System Manufacturer and Name Specifications
Type of modules = poly-crystalline, Poweg,eq (Pr) = 325 Wp,
Alpex company (Greater Noida, India) Vinp = 3.7'.67 V, lmp =863 A{, Voc =4541 V, Isc =934 A,
PV Panel (ALP325W) efficiency (np) = 16.34%, no. of modules = 31,
no. of module string = 2, module tilt = 22°,
area of each panel (Ap) = 1.99 m?
Three-phase string inverter, 10 kW,c, 2MPPT, RS-485 communication
interface. Rated DC input power (V4.;) = 10.3 kW,
Inverter ABB (Ziirich, Switzerland) maximum DC input power for each MPPT = 6500 W,
verte (PVI-10.0-TL-OUTD 10 kW) maximum DC input current for each MPPT = 17 A,

rated AC output power = 10 kW, rated AC grid voltage = 400V,
rated efficiency = 97%, communication interface was WLAN

Figure 2. Google map image of the proposed PV system.

3. Technical Performance Parameters of the PV Systems and PVsyst
Configuration for Simulation

In accordance with the International Energy Agency (IEA), the 10 kW, grid-connected
PV system’s performance was examined [21]. Table 3 shows the several parameters used in
the analysis.

The PVsyst was set with particular system settings to ensure a precise simulation of
the installed PV system. For solar radiation, temperature, and wind speed, the simulation
utilized NASA POWER Data Access Viewer’s meteorological data. The actual PV array,
together with module type, rated power, temperature coefficient, and degradation rates,
determined the module parameters. Also, the inverter settings were aligned with the
system that was installed, taking into account the efficiency curves, the maximum power
point tracking (MPPT) range, and the inverter losses.

Loss parameters were also adjusted to represent real-world scenarios, including tem-
perature losses, mismatch losses, wire losses, and inverter losses, depending on seasonal
accumulation patterns. With no tracking, the tilt angle and azimuth were set based on
the fixed installation of the system in Manipur. Grid availability was taken into account
to adjust for any potential disruptions. These configurations ensured that the simulated
results closely matched real-world conditions while identifying discrepancies between
modelled and measured energy output.
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Table 3. Technical parameters of PV system.
SL. No.  References Performance Indices Definitions Expression Equation No.
Total in-plane irradiance, G;
. divided by solar radiation G
1 [22] Reference yield (Yr) under standard Yr = Cs ; . (1)
test conditions.
. Energy produced by Epca
2 [23] Array Yield (Y4) the array. Y, = b , 2)
PV ,rated
3 [23] Final Yield ( Yr) Energy fed to the grid. Yr = Eacd (3)
p PV rated
- Input GHI to energy fed to E
4 [24] System efficiency (#sys) the grid. Hsys = ( [I:}C,/q d) % 100% 4)
t4la

Energy generated to grid

5 [25] Performance ratio (PR) with regard to installed PR = Yr % 100(%) ®)
capacity of PV system. YR
Loss in PV panel in
6. [26] Capture loss ( L¢) conversion from GHI Le=Yr—Yy (6)
to electricity.

Losses due to inverter and

7. [26] System loss ( Ls) wiring material Li=Ys—Yr (7)
The PV plant’s actual energy
production for an entire

Capacity utilization ear, 24 h a day, compared

8 [27] p y y Y P CUF = YF,a (8)

factor (CUF) to the maximum energy
generation of rated power

during that time.

24 x 365

Gsre = Solar irradiation under standard test conditions (STCs) (kWh/m?2/ day), Ppyrated = PV array capacity (kWp),
Aa =PV array area (m?), Epc, g = daily PV array output (kWh/kW,,), Eoc g = daily energy to grid (kWh/kW,),
Yg, = annual final yield, and G; = total in-plane irradiance (kWh/m?/day).

4. Results and Discussions
4.1. Metrological Site

This study of the PV system was conducted over five years (July 2018-June 2023), and
the metro data, such as GHI, DHI, amb-temp, and clearness index, were recorded from
NASA metrological data for every hour interval. The data were taken from the NASA
POWER network’s database, which can be found at NASA POWER Data Access Viewer.
Accessing the dataset under the “Renewable Energy” category for Sagolband, Imphal,
India’s study site’s geographical coordinates—22° N, 93.926° E—were used. The variation
in daily monthly GHI, DHI, ambient temperature, and clearness index from July 2018
to June 2023 is depicted in Figure 3. The monthly average data varied during these five
years, which is given below, and the maximum and minimum values of each year are also
presented in Table 4.

(a) GHIranged from 3.68 (June 2022) to 5.78 kW/ m?/ day (April 2023).

(b) DHIranged from 1.28 (December 20220) to 3.19 kW/ m?/ day (July 2018).

(¢) Ambient temperature ranged from 12.85 °C (January 2020) to 24.82 °C (June 2023).
(d) Clearness index ranged from 0.33 (June 2022) to 0.68 (January 2019).

When analyzing the performance of a solar PV system, it is essential to take into
account accurate environmental data, including solar irradiance, temperature, and shading
effects. However, errors in this data may lead to inaccurate measurements or simulations,
affecting the system’s performance. Discrepancies may also be introduced by instru-
mental errors, such as problems with calibrating pyranometers, temperature sensors, or
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voltage/current meters. System performance differences over time may sometimes go
unrecognized due to data sampling frequency and precision issues. Predictions of simula-
tion performance could be off because the assumptions about system efficiency, inverter

losses, and degradation rates do not always match reality. Moreover, discrepancies in mea-
sured and simulated data might be caused by differences in panel orientation, installation
circumstances, and maintenance methods.
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Figure 3. Variation of daily monthly GHI, DHI, Amb_temp, and clearness index.
Table 4. Variation in daily monthly GHI, DHI, Amb_Temp, and clearness index.
Parameters July 2018-June 2019 July 2019-June 2020 July 2020-June 2021 July 2021-June 2022 July 2022-June 2023
April 19—5.47 April 21—5.9 April 23—5.79
2 (Max) March 20—5.65 (Max) (Max) March 22—5.43 (Max) (Max)
GHI (kW/m*/day) Dec 18—3.92 Jan 20—3.87 (Min) Jul 20—4.04 Jun 22—3.68 (Min) Dec 22—3.95
(Min) (Min) (Min)
Jul 18—3.91 Jun 20—3.18 Jun 21—3.19 Jul 21—3.17 Jul 22—3.03
2 (Max) (Max) (Max) (Max) (Max)
DHI (kW /m*/day) Jan 19—1.34 Dec 19—1.35 Dec 20—1.28 Dec 21—1.39 Dec 22—1.35
(Min) (Min) (Min) (Min) (Min)
. Jul 21—24.52 .
Ammb.temp €C) Jun19—24.65 (Max)  Aug 19—24.61 (Max) ]“r(‘l\iix)z‘* (Max) Jun (21\34&1 )(2)4'82
_ Jan 19—14.49 (Min)  Jan20—1285 (Min) [, T (Min) Feb( I%/i rllf:.lS Jan 231459 (MIN)
Jan 19—0.68 Dec 19—0.62 (Max)  Dec20—0.67 (Max) OV 21'(15‘;]3)32_0‘61 Nov 22'(1{2“)(2)3_0'67
Clearness Index (Max) Jul 19—0.39 Jul 20—0.37 a a
uly 180,39 (Min) (Min) (Min) Jun 22—0.33 Jun 23—0.40
u y . m m m (Mln) (Mm)

Figure 3 shows that for the last five years, the highest amount of diffused radiation
occurred during the monsoon season. (i.e., June, July, and August). Diffusion of radiation
was lowest in the winter months of November, December, and January throughout the
five years. Over five years, the clearness index ranged from 0.33 to 0.68. The November,
December, and January months had the clearest index, while June and July had the cloudiest.
Moreover, it was also found that the months with the highest levels of diffused radiation
also had the lowest clearness index readings. In the same way, the months with the lowest
dispersed radiation and the highest clearness index were the same. The connection between
these two variables shows that the most diffused radiation happens when the sky is cloudy,
and the least diffused radiation happens when the sky is clear.
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4.2. Energy Variation Analysis

Figure 4 shows the monthly energy production observed and forecasted based on GHI
and DHI for five years. Figure 5 illustrates the monthly differences between predicted and
measured array yield, final yield in relation to reference yield, and ambient temperature.
Where PVsys_EArray, PVsys_E_Grid, Mea_EArray, and Mea_E_Grid represent Predicted
power at the solar panel, predicted power directly given to the grid, i.e., the output of
the inverter to the grid, measured power at the solar panel and measured power directly
given to the grid, i.e., the output of the inverter to the grid, respectively. The annual energy
variation analysis of these five years is discussed below.
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Figure 4. The monthly energy yield of predicted and measured with regard to the DHI and GHI.

7 = 30.00
25.00

20.00

p

-
15.00

A_Y(Mea), A_Y(Pre),
F_Y(MEa), F_Y(Pre) amd R_Y(Mea)
(h/day)

Amb_Tem,

10.00

5.00

0.00

mw Amb_Temp  =——A Y(Mea) -——A_ Y(Pre) F_Y(Mea) ~——F Y(Pre) -——R_Y(Mea)

Figure 5. Daily Monthly variations in measured and predicted array yield and final yield are
compared to the reference yield and temperature.

In the first year, from July 2018 to June 2019, the measured monthly highest energy
generation was in April 2019, followed by the months of March 2019 and November 2018,
which were also closely related to the predicted E-grid results, as shown in Figure 4. The
measured least generation was in June 2019 (because on 17 June 2019, the inverter was
damaged due to a surge and given to the company for repair), followed by December 2018,
which had the minimum GHI of the year (i.e., 3.92 kW/m?/day) and was also slightly
low compared to the predicted. The maximum diffuse radiation was obtained in July
2018, while the minimum diffuse radiation was obtained in Jan 2019. As illustrated in
Figure 5, the highest recorded ambient temperature happened in June 2019, while the lowest



Energies 2025, 18, 1921

9 of 22

recorded temperature happened in January 2019. Again, Figure 5 shows that the measured
final yield was maximum in April 2019, and its ambient temperature was 22.64 °C; the
measured minimum energy generation was in June 2019 with an ambient temperature of
24.65 °C and, again, Figure 5 also shows that the expected array yield and final yield at the
time of high energy generation were also rather near to the measured array and final yield.

In the second year (i.e., July 2019-June 2020), the monthly highest energy generation
was measured in March 2020, followed by April 2020, which was also closely related to
the predicted E-grid results, as shown in Figure 4. The measured least generation was in
July 2019 (because on 17 June 2019, the inverter was damaged due to a surge and given to
the company for repair, and it was resolved on 27 July 2019), followed by October 2019,
which was the GHI (i.e., 4.27 kW/m?/day) and was also slightly low compared to the
predicted. The maximum diffuse radiation was obtained in June 2020, while the minimum
diffuse radiation was obtained in Dec 2019, as shown in Figure 4. The maximum ambient
temperature was obtained in August 2019, while the minimum ambient temperature was
obtained in January 2020, as shown in Figure 5. The measured final yield was at its
maximum in the month of April 2020, and its ambient temperature was 21.70 °C. The
measured minimum final yield was in the month of July 2019, and its ambient temperature
was 23.86 °C, as shown in Figure 5. The predicted array yield and final yield were also
close to the measured array and final yield at the time of high energy generation, as shown
in Figure 5.

In the third year (i.e., July 2020-June 2021), the measured monthly highest energy
generation was in April 2021, followed by the months of March 2021 and May 2021, which
were also closely related to the predicted E-grid results, as shown in Figure 4. The measured
least generation was in June 2021, which had the GHI (i.e., 4.37 kW/ m?/ day) and was also
slightly low compared to the predicted. The maximum diffuse radiation was obtained in
Jun 2021, while the minimum diffuse radiation was obtained in Dec 2020. Figure 5 shows
the ranges of the ambient temperature: 14.49 °C to 22.65 °C. June 2021 had the highest
ambient temperature; January 2021 had the lowest ambient temperature. The measured
final yield was maximum in the month of April 2021, and its ambient temperature was
22.97 °C. The measured minimum energy generation was in the month of June 2021, and
its ambient temperature was 24 °C, as shown in Figure 5. The predicted array yield and
final yield were also close to the measured array and final yield at the time of high energy
generation, as shown in Figure 5.

In the fourth year (i.e., July 2021-June 2022), the measured monthly highest energy
generation was in March 2022, followed by the months of Feb 2022 and April 2022, which
were also closely related to the predicted E-grid results, as shown in Figure 4. The mea-
sured least generation was in June 2022, which had the minimum GHI of the year (i.e.,
3.68 kW/m?/day) and was also slightly low compared to the predicted. The maximum
diffuse radiation was obtained in July 2021, while the minimum diffuse radiation was
obtained in Dec 2021. The maximum ambient temperature was obtained in July 2021, while
the minimum ambient temperature was obtained in Feb 2022, as shown in Figure 5. The
measured final yield was maximum in the month of Feb 2022, and its ambient temperature
was 13.18 °C, and the measured final yield was minimum in the month of May 2022, and
its ambient temperature was 22.54 °C, as shown in Figure 5. The predicted array yield and
final yield were also close to the measured array and final yield at the time of high energy
generation, as shown in Figure 5.

In the fifth year (July 2022-June 2023), the measured monthly highest energy gener-
ation was in Nov 2022, followed by the months of Jan 2023 and April 2023, which were
also closely related to the predicted E-grid results, shown in Figure 4. The measured least
generation was in June 2023, which had the GHI (i.e., 4.45 kW/m?/day) and was also
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slightly low compared to the predicted. The maximum diffuse radiation was obtained in
July 2022, while the minimum diffuse radiation was obtained in Dec 2022. The maximum
ambient temperature was obtained in June 2023, while the minimum ambient temperature
was obtained in Jan 2023, as shown in Figure 5. The measured final yield was maximum
in the month of Nov 2022, and its ambient temperature was 18.57 °C, and the measured
final yield was minimum in the month of June 2023, and its ambient temperature was
24.82 °C, as shown in Figure 5. The predicted array yield and final yield were also close
to the measured array and final yield at the time of high energy generation, as shown in
Figure 5.

The summary of the energy variation analysis of these five years is discussed be-
low: (a) During the period of 5 years from July 2018 to June 2023, the measured energy
generation varied from July 2019 (i.e., 119 kWh) to April 2019 (i.e., 1337.6 kWh), while
the monthly average value was 981.85 kWh, as shown in Figure 4. It was found that the
measured minimum energy generation value (i.e., 119 kWh) was quite small compared
to the predicted value (i.e., 905 kWh) because the inverter failed on 17 June 2019 due to a
surge; otherwise, the measured value would be almost similar with the predicted result.
(b) The highest GHI was obtained in April 2021 (i.e., 5.9 kW/m? /day), while the lowest
was obtained in June 2022 (i.e., 3.68 kW/m?/day). (c) The maximum diffuse radiation was
obtained in July 2018 (i.e., 3.91 kWh/m?/day), while the minimum diffuse radiation was
obtained in Dec 2020 (i.e., 1.28 kWh/m?/day). (d) The highest measured final yield was
obtained in April 2019 (i.e., 4.42 h/day), while the lowest final yield was obtained in July
2019 (i.e., 0.38 h/day), as shown in Figure 5. The measured average final yield was found
to be 3.20 h/day, which was better compared to many locations, as presented in Table 5.

Table 5. Performance evaluation of several grid-connected solar PV systems.

Monitoring Annual AC

Location l,}anzl C&P‘i; l:y Period Generation Fl?;/ti?‘;ld E fﬁcifr:z (%) CUF PR (%)  References
M P (Year) (MWh) Y yie
Bhubaneswar, P-Si 1.2 1 14.96 3.67 1% 342 1527 78 28]
India
Vasant Kunj,
New Delht PC 48 1 59.58 3.14 11.95 13.9 80 [29]
Bhel,
Tiruchirappalli, p-Si 20 1 30.14 - - 17.2 82 [25]
Tamil Nadu
Integral
University, p-Si 467.2 3 19115 - 15.47 1525  80.86 [20]
Lucknow
Khatkar Kalan, p-Si 190 1 154.42 233 8.3 9.27 74 [12]
India
Thuvakudi, MC-Si
Tiruchirappalli, A-SI 5 1 8495.3 4.81 5.08 - 89 [30]
India PC-Si
Bahir Dar, Mono-
Ethiopia Crystalline 10 1 11.81 2.02-3.45 9.3-10.7 - 64.74 [31]
Dublin, Ireland Mc-Si 13 3 - 1.69 6.4 - 60-62 [32]
T, Roorkee, P-Si 1816 1 2203 332 87 1385 6368 [33]
India
University of - 5 1 7175 3.99 10.02 1639 7697 [26]
Lucknow, India ’ ’ ' ’ ’
Wellington, talli 10 1 - 2.99 11.96 125 78 [34]
New Zealand onocrystalline . . . e
Amity Multi-
University, c . 186 1 289.391 428 13.76 17.8 82.7 [13]
rystallin

Haryana, India
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Table 5. Cont.

Monitoring Annual AC

Location I,}anzl C&gx 1:y Period Generation Fl?;/ldl{";ld E fﬁci(I;X (%) CUF PR (%) References
P P (Year) (MWh) y y e
Karnataka, Mono- 3000 1 4204 3.75 12.3 20 70 [35]
India crystallin
Sagolband, P ¢
Imphal, P-Si 10 5 58911 3.20 11.31 1336 7071 srfjgg

Manipur, India

Since several factors (like shade, dust accumulation, cloud cover, inverter performance,
etc.) influence PV performance, not only sunlight levels, but also reference yield and energy
production prediction from PVsyst did not quite match the GHI profile. More energy
generation normally results from higher GHI high temperatures during the April-June
peak solar months, which affect panel efficiency, so it produced less than predicted energy
output. The variations in these aspects also came from other elements such as shade, dust
accumulation, cloud cover, and inverter performance.

In general, inverter failures, changes in weather conditions, temperature-induced
efficiency losses, and panel degradation account for most of the difference between the
expected and measured energy generation during the five years. The June 2019 inverter
failure had a long-lasting effect that clearly reduced energy generation in the next year.
Also, the PVsyst model assumed a constant cleaning schedule that did not reflect actual
conditions or soiling losses, especially in the dry months, which partially explains the lower
than expected efficiency. The variations in actual rather than modelled meteorological
data, especially those in GHI and ambient temperature, caused variation from the intended
performance. Temperature impacts were also quite important; high ambient temperatures
caused thermal losses that were not entirely reflected in the PVsyst’s default settings.
Furthermore, in the later years, PV module deterioration became more important and
influenced system efficiency more than the conventional linear degradation assumption
applied in PVsyst. PVsyst modelling should combine real-time weather data, a more
dynamic degradation model based on the actual panel performance, and a better estimation
of soiling losses to raise prediction accuracy and increase system performance. Passive
cooling systems and better inverter protection mechanisms might increase the general
reliability of the system, and also regular maintenance measures, which include automatic
soiling detection and optimal cleaning schedules, could help reduce efficiency losses.

4.3. Performance Analysis

The Loss diagram for the five years (i.e., from July 2018 to June 2019, from July 2019 to
June 2020, from July 2020 to June 2021, from July 2021 to June 2022, and from July 2022 to
June 2023) are depicted in Figure 6, Figure 7, Figure 8, Figure 9, and Figure 10 respectively.
The relationship between the measured and predicted capture loss, the system loss, and the
PR is depicted in Figure 11. Figure 12 depicts the variation of PV efficiency and capacity
utilization factor with regard to performance ratio. Figure 13 depicts the variation of PR
and energy generation of measured and predicted values. The annual performance analysis
of the system for these five years is discussed below.

For the first year, from July 2018 to June 2019, Figure 11 shows that the maximum
recorded capture loss was 2.65 kWh/kW,, /day (i.e., June 19), while the lowest recorded
capture loss was 0.58 kWh/kW, /day (i.e., December 18). The highest measured system
loss was 0.22 kWh/kW, /day (November 2018), while the lowest measured system loss was
0.04 kWh/ kWp /day (i.e., June 2019). From Figure 11, it can be seen that both the predicted
and measured capture loss and system values were almost similar. Figure 6 shows that
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a significant portion of the loss can be attributed to PV loss due to temperature, which
resulted in a reduction of 9.69% from the array nominal energy. Additionally, inverter loss
during operation accounted for approximately 3.00% of the energy loss from the array
nominal energy, affecting the overall system efficiency. The maximum CUF value was
18.55% (April 2019), while the minimum CUF value was 7.67 (June 2019). The PR varies
from 40.62% (June 2019) to 82.81% (December 2018). The maximum and minimum PV
efficiency values ere 13.60 (Nov 18) and 6.50 (June 19), respectively. From Figure 12, it can
be seen that when PR was high, then system efficiency was also high, and vice versa.

1719 KWhim? Global herizental irradiation

+10.7% Global incident in coll. plane

=317% LAM factor on global

1843 kWh/m? * 80 m” coll. Effective iradiation on cellectors

efficiency at STC = 18.77% PV conversion

18587 kWh Array nominal energy (at STC effic.)
-0.5T% PV loss due to iradiance level

-9.65% PV loss due to temperature
*0.75% Module quality loss

-2.10% Mismatch loss, modules and strings
-1.05% Ohmic wiring less

16273 KWh Array virtual energy al MPP
-3,00% Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv, power
Inverter Loss due to max. input current
Invarter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

15781 kWh
15781 KWh

Figure 6. Loss diagram for the first year (i.e., from July 2018 to June 2019).

1675 kWh/im?

Global horizontal irradiation
+10.1% Global incident in coll. plane
-3.18% 1AM factor on global
1786 kWhim? * 60 m* coll Effective irradiation on collectors
efficiency at STC = 16.77% PV conversion
17995 kWh Array nominal energy (at STC effic.)
0.61% PV loss due to irradiance level
-8.28% PV loss due to temperature
+0.75% Module quality loss
-2.10% Mismatch loss, modules and strings
-1.02% Ohmic wiring loss
15841 kWh Array virtual energy at MPP
-3.02% Inverter Loss during operation (efficiency)
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\‘,‘ 0.00% Inverter Loss due to max. input current
N 0.00% Inverter Loss over nominal inv. voltage
N -0.02% Inverter Loss due to power threshold
14 0.00% Inverter Loss due to voltage threshold
15359 KWh Available Energy at Inverter Qutput
15358 kWh Energy injected into grid

Figure 7. Loss diagram for the second year (i.e., from July 2019 to June 2020).

During the second year, from July 2019 to June 2020, the highest measured capture
loss was 3.85 kWh/kW,,/day (July 2019), while the lowest measured capture loss was
0.51 kWh/kW,, /day (i.e., Jan 2020), as shown in Figure 11. The highest measured system
loss was 0.38 kWh/kW,,/day (August 2019), while the lowest measured system loss was
0.01 kWh/kW,,/day (i.e., July 2019). From Figure 11 it can be seen that both the predicted
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and measured capture loss and system values were almost similar. Figure 7 shows that
a significant portion of the loss can be attributed to PV loss due to temperature, which
resulted in a reduction of 9.28% from the array nominal energy. Additionally, inverter loss
during operation accounted for approximately 3.02% of the energy loss from the array
nominal energy, affecting the overall system efficiency. The maximum CUF value was
16.80% (April 2020), while the minimum CUF value was 1.59% (July 2019). The PR varied
from 8.98% (July 2019) to 84.43% (Jan 2020), respectively. From Figure 12 can be seen that
when the PR was high, then system efficiency was also high, and vice versa.

1710 kWhim* Global horizontal irradiation
+11.1% Glebal incident in coll. plane
-3.18% 1AM facter on global
1839 kWhim? * 60 m* coll. Eff on s
efficiency at STC = 16.77% PV conversion
18531 kWh Array nominal energy (at STC effic.)
-0.55% PV loss due to imadiance level
-9.65% PV loss due to temperature
+0.75% Module quality loss
-2.10% Mismateh loss, modules and strings
-1.04% Ohmic wiring loss
16252 kWh Array virtual energy at MPP
-2.99% Inverter Loss during operation (efficiency)
[ 0.00% Inverter Loss over nominal inv. power
4 0.00% Inverter Loss due to max. input current
M 0.00% Inverter Loss over nominal inv, voltage
[ -0.02% Inverter Loss due to power threshold
[40.00% Inverter Loss due to voltage threshold
15764 kWh Available Energy at Inverter Output
15764 kKWh Energy injected into grid

Figure 8. Loss diagram for the third year (i.e., from July 2020 to June 2021).
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+0.75% Module quality loss
-2,10% Mismatch loss, modules and strings
-0.99% Ohmic wiring loss

15190 kWh Array virtual energy at MPP

-3.05% Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
-0.02% Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
14723 kWh
14723 KWh

Available Energy at Inverter Output
Energy injected into grid

Figure 9. Loss diagram for the fourth year (i.e., from July 2021 to June 2022).

During the third year, from July 2020 to June 2021, the highest measured capture
loss was 1.68 kWh/kW,, /day (April 2021), while the lowest measured capture loss was
0.71 kWh/kW,,/day (i.e., July 2020), as shown in Figure 11. The highest measured system
loss was 0.09 kWh/kW,,/day (April 2021), while the lowest measured system loss was
0.06 kWh/kW,, /day (i.e., June 2021). From Figure 11 it can be seen that both the measured
and predicted capture loss and system values were almost similar. Figure 8 shows that
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a significant portion of the loss can be attributed to PV loss due to temperature, which
resulted in a reduction of 9.65% from the array nominal energy. Additionally, inverter loss
during operation accounted for approximately 2.99% of the energy loss from the array
nominal energy, affecting the overall system efficiency. The maximum CUF value was
16.71% (April 2021), while the minimum CUF value was 11.58 (June 2021). The PR varied
from 64.92% (June 2021) to 81.35% (Nov 2020). The maximum and minimum PV efficiency
values were 13.02 (Nov 2020) and 9.66 (June 2021), respectively. From Figure 12 it can be
seen that when the PR was high, then system efficiency was also high, and vice versa.
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Figure 10. Loss diagram for the fifth year (i.e., from July 2022 to June 2023).
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Figure 11. Variation in measured and predicted capture loss and system loss with regard to
performance ratio.

During the fourth year, from July 2021 to June 2022, the highest measured cap-
ture loss was 1.68 kWh/kW,,/day (March 2022), while the lowest measured capture
loss was 0.65 kWh/kW,,/day (i.e., Dec 2021), as shown in Figure 11. The highest mea-
sured system loss was 0.09 kWh/kW,, /day (Feb 2022), while the lowest system loss was
0.06 kWh/kW,,/day (i.e., July 2021, Aug 2021, May 2022 and June 2022). From Figure 11
it can be seen that both the predicted and measured capture loss and system values were
almost similar. Figure 9 shows that a significant portion of the loss can be attributed to PV
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loss due to temperature, which resulted in a reduction of 9.24% from the array nominal
energy. Additionally, inverter loss during operation accounted for approximately 3.05% of
the energy loss from the array nominal energy, affecting the overall system efficiency. The
maximum CUF value was 15.98% (Feb 2022), while the minimum CUF value was 10.38%
(May 2022). The PR varied from 61.48% (May 2022) to 82.06% (Nov 2021). The maximum
and minimum PV efficiency values were 13.13 (Nov 2021) and 9.79 (May 2022), respectively.
From Figure 12 it can be seen that when the PR was high, then system efficiency was also
high, and vice versa.
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Figure 12. Variation of PV efficiency and capacity utilization factor with regard to performance ratio.
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Figure 13. Variation of PR and energy generation of measured and predicted values.

During the fifth year, from July 2022 to June 2023, the highest measured capture
loss was 2.83 kWh/kW,, /day (May 2023), while the lowest measured capture loss was
0.8 kWh/kW,,/day (i.e., Nov 2022), as shown in Figure 11. The highest measured system
loss was 0.09 kWh/kW,;,/day (Nov 2022), while the lowest measured system loss was
0.05 kWh/kW,,/day (i.e., June 2023). From Figure 11 it can be seen that both the predicted
and measured capture loss and system values were almost similar. Figure 10 shows that
a significant portion of the loss can be attributed to PV loss due to temperature, which
resulted in a reduction of 10.13% from the array nominal energy. Additionally, inverter
loss during operation accounted for approximately 2.98% of the energy loss from the array
nominal energy, affecting the overall system efficiency. The maximum CUF value was



Energies 2025, 18, 1921

16 of 22

15.68% (Nov 2022), while the minimum CUF value was 9.76 (June 2023). The PR varied
from 45.53% (May 2023) to 80.87% (Nov 2022). The maximum and minimum PV efficiency
values were 12.94 (Nov 2022) and 7.29 (May 2023), respectively. From Figure 12 it can be
seen that when the PR was high, then system efficiency was also high, and vice versa.

A summary of the performance analysis of these five years is discussed below:
(a) During the period of 5 years from July 2018 to June 2023, the measured capture loss
varied from Jan 2020 (i.e., 0.51 kWh/kW,/day) to July 2019 (i.e., 3.85 kWh/kW,,/day),
while the average value was 1.26 kWh/kW, /day, as shown in Figure 11. (b) The highest
measured system loss was obtained in the month of August 2019 (i.e., 0.38 kWh/kW,, /day),
and the lowest measured system loss was obtained in the month of July 2019 (i.e.,
0.01 kWh/kW,,/day), while the average value was 0.08 kWh/kW, /day. Measured capture
loss and system loss values were found to be almost similar to the expected values. (c) The
highest CUF was obtained in April 2019 (18.44%), and the lowest CUF was obtained in July
2019 (1.59%). The average CUF was 13.36%, which is better compared to many locations, as
presented in Table 5. From Figure 12 it can be seen that the measured average CUF value
was 13.36%, but the lowest value was 1.59% in the month of July 2019, because during the
end of the initial year, the inverter failed, i.e., on 17 June 2019, and it was resolved at the
start of the second year, i.e., 27 July 2019. This was the main reason the CUF was very low
in this particular month; otherwise, it should have been almost similar to other months.
(d) The highest measured PR was 84.43% (i.e., January 2020), and the lowest measured PR
was 8.98% (i.e., July 2019), while the measured average PR was 70.71%. (e) The highest
SPV efficiency was obtained in the month of November 2018 (i.e., 13.6%), and the lowest
SPV efficiency was obtained in the month of July 2019 (i.e., 1.44%), while the average value
was 11.31%. Here, also due to the inverter failure during the month of July 2019, the SPV
efficiency was very low compared to other months of this whole five years. Moreover, due
to the inverter failure at the end of the initial year and resolved at the start of the second
year, the PV efficiency of these two years was slightly low. With this information, it can be
said that if the inverter had not failed to work, the PV efficiency value would have been
higher than what it was for that year, and the suggested PV system would have worked
better overall.

Figure 14 presents a comparison of PR across five years (i.e., from July 2018 to June
2023). The measured average PR of the last five years (i.e., 74.81% in the first year, 70.17%
in the second year, 72.31% in the third year, 71.07% in the fourth year, and 65% in the
fifth year) was comparable to the predicted results. The average PR of these five years
was 70.71%, which was better than that of many locations, as presented in Table 5. From
Figure 14 it can be seen that the PR of the system decreased gradually from the first year
to the last year due to the solar panel degradation as it became older. But, in the second
year, the performance ratio was lower than in the third year because, on 17 June 2019, the
inverter failed due to a surge and was sent for repair to the company, which was resolved
on 27 July 2019; otherwise, the performance ratio of this second year should have been
higher than the third year. Furthermore, it was concluded that the performance ratio of the
photovoltaic system was dependent upon the condition of the solar panels. Consequently,
regular cleaning and health monitoring of the solar panels is essential. Table 5 presents a
comparison of the performance of several grid-connected PV systems.

The performance of the 10 kW, rooftop PV system was highly influenced by climatic
conditions, including solar irradiance, temperature, and clearness index. Over five years
(July 2018-June 2023), GHI ranged from 3.68 kW /m?/day (June 2022) to 5.78 kW /m?/day
(April 2023), with higher values in pre-monsoon months boosting energy yield, while
monsoon cloud cover reduced it. Temperature variations between 12.85 °C (January 2020)
and 24.82 °C (June 2023) reduced efficiency since high temperatures caused thermal losses,
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reducing performance, especially in summer. While monsoon humidity and soiling resulted
from variations in expected outputs, a clearness index, highest in winter (0.68 in January
2019), enhanced PV efficiency. System dependability could be improved by means of
seasonal changes, cooling techniques, and optimal inverter settings.

July 2018 — June 2019  July 2019 — June 2020  July 2020 — June 2021  July 2021 — June 2022  July 2022 — June 2023

82.34% 82.68% 82.44% 82.64% 82%
74.81% T70.17% 72.31% 71.07% 65.20%

Figure 14. Comparison of PR in five years (i.e., from July 2018 to June 2023).

The 10 kW, rooftop PV system’s PR slowly went down over the five-year study period,
from 74.81% in the first year to 65% in the fifth. This was mostly due to the degradation
of the modules, the ineffectiveness of the inverter, and the climate variation. The seasonal
patterns show that PR was highest in the winter (November—January) when temperatures
were lower and heat losses were lower, making modules more efficient. On the other hand,
PR went down during the summer and monsoon months (June-August) because of higher
temperatures, more diffuse radiation, and soiling losses. The temporary PR drops were
brought on by inverter failures, like the June 2019 outage, whereas the accumulation of
dust and the ageing of PV modules were the main causes of the changes in PR in the long
term. The measured and predicted PR showed the need for better cleaning schedules,
real-time temperature correction in predictive models, and increased inverter maintenance
for long-term system reliability.

This study’s observed and simulated results differed due to many real-world el-
ements not fully accounted for in the PVsyst modelling. PVsyst uses long-term aver-
aged meteorological records, which may not capture short-term solar radiation, temper-
ature, and cloud cover changes. High humidity, monsoon-induced cloud cover, and
seasonal changes affect electricity generation in Manipur, deviating from PVsyst forecasts.
Sharma et al. (Bhubaneswar, India 11.2 kW},) [28] found comparable cloud-induced GHI
inconsistencies, resulting in lower CUF and PR values than expected. Similar to this study,
Minai et al. (Lucknow, India 467.2 kWp,) [20] revealed that seasonal solar radiation changes
affected performance.

Table 5 shows how climate and installation affect performance. Kumar et al. (Tiruchi-
rappalli, India 20 kWy,) [25] and Sundaram et al. (Tamil Nadu, India 5 MWp) [30] achieved
higher CUF and PR values due to consistent weather and optimal installation settings.
Manipur and Ethiopia have higher humidity and cloud cover, which reduces performance
(Kebede et al., 10 kW) [31]. Sharma et al. (Khatkar-Kalan, 190 kW) [12] found that
decreased daylight hours affected winter performance, which affects Manipur’s energy
output. New Zealand (Wellington, 10 kW) [34] and Ireland (13 kW) [32] have lower solar
insolation than Manipur, resulting in lower energy production.
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Installation variables also affect performance. Optimized tilt angles and tracking tech-
nologies improved energy collection efficiency year-round in Tamil Nadu (Sundaram et al.,
5 MWp) [30] and Roorkee (Pundir, 1816 kW) [33]. In contrast, Manipur’s fixed-tilt sys-
tem produced significant seasonal output changes, similar to Ethiopia (Kebede et al,,
10 kWy) [31]. In Karnataka, India (3000 kWp,) [35] and Lucknow, India (467.2 kW) [20],
grid instabilities restricted power injection despite excellent weather. Grid stability and
inverter efficiency also affect energy export potential.

Several modifications can reduce these differences and boost system performance.
Instead of using historical averages, PVsyst modelling should use real-time meteorological
datasets to capture short-term solar radiation and temperature fluctuations. In Tamil
Nadu, India [30] and Karnataka, India [35], soiling loss models were refined to capture
seasonal accumulation tendencies to improve energy yield forecasts. Improved ventilation
or passive cooling could reduce temperature-induced power losses in Ethiopia [31] and
Tamil Nadu, India [30]; however, there are few studies on this topic. Additionally, predictive
inverter maintenance and grid stabilizing strategies, as indicated in Roorkee, India [33]
and Lucknow, India [20], can improve system efficiency and eliminate simulation-to-
performance disparities.

In Assam, a study by Das et al. [6] on MW-scale rooftop and ground-mounted solar
power plants revealed that actual PR was less than planned, at 70.1% for rooftop and 77.8%
for ground-mounted systems, owing to inverter faults, grid failures, and bad weather.
These results match the variations in the PR of our system, especially in the monsoon
and summer months. Likewise, the feasibility study by Kalita et al. [36] underlined how
performance was much influenced by real-world elements such ambient temperature, cloud
cover, and rainfall, even if simulation techniques indicated high PR values (up to 0.855
for Guwahati and Gangtok). This aligns with our observations in which measured values
differed from PVsyst forecasts during highly cloudy or high-temperature seasons. Barman
et al. [37] also assessed solar home lighting systems in rural Assam, noting that limited
operational hours and lower system dependability resulting from technical problems
and inadequate maintenance—especially during monsoons. These investigations confirm
our conclusion that to increase the accuracy of simulations, models must include real-
time environmental conditions, maintenance problems, and system-specific losses. By
comparing with these regional findings, our study better contextualizes the observed
performance gaps and emphasizes the importance of site-specific adjustments in solar PV
performance forecasting.

4.4. Actual Economic Analysis

Under the electricity regulatory commission, the government of Manipur had ap-
proved on 2 November 2016 that the total cost of each kW), is Rs 60,000/~ for (1-10 kW)
rooftop solar power system.

Capital Cost = Rs 600,000/ -.

Subsidy (70% of the capital cost) = Rs 420,000/ -.

Actual cost = Capital Cost — Subsidy = Rs 180,000/ -.

Selling price per unit kWh = Rs 3.16/-.

From Figure 13, it can be seen that at the end of 4 years and 10 months, the generation of
energy reaches 57,449.2 kWh.

Recovery amount at the end of 4 years and 10 months = Eg x Selling price per unit
kWh = 57,449.2 x 3.16 =Rs 181,539.47 /-

It was found that the actual simple payback was 4 years and 10 months to recover the
actual cost of the suggested PV system after receiving a 70% subsidy. The proposed project’s
life span was 25 years, and its invested cost was recovered within 4 years and 10 months.
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Therefore, the suggested solar photovoltaic system demonstrates superior energy output
and performance relative to other systems placed in different locations, as illustrated in
Table 5. Moreover, the total amount of energy sold to the grid during these 5 years (i.e., July
2018 to June 2023) was 58,911.3 kWh.

It was found that PV systems have higher initial installation costs than conventional
energy sources like coal, natural gas, oil, etc. However, their operational costs over time are
lower due to little maintenance and no fuel expenses, making them more cost-effective. In
addition to the financial and environmental advantages in the long run, PV systems help
the environment by cutting down on the emission of greenhouse gases.

5. Conclusions

The technical parameters of the 10 kW, rooftop grid-connected PV system from July
2018 to June 2023 were evaluated and also compared with the simulated result. The results
of the research are presented below:

The system generated, on average, 32.26 kWh/day over five years; its specific energy
yield was 3.20 kWh/kW,,. The highest measured energy generation months were quite
similar to the simulated result for the first four years. In addition, it revealed that the
energy generation was less during the rainy season (i.e., June, July, August, and September)
and winter season (i.e., December, January, and February). This highlights the need for
seasonally adjusted energy management strategies, such as incorporating storage solutions
or grid integration techniques to maintain supply reliability during low-generation periods.

The daily measured PR of the system for 5 years was 70.71% (which was almost
86.23% of the predicted value), even including the 40 days OFF due to inverter failure.
The measured Lc was less in the winter season (i.e., Nov, Dec, and Jan), which was almost
similar to the simulated results except for a slight difference in the initial year. Regular
system health checks and fault detection mechanisms could further reduce downtime and
improve PR stability over the years.

The loss diagram analysis over a five-year period revealed that inverter losses con-
tributed to approximately 3% of the total energy loss, while capture losses due to temper-
ature effects accounted for approximately 9.69%. Particularly during the months of high
irradiance (April-July), when module temperatures increase, these losses had an effect on
the overall efficacy of the system. To reduce these losses, it is recommended that cooling
strategies be implemented, inverter operation be optimized, and energy conversion be
ensured to be efficient.

The PV system efficiency and capacity factor were found to be 13.36% and 11.31%,
respectively, which were nearly comparable to other systems placed in various locations
across the globe. However, performance can be further optimized by implementing peri-
odic panel cleaning to mitigate soiling losses and ensuring optimal inverter operation to
minimize conversion losses.

The investigation found that the actual payback period was 4 years and 10 months.
The measured and predicted energy generation for the whole five years was 58,911.3 kWh
and 77,769 kWh, respectively. It was revealed that the measured value was almost 75.75%
of the predicted value, indicating a strong return on investment. Improved net-metering
regulations and increased government incentives could help future installations in Manipur
and comparable areas to promote broader use of grid-connected PV systems.

Author Contributions: Conceptualization, T.S.D.S.; methodology, T.S.D.S.; software, T.S.D.S. and
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Abbreviations

PV Photovoltaic

GHI Global horizontal irradiance (kW/m?/day).
DHI Diffuse horizontal irradiance (kW / m?2/ day).
PR Performance ratio (%).

CUF Capacity utilization factor (%).

Nsys System efficiency (%).

Yr Final yield (kWh/kWy).

Yr Reference yield (kWh/kWp).

Y4 Array yield (kWh/kW)).

Lc Capture loss (kWh/kW)).

Lg System loss (kWh/kWy).

Isc Short-circuit current (A).

Voc Open-circuit voltage (V).

Vmp Voltage at maximum power point (V).
Imp Current at maximum power point (A).
G; Total in-plane irradiance.

Gste Solar irradiation under STC.

Eac,d Daily energy to the grid.

Epc, 4 Daily PV array output.

Ppvrated PV array capacity.

Aa PV array area.

YE a Annual final yield.

STC Standard test condition.

A_Y(Pre)  Predicted energy produced by the array.
A_Y(Mea) Measured energy produced by the array.
F_Y(Pre) Predicted energy fed to the grid.
F_Y(Mea) Measured energy fed to the grid.
R_Y(Mea) Measure reference yield.
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