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Abstract
This study presents a long-term performance analysis of a one-mega-watt power grid-connected PV plant installed on 
the rooftop of GITAM University, Visakhapatnam, Andhra Pradesh, India for 3 years. The 1000 kWp PV plant design, 
performance analysis, economic feasibility, and greenhouse gas reduction are provided. For 3 consecutive years (2018–2019, 
2019–2020 and 2020–2021), the energy yields, performance ratio (PR), capacity utilisation factor (CUF) and efficiency 
are evaluated. The plant was established in 2018 with a peak power of 1000 kWp. The system feeds the state grid with all 
of the electricity it produces. The system is continuously monitored and analysed using yield, efficiency and performance 
parameters for 36 months (September 2018 to August 2021). Solar irradiation data has been collected from the National 
Renewable Energy Laboratory (NREL) database for these years. The system comprises 3078 PV modules, 23 inverters 
rating 20 kW/50 kW, a data logger and a Net-metering unit. The annual energy generation of the PV plant recorded during 
the study period is 1376.29 MWh, 1265.541 MWh and 1115.73 MWh. The annual average performance ratio for the first 
three consecutive years is observed as 0.68, 0.62 and 0.58, whereas the yearly average capacity factors are 15.5%, 14.11% 
and 12.72%, respectively. The overall system efficiency of the PV system during the study period is 11.39%. Compared to 
the country’s current conventional thermal power plants, we predict that rooftop PV systems may reduce  CO2 emissions 
by 2145.406  tCO2eq for the base year, based on the electricity produced by this PV plant. The grid-integrated photovoltaic 
plant in this study is compared to other systems in the literature for performance assessment.

Keywords Solar PV plant · Performance indices · Yield factors · Economic indicators

Introduction

Today, a green economy for meeting energy demands 
while avoiding global warming and environmental health 
impacts is becoming a primary concern. Significant evidence 
suggests that shifting to sustainable energy sources will 
solve ecological challenges such as emissions of greenhouse 
gases, air quality and environmental degradation to some 
level. This transformation is happening rapidly in emerging 

countries in all regions. In the recent decade, the renewable 
energy sector has grown significantly in India, which 
practically relies on renewable energy for its electricity. 
According to the Government of India, figures given by 
the Ministry of Power, renewable energy sources occupy a 
25.2% share accounting a 98,883 MW in the whole energy 
generation (Power sector at a glance all India 2021).

The potential for solar energy in India is enormous. 
Solar energy is one of the most commonly available energy 
sources that can provide electric power profoundly cleanly. 
Solar energy has gained traction among renewable energies 
in India, owing to the country’s high level of solar radiation 
(one of the highest in the world). Around 5000 trillion kWh 
of incident energy is received by India’s land surface each 
year, with most places receiving 4 to 7 kWh/m2 each day 
(https:// mnre. gov. in/ solar/ curre nt- status). According to the 
National Institute of Solar Energy, the country has a solar 
potential of roughly 748 GW, assuming that 3% of the area 
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of the wasteland will be covered with solar PV modules. The 
National Solar Mission (NSM) was launched on January 
11, 2010, by the Indian government as a critical initiative 
to advance environmental sustainability and address the 
nation’s problems with energy security. The Mission targets 
100 GW of grid-connected solar power plants installed by 
2022. India’s intended nationally determined contributions 
(INDCs) set goals by 2030 for attaining roughly 40% of its 
installed electric power capacity from non-fossil fuel sources 
and a 33 to 35% reduction in the GDP’s emission intensity. 
To achieve the aforementioned goal, the Indian government 
has launched several programmes, such as the Solar Park 
Program, CPSU Program, VGF Programs, Defense Program, 
Canal Bank & Canal Top Program, Bundling Program, and 
Grid Connected Solar Rooftop Program. India recently 
overcame Italy to take over the 5th place globally in utilising 
solar energy. Solar power capacity increased from 2.6 to 40 
GW by more than 11 times between March 2014 and March 
2021. India’s solar pricing is currently highly competitive 
and has surpassed grid parity. Additionally, support from 
state and federal governments has fuelled the construction 
of solar farms, which mostly employ solar technology. Open 
areas, rooftops of buildings and water bodies are convenient 
for installing PV systems, substantial attention is drawn to 
developing and expanding solar technologies.

With the growing popularity of photovoltaic (PV) systems 
worldwide, it is essential to look at how they operate. Ini-
tially, a feasibility study assess the local climatic parameters 
influencing energy generation like atmosphere temperatures, 
wind velocities, humidity, solar radiation and dust. Addi-
tionally, PV technology, angle of inclination and installation 
method play an essential role in analysing the performance 
of PV systems. The authors (Nacer et al. 2016; Lee et al. 
2016; Thotakura et al. 2020; Podder et al. 2021) presented 
their literature on the feasibility study of PV plants in vari-
ous regions with an analysis with simulation models. The 
survey by authors (Pinho C et al. 2021) presented a simula-
tion analysis of the one year operation of 1-hectare solar PV 
plant located in a coastal area of Benguela region, Angola. 
The study was conducted with a Vela Solaris Polysum Soft-
ware and recorded a 1511.70 MWh annual AC electricity 
generation, with an average annual energy efficiency, exergy 
efficiency and  Co2 emission reduction of 14.3%, 14.7% and 
710.47  tCO2.. They considered DuoMax 365 PV modules 
made of Trina Solar. The authors (Faiz et al. 2021) have 
conducted the modelling and analysis of a solar PV plant 
of 3 MWp with a simulation tool PVSyst at a University 
campus in Bahawalpur, Pakistan. The study location has an 
average daily solar radiation of 5.9 kWh/m2. The authors 
highlighted that 15,369.3 kg of coal savings could be made 
daily. The performance ratio (PR) values, capacity utilization 
factor (CUF) and total energy generation are 83.8%, 16% 
and 4908 MWh/year, respectively. The article by Chowdhury 

et al. (2021) recommended a 5-MW grid-connected solar 
photovoltaic plant at two International Airports in Dhaka 
and Chittagong, Bangladesh performing mathematical and 
simulation studies. The findings of this study show an energy 
efficiency in the range of ~18.74 to 7.45% in both locations. 
Approximately 3926 tons of  CO2/MWh gross reduction can 
be achieved in the study locations. A target-oriented evalu-
ation of a 232.5-kWp grid-integrated solar PV plant is pre-
sented in reference Saleheen et al. (2021), which is erected on 
a business building in Malaysia. From the solar data logger, 
the data is retrieved in a 5-min interval for 2019 to analyse 
the performance matrices. An average temperature between 
26.9 and 28 °C, and a moderate global solar irradiation of 
~ 4.21 to 5.06 kWh/m2  are recorded in the study location 
with a rainfall of ~2300 mm annually. The PR, CUF, lev-
elized energy cost, system and inverter efficiency are 85.4%, 
14.85%, 0.396 MYR/kWh, 9.51% and 98%, respectively. 
The losses in the system (system losses) are observed to 
change between 0.017 and 2.98 h/d, as the temperatures at 
the water’s surface in the centre and east-central equatorial 
regions have been rising regularly.

Even though solar photovoltaic performance can be 
evaluated using simulation and analytical methodologies, 
the perfect way is to investigate the actual performance of 
such systems under real-world conditions at a given site. 
Operations research on existing on-grid PV systems is 
needed to evaluate the performance of local features such 
as geographical location and climate categorisation. A 
detailed overview of the performance of solar PV plants 
established in various regions worldwide is highlighted by 
researchers (Srivastava et al. 2020). The review is carried 
out and summarised by covering many aspects like essential 
location, year of commissioning, the technology used and 
their performance. The authors concluded that the majority 
of countries throughout the world had installed PV plants, and 
those installations have been found to produce satisfactory 
results and also pointed out that PV module material and panel 
tilt angle were the critical factors in the design of a PV plant. 
The authors (Behura et al. 2021) presented an article on a 248-
kW rooftop photovoltaic system developed at an educational 
institute (Vellore) in India. The authors proposed a new design 
to overcome the shading loss to increase the energy efficiency 
of the existing PV plant. The performance ratio and panel 
efficiency are 79.1% and 12–18%. A simulation study is also 
carried out with the PV system design tool, correlated with 
the measured values and found to be in good agreement.

The work by Bansal et al. (2021) presented a techno-
economic study, analysis of deterioration and performance 
evaluation of a 5-MW grid-connected solar photovoltaic 
(PV) plant for 7 consecutive years from 2013 to 2019, 
located in hot and dry climatic conditions in Gujarat, 
India. During the 7-year operations, hot spots, junction box 
melting, encapsulant discolouration, snail trails, corrosion of 
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metallisation and connection corrosion, owing to moisture 
ingression as the principal deterioration modes and problems 
on the PV modules are identified. Between 2013 and 2016, 
the annual average for performance ratio, capacity factor and 
efficiency of inverter and system were approximately 73%, 
17–18%, 96% and 10.29–10.41%, respectively. Later years 
show a higher degradation rate of roughly 2–2.5%, with yearly 
average PR, CUF and PV system efficiency varying between 
62–70%, 14–16%, and 8–9%, respectively, from 2017 to the 
year 2019. Since being installed, the facility has reduced 
 CO2 emissions by 57,869 mt through 2019. The authors 
presented the operating performance of a 2-MWp solar PV 
plant in the rain-dominant tropical monsoon climates of 
Kerala, India (Sudhakar et al. 2021). The efficiency of the 
PV plant varies in the range of 11.51–12.78%. The highest 
capture loss of 45.18 kW/kWh per month is recorded during 
April (summer), and the lowest of 26.88 kWh/kWp is noted 
during July (rainy month). The performance assessment of 
a large-scale 50-MWp solar park for 2 years (2018–2020) 
located in Sakunala, Andhra Pradesh, India is addressed 
by Boddapati et al. (2021). The maximum average solar 
irradiation at the study location is 7.38 kWh/m2/day, while 
the lowest irradiation recorded was 4.48 kWh/m2/day. During 
2018–2019, a PR (77.9%), CUF(24%) and energy yield of 
107,326.4 MWh and in the next year, 2029–2020, a PR(80%), 
CUF (24%) and energy yield of 106,022 MWh are recorded. 
The simple payback period of the plant is expected to be 4 
years and 7 months, based on the economic assessment.

A case study by Abdullah and Nishimura (2021) presents 
an economic performance of a 40.1-kWp PV system 
integrated into the grid after 8 years of generation. It has 
been operating since 2012, and the data is monitored for 2019. 
The expected energy of 48,521 kWh has to be generated, 
where only 38,071 kWh of energy generated was injected 
into the grid in 2019. The annual PR, CUF, capture losses 
and system losses are recorded as 68.1%, 10.61%, 0.85 and 
0.39, respectively. Kumar and Sudhakar (2015) presented the 
design, operation and maintenance of a 10-MWp solar plant 
at Ramagundam, Telangana State, India. The location has an 
average solar radiation of 4.97 kW h/m2/day and an average 
temperature of roughly 27.3 °C. The monitored results are 
compared with the PYSyst and Solar GIS PV planner results. 
The conclusions from the study indicated peak and minimum 
output powers of 10.34 and 40.83 MW during round operation 
in a year. For 1 year, from April 2014 to March 2015, the 
total energy generation with PVsyst, Solar GIS PV planner 
and the monitored data was 16,047 MWh, 16,403 MWh and 
15,605.908 MWh, respectively. The PR average in a year 
is with measured and PVsyst tool are noted as 85.12% and 
76.20%, respectively. The plant’s CUF varies between 12.67 
and 20.04%, with an annual average value of approximately 
17.68%. The overall energy loss is 23.4%. The study offers 
knowledge on the location and appropriate PV structure for 

India’s large-scale solar photovoltaic system implementation. 
The authors in ref. Malvoni et al. (2017) investigated the 
performance of a PV system of capacity 960 kWp for 43 
months in southern Italy. The results are as follows: average 
reference yield and array yield range from 2.2 to 7.1 h/d and 
1.9 to 5.9 h/d, respectively. The average PR, capacity factor, 
module efficiency and system efficiency in a year are 84.4%, 
15.6%, 15.3% and 14.9%, respectively, while the capture 
and system losses are 0.6 and 0.1 h/d. A classical seasonal 
decomposition method estimates the degradation rate as 
1.48%/year. Using two PV simulators: SAM3 and PVsyst, 
the PV system’s actual performance is compared with the 
projected outcomes. The result comparison between the 
monitored and simulation data (SAM and PVsyst) exemplifies 
an underestimated value of 3.5 and 3.3% for AC energy 
output. In contrast, the SAM tool overestimated the PR, and 
the PVsyst overestimated the capture and system losses.

The authors perform 4 years (September 2013–August 
2017) analysis using monitored and simulation data (Banda 
et al. 2019) for an 830-kWp grid integrated solar PV plant 
at Malawi Kamuzu International Airport. A total of 3540 
modules with rating 235 Wp, made with thin layer technol-
ogy are used. The 4-year annual average efficiencies (array, 
inverter and overall) and PR are 15.3%, 95.2%, 14.6% and 
79.5%, respectively. The capacity factor noted annually is 
17.7%. The typical ranges of the PR and CF are 75–85% 
and 15–17.7%, and the performance values attained from the 
analysis are within the range. The performance is compared 
with the PVsyst tool, where a ± 5% normalised mean bias 
error is observed with reliable measured data. The solar PV 
plant examined in the study by authors Mensah et al. (2019) 
is located in Navrongo, Upper East Region of Ghana, where 
the location experiences two seasons: wet season during June 
to October; from November to May, it is the dry season. In 
the performance study made from June 2013 to May 2016, 
the following observations are made for that period: A total 
of 10,643.3 MWh of energy is generated, the annual PR and 
capacity factor (CF) is 70.6% and 16.2%, and over 3852 mt 
of  CO2 emission is avoided. A practical study was conducted 
on a 10-MWp Oryx PV plant by authors Rezk et al. (2019) 
installed in Ma’an, Jordan. The PV plant supplied approxi-
mately 24.157 GWH in a year (May 2017 to April 2018), 
with annual energy efficiency, performance ratio and CF of 
12.1%, 78.14% and 26.34%, respectively. The yield factor and 
reference yield are 2307.7 kWh/kWp and 2983 h. The authors 
mentioned a minor increase in PV due to the wind-cooling 
solar modules during the summer, which is caused by the 
growth of wind speed. However, the module will turn hori-
zontal when the speed hits 12 m/s, which will render another 
factor, such as the soling rate, to impair the efficiency of the 
PV. Hence, they provided insight into renewable sources on 
the PV system’s ability to produce electricity. Using several 
temperature models the article by (Thotakura and Kondamudi 
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2022) forecasted the operational temperature of the 1-MWp 
rooftop photovoltaic plant located in the tropical dry and wet 
climate in India. The observations reveal that module effi-
ciency and output power are linearly dependent on tempera-
ture.  The literature discussed here provide a broad overview 
of how PV systems performed in India and various regions 
under different environmental conditions.

In the current study, the research tries to assess the solar 
PV system performance under actual weather circumstances 
because the system’s performance under STC cannot be 
guaranteed. We conduct the long-term performance of a one-
megawatt power PV system in the southeast coastal region 
of India, established on the rooftops of a University campus. 
Utilising real-time data collected over 3 years (September 
2018–August 2021) considering seasonal variation, the 
operation of solar installation on institutional buildings in terms 
of their performance parameters, plant efficiency and other 
system losses were examined. The impact of meteorological 
conditions on solar PV plant performance in tropical wet and 
dry temperate climates is also discussed. In the literature, no 
study has addressed about the performance of rooftop PV plants 
in the present study location and also in the tropical wet and 
dry temperature climatic conditions. Hence, the main intention 
is to explore the performance of various solar configurations 
(rooftop, ground mount, floating and tracking PV), where 
initially the rooftop is chosen for assessment. The results of this 
study will help system designers, technologists and installers 
predict the economic and energy performance of similar projects 
on PV plants in India’s climate, mainly in coastal regions.

Case study

Solar power plant location and project description

The present system is installed in Visakhapatnam City, India 
(17° 48′ 8.208″ N, 83° 23′ 6.54″ E ) with a capacity of one-
megawatt power in the year September 2018. Visakhapatnam 
City is located in Andhra Pradesh; the region comes under 
the southeast coastal area of the Bay of Bengal, which falls 
under tropical wet and dry climate conditions. There are 
various PV arrays in the PV system at the study location to 
complete the one mega-watt power configuration. The PV 
arrays are installed in multiple building rooftops of the uni-
versity campus connected in series, with 3078 modules, each 
of a capacity of 325 Wp. The installation has equipment with 
23 inverters and a data logger that records energy generated 
(W), voltage (V), current (A) and module temperature (°C), 
at an interval of 5 min. The inverters installed here have rat-
ings of 20 and 50 kW, and the modules connected to each 
inverter vary based on the space available on each rooftop 
to position the solar modules. The data logger continuously 
monitors the energy sent into the grid from the solar PV plant. 

The PV modules are free from the effect of shading and are 
cleaned twice a month. The PV modules are installed with a 
15° southward slant. The complete PV system is supported by 
metal frames installed on concrete pillars. The full specifica-
tions of the PV system are presented in Table 1. The aerial 
view of the solar PV plant in the study location is illustrated 
in Fig. 1. The schematic shown in Fig. 2 gives the complete 
layout of PV plant on the the rooftops connected to the grid.

Table 1  Solar PV plant specifications

PV module

Item Information

Location name GITAM Univer-
sity, Visakhapatnam,Andhra 
Pradesh, India

Installation type Roof top
Latitude 17.7820° N
Longitude 83.3711° E
Elevation 45 m above sea level
Tilt angle 10°
Type Poly-crystalline (p-si)
Manufacturer Trina
Frame length 1960 mm
Module width 947 mm
Module thickness 40 mm
No. of cells in module 72
Area of photovoltaic array 12,000  m2

Total number of panels 3078
Solar module frame material Silver anodized aluminium alloy
Weight 22.5 kg
Peak power 325 Wp
Peak current 8.73 A
Peak voltage 37.2 V
Open circuit voltage 45.6 V
Short circuit current 9.19 A
Temperature range −40 to +85 °C
Temperature coefficient of Voc −40 °C to +85 °C
Year of installation −0.32%/°C
Inverter specifications
Make of inverter KACO
Input power (max) 20 kW/50 kW
Input voltage (min) 250 V
Input voltage (max) 1000 V
Output current (max) 87 A
Output voltage 400–480 V
Rated frequency 50 Hz
Maximum inverter efficiency 98.4%
Working ambient temperatures −25 to +60 °C
Degree of protection IP 65
Total harmonic distortion (THD) < 5%
Electrical parameters for 
interconnection

3150 kVA, 33 kV/11 kV
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Data collection

The PV system’s most sensitive and volatile parameter is sun 
irradiation. Solar irradiation and ambient (air) temperature 
are collected from metrological data from NREL worldwide 
energy resources (NREL:Asia/Pacific Himawari database). 
The values recorded are for 36 months, from September 
2018–August 2021. It is observed that solar irradiation and 
ambient temperature are high from March to May in all 3 
years due to the summer season and low during August and 
September due to the rainy season. The overall discussion 
of these parameters is made in the “Results and Discussion” 
section, along with figures. The solar PV plant commenced 
its operation in September 2018. The energy generation is 
tracked over 3 years, from the plant’s inception in September 
2018 to August 2021, from the PV system inverters. A data 
logger is maintained to record the data from every inverter 
for 5 min throughout the day. As per the track record, it is 
observed that the data is loaded from sunrise time (approx. 
at 6 am) to sunset time (approx. till 6 pm). The performance 
indicators are calculated based on the monitored values.

Analysis methods

To assess the technical performance of the current rooftop 
solar PV system, numerous works have used the parameters 
specified and classified in IEC 61724 standards (Photovoltaic 
system performance monitoring — guidelines for measure-
ment, data exchange and analysis, IS/IEC 61724:1998), such 
as yield parameters, efficiency parameters, quality factors, loss 
parameters and economic indicators. A precise and reliable 
system evaluation helps improve the installation of PV plants 
in developing countries and these parameters are also used to 
identify operational problems. This article will discuss the yield 
parameters, efficiency parameters, quality factors and economic 
indicators by considering the real-time measured values gath-
ered during 36 months from September 2018 to August 2021.

Yield parameters

Yield parameters characterise the performance of the 
overall photovoltaic plant concerning energy produced, 

Fig. 1  Aerial view of the solar 
plant, Visakhapatnam

Fig. 2  Layout diagram of PV 
Plant
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solar resources and the effect of losses. These parameters 
are array, final, reference and thermal yield.

Array yield (Yay). The ratio of direct current energy 
production from a PV array (Eay,DC, kWh) over a specific time 
(day, month or year) to its rated power (Pr, kW) is known as 
the array yield and can be calculated as given in Eq. (1). It 
shows how long the photovoltaic array needs to produce DC 
electricity at its nominal power.

Yield factor (Yyf). The final factor is calculated as the 
system’s daily, monthly and yearly alternating current energy 
production (EAC, kWh) divided by the rated power (Pr, kW) of 
the installed PV array’s under standard test conditions (STC) 
of 1 kW/m2 solar irradiation and 25 °C cell temperature.

Reference yield (Yref). It is defined as the ratio of daily solar 
irradiation (HT, kWh/m2/day) on the area of the PV module to the 
array reference irradiance (Gref, W/m2). It is the duration of time 
expended under the reference irradiance and expressed as in Eq. (3).

Thermal reference yield (Yt). It is the corrected reference 
yield (Yref, h/d) with module and ambient temperature effect 
(Tc, °C).

where α is the temperature coefficient of power in %/°C.

Efficiency parameters

Efficiency is one of the critical parameters for analysing the 
system or plant performance. It ensures the system is running 
up to its capacity. In this long-term study of PV Plant, indi-
vidual array, inverter and system efficiency were calibrated. 
The mathematical expressions for these efficiencies are given 
in this section, along with a brief description.

Array efficiency (ηarry). In terms of converting solar energy 
into electrical energy, it describes how effectively solar PV 
modules do so. Its definition is the relationship between the 
DC energy output (ET, kWh) of a module and the product of 
the entire area of the array (Aarry,  m2) and daily solar radiation 
(HT, kWh/m2/day).

(1)Yay =
Eay,DC

Pr

, h∕d

(2)Yyf =
EAC

Pr

, h∕d

(3)Yref =
HT

GRef

, h∕d

(4)YRT = Yref [� − �(TC − ��)], h∕d

(5)�A =
ET

Aarry ×HT

× 100

System efficiency (ηSys). It was stated as a percentage of 
the overall electric energy output (EAC, kWh) to net solar 
energy input. The net solar energy is calculated based on 
the solar radiation (HT, kWh/m2/day) spreading on the area’s 
total area (Aarry,  m2) (Navothna and Thotakura 2022).

Inverter efficiency (ηinv). The amount of AC power output 
to input AC power is used to quantify it. It is derived by 
Equation (7) as:

Performance indicators

The performance ratio (PR) and capacity factor (CF) are two 
performance indicators of a PV system that describes the 
characteristics of design. These indicators are also termed 
as quality parameters.

PR. The performance ratio (PR) assesses a photovoltaic 
system’s capacity to produce energy. It is expressed as the 
ratio between the final (Yyf, h/d) and reference yields (Yref, 
h/d), and it displays the losses incurred by the PV system 
during the conversion of DC electricity to AC electricity. 
Due to the unstable operating environment and the system’s 
features, the PR value of photovoltaic plants ranges between 
60 and 85%. The PR expression is given by Navothna and 
Thotakura (2022):

CF. This parameter measures how much energy the 
photovoltaic plant would produce, if operating for 24 h 
straight at its maximum recommended power. The capacity 
factor change depending on global solar radiation and the 
number of sunny days (Miskat et al. 2023).

Environmental indicators

India primarily relies on thermal power facilities to supply its 
electricity needs, which produce greenhouse gas emissions. 
Solar PV systems benefit society by reducing the number of 
greenhouse gases released into the atmosphere.

CO2 emission. It reflects the overall emissions created 
when manufacturing the photovoltaic system’s parts. 
According to the literature, the polycrystalline silicon 

(6)�S =
EAC

Aarry ×HT

× 100

(7)�inv =
Pac,out

Pdc,in

× 100

(8)PR =
Yyf

Yref

× 100

(9)CF =
Yyf

Operating hours
× 100
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modules’ life cycle  CO2 emissions are 0.053 kg  CO2 eq./
kWh. An assessment is made for  CO2 emission during a PV 
system’s lifetime and annually.

In Eq. (10), ‘Y’ is the lifetime of the photovoltaic system; 
generally, a solar system’s life is 25 years, and the symbol 
‘r’ denotes the polycrystalline PV module’s deterioration, 
which is assumed to be 0.6% per year (Kumar and Sudhakar 
2015).

CO2 mitigation. The number of  CO2 emissions reduced by 
the system’s yield produced by the coal-fired power plant to 
produce the same amount of energy. The mean  CO2 emission for 
1 unit of electricity production is 0.98 kg from a coal-fired power 
plant. According to India’s grid emission factor, abbreviated as 
GEF, losses in transmission and distribution result in per-unit 
 CO2 emissions of 1.58 kg. A PV system’s net  CO2 mitigation is 
calculated using the disparity between its lifetime  CO2 emission 
and mitigation.

Earned carbon credits. In general, the term “carbon 
credit” is an offset that gives value to the mitigation of 
emissions of greenhouse gases. Trading 1  tCO2e results in 
the receipt of one carbon credit on the global market. Carbon 
credits are priced at €16.32/tCO2e (NASDAQ, 2018), where 
€1 = INR 86.23 (Dec 7, 2022).

Results and discussion

Weather analysis

Climate factors like solar radiation, atmosphere (air) tem-
perature, wind, annual precipitation and relative humid-
ity impact how well PV systems operate. Analysing these 
parameters is crucial for determining how well the PV sys-
tem performs. Nation’s meteorological department adheres 
to the four-season international norm with certain local 
modifications of Winter (December–February), Summer 
(March–May), Monsoon or Rainy (June–September) and 
Autumn (October–November). The coldest months of the 

(10)CO2emission for lifetime
(

Lco2

)

=
∑Y

y=1
Eout

(

kWh

Annum

)

× (1 − r)y × 0.053 in kg

(11)CO2emission annually = Eout

(

kWh

Annum

)

× Lco2

(12)CO2mitigation annualy = Eout

(

kWh

Annum

)

× GEF

(13)Net CO2mitigation =
[

GEF − Lco2

]

×
∑Y

y=1
Eout

(

kWh

Annum

)

× (1 − r)y × 10−3

(14)Earned carbon credits = Net CO2mitigation × (16.32 × 86.23), INR

year are December and January, where the lowest atmos-
pheric temperature of 25–27 °C and the hottest months are 
April and May, with the highest (air) temperature of 32–35 

°C are recorded during the study period. The performance 
of a solar photovoltaic module is directly impacted by solar 
irradiation and cell temperature. The cell temperature, air 
temperature and monthly average total solar radiation on 
the PV module’s surface at the study location recorded for 
36 months (September 2018–August 2021) are displayed in 
Fig 3. Summer being the hottest season, the temperatures 
are high.

Total energy generation

Hourly and daily energy production

The solar photovoltaic plant installed in the present 
study started its operation in September 2018. Energy 
from the solar PV plant is injected into the grid and 
continuously measured by the data logger every day, in 
regular intervals of 5 min. Figure 4 shows the variation 
of energy produced in a single day from 6.19 a.m. to 
5.53 p.m. at an array connected to a 50-kW inverter of 

the PV system on January 5, 2019, plotted at an interval 
of 15 min. A peak energy of 260.70 kWh is recorded 
during midday around 1.23 p.m., and a lowest of 246.7 
kWh at 6.44 a.m. The average daily energy output by the 
one mega-watt PV plant during its first year of operation 
(Oct. 2018–Sept. 2019) is shown in Fig. 5. The schematic 

indicated the highest energy production of 5325 MWh on 
April 23, 2019 and the lowest value of 1880.5 MWh on 
August 30, 2019.

Monthly energy generation

The monthly average energy output of the megawatt 
power solar plant is shown in Fig. 6, with a combination 
of average solar irradiation for the month during its 
first 36 months of operation. In the first month of its 
operation, the generation is around 81.78 MWh. The 
plant experienced the highest generation of 139.22 MWh 
in March 2018 during the first month of the hottest 
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season (summer), where an average solar radiation of 
199.97 kWh/m2 was recorded. During July, 2021, it was 
observed that the plant could generate 72.29 MWh of 
energy which is the lowest value in its 36 months of 
operation. The yearly energy generation of the plant 

during the study period is noted as 1376.29 MWh (1st 
year), 1265.541 MWh (2nd year), 1115.73 MWh (3rd 
year), whereas 3757.553 MWh of energy is fed into the 
grid in its first 36 months (Sept. 2018–Aug. 2021) of 
operation.

Fig. 3  Monthly average solar 
radiation and temperature dur-
ing the monitored period from 
September 2018 to August 2021

Fig. 4  Energy generation on a 
specific day (January 5, 2019) 
marked at an interval of 15 min

Fig. 5  Daily energy generated 
in the first year of operation 
of PV plant (Oct. 2018–Sept. 
2019)
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Yields

The rooftop PV system’s average monthly reference, array 
and final yield are shown in Fig. 7. The average monthly 
reference, final and array yields fluctuate from 2.28 to 6.89 
h/d, with an aggregate for the 36-month study period are 
recorded as 3.35 h/d, 3.42 h/d and 5.29 h/d, respectively. 
The highest reference yield is observed from March to 
June in every year due to the hot summer season, with 
a maximum of 6.89 h/d recorded in April 2019. The 
maximum final and array yield of 4.64 h/d and 4.54 h/d 
were recorded during March 2019, and minimum values 
of 2.33 h/d and 2.28 h/d in July 2021, respectively. Solar 
irradiation directly affects reference and final yields, and 
a high reference yield corresponds to more extended sun 
irradiation.

Efficiency

Climate factors like atmospheric temperature, radiation, 
soiling, humidity and air affect the array’s efficiency. The 
variation in the system, array and inverter efficiencies for 36 
months are presented in Fig. 8. The highest array efficiency 
is observed during November (13.97% (1st year), 13.18% 
(2nd year)) in the first 24 months of its operation due to low 
temperatures in the autumn season. The plant experienced 
the most melancholy and highest array efficiency of 9.38% 
(March 2021) and 13.97% (November 2018). Nearly a drop of 
4.59% is observed due to seasonal variation. The efficiency of 
the inverter of the megawatt solar PV plant fluctuates between 
94.8 and 98%. The system’s efficiency will peak when the 
module and inverter’s performance are at their best. The 
plant showed 8.85% system efficiency in the first month of 

Fig. 6  Average monthly genera-
tion of one megawatt plant with 
during 36 months of operation

Fig. 7  Average monthly yield 
along with solar radiation dur-
ing study period
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operation (September 2018), later, it reached its maximum 
value of 13.69% (November 2018) in autumn. The current 
rooftop system claimed an average monthly system efficiency 
of 11.16% during the period of September 2018–August 2021.

PR and CF

The plant’s performance ratio (PR) reveals how effectively 
it turns solar power into electricity. Due to inevitable losses, 
the plant’s rated performance ratio cannot be realised in the 
actual environmental circumstances. PR of the PV plant 
varied between 51.21 and 79.3% over the 3 years. Due to 
the initial state of operation, it exhibited low PR in the first 
month; later, the lowest PRwas recorded at 53.36% at a cell 
temperature of 28.63 °C and a maximum of 79.3% at 27.47 
°C in November 2018. The fluctuation in average monthly 
PR caused by cell temperature is depicted in Fig. 9. The 
overall average monthly PR of the PV plant was 64.72% 
during the study period.

Throughout the study time (36 months), the current 
system’s capacity factor (CF) fluctuates between 9.7 and 
19.33%. Figure 10 shows a minimum of 9.71% in July 2021 
and a maximum of 19.33% in March 2019. The CF monthly 
average figure for the 3 years is 14.25. %. Seasonally, the 
average capacity factors of the present plant are 16.67. % 
(Summer), 14.27% (Winter), 12.24% (Monsoon) and 13.8% 
(Autumn). Seasonally, maximum CF is recorded in summer 
and minimum in monsoon.

Environmental economics

The payback period is a measurement metric used to 
estimate how long it will take for a system to recoup its 
actual investment. It is frequently used to evaluate the 
viability of PV system economically and is assessed 
using net current value. The payback period is determined 
by the time required to bring the system’s net present 
worth to zero. To determine the initial investment’s 
payback period, we need information on the capital cost 

Fig. 8  Average monthly effi-
ciency of the PV plant

Fig. 9  Variation of performance 
ratio with cell temperature
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of the system’s construction and maintenance. The solar 
modules account for 68% of the PV system’s overall 
capital cost. The total PV system’s cost breakdown is 
provided in Fig. 11. The present study’s capital cost of the 
one-megawatt rooftop PV system is INR 3,71,40,000.00. 
The polycrystalline Si-modules, as shown in Fig. 11, add 
INR 2,52,00,000.00 to the overall cost of the installed 
system. A cost of Rs 1,00,000 with additional taxes from 
the Indian government is spent on monthly maintenance 
of the PV plant. The existing system’s payback period is 
calculated using total annual savings and the system’s 
initial cost. A solar PV system emits greenhouse gases 
due to the energy it provides. Since the polycrystalline 
silicon module’s life cycle  CO2 emissions are anticipated 
to be 0.053  kgCO2-eq./kWh, the net  CO2 emission of the 
PV system over its 25-year lifespan has been calculated 

to be 1538.559  tCO2e.The system exhibits 2145.406 
 tCO2e of annual  CO2 mitigation. As per the yearly energy 
generation data, annual savings in the earned carbon 
credits is INR. 24,67,770.76.

PV plant performance evaluation in comparison 
to other systems

An analysis is done on solar PV plants of different installed 
capacities, installed locations, monitored period, measured 
annual parameters, performance ratio (PR) (%) and capacity 
factor (CF) (%). Figure  12 presents the performance 
evaluation from the operating results of the wide range of 
PV systems addressed in literature at different locations and 
different climatic conditions.

Fig. 10  Monthly average capac-
ity factor and performance ratio 
of the PV plant

Fig. 11  Component cost of PV 
systems
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Conclusion

The current study comprehensively evaluates the 
behaviour of a one-megawatt power rooftop solar 
photovoltaic system operating for 3 years in Andhra 
Pradesh, India. The study has considered a 36-month 
monitoring period, from September 2018 to August 
2021, where the plant commenced its operation in 
September 2018. The metrics developed and specified 
in the International Electrotechnical Commission 
standard IEC 61724-1 are used to analyse the current 
solar PV plant’s long-term performance. The results and 
methodology applied in this study demonstrate how a 
grid-integrated rooftop system operates in respect to the 
intended energy under real weather circumstances and 
may be applied globally. The effectiveness of the rooftop 
system was evaluated in comparison to other PV systems 
that have been installed around the world. Following 
is a presentation of the critical finding of the technical 
analysis:

• The monthly average reference yield (Yref), array yield 
(Yay) and final yield (Yyf) of the megawatt PV system 
during the study period were recorded as 5.29 h/d, 3.35 
h/d and 3.41 h/d, respectively.

• Overall average PR and CF of the plant are 64.71% and 
14.25%. Figure 12 demonstrates the current system’s 
performance (PR and CF values), comparable to those 
of other plants deployed in various places with diverse 
meteorological conditions and capacities.

• The rooftop solar PV system installation’s total energy 
output during the study period is 3757.561 MWh with 
an annual average energy of 1252.517 MWh/year.

• The average array loss of the system is 1.86 h/d.

• The PV system’s cumulative net  CO2 emissions during its 
25-year lifespan have been calculated to be 1538.559  tCO2e.

• The system shows an annual  CO2 mitigation of 
2145.406  tCO2e with yearly savings in earned carbon 
credits, according to annual energy generation data, is 
INR. 24,67,770.76 (30,056.75 USD as of Dec 7, 2022).

Our findings imply that rooftop PV panels can provide 
green electricity in affordable structures for various 
applications, including education, health, construction 
and residential structures. This approach would benefit 
businesses that offer services for PV systems, customers, 
system designers, technologists and other stakeholders 
to assess comparable projects’ energy and financial 
performance on grid-integrated rooftop solar PV systems on 
buildings in similar temperate climates using the analysis’s 
guide. By analyzing the performance of existing rooftop 
PV solar plants, engineers and planners can gain insights 
into the challenges and opportunities that are unique to 
these types of installation. This study can be extended to 
include the power forecasting, fault identification in rooftop 
PV plants, applying machine learning to rooftop PV solar 
systems to optimize performance, improve reliability and 
reduce cost.
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