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Abstract 

This paper presents a study of a 98.1 kW-PV system facing south at an inclined angle of 15º on the roof of a university 
building in Seoul, South Korea (latitude 37.63° N and longitude 127.1° E). The system performance was analyzed for 
2 years from Sep. 2015 to Aug. 2017. The average electrical power output was 0.59 kWh/(m2·day) with a 16.9% aver-
age annual efficiency for the 1st year which further decreased to 0.58 kWh/(m2·day) with average annual efficiency 
of 17.6% in the 2nd year. The annual irradiance was 3.50 kWh/(m2·day) for the 1st year and 3.31 kWh/(m2·day) for 
the 2nd year with a total annual output generation of 105.4 MWh and 103.5 MWh, respectively. Average daily power 
generations were 2.93 and 2.89 kWh/(kWp·day) for 2 years, respectively, with an annual performance ratio range 
of 80 ~ 90%. Predicted module temperatures show a good correlation with measured temperatures. Predicted and 
measured output values show a strong correlation. During the 1st year at a maximum module temperature of 60ºC, 
power output loss was found to be 13.3%, while in the 2nd year at a maximum module temperature of 57ºC, the 
power output loss observed was 12.2%.
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1  Introduction
According to the US energy information system, nearly 
98% of fossil fuel consumption by South Korea is depend-
ent on imports from other countries due to inadequate 
domestic resources [1]. From KESIS (Korea Energy Sta-
tistical Information System) 2017 report, though the 
South Korean government is promoting the use of nat-
ural resources, only 4% of the total power is generated 
through renewable energy sources as shown in Fig.  1 
[2]. Land availability in South Korea is limited, and for 
the installation of PV systems, a large flat surface area 
is required. To overcome the insufficient land area, PV 

systems can be installed on the rooftop of buildings for 
the generation of electricity [3]. The implementation of 
solar PV panels on the rooftop of university buildings is 
an effective and practical way to overcome insufficient 
space problems. Since solar energy is clean, sustainable, 
and imperishable, the generation of electricity using PV 
systems is expected to become a major energy generation 
source in the future.

Electrical output and efficiency are generally specified 
under STC (Standard Test Conditions). In recent years, 
many investigations have been carried out for the PV sys-
tem in order to check the performance and behavior of 
the efficiency with respect to the environmental factors. 
A study showing the analysis and performance evaluation 
results of a 50-kW rooftop PV system installed on the 
dormitory rooftop of Chosun University in Daegu for the 
duration of 4 years from 2003 to 2006 [4]. A 50-kW sys-
tem is divided into two sets of arrays comprising 25 kW 
each located on the rooftop of a dormitory. The values of 
PV array characteristics, PCS (Power Conditioning Sys-
tem) characteristics, and the system performance were 
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analyzed. The study concluded that the PV array conver-
sion efficiency ranged from the lowest of 9.19% in 2003 
to the highest of 10.02% in 2004 with a performance ratio 
maximum percentage of 82.56% in 2005 to the minimum 
point of 75.09% in 2003. The PV array power output was 
recorded lowest in June 2006 with less than 3000 kWh 
to a maximum output of 8000 kWh in April 2005 [4]. 
Another study was performed for a 5-kW rooftop SPV 
power plant based in India which shows a detailed per-
formance analysis based on the monitored data for 1 year 
and the effect of temperature analyzed [5]. The studies 
represented that average PV array efficiency and system 
efficiency were found at 11.34% and 10.02%, respectively. 
The plant showed a yearly yield of 7175.4 kWh/year, and 
the losses were reported to be an average of 14.54% [5]. 
A 5-kWp capacity hybrid connected PV solar system 
data was analyzed from September 2020 to August 2021 
for an entire period of 1  year installed on the roof of a 
house in Iraq which shows the PV system energy yield 
of 8.9 GWh/year with a performance ratio and load 
efficiency of 0.66 and 0.92%, respectively. The annual 
array efficiency of the system was 12.6% [6]. Vashisht 
et al. [7] conducted a study on the analysis of a 20-kWp 
solar photovoltaic system set up on the roof-top of the 
Indian Institute of Science, Bangalore, India, particu-
larly focused on the objective of the performance analy-
sis of a solar plant based on the climatic conditions and 
to analyze the system in different seasons [7]. The system 
showed the average daily production of 80 kWh for the 
last 2 years which constituted 28.9 MWh for the annual 
yield. The capacity utilization factor and performance 
ratio of the system is around 16.5% and 85%, respectively. 
In summers with a module temperature greater than 
45℃, the module efficiency shows a drop by 0.08% per 

degree rise in temperature which turns to 0.04% in mon-
soons with a module temperature of more than 35℃. In 
post-monsoon, when the module temperature is greater 
than 38℃, the efficiency reduces by 0.06% per degree rise 
in temperature. However, the winter shows a maximum 
efficiency at a module temperature of 55℃ with a lower 
efficiency drop due to the cool breeze and lower ambi-
ent temperature creating an intermittent natural cooling 
at the surface of modules [7]. Ibrahim studied the elec-
trical characteristics of photovoltaic single-crystal silicon 
solar cells at outdoor measurements [8]. A study done by 
Ma et al. [9] presented a detailed review of the literature 
focused on the use of phase change material for PV mod-
ule thermal regulation and electrical efficiency improve-
ment. Seme et al. [10] presented the study of the energy 
production of different types and orientation effect of 
photovoltaic systems under outdoor conditions in Slo-
venia. Nishioka et al. [11] presented the study of 50 kW 
PV system output characteristics by a field test analysis 
in Japan focusing on module temperature. Bhattacharya 
et al. [12] studied the effects of ambient temperature and 
wind speed on the performance of monocrystalline solar 
photovoltaic modules in Tripura, India.

However, the PV performance under actual field condi-
tions is different from STC and little work has been done 
that predicts power generation with PV module tempera-
tures which are correlated by ambient conditions.

In the present study, the field performance of a 98.1 kW 
rooftop PV system was analyzed for 2  years from Sep-
tember 2015 to August 2017 for the PV system efficiency, 
power output, and module temperature. The power out-
put based on the environmental parameters like ambient 
temperature and solar irradiance, module temperature, 
and weather conditions were predicted.

Fig. 1  Power generation from diverse energy sources in South



Page 3 of 15Singh et al. Int. J. Air-Cond. Ref.           (2023) 31:10 	

The results from the monitored data provide detailed 
information for system performance and efficiency and 
give site insight for the prediction of future projects and 
development. The performance analysis of the system 
on a daily, monthly, seasonal, and annual basis is based 
on the actual measurements, and the calibrated data 
is observed. The analysis is done to predict the effect of 
solar irradiance and ambient temperature on the output 
energy generation and efficiency of the PV system in dif-
ferent seasons throughout the 2 years. The calculation of 
the predicted module temperature and predicted output 
values is done to analyze the correlation between meas-
ured module temperatures along with the calculated out-
put values of PV panels.

2 � System introduction and measurement system
2.1 � The PV system specification
The PV panels are installed on the rooftop of one of the 
buildings in a university located in Seoul, South Korea, 
as shown in Fig. 2. It is situated at latitude 37.63° north 
and longitude 127.1° east. The South Korean weather 
can be generally classified into four seasons spring 
(Mar.–May), summer (June–Aug.), fall (Sep.–Nov.), 
and winter (Dec.–Feb.). The installation was com-
pleted on Jan. 2014. Due to the scarcity of plain land 
in South Korea and in order to fulfill the clean electric-
ity generation, the university administration and the 
energy department installed the 98.1-kW PV system 
on the building rooftop of the university. The PV panel 
PM318B01_327 used in this study is manufactured by 
AU Optronics Corporation (BenQ Solar) consisting of 
96 mono-crystalline cells. There are a total of 300 PV 
panels with an overall area of 489 m2 with a single mod-
ule area of 1.63 m2. The tilt angle of the PV panels is 15° 
from the horizontal surface. The specifications of the 

PV panel are listed in Table 1. Under STC, the system’s 
nominal electric output per area is 200.6 W/m2.

2.2 � PV measurement system
The following parameters should be measured to per-
form PV system hourly, daily, monthly, and annual 
analysis: using hourly global solar irradiance, ambient 
temperature, and outdoor conditions. PV panels gain 
solar energy from the sun, and the output of the PV 
panel’s energy is transferred to the PCS (Power Condi-
tioning System) or solar inverter. After being processed 
in the PCS, the electrical energy is delivered to the load.

The data is analyzed and recorded by a temperature 
sensor probe and pyranometer that is transferred to the 
data logger storage device for further analysis. Figure 3 
shows the schematic diagram of the PV measurement 
system.

Table  2 shows the pyranometer and ambient tem-
perature sensor which are used to measure solar irradi-
ance and temperature. Solar radiance data collected by 
DIS-100 type pyranometer were transferred to the data 
logger through RS-485 communication. Since RTD 
sensors are known for a long-term stability with little 
oxidation and corrosion process, RTD sensors were 
installed on the top side of the panel for the measure-
ment of ambient temperature continuously.

Fig. 2  PV module installation on the university building rooftop 
located in Seoul, Korea

Table 1  PV panel specification

PV module Specifications

Model PM318B01_327

Type Mono-crystalline

Nominal power Pmax 327 W

Module efficiency 20.1%

Nominal voltage Vmp 54.7 V

Nominal current Imp 5.98 A

Open circuit voltage Voc 64.9 V

Short circuit current Isc 6.46 A

Maximum tolerance of Pmax 0/ + 3%

Nominal operating cell temperature 45° ± 2 °C

Temperature coefficient of Pmax −0.38%/°C

Temperature coefficient of Voc −0.27%/°C

Temperature coefficient of Isc −0.06%/°C

Module area per panel 1.63 m2

Number of modules 300

Number of cells per panel 96 high-efficiency 
back contact cells

Maximum system voltage IEC 1000 V
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3 � Monitored climatic and raw data of PV system
3.1 � Monitored solar irradiance data on‑site and Korea 

Meteorological Administration data
The on-site power output data is collected through the 
university energy administration department which 
is constantly monitoring and recording the data since 
the time of the installation of the PV system. In order 
to investigate the accurate functioning and reliabil-
ity of on-site installed sensors, the measured data is 
compared with Korea Meteorological Administration 
(KMA) measured data [13]. Figure  4 represents the 

comparison of solar irradiance measured on-site and 
Korea Meteorological Administration (KMA) meas-
ured data [13]. The comparison is made for a duration 
of 1  year from Sept. 2015 to Aug. 2016. The highest 
solar irradiance was observed in May 2016 with the 
lowest monitored in Nov. 2015 for on-site as well for 
KMA data. From Fig. 4, it can be observed that on-site 
measured data shows slight differences from the KMA 
measured data. The possible reason behind this could 
be the location of the site and the type of sensors used 
including the error margins. Regardless of the slight 
difference of data measurement patterns, the month-
to-month overall comparison of on-site irradiance data 
provides satisfactory results with KMA-measured irra-
diance data. Therefore, this monitored on-site data can 
be used as a reliable source for the analysis of the PV 
system.

3.2 � Ambient air temperature and module temperature 
of the PV system

To check the temperature behavior of the PV panel mod-
ule temperature in accordance with the environmental 
parameters such as ambient air temperature, monthly 
ambient and module temperatures from Sept. 2015 to 
Aug. 2016 are shown in Fig. 5. The monthly ambient air 
temperature was lowest in Jan. 2016 with an average tem-
perature of −2.3  °C and varied to a maximum in Aug. 

Fig. 3  Schematic diagram of PV system

Table 2  PV system sensor specifications

Sensor DIS-100 type pyranometer Platinum resistance 
thermometer

Image

Purpose Solar radiation Air temperature

Range 0–1200 W/m2  −20 ~ 80℃
Accuracy  ± 5%  ± 0.3℃ at 0℃
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2016 which reached 29.8℃. However, the module tem-
perature varied from −2.1  °C in Jan. 2016 and reached 
32.3 °C in Aug. 2016. From Nov. 2015 to Feb. 2016, there 
was a slight difference between the module and the ambi-
ent temperature. The difference varied from 0.07  °C in 
Jan. 2016 to 0.56 °C in Feb. 2016. From Mar. 2016 towards 
the summer season, Aug. 2016, the difference between 
ambient and module temperatures elevated due to a 
lower efficiency of the PV panel which resulted in more 

heat dissipation. Due to a high ambient temperature, the 
module temperature rose significantly, whereas in win-
ter, the cool breeze flowing around the panel lowered the 
temperature difference and the module temperature.

3.3 � Monthly monitored solar irradiance data
Figure  6 shows the variation of solar irradiance falling 
on the PV panels on a monthly basis for the continuous 
duration of two consecutive years (Sept. 2015–Aug. 2017) 

Fig. 4  Comparison of solar irradiance monitored on-site and Korea Meteorological Administration data from Sept. 2015 to Aug. 2016

Fig. 5  Ambient and module temperature for Sept. 2015–Aug. 2016
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to check the pattern and behavior of irradiance. From Jan. 
to May, the solar irradiance data for both years showed a 
rising pattern. However, in July, a sudden decrease can be 
seen for both years, as there were about 10  days which 
had less than 1.5 kWh/(m2·day) of solar irradiance in this 
particular month. Between Sept. 2016 and Sept. 2017, 
there was a difference of 0.83 kWh/(m2·day) of irradi-
ance. From the data analysis, solar irradiance greater 
than 5 kWh/(m2·day) was observed for about half of the 
days in Sept. 2016, whereas in Sept. 2017, there were only 
2 days with solar irradiance more than 5 kWh/(m2·day). 
The maximum and minimum values of irradiance were 
observed during 2015–2016 showing a larger variation in 
irradiance. Overall, the trend of seasonal solar irradiance 
for both years was showing a similar pattern.

3.4 � Correlation between ambient temperature 
and module temperature

The hourly representation of measured data is consid-
ered due to the fact that the temperature level fluctu-
ates significantly throughout the whole day. However, 
the daily average data represents the mean values of 
the ambient and module temperature which cannot 
be used and can be unreliable to predict the module 
temperature in variance with the ambient temperature 
change on an hourly basis. Therefore, the hourly cor-
relation of both the temperatures is preferred over the 
daily average data. The linear relation between hourly 
measured ambient and module temperature from Sep. 
2015 to Aug. 2016 is shown in Fig. 7. The Pearson cor-
relation coefficient R value for the ambient and module 

Fig. 6  Solar irradiance level in kWh/(m2·day) for two consecutive years (Sept. 2015–Aug. 2017)

Fig. 7  Correlation between ambient temperature and module temperature
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temperature is observed to be 0.9527 which is given 
by Eq.  (1). This value shows the measure of the linear 
association strength between ambient and module tem-
perature, and this correlation provides the information 
of how well the data of two variables ambient and mod-
ule temperature fits into this model. It is observed that 
with the increase in the ambient temperature, the mod-
ule temperature increased linearly (R2 = 0.9076). With a 
higher R2 value of 0.9076, a very strong positive correla-
tion and fairly closeness for ambient temperature and 
module temperature values can be observed. The mean 
absolute error is observed to be 3.571℃, which shows 
the average magnitude of the errors and provides the 
idea of how big an error can be expected from the fore-
cast on average which is given by Eq. (2). The standard 
deviation value gives the measure of data dispersion in 
relation to the mean. The low standard deviation value 
of 5.33℃ shows the value of the data which is clustered 
around the mean and is given by Eq. (3). The minimum 
temperature recorded for the ambient air was −18ºC, 
which shows a module temperature of −19.9ºC, and 
the maximum ambient temperature was recorded at 
43.1ºC, which shows the module temperature at the 
maximum of 59.7ºC.

Pearson correlation coefficient (R):

Mean absolute error (MAE):
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N
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Standard deviation (SD):

where N = number of data, x = measured data, and 
y = estimated value by estimation.

4 � PV performance data
4.1 � Monitored data
Table 3 shows monthly solar irradiance, ambient air tem-
perature, module temperature, and power output during 
Sep. 2015–Aug. 2017. The raw data has been gathered 
on a daily basis. During Sep. 2015–Aug. 2016, the total 
solar irradiance measured for the complete 1-year dura-
tion was 627.1 MWh with a net output generation of 
105.4 MWh and annual daily average specific yield Savg,d 
of 2.92 kWh/(kWp·day). For the 2nd year during Sep. 
2016–Aug. 2017, the total solar irradiance measured 
was 589.6 MWh with a gross output generation of 103.5 
MWh. The total irradiance and output generation in the 
2nd year were less than in the first year. However, the PV 
thermal efficiency was greater in the 2nd year. As solar 
irradiance varies, the PV system power output changes 
considerably. From Table 3, it is clear that power output 
generation (kWh/day) is proportional to the solar irra-
diance intensity. In the 1st year (Sep. 2015–Aug. 2016), 
the maximum output was in May 2016 with 407.8 (kWh/
day) where the maximum solar irradiance was 2375.2 
(kWh/day). The minimum was in Nov. 2015 with just 
809 (kWh/day). For the 2nd year, the maximum irradi-
ance was measured in Jun. 2017 with 2267.2 (kWh/day) 
and the lowest was 920.2 (kWh/day) in Dec. 2016. The 
minimum module temperature was −2.10ºC during the 

(3)SD =

[

∑N
1

(

xi − yi
)2

N

]0.5

Table 3  Monitored raw data from Sep. 2015–Aug. 2017

2015–2016 Solar irradiance 
(kWh/day)

Tamb (°C) Tmod (°C) Output 
(kWh/day)

2016–2017 Solar irradiance 
(kWh/day)

Tamb (°C) Tmod (°C) Output 
(kWh/
day)

Sep. 2,191.4 23.84 26.07 357.5 Sep. 1,786.3 24.35 26.20 290.6

Oct. 1,867.4 16.78 17.99 296.9 Oct. 1,521.2 17.20 18.36 251.0

Nov. 896.6 9.48 9.67 142.9 Nov. 1,133.4 7.82 8.23 208.3

Dec. 1,029.1 2.35 2.28 183.6 Dec. 920.2 2.02 2.15 180.4

Jan. 1,163.2 -2.32 -2.10 220.6 Jan. 1,133.2 −0.95 −0.72 200.0

Feb. 1,390.4 1.11 1.66 248.7 Feb. 1,480.6 0.85 1.74 304.8

Mar. 1,955.3 8.29 9.80 340.0 Mar. 1,830.4 7.48 9.05 342.7

Apr. 2,103.7 15.70 17.76 361.2 Apr. 2,093.6 15.08 16.99 382.6

May 2,375.2 21.33 24.19 407.8 May 2,266.2 20.88 23.42 400.5

June 2,078.3 25.34 28.01 336.7 Jun. 2,267.2 24.87 27.78 391.4

Jul. 1,589.1 27.56 29.80 246.2 Jul. 1,396.4 28.15 30.12 211.2

Aug. 1,913.3 29.76 32.30 313.2 Aug. 1,519.9 27.06 28.97 245.1

Average 1,712.8 14.93 16.45 288.0 Average 1,612.4 14.57 16.02 284.1
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1st year which then increased to 0.72ºC in the 2nd year. 
However, in Aug. 2016, a maximum module temperature 
observed was 32.30℃. In the 2nd year, it reached 30.12ºC 
in Jul. 2017, a decrease of 2.18ºC from the previous year. 
Annual average output was 288 (kWh/day) in the 1st year 
and 284.1 (kWh/day) in the 2nd year.

4.2 � Performance of the PV system
4.2.1 � PV system efficiency
The PV system efficiency is defined as the ratio of the 
output energy generated in kWh to the incident solar 
irradiance (kWh) falling on the PV arrays with the total 
module area (m2) and is given in Eq. (4) [14].

In the above equation, E is electrical energy generated, 
H is incident irradiance per area on the PV module, and 
A is the area of the PV module [14].

4.2.2 � Monthly efficiency, output energy generation, 
and solar irradiance

The efficiency of the PV system for each month from 
Aug. 2015 to Sept. 2017 is given in Table 4 with respect 
to solar irradiance and output. In the 1st year (Sep. 
2015–Aug. 2016), a maximum efficiency of 18.97% was 
observed in Jan. 2016 which was just 1.13% less than the 
efficiency at STC. However, in the next year (Sep. 2016–
Aug. 2017), the efficiency reached a maximum value of 
19.87% in Feb. 2017. The lowest efficiency was recorded 
at 15.49% in Jul. 2016 as the monthly average temperature 
of the module was 29.8ºC which was 4.8ºC higher than 
the STC temperature. However, in the 2nd year, the low-
est efficiency was observed in July 2017 when the module 

(4)η =
E

HA

temperature reached 30.12ºC. As mentioned in PV speci-
fications, the efficiency is 20.1% under STC and the 
annual efficiency measured under the real conditions was 
16.89% which is 3.2% less than that of the STC efficiency 
for the first year. However, annual efficiency increased 
in the next year and reached 17.62%. The average annual 
efficiency increased by 4.3% in the 2nd year. Park et  al. 
[4] studied performance of 50  kW PV system at Daegu 
in which the efficiency showed an increasing pattern for 
the first 2 years of analysis, which was 9.19% in 2003 and 
increased to 10.02% in 2004. The increase of the PV effi-
ciency shows the same trend with the previous study by 
Park et al. [4].

4.2.3 � Seasonal efficiency, output energy generation, 
and solar irradiance

The following parameters like solar irradiance, output 
energy, and efficiency are also analyzed on the seasonal 
basis. By comparing both years, obtained data shows in 
the general same level of efficiency trend for each sea-
son. Seasonal PV system performance behavior is shown 
in Table 5. The efficiency was observed highest in winter 
season and lowest in summer season for both years. Dur-
ing 2  years of data analysis, the output generation was 
highest during spring season as the maximum amount 
of solar irradiance was received by the PV panel and effi-
ciency was 17 ~ 18% which was 1% lower than the peak 
efficiency received in winter season. However, the effi-
ciency is better in winter due to lower ambient temper-
ature and the energy is efficiently converted by the PV 
modules. In winter season, the efficiency reached 19.07% 
which is very near the STC efficiency. According to the 
data, the maximum efficiency obtained for the first year 

Table 4  Monthly solar irradiance, output, and efficiency levels

2015–2016 Solar irradiance 
Wh/(m2·day)

Output Wh/
(m2·day)

Efficiency 2016–2017 Solar irradiance 
Wh/(m2·day)

Output Wh/
(m2·day)

Efficiency

Sep. 4,481.4 731.1 16.31 Sep. 3653.1 594.2 16.27

Oct. 3,818.8 607.2 15.90 Oct. 3110.8 513.3 16.50

Nov. 1,833.6 292.3 15.94 Nov. 2317.8 425.9 18.37

Dec. 2,104.5 375.5 17.84 Dec. 1881.8 369.0 19.61

Jan. 2,378.8 451.2 18.97 Jan. 2317.3 409.1 17.65

Feb. 2,843.3 508.6 17.89 Feb. 3136.0 601.8 19.87

Mar. 3,998.5 695.4 17.39 Mar. 3743.1 700.9 18.73

Apr. 4,302.1 738.7 17.17 Apr. 4281.3 782.5 18.28

May 4,857.3 833.9 17.17 May 4634.3 819.1 17.68

Jun. 4,250.1 688.6 16.20 Jun. 4636.5 800.5 17.26

Jul. 3,249.8 503.4 15.49 Jul. 2855.7 432.0 15.13

Aug. 3,912.7 640.5 16.37 Aug. 3108.2 501.3 16.13

Average 3,502.6 588.9 16.89 Average 3306.3 579.1 17.62
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was 18.23% in winter which was followed by 19.07% 
in winter the next year. The maximum output energy 
generation was observed in spring season for both 
years.

4.2.4 � System performance indices and comparison of PV 
system analysis

The PV system performance can be varied and shows dif-
ferent results based on the individual system configura-
tion, capacity, and location. The system factors and the 
performance indices like performance ratio (%), final 
system yield, and PV system efficiency can be preferably 
used and compared to check the evaluation and perfor-
mance of the PV systems. To check the system operation 
and proper working of the system which is the primary 
information about the system performance, these indices 
are considered important.

Final yield (Yf):
The final yield (Yf) kWh/(kWp·day) of the system is 

generated by Eq. (5). It is defined as the daily net energy 
output (Enet) generation of the PV system to the peak 
capacity Po (kWp) of the system. This is the characteristic 
parameter to check the comparison of the systems [15]. 
The unit of the final yield is kWh/(kWp·day).

Reference yield (Yr):
For the calculation of the PR factor, the reference yield 

(Yr) is to be considered which is given by Eq. (6).

(5)Yf =
Enet

Po

(6)Yr =
Iinc

Iref

The reference yield (Yr) is the ratio of the total in-plane 
solar irradiation (Iinc) to the reference irradiance (Iref) of 
the PV system. The solar irradiance level at the reference 
point is considered as (1 kW/m2) [15]. The unit of refer-
ence yield is kWh/(kWp·day).

Performance ratio (%):
The performance ratio is a dimensionless parameter 

which is used to check the total losses on a system during 
the conversion operation of rated DC power to output 
AC power. It is defined as the ratio of the final yield and 
the reference field by Eq. (7). To check the system oper-
ating conditions as expected and to identify the faults 
occurrence, this PR values are useful [15].

The PR values notify the working pattern of the plant 
as of the rated power. Higher PR values indicated that the 
plant is working near the rated power, whereas the lower 
PR values show the generation losses occurred by design 
or technical problems [15].

The performance of the current PV system is compared 
with the system installed in Daegu for the duration of 
4 years from 2003 to 2006 is shown in Table 6. Here, the 
comparison is based on the three parameters which are 
final yield, performance ratio, and system efficiency.

4.2.5 � Performance ratio, PV efficiency, and final yield 
analysis of two systems installed

The comparison of the current PV system is done with 
the system installed in Daegu for the duration of 4 years 
from 2003 to 2006 is shown in Table 6. For the PV system 
efficiency, the average annual efficiency was observed at 
16.89% for the first year (2015–2016), and it increased by 

(7)PR(%) =
Yf

Yr

Table 5  Seasonal daily average incident solar irradiance, output, and efficiency

Season 2015–2016 Solar irradiance 
Wh/(m2·day)

Output Wh/
(m2·day)

Efficiency Season 2016–2017 Solar irradiance 
Wh/(m2·day)

Output Wh/
(m2·day)

Efficiency

Winter 2433.4 443.7 18.23 Winter 2422.0 456.8 19.07

Spring 4386.9 756.2 17.24 Spring 4218.9 767.3 18.19

Summer 3799.3 610.0 16.06 Summer 3521.5 573.4 16.28

Autumn 3382.8 544.2 16.09 Autumn 3028.1 511.2 16.88

Table 6  PV system efficiency comparison of some systems

mc-si monocrystalline silicon solar cell, sic-si single crystalline silicon solar cell, p – si polycrystalline silicon solar cell

Location Analysis year PV type PV output 
(kWp)

Daily final yield 
kWh/(kWp day)

PV efficiency (%) Performance ratio (%) References

Seoul 2015–2017 mc-si 98.1 2.93–2.89 16.89–17.62 83.7–87.4 Present study

Daegu 2003–2006 sic- si 50 3.40–3.17 9.19–10.02 75.09–81.70 [4]
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0.73% in the next year which is 17.62% for (2016–2017). 
The efficiency range lies between 16 and 17% which 
represents the PV system efficiency generation is near 
the rated module efficiency of 20%. The average annual 
performance ratio for the current study was observed 
at 83.7% for the first year of operation and reached to 
87.4% in the next year. The performance ratio range for 
the system is observed between 80 and 90% which rep-
resents the higher PR values and shows the system is 
working near the rated power. The maximum loss in PR 
is measured in July 2017 due to the power loss from high 
temperatures, and the maximum number of cloudy rainy 
days with solar irradiance ranges from 0.3 to 1.5 kWh/
(m2·day). The PR of the plant varies from 76.8% in Jul. 
2016 to 98.6% in Feb. 2017. The average annual PR of 
83.7% and 87.4% for both years is higher than the system 
installed in Daegu which were 75.09 and 81.70% [4]. This 
study is conducted for the duration of 4 years from 2003 
to 2006 in Daegu which also shows the same pattern of 
efficiency for the first 2 years. The study concluded that 
the PV array conversion efficiency ranges from the lowest 
of 9.19% in 2003 to the highest at 10.02% in 2004, and the 
performance ratio was observed to a maximum percent-
age of 82.56% in 2005 to the minimum point of 75.09% 
in 2003 [4]. The comparison of both the systems shows 
a similar result with the duration of time, the increase of 
PV efficiency trend, and the performance ratio of both 
the systems. The current PV system shows a high value 
of PR and the final yield results are. The final yield of the 
system is deduced with the help of measured collected 
data. The maximum final yield of 4.14 kWh/(kWp·day) 

is observed in the month of May 2016 and a minimum 
of 1.45 kWh/(kWp·day) in Nov. 2015 with an average 
annual final yield of 2.93 kWh/(kWp·day) for the first 
year of measured data. The average annual final yield for 
the second year is observed at 2.89 kWh/(kWp·day) with 
a maximum of 4.07 kWh/(kWp·day) in May 2017 and a 
minimum of 1.83 kWh/(kWp·day). The higher final yield 
in May is due to the high solar radiation and the same for 
the lower final yield in Nov. 2015 and Dec. 2016. For the 
system installed at Daegu, the average annual final yield 
of 3.40 kWh/(kWp·day) can be seen in 2003 which is 
reduced to 3.17 kWh/(kWp·day) in 2006. The final yield is 
dependent on the value of solar radiation which suggests 
the net energy output based on the particular geographic 
location which can be further used to decide the installa-
tion location of the PV system. Generally, the PR value of 
a system ranges between 60 and 80% due to the different 
weather conditions. However, in cool conditions like win-
ters, the PR value can exceed 0.9. During winter season 
of the first and second year, the PR is observed at 90.4% 
and 94.4%, respectively, which is higher than the other 
seasons. Generally, solar PV systems work at a compara-
tively higher temperature than STC temperature which 
can show ± 10% of large seasonal variation in PR [16].

4.3 � Long‑term solar irradiance, output, efficiency, 
and ambient temperature

Figure  8 represents the monthly solar irradiance 
received and generated output in kWh/(m2·day) for two 
consecutive years (Sep. 2015–Aug. 2017). From Fig.  8, 
a strong correlation between output generation and 

Fig. 8  Two years average solar irradiance and output levels
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solar irradiance can be observed. In Jul., the solar irra-
diance and output generation showed a steep decline. 
According to the weather information gathered for 
Seoul during these periods in Jul. 2016 and 2017, there 
were 9–10 days with dense clouds [17]. Accordingly, the 
recorded solar irradiance for these days was less than 
1500 Wh/(m2·day), and there were some days with an 
irradiance less than 600 Wh/(m2·day). In Nov. 2015, the 
maximum output power generation was just 308 kWh/
day and the minimum value recorded was 18 kWh/day. 
There were 8  days which had irradiation less than 500 
Wh/(m2·day). Figure 9 shows the average efficiency with 
respect to the average ambient temperature for 2  years 
(Sep 2015–Aug 2017). The maximum ambient tem-
perature was 28.41ºC in Aug. The minimum efficiency 
was 15.31% in July. However, the efficiency increased 
in August. The rise in efficiency in August is due to the 
effect of the natural cleaning of the panel surface done 
by the rainfall during that period. From Sept. onwards, 
the efficiency showed an inverse pattern with the ambi-
ent temperature in winter due to lower temperature and 
the cool breeze flow around the PV panel. The highest 
efficiency was recorded in February. The efficiency in 
winter was 2.54% greater than the efficiency in summer. 
Accordingly, there was a difference of 3.57% between the 
maximum and minimum efficiency.

4.4 � Long‑term correlation between efficiency and ambient 
temperature

The long-term analysis of efficiency with ambient tem-
perature shows the negative effect of ambient tempera-
ture on efficiency. At minimum temperature of −1.63℃, 

the efficiency was 18.31%, whereas at maximum tem-
perature of 27.86℃, the efficiency became 15.31%. With 
R2 value of 0.7656, it shows a strong correlation that effi-
ciency is inversely proportional to the ambient tempera-
ture. The long-term analysis of efficiency with ambient 
temperature (Sept. 2015–Aug. 2017) is shown in Fig. 10.

4.5 � Prediction of module temperature
The module temperature was measured continuously and 
was recorded on hourly basis. The module temperature 
has been correlated using Eq. (8) [18].

Equation (8) is an empirical correlation of module tem-
perature as a function of Tamb, Isolar, and Vair. Figures 11 
and 12 show a predicted module temperature versus 
measured values for a period of Sept. 2015–Aug. 2016 
and Sept. 2016–Aug. 2017, respectively. High R2 values 
for both periods indicate that Eq.  (8) is reliable for the 
calculation of module temperature.

4.6 � Predicted power output
The correlation between monitored measured data and 
calculated power output is shown in Fig.  13 from Sept. 
2015 to Aug. 2016. The measured output values were 
obtained from the monitored raw data which were con-
verted to W/m2 units. The calculated power output Pcal is 
derived from Eq. (9) [19].

(8)
Tmod = 0.943Tamb + 0.0195Isolar − 1.528Vair + 0.352

(9)Pcal = Pref +
[

Pref Cp

(

Tmod − Tref

)]

Fig. 9  Two years average efficiency with an ambient temperature
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Pcal is the predicted output value, Pref is the reference 
output value, Cp is the power coefficient, Tmod is the 
module temperature, and Tref is the temperature at STC 
(25ºC), and Pref value is required and can be found using 
Eq. (10).

Pmax is the maximum generating capacity of the panel 
(327 W), Iref is the incident solar irradiance at STC 
(1000) W/m2), and Iinc is the monitored solar irradi-
ance (W/m2). Figure  13 shows that calculated values 
are in good agreement with the measured data. This 
shows that Eq. (9) can predict the power output of the 

(10)Pref =
Pmax

Iref
Iinc

PV system with a little error. Figure 14 shows the cor-
relation of measured output with the predicted output 
by using the predicted module temperature values. This 
graph shows a strong correlation between power out-
put and calculated module temperature, and therefore, 
the calculated module temperature values can be used, 
in case the measured module temperatures are not 
available.

5 � Conclusion
In this work, in situ operation data of a 98.1-kWp PV sys-
tem installed on a rooftop of a university building located 
in Seoul, South Korea, were measured during Sep. 2015–
Aug. 2017 and analyzed.

Fig. 10  Ambient temperature and efficiency (Sep. 2015–Aug. 2017)

Fig. 11  Prediction of module temperature (Sept. 2015–Aug. 2016)
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•	 From monthly analysis, the highest efficiency was 
18.97% and 19.87% in winters with a module tem-
peratures at −2.10ºC and 1.74ºC and lowest in Jul. 
with an average annual efficiency of 15.49% and 
15.13% at a module temperature of 29.80ºC and 
30.12ºC for the 2 year’s time-period.

•	 According to seasonal observation, the first year 
winters’ efficiency was 90.7% of the efficiency 
obtained at STC which increased to 94.8% in the 

second year. Summer and autumn seasons show 
the efficiency range between 16 and 17% with a 
minimum of 16.06% and a maximum of 16.88%. The 
annual efficiency of the 2nd year is 17.62% which 
shows an efficiency increment of 4.32% as compared 
to the 1st year.

•	 Annual solar irradiance for the 1st year was meas-
ured at 3.50 kWh/(m2·day), which was reduced to 3.31 
kWh/(m2·day) for the 2nd year with a maximum power 

Fig. 12  Prediction of module temperature (Sep. 2016–Aug. 2017)

Fig. 13  Correlation between the monitored measured data and calculated output value (Sep. 2015–Aug. 2016)
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output generation in spring and minimum in winter for 
both years due to high and low solar irradiance.

•	 The average annual performance ratio of the PV 
system varies between 80 and 90% with a maxi-
mum of 87.4% in the 2nd year. The performance 
ratio shows the highest loss in Jul. 2017 due to a 
high temperature power loss and the highest num-
ber of rainy cloudy days. The system average annual 
final yield is observed at 2.93 kWh/(kWp·day) and 
2.89 kWh/(kWp·day) for the 1st and 2nd years, 
respectively.

•	 The predicted module temperature correlation with 
the measured values shows a strong correlation with 
R2 value of 0.98; therefore, calculated values can be 
used for the prediction of power output of PV mod-
ules and Pearson correlation value is 0. 95. MAE 
value is observed to be 3.571 ºC with a low standard 
deviation value of 5.33 ºC.

•	 The minimum module temperature was recorded at 
−19.9 ºC with ambient temperature of −18 ºC, and 
the maximum module temperature was observed at 
59.7 ºC with 43.1 ºC ambient temperature.

•	 The power loss of 13.2% is observed when the 
module temperature reached to 59.7ºC which is 
34.7ºC higher than the STC temperature of 25ºC, 
whereas with the correlated values the predicted 
power loss observed is 10.7%. During the 2nd year, 
the power loss was 12.2% when the module tem-
perature was 57.1ºC with a temperature difference 
of 32.1ºC as compared to STC, whereas with the 
calculated module temperature, the power loss was 
9.54%.

6 � Nomenclature
R Pearson correlation coefficient
N Number of data
E Electrical energy output (kWh)
H Incident radiance (W/m2)
A Area of module (m2)
T Temperature (℃)
V Velocity (m/s)
P Power output (W)
I Solar irradiance (W/m2)
Iinc Solar irradiance at particular time (W/m2)
Iref Solar irradiance level at STC (1000 W/m2)
xi Measured data
yi Estimated value
Yf Final yield kWh/(kwp·day)
Po Peak capacity (kWp)
Yr Reference yield kWh/(kwp·day)

6.1 � Greek letters
η Efficiency (%)

6.2 � Subscript
max Maximum

mp Maximum power
oc Open circuit
sc Short circuit
avg,d Daily average
amb Ambient
mod Module
cal Calculated
ref Reference
t Total

Fig. 14  Correlation between the monitored measured data and the calculated output value using calculated module temperature (Sep. 2015–Aug. 
2016)
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Abbreviations
KEPCO	� Korea Electric Power Corporation
PV	� Photovoltaic
STC:	� Standard Test Conditions
PCS	� Power Conditioning System
RTD	� Resistance temperature detector
KMA	� Korea Meteorological Administration
MAE	� Mean absolute error
SD	� Standard deviation
PR	� Performance ratio
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