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ABSTRACT

Performance ratio (PR) is often used as a performance metric in commercial acceptance tests of an
installed grid-connected photovoltaic (GCPV) system. Recently, PR has been claimed to significantly
affect seasonal and weather variations, which would invite unnecessary risk to the commercial
acceptance test. In the updated IEC 61724-1, the temperature-corrected performance ratio (TCPR)
has been included as the performance metric to remove the seasonal and weather variations.
However, not all climate regions experience these variations, which means that TCPR might not
be necessary for certain climate regions. Due to that, this study aims to analyse the relevancy of
determining TCPR in addition to the normal PR for GCPV systems for different climate regions.
The analysis was conducted using PVsyst software by comparing the PR and TCPR of two similar
GCPYV systems: case A represents tropical climate and case B represents continental climate. The
results evidently show that the PR and TCPR values are always very close for both climate regions
if analysed annually. However, when analysed monthly, the normal PR varied significantly between
77.5% and 90.0%, indicating a 12.5% difference for continental climate, but for tropical climate,
the difference is just 1.0%. Conversely, the monthly TCPR variation in the continental climate is
insignificant, with the value ranging from 81.4% to 84.1%, indicating only a 2.7% difference. Thus,

the results of this study suggest that both PR

and TCPR are relevant for continental climate.

However, normal PR alone is already sufficient
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INTRODUCTION

The solar photovoltaic (PV) energy sector has long been hailed as one of the most promising
sources of electricity (Comello et al., 2018). According to the International Energy Agency
(IEA), by 2027, solar PV will have exceeded coal’s installed power capacity, making it the
largest electricity source in the world. The cumulative solar PV capacity is forecasted to
nearly triple during the forecast period, increasing by almost 1500 GW, surpassing natural
gas by 2026 and coal by 2027. This achievement is due to several factors. One is utility-
scale solar PV, the least expensive option for new electricity generation in most countries
worldwide despite rising commodity prices. Higher retail electricity prices and growing
policy support to help consumers save money on their energy bills will also spur the growth
of distributed solar PV, such as rooftop solar on buildings (International Energy Agency,
2022). Solar PV industry benefits extend beyond electricity generation.

As PV capacity increases worldwide, assessing the predicted performance of solar PV
systems has become significantly important to determine whether they are suitable for a
particular location. Many technical and climatic factors can influence PV system performance,
such as irradiation, orientation, temperature, wind speed, humidity, PV module technology,
dust, and degradation. There are a few parameters used to analyse the performance of GCPV
systems, which include energy production, daily yield, annual yield, seasonal yield, reference
yield (Y,), final yield (Py), array yield (Y,), capacity factor (CF), system efficiencies, system
losses and performance ratio (Anang et al., 2021; Ibrahim et al., 2023).

Performance ratio (PR) quantifies the overall effect of losses of a GCPV system.
The seven main loss factors include temperature, mismatch, soiling, ageing, shading,
inverter efficiency, and cable efficiency (SEDA, 2023). Temperature is often the highest
contributor to GCPV system performance loss (Dey & Subudhi, 2020; Rout & Kulkarni,
2020; Abdullah et al., 2022; Vidur & Jagwani, 2022; Ibrahim et al., 2023; Rahim et al.,
2024). A study conducted by Rahim et al. (2024) in Malaysia assessed the performance of
a 10 kW, GCPV system. The findings indicated that actual temperature loss could account
for up to 8%, while soiling, cable, and mismatch each account for 3% losses. Mismatch
accounted for an additional 2% in losses, and ageing was found to contribute the least, at
0.6%, based on simulation results. Another study was conducted in Malaysia to evaluate
the performance of a 2.84 kW, GCPV system and found that the temperature loss can
reach a maximum value of 14%. At the same time, 3% each of soiling and cable losses,
2% each of mismatch and inverter losses, and 0.63% of ageing and shading are assumed
to be none (Ibrahim et al., 2023).

Temperature is influenced by weather and seasonal variations. Season and weather
notably affect PR through ambient temperature (T,,;,) variations, consequently influencing
the PV module temperature (T,,q). During high T;mp, Tmod increases, causing PR to
decrease and vice versa. Due to the weather and seasonal variations, PR brings forth which
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locations will yield the most productive GCPV system. PR is often used as a benchmark
value in agreement among PV system installers and owners. Unfortunately, associated with
this dependence on the weather and seasons is a bias error in the metric, which introduces
unnecessary risk during testing and commissioning (T&C) (Dierauf et al., 2013).

T&C is a procedure that verifies the system’s safe installation and faultless operation.
The acceptable PR is a minimum of 0.75 to pass the Reliability Run Test under T&C. The
T&C procedure requires measuring GCPV system output continuously, sampled at five-
minute intervals for a minimum of seven consecutive days. The data measured is defined
as expected output. Historical weather data is also required to be extracted via simulation
software, such as Meteonorm, Solcast and Solargis, which are defined as predicted output
(MS 2692, 2020). It is fair for the PV installer and owner to specify an annualised PR in the
contract in the T&C, giving a rough idea of how much energy the PV owner will receive for
one whole year. However, the variation in season and weather of the measurement affects
the annual PR, leading to unnecessary risk for both parties. PR can swing entirely over a
single day. PR is also expected to show a significant difference based on its monthly value.
For example, during summer months, PR is expected to be lower than in winter months
due to low T, indicating underprediction, which is a risk for PV installers, while high
PR during winter months indicates overprediction, which is a risk for PV owners (Dierauf
etal., 2013).

Globally, various regions are experiencing different climates. According to K&ppen-
Geiger climate classification, there are five major groups of climates, including tropical
(A), arid (B), temperate (C), continental (D), and polar (E), which are then divided into 30
subgroups. The first letter of the subgroups represents the type of seasonal precipitation,
while the second letter represents the T, levels (Triantafyllou & Tsonis, 1994; Kottek
et al., 2006; Chen & Chen, 2013; Beck et al., 2018). This study will focus on two groups,
tropical and continental climates since these groups exhibit characteristics that contrast
each other in terms of variations of T,, throughout the year. It is important to address
their climate criteria, especially T, since this will impact the PR of the GCPV system
installed in these climate regions. Interestingly, no subgroup of T, is defined for the
tropical climate, only the precipitation, since all subgroups of tropical climate experience the
minimum T'g,; of 18°C throughout the year. The tropical climate has a small range of the
monthly average of T, which is between 25°C and 28°C (Costa et al., 2023). However,
Tropical climate could notably reach an average maximum of 35°C (U.S. Department of
Commerce, 2023). Conversely, the continental climate generally has an average T, of
the hottest month more than 10°C and an average T, of the coldest month less than or
equal to 0°C.

Previous studies have shown that seasonal and weather variations affecting PR can be
mitigated by referencing a 25°C T, under standard test conditions (STC) (Limmanee et
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al., 2016; Prakhya & Kotha, 2018; Quansah & Adaramola, 2019; Karahiiseyin & Abbasoglu,
2022; Ogliari et al., 2023; Wassie & Ahlgren, 2023). This method usually results in a higher
PR because modules more frequently operate at 45°C. While it essentially solves the
problem of seasonal variations, it overestimated the actual performance, thus, incapacitated
PR assessment based on the effect of local climate. For that reason, correction to 25°C is
not an acceptable method for removing the seasonal variability in the PR metric because
it would overestimate PR.

Therefore, the National Renewable Energy Laboratory (NREL) started to highlight and
introduce temperature-corrected performance ratio (TCPR) as a new metric to assess the
performance of a GCPV system, followed by the International Electrotechnical Commission
(IEC). In the updated international standard of PV monitoring, TCPR was included to
remove seasonal and weather variations without overestimating the actual annual PR.
TCPR is able to estimate the annual PR regardless of the duration of the reporting period.
It is expected to discard large seasonal and weather variations by incorporating the
estimated annual average module temperature (Dierauf et al., 2013; IEC 61724, 2021).
Therefore, TCPR is implemented by NREL and IEC61724-1:2021, introducing a power
rating temperature adjustment factor (Cx qnnuq1), Which incorporates the annual average of
module temperature (T',0d,annual-avg)> Which can be estimated by computing an irradiance-
weighted average of the predicted module temperature (T,,4), and the value is chosen
based on historical weather data for the specific site. It will reduce unnecessary risk from
the effects of significantly high or significantly low T, on PR during the T&C since the
T'mod,annual-avg has been considered. It is particularly significant for climates with a wide
range of annual T,,,p, as in the continental climate. However, for the tropical climate,
which experiences low annual T, variation throughout the year, the relevancy of TCPR
is worth questioning and further studying.

A few studies have assessed the performance of GCPV systems using TCPR A study was
conducted using an installed PV system in Seville, Spain. This study has applied TCPR to
account for the temperature effects on two different PV module technologies, thin film and
monocrystalline silicon. The application of TCPR allows for a more standardised comparison
between the two technologies (Sanchez-Lanuza et al., 2024). Next, a study analysed the impact
of cell temperature on the performance ratio (PR) of photovoltaic (PV) systems through
experimental and numerical methods. It found that higher cell temperatures lead to decreased
PR, lowering system efficiency, especially in warmer climates like the Mediterranean,
where managing temperature is key to maintaining performance (De Masi et al., 2024). A
study evaluated the PR and TCPR of a utility-scale GCPV system under controlled spectral
influences: airmass and precipitable water. The study took place in Northern Cape, South
Africa, which is classified under an arid climate region. The results showed that PRis
overestimated during winter and underestimated during summer. By comparing PR and
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TCPR, TCPR showed more levelized results with low monthly fluctuations for the entire
year. This indicated that TCPR is relevant in the arid climate region (Daniel-Durandt & Rix,
2022). Besides that, a study was conducted in Gozo, Malta, under a temperate climate region
to analyse and compare 56 GCPV systems’ output over one year. The systems involved
ranged from residential to large-scale size. A comparison of PR and TCPR showed a close
value of 61% and 62%, respectively. It indicated that TCPR is not relevant for performance
assessment in the temperate climate region (Micallef & Staines, 2022).

Another study assessed a 3 kW, GCPV system performance located in the tropical
climate region at Sakon Nakhon, Thailand. By comparing PR and TCPR, the results show
that monthly PR has larger variations compared to TCPR, with standard deviations of
2.39 and 5.07, respectively. This study suggested that TCPR is a relevant performance
metric despite the tropical climate having low annual T, variations (Sathiracheewin
et al., 2020). Conversely, research by Syahputra et al. (2018) showed that monthly PR
values exhibit close variations compared to TCPR with standard deviations of 5.16 and
5.17, respectively. This study suggests that TCPR may not be essential for performance
assessment in tropical climate regions. Additionally, a study by Gopi et al. (2021) assessed
the performance of a 2 MW, GCPV system conducted in Kerala, India, which under
tropical climate showed similar results of small variations to those of Syahputra et al.
(2018). PR reached a maximum value of 77.56% in January and went down to 74.07% in
March. At the same time, TCPR varies from 77.61% to 74.88%. This result leads to the
conclusion that TCPR is not relevant for performance assessment in the tropical climate
region. Consequently, the necessity of evaluating TCPR in continental climate regions is
also called into question, given the contrasting characteristics of these two climates. It is
worth highlighting that the main differences between tropical and continental climates
are the fluctuations of T, and four distinct seasonal variations. The tropical climate has
consistent Ty, throughout the year with no four distinct seasons, while the opposite is
true for the continental climate. Despite comparing the value of PR and TCPR, this study
did not quantify the deviations between these two metrics. The relevance and necessity
of applying TCPR remain ambiguous and inconclusive, and a quantitative comparison of
the two metrics, especially monthly, is not provided. This study seeks to address the gap
in the literature by comparing the monthly and annual PR and TCPR of GCPV systems
in tropical and continental regions. The analysis will be conducted using PV design and
simulation software PVsyst.

METHODS

The framework of this study consists of two main parts: proving the role of Cy gnpyuqr 00
the TCPR mathematical model to remove seasonal and weather variations and comparing
the PR and TCPR for two case studies, as illustrated in Figure 1. The cases were the GCPV
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Site and system selection
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Figure 1. The study framework corresponding to the objectives

system located at Negeri Sembilan, Malaysia, under a tropical climate (referred to as Case
A), and the GCPV system located at Almaty, Kazakhstan, under a continental climate
(referred to as Case B).

Site and System Selection

The sites representing the two cases of tropical and continental climates were selected
based on the Koppen-Geiger climate classification. Negeri Sembilan, Malaysia, has
been selected to represent A;, known as the tropical rainforest climate, while Almaty,
Kazakhstan, represents Dy, the hot summer continental climate with wet winters. The A;
climate is characterised by consistently high T, all year round, with the average monthly
T amp remaining above 18°C. There are no distinct seasonal variations, and this climate
experiences substantial rainfall throughout the year without a dry season. On the other hand,
the Dy, climate experiences a relatively hot summer, with T, frequently exceeding 30°C.
Winters are cold, with T, falling below -3°C, often resulting in snowfall and frost. This
climate sees more precipitation during the summer, while winters tend to be drier. Table 1
presents the selected sites with their corresponding coordinates. The two selected GCPV
systems have been designed using identical technical specifications: the sizing ratio, the
PV module specifications and the inverter specifications, as tabulated in Tables 2 and 3.
The systems have a 10 kW, PV array capacity and a 9 kW AC inverter. The PV modules
were in 2 parallel x 20 series configurations and ground-mounted.
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Table 1
Sites for different climates and their coordinates
Coordinates
Case Site Climate - -
Latitude Longitude
A Negeri Sembilan, Malaysia A 2.7297 °N 101.9381 °E
B Almaty, Kazakhstan Dy, 43.2500 °N 76.9167 °E
Table 2
PV module specifications
Specifications Unit
Technology - Polycrystalline
Maximum power at STC W, 250
Open circuit voltage A% 37.47
Short circuit current A 8.76
Maximum power voltage \% 30.34
Maximum power current A 8.24
Temperature coefficient of voltage %°C! -0.34
Temperature coefficient of current %°C! 0.04
Temperature coefficient of power %°C"! -0.44
Table 3
Technical Performance Evaluation Inverter specifications
Based on IEC 61724-1 (2021) Specifications Unit
There are a few parameters under technical ~ Nominal power kW 9.0
performance evaluation based on [EC 61724- Maximum voltage A% 950
1(2021), which include DC energy (E4), AC ~ MPPT voltage v 420..800
energy (E,yuc), PV array energy yield (Y,), ~ Maximum AC current A 42
reference yield (Y,), final yield (Yy), PR, and No. of MPPT i 2
. No. of inverter - 1
the most recent parameter, is the TCPR. PR .
. Inverter efficiency % 97.0
can be expressed as Equation 1:
E, H
PR = (9/(—) [1]

Py Gpoa ;ref

where E,,; is the AC output energy of the PV array in the unit (kWh), P is the array power
rating on the DC side in the unit (kW), Hp,, is in-plane irradiation in the unit (kWh/m?),
and G poq,refis the itradiance at STC which is 1 kW/m?. However, PR can also be expressed
as Equation 4 by expanding E,,, as Equation 2 and H,,, as Equation 3 and moving P, to

the denominator:

Eout = Zk Pout,k X Ty [2]
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Hpoa = Zk Gpoa,k X T (3]

Py X Gpoq j X
PR—(ZPouthrk)/(Z( Pk Tk (4]

poa sref

where P, is the power output at the AC side, G, is in-plane irradiance in unit (kW/ m?),
and T is the time interval at the k*" recording interval within a reporting period in unit (h).
On the other hand, TCPR can be expressed as Equation 5:

C annua X P X G oa X
TCPR = (ZPoutk X 7 )/(Z(( kol X PO) X Gppok X Ty

poa ;ref

where Cy gnnuar 18 the power rating temperature adjustment factor. It is the unique and
distinctive parameter added to the previous PR equation and becomes the TCPR parameter.
This parameter serves to account for monthly temperature variations in a GCPV system
by normalising or evening out the monthly PR throughout the year. It achieves this by
compensating for the impact of temperature changes across different seasons and weather
conditions using the annual average module temperature Tyno4,annuat-avg- Since TCPR is
designed to estimate the annual PR regardless of the reporting period’s length, all T),,4 x
values in the TCPR calculations are balanced or neutralised by the T'04,annuai-avg> €nsuring
consistency in each interval calculation. The side-by-side comparison between PR and
TCPR is tabulated in Table 4.

Table 4
Comparison between PR and TCPR mathematical model
PR TCPR
PR — CkPoutk X Tk)/ 2k Gpoajk X Tk TCPR = ke Pout o X Tk) Zk{*fic;m—u;z X Gpoa k) X Tg
Po Gpoa,ref PO S ~ - _GEOQ-'Wf

Ck =1+ Yy X (Tmod k= Tmod ,annual —avg

Tmad ,annual —avg = Z(Gpoa,k X Tmod ,k)/Z(Gpoa,k)

Ck annuar Determination

Cr annuar 18 €xpected to play a role in removing seasonal and weather variations since it
is the power rating temperature adjustment factor. To ensure the TCPR concept is applied
correctly, the value of the annual TCPR should be close to the value of the annual PR.
Despite the fact that TCPR is expected to correct the monthly PR seasonal and weather
variations, TCPR will not overestimate or underestimate the annual PR. Since Ck gnnyar 1S
the only parameter distinguishing between TCPR and PR, mathematically Cy 4nnyq Should
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be approximately one. Cy gnnuq; can be expressed as Equation 6:

Ck,annual =1+ Yy X (Tmod kT Tmod ,annual —avg) [6]

where y is the relative maximum-power temperature coefficient in unit °C"', Ty104,annuai-avg
is the annual average PV module temperature in unit °C chosen based on historical weather
data for the site. It should be calculated by computing an irradiance-weighted average of
the predicted module temperature (T,,4) in unit °C which can be expressed as Equation 7:

Tmod ,annual —avg = Z(Gpoa,k X Tmod ,k)/Z(Gpoa,k) [7]

T'nod,annuai-avg 18 kept constant throughout the monthly calculation of TCPR.

In the interest of proving the TCPR concept, the effect of maximum and minimum
hourly Tpo4,x 00 Ci annuar 15 calculated. Firstly, the hourly raw data was obtained from
Solcast for one year (https://toolkit.solcast.com.au/). Table 5 presents the sample of raw
data obtained from Solcast between 8 a.m. and 7 p.m. for every hour on the 5™ of February
2023 for Case A. Next, the raw data took into account daytime data based on the filtration
of Gpoq > 40 W/m?* due to Tgpyp and T4 reaching an equilibrium state when the G4
reached 40 W/m?(Zainuddin, 2014). Then, the T,,,q4 Was calculated for every hour for one
year. For Case A, this study has applied Zainuddin’s (2014) mathematical model, which
can be expressed as Equation 8, to calculate T,,,4, while for Case B, the Tamizhmani et al.
(2003) mathematical model was applied, which can be expressed as Equation 9.

Tnod = —8.58 4 0.02 Gy + 1.53 Ty, — 0.58 WS — 0.05 RH [8]
Table 5
Environment data sample extracted from Solcast
Date Period Time T, CC) G,,. (W/m?) RH (%) WS (ms™)
5/2/2023 60min 8:00:00 AM 25 47 95.6 1.8
5/2/2023 60min 9:00:00 AM 26 237 89.9 1.8
5/2/2023 60min 10:00:00 AM 29 460 79.1 1.6
5/2/2023 60min 11:00:00 AM 31 658 70.9 1.8
5/2/2023 60min 12:00:00 PM 32 805 66 1.9
5/2/2023 60min 1:00:00 PM 33 876 61.4 1.8
5/2/2023 60min 2:00:00 PM 34 883 58.5 1.8
5/2/2023 60min 3:00:00 PM 33 647 62.3 1.8
5/2/2023 60min 4:00:00 PM 32 533 66.1 1.7
5/2/2023 60min 5:00:00 PM 32 198 66.2 1.3
5/2/2023 60min 6:00:00 PM 30 101 71.9 1.2
5/2/2023 60min 7:00:00 PM 28 44 80.7 1.2
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Trod = 4.3 +0.028 Gpoq + 0.943 Ty, — 1.528 WS [9]

WS is the wind speed in the unit (ms™), and RH is the relative humidity in the unit (%).
Afterwards, Tpod,annuai-avg €an be calculated using Equation 7. Lastly, Cy annuar Was
calculated for every hour for one year using Equation 6. The maximum and minimum
hourly T',,4 k. With the respective Cy gnnuai, Were identified from the one-year data.

Next, the average Cy gnnuqr for one year was determined using the same hourly C nnyar
data obtained from Solcast. However, instead of assessing the extreme value of T4 k»
the yearly average Cy 4nnuqr has been calculated by averaging the hourly Cy gpnuq1 for one
year. It is to observe the result of Cy 4nnyq O a yearly basis.

Comparison Between PR and TCPR Using PVsyst Simulation

The comparison between PR and TCPR using PVsyst software involved GCPV systems
simulation for cases of tropical and continental climates. The comparison was divided
into two main sections: the determination on an annual basis and the determination on
every month. The PVsyst simulation has been done by incorporating the mentioned sites
and systems selection. The simulation design parameters were kept constant except for
meteorological data selection that will represent each climate respectively. PVsyst offers a
few meteorological databases, including Meteonorm 8.1, NASA-SSE, PVGIS TMY, NREL,
Solcast TMY and SolarAnywhere. Users are allowed to upload their raw data if it matches
the PVsyst format. This study selected Meteonorm 8.1 due to its accuracy in in-plane solar
irradiation (H ,,4) data compared to others (Rahim et al., 2024). PVsyst is able to simulate
technical, economic, and environmental performance. However, this study is limited to the
boundary of technical performance only. Running PVsyst simulation requires the user to
incorporate various losses that are expected to affect the GCPV system. These losses were
also determined carefully and kept constant for both climates to ensure a fair comparison.
Table 6 presents the losses applied in the PVsyst simulation (PVsyst SA, 2024).

The PV array orientations have been selected thoughtfully for both sites since this is
a fixed tilt system to avoid losses and ensure a fair comparison between the two climate
regions. The tilt angle of a PV array is one of the crucial aspects of harvesting maximum
irradiance (Tahsin, 2021). The tilt angle of the PV array was determined by following
the rule of thumb, which is based on the latitude of the sites selected (Chen et al., 2018;
Chinchilla etal., 2021). For case A, supposedly, the tilt angle is 3°. However, for sites with
a latitude of less than 10°, the optimal tilt angle would be 10° to allow rain to naturally
wash the PV modules (Jacobson & Jadhav, 2018). For case B, supposedly, the tilt angle
is 43°; even so, considering this study used PVsyst as a simulation tool to assess the
performance of the GCPV system, the loss with respect to the optimum features in PVsyst

754 Pertanika J. Sci. & Technol. 33 (2): 745 - 764 (2025)



Temperature-corrected Performance Ratio: Tropical versus Continental

was considered. Therefore, the tilt angle was adjusted to reach 0% loss. Hence, the tilt
angle is 40°. The azimuth angle simply depends on which hemisphere the sites are located
in: southern hemisphere: 0° facing north and northern hemisphere: 0° facing south. Table
7 summarises the tilt angle and azimuth angle for both cases.

Table 6
GCPV system losses in PVsyst

No. Losses Values Description/Assumption

1 Field thermal loss factor 29.0 W/m?’K  PVsyst default value (Assuming that the PV array
mounting is open rack)

2 Ohmic loss 1.5% PVsyst default value
3 Module quality -0.5% PVsyst default value
4  Light-induced degradation ~ 2.0% PVsyst default value
5 Module mismatch loss 2.0% PVsyst default value
6 Strings voltage mismatch 0.15% PVsyst default value
7 Yearly soiling loss factor 3.0% PVsyst default value
8 Incidence angle modifier 1.8% Based on the PV module datasheet
9 Ageing 0% The system is new (assuming for new installation)
10  Shading loss 0% Assuming the system is free from shading.
Table 7
GCPV system orientation
Case Sites Climate Tilt angle Azimuth angle
A Negeri Sembilan, Malaysia Ag 10° 0° facing south
B Almaty, Kazakhstan Dy, 40° 0° facing south

RESULTS AND DISCUSSION

The results are divided into two parts to satisfy the research objectives. The first objective
is to prove the role of Cy gppyq in the TCPR mathematical model to remove seasonal and
weather variations (IEC 61724-1, 2021). The second objective is to compare the PR and
TCPR of GCPV systems under tropical and continental climate regions using PVsyst
software.

The Effect of Maximum and Minimum Hourly T,,,4 0n Cy gnnuai

Ci annuar Was calculated by incorporating the maximum and minimum hourly T},,4 x into
the calculation. The effect of extreme hourly PV module temperatures was analysed to
prove the TCPR concept of removing seasonal and weather variations. Based on the PR
and TCPR equations, the difference is just adding the Cy 4,044 parameter into the normal
PR equation and is later addressed as TCPR (Dierauf et al., 2013; IEC 61724, 2021). This
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means Cy gnnuqr’s vValue should be approximately one (Cy gnnuar = 1), so PR and TCPR are
close. Cy gnnuar has been calculated to verify that the TCPR concept was applied correctly
using raw data extracted from Solcast for tropical and continental climate regions. Table 8
presents the environmental data pertaining to the highest and the lowest T,,4 of the year
based on average hourly data with Cy 4p,uq for Case A, while Table 9 for Case B.

Table 8
Extreme T,,,4 (°C) and the C;, pua for Case A
Date Time Tamb (OC) Gpna (W/mZ) Tmod,k (OC) Tmud,annual-avg (OC) Ck.annual
2023-05-02  2:00:00 PM 34 883 57.13 43.50 0.94
2023-02-06  9:00:00 AM 23 53 21.64 ' 1.10
Table 9
Extreme T,,,4 (°C) and the Cy ... for Case B
Date Time Tamb (OC) G[ma (W/mz) Tmod,k (OC) Tmad,annual-avg (OC) Ck,annual
2023-07-26  1:00:00 PM 31 972 57.08 31.92 0.89
2023-01-13  8:00:00 AM -25 42 -21.31 ' 1.23

For Case A, the highest T),,,q was 57.13°C, resulting in Cy g,n,q; being 0.94, while the
lowest T4 Was 21.64°C, resulting in Cy gnpuqr being 1.10. On the other hand, for Case B,
the highest T,,4 was 57.08°C, resulting in Cy, gpnuq being 0.89, while the lowest T',,4 was
-21.31°C, resulting in Cy gppyq being 1.23. When T, is more than T'04 annuai-avgs Ck.annual
will be less than 1 and vice versa. During cases where Cy gnnuq; 18 €qual to one, there is no
temperature adjustment or removal of seasonal variations on PR. These results portray the
role or contribution of Cy, gpnuq in the TCPR equation mathematically to remove seasonal
and weather variation encountered previously in normal PR. Thus, TCPR is anticipated to
treat seasonal and temperature variations monthly and yearly.

Determination of Average Cy 4,nuar for One Year

The average Cy 4nnuqi for one year has been calculated and presented in Table 10. Compared
to extreme T',,4, On a yearly basis, both cases show that Cy, gpnuq1 1S closer to one. During
extreme T,,4, the power rating has been adjusted to compensate for the differences between
the maximum or minimum T,,4 and the T4 annuai-avg- FOr the annual average, there is
no adjustment since there is no difference between the T,,4 (yearly) and Tp,04 annuai-avg-
This means that while Cy 4,544 reduces seasonal and weather variations on monthly
TCPR, it does not affect yearly. Thus, the TCPR concept of removing seasonal and weather
variations without overestimating the annual PR has been done in accordance with IEC
61724-1 (2021).
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Table 10
Yearly average C;. yunuai
Case Site Climate Tmad,annual-avg (OC) Ck,(mnual
A Negeri Sembilan, Malaysia Ar 43.50 1.02
B Almaty, Kazakhstan Dy, 31.92 1.03

Determination of Annual PR and TCPR Based on PVsyst

Next, the annual PR and TCPR were extracted from PVsyst, and the mean bias error (MBE)
for both parameters was calculated. PVsyst calculates PR and TCPR based on [EC 61724-1
(2021), as stated in the PVsyst help content. Figure 2 illustrates the graph of PR and TCPR
against climate with their MBE to compare annual PR and annual TCPR for tropical and
continental climate regions.

The values of the annual PR and annual TCPR are close to each other for both climates.
The positive MBE indicates TCPR is higher than PR, while the negative MBE is vice
versa. This indicates that the TCPR concept of removing seasonal and weather variations

without overestimating the actual PR is proven.

90 0.40
80 . 0.20
70
§60 0.00 -
¥ 50 -0.20 E C—MBE
g 40 040 @
& 30 = === Annual
o -0.60 PR (%)
20 =t Annual
10 -0.80 TCPR (%)
0 Af Dfa -1.00
—MBE 0.38 -0.84
=== Annual
PR (%) 79.4 83.6
=g Annual
TCPR (%) 79.7 82.9
Climate

Figure 2. Annual comparison between PR and TCPR for Case A and Case B

Determination of Monthly PR and TCPR Based on PVsyst

Analysis of monthly PR and monthly TCPR extracted from PVsyst has been conducted
to observe the effect of seasonal and weather variations on PR, focusing especially on
monthly Tg,p. Table 11 tabulates the monthly data for Case A, including the Hpy4, Tambp,
Eout, PR and TCPR, while Figure 3 illustrates the result in a graph.
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Table 11
Monthly data for Case A
Month H,,, (kWh/m?) Toms (°C) E,..(kWh) PR (%) TCPR (%)
Jan 159.7 27.03 1272 79.7 80
Feb 164.3 27.67 1305 79.4 80.4
Mar 170.2 27.99 1348 79.2 80.1
Apr 158.8 27.68 1257 79.1 79.8
May 146.9 28.41 1159 78.9 79.3
Jun 125.1 27.92 993 79.4 79
Jul 133.5 2791 1059 79.4 79.1
Aug 141.4 27.78 1125 79.5 79.5
Sep 141.3 27.2 1121 79.4 79.5
Oct 147.8 27.58 1175 79.5 79.8
Nov 136.9 26.68 1093 79.8 79.9
Dec 137.5 26.99 1094 79.6 79.8
Year 1763.4 27.57 14001 79.4 79.7
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89 = M = (MM = — — R
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86 20
g8 _ —=1Tamb (°C)
x 84 o
E, 83 15 ‘-‘g =@==PR (%)
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Figure 3. Monthly comparison of PR and TCPR for Case A

Based on Figure 3, the TCPR line trend is in good agreement with the PR line
throughout the year, with minor deviations. The minimum PR recorded was in May, with
78.9% during the highest T, of 28.41°C. The corresponding TCPR was 79.3%. TCPR
has adjusted the seasonal and weather variations by increasing the value; thus, the value is
levelized with other months. The maximum PR recorded was in August, with 79.8% during
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the lowest T, of 26.68°C. TCPR has adjusted for the seasonal and weather variations
by decreasing the value; thus, the value is levelized with other months. However, the
difference between PR and TCPR is found to be insignificant. This indicates that TCPR is
not relevant in tropical climate regions.

On the other hand, Table 12 presents the monthly data for Case B, including the Hp,,,
Tamp> Eoues PR and TCPR, while Figure 4 illustrates the results in a graph.

Table 12
Monthly data for Case B
Month H,,, (kWh/m?) Toms (°C) E,,.(kWh) PR (%) TCPR (%)
Jan 91.3 -6.36 822 90 83.9
Feb 108.7 -3.92 968 89 84.1
Mar 146.2 5.23 1258 86 83.8
Apr 141.6 11.73 1176 83 82.5
May 172.6 17.74 1383 80.1 82.2
Jun 161.4 22.4 1265 78.4 81.4
Jul 180.7 25.21 1401 77.5 82
Aug 176.8 23.85 1381 78.1 82.4
Sep 163.3 17.58 1325 81.1 83.2
Oct 132.1 9.94 1111 84.1 83.9
Nov 81.7 2.16 714 87.4 83.2
Dec 64.7 -4.3 575 88.9 82.5
Year 1621.1 10.11 13379 83.6 82.9
90 30
89
88 25
87 20
86
85 15 —Tamb (°C)
E 4 O —e=PR (%)
S e 03 ~—e—TCPR (%)
% 82 5 =
~ 81
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78
77 -10
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Figure 4. Monthly comparison of PR and TCPR for Case B

Pertanika J. Sci. & Technol. 33 (2): 745 - 764 (2025)

759



Siti Nor Nadhirah Ibrahim, Hedzlin Zainuddin and Shahril Irwan Sulaiman

Based on Figure 4, the PR line is interestingly curved like a U-shape, indicating
that the monthly values are in a larger range throughout the year. There is a distinct
difference between maximum and minimum monthly values. Inversely, the TCPR line is
more balanced, indicating a small difference between maximum and minimum monthly
values. Thus, TCPR is levelized for every month. The minimum PR recorded was in
July, with 77.5% during the highest Ty, of 25.21°C. The corresponding TCPR was
82%. TCPR has adjusted the seasonal and weather variations by increasing the value by
4.5%; thus, the value level is revised with other months. The maximum PR recorded was
in August, at 90.0%, during the lowest Ty, at -6.36°C. The corresponding TCPR was
83.9%. TCPR has adjusted the seasonal and weather variations by decreasing the value
by 6.1%; thus, the value levelized with other months. It is apparent that the difference
between PR and TCPR is significant. It is worth highlighting that TCPR is relevant in the
continental climate region.

The minimum PR (PR ,;,), maximum PR (PR ,.x), minimum TCPR (TCPR,,;,), and
maximum TCPR (TCPR,,y) are summarised in Table 13 for both cases. The PR ;g and
TCPR g were also calculated by subtracting the maximum and minimum of the respective
parameters. The purpose of obtaining the PRy and TCPR ;5 was to observe the range
or variations of the monthly values, which was highly expected due to season or weather.
Large PR or TCPR g indicates large variations and the other way around for small
values. PRj;rand TCPR 45 should be compared to see the effectiveness of applying TCPR.

For Case A, the range of monthly PR is between 78.9% and 79.8%, indicating a 1%
PR ifr. The range of monthly TCPR is between 79.0% and 80.4%, indicating a 1.3%
TCPRg;f. Since the difference between PR ;s and TCPR ;5 1s small, there is minimal risk
of seasonal and weather variations. Thus, this case study has highlighted that PR assessment
is sufficient without the TCPR assessment for the tropical climate region.

For Case B, the range of monthly PR is between 77.5% and 90.0%, indicating a 12.5%
PRif. The range of monthly TCPR is between 81.4% and 84.1%, indicating a 2.7%
TCPR 4. Since PR 4ir is large, seasonal and weather variations are significantly risky. The
range of TCPR 4 significantly reduced compared to PR 4. Thus, this case study has proven
that the implementation of TCPR, as recommended by IEC 61724-1 (2021), is relevant for
the continental climate region due to the wide range of annual T,,;.

Table 13
Analysis of monthly PR and TCPR

Case PRo, (%) PRo.(%) TR TCPR,, TCPR,, TCPR,; TCPR,;-

(%) (%) (%) (%) PR iy (%0)
A 78.9 79.9 1 79 80.4 13 0.3
B 71.5 90 12.5 81.4 84.1 2.7 9.8
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CONCLUSION

Ck annual 18 determined by incorporating T o4 annuai-avg» Which is actually the irradiance-
weighted PV module temperature. For the tropical climate, the hourly highest and lowest
T o4 analysis resulted in Cy gnpuqr of 0.94 and 1.10, respectively. On the other hand, for
the continental climate, the analysis of hourly highest and lowest T, ,4 resulted in Cy gnnuai
0f 0.89 and 1.23, respectively. These results indicate that Cy 4,,,4; Varies significantly with
hourly extreme T,,,4. However, when analysed annually, the Cy gnpuq for both climates
are 1.02 and 1.03. It has been proven that Cy ;,n,q; role in removing seasonal and weather
variations in the TCPR mathematical model is successful for both climates.

The annual PR and TCPR have no notable difference for tropical and continental
climates. Nevertheless, the monthly PRs have shown obvious variations ranging from
77.5% to 90% for the continental climate. However, when TCPR is applied, the variation
is in the range of 81.4% to 84.1%, which is considered small. It is due to the Cy gnpyqr role
in removing seasonal and weather variations in the TCPR mathematical model. For tropical
climate, it is interesting to highlight that the monthly PRs have no obvious variations
ranging from 78.9% to 79.8%. The same results appear for monthly TCPR, which ranges
from 79% to 80.4%. Thus, the results of this study acknowledge that both PR and TCPR
are relevant for the continental climate. However, normal PR alone is already sufficient
for tropical climate as the performance metric.
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