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Photovoltaic (PV) power plants are becoming widely implemented and in
larger scale around the world. Understanding performance criteria is crucial
in the benchmark of PV plants and ascertaining performance requirements
during both design and operational stage of a PV plant. Performance ratio
(PR) and capacity factor (CF) are two generally accepted benchmarks for
the assessment of a grid connected PV plant. However, within the South East
Asia region, and especially within Malaysia, there is a lack of compilation
and benchmark for the PR and CF values of existing and operational PV
plants. This lack of data is disadvantageous for the designing and assessment
of performance of any PV plants in the area. Thus, the focus of this study is
to assess the PR and CF performance a 619kW PV plant in the Northeast of
Peninsular Malaysia, with the ultimate goal of proposing a standard.
From the continuous operation of the said PV plant for the duration of one
year, the plant energy production has been obtained and is compared with

the simulated energy generation model. Based on the comparison, the plant is
determined to be operating with PR value of 0.77 and CF value of 12%.
The plant is evaluated to be operating within benchmark values. These values
not only verify the performance of the studied PV plant, they also present a
form of comparison for future studies.
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1. INTRODUCTION

There has been tremendous expansion of the global renewable energy source market. A portion of
this expansion can be contributed to the continuously increasing numbers and size of PV plants [1].
In Malaysia, as portion of increasing demand [2], the renewable energy power targets as share of electricity
generation is predicted to increase to 9% by 2020 and 11% by 2030. Solar PV generation capacity allocation
of 563MW alone have been awarded in year 2017. This points to increasingly greater portion of the energy
generation capacity coming from PV sources for Malaysia in the future [3]. For PV plants, the energy
generation is not constant, unlike other forms of energy such as nuclear and thermal. Part of the reason is
the availability of sunlight is only for roughly half a day. Weather patterns also have great impact of
the functioning of the PV plants. Thus, the performance of PV plants correlates highly with these external
variables. The performance of PV plants is an indicator of suitability of design parameters and operational
health. In view of this, an industry wide benchmark system for the PV plant performance criteria is important.

There are several parameters to assess the performance of a PV plant. Yield and Capacity Factor are
important indicators of PV system performance, defined by ratio of energy output of PV system (kWh) to
the nominal DC power (kW). The performance ratio of a PV plant on the other hand is the portion of energy
available for export into grid after taking into consideration various system losses, degradation, environmental factors
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and etc. [4]. Furthermore, the viability of a PV plant is highly dependent on the efficiency of long-term energy
yield. Intermittency, volatility, location of the plant and characteristics of solar cells also play crucial role in
the forecasting and planning of a PV plant generation capacity [5, 6]. Detailed assessment of these
performance factors would provide design guidelines for new PV plants in design, and also energy generation
targets during plant operation. Furthermore, the CF and PR values would provide insight into external
variables impact to the PV plant generation capacity, allowing for better forecasting, maintenance and grid
management in terms of energy availability [7]. Studies have been conducted on various PV plants to
determine the performance ratios and establishing methodologies [8, 9]. The detailed assessment of these
performance factors would reveal energy generation pattern in relation with external factors such as weather.
This would also contribute to predicting the impact of fluctuation in PV plant generation capacity on stability
of connected grid as studied in various papers [10-16]. Determining and monitoring the performance of PV
plants is crucial where impact of energy generation fluctuation on local grid is of importance.

This paper studies the energy generation model of the 619kW PV plant for over a period of 1-year.
Simulated or theoretical long-term energy generation data can be generated using historical meteorological
data with solar system simulation software, PVSyst, to simulate the yearly energy generation.
Compiled monthly energy generation data comparison with the simulated generation data allows for analysis
of monthly energy production pattern. From the assessment and comparison, the PR and CF values of the PV
plant can be calculated for the particular year. The indication from these calculated performance criteria are
positive. The PR and CF values fall within the global average. The outcome is able to prove the design and
implementation of the PV plant as acceptable. This paper then present the performance assessment of the PV
plant and with comparison to global benchmarks values, the particular concern for a region-based benchmark
is due to specific weather patterns that effect only certain regional areas and therefore performance of PV plants is not
directly equivalent in terms of comparison criteria. This region-specific weather events reduce comparability with
global benchmark. Hence, a region-based benchmark especially for within Malaysia is highly recommended.

2. PV PLANT DESIGN AND GRID CONNECTION

The 619kW PV plant is located in the northern state of Kelantan, in the Malaysian Peninsula.
The PV plant itself is located above a 5-storey municipal carpark block, where the solar roof encompasses
the entire roof carpark area and acts as shade for the carpark below. The PV roof is split into 2 halves;
the North Roof and South Roof. The North roof is tilted at 20° and to an azimuth of 180°, while for South
Roof is tilted at 16° and to an azimuth of 0°. A connection of total 2,960 pieces PV panels make up the entire
PV roof. The solar power plant is designed to cater for the maximum numbers of solar panels and utilising
the space available effectively. The system is designed around the open circuit voltage of maximum 1000V.
This design parameter is set based on maximum input DC voltage of inverter, combiner box, insulation level
of PV panels and other components of 1000V. The PV plant is rated to 619kWp.
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Figure 1. DC Side circuit design
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The Figures 1 and 2 present the overall arrangement of the components and connection diagram for
both DC side and AC side. The PV plant is a grid-connected plant, and there is no energy storage medium
such as batteries. Thus, the energy generated at any point during the day is directly transmitted into the local
grid at 11kV voltage level. Energy generated is transformed to 11kV voltage level using an on-site step-up
transformer in a compact substation. The point of common coupling (PCC) is the TNB pencawang elektrik (P/E)
located within the carpark building. Energy generation measurement point, energy meter, is shown in Figure 3.
The point of measurement being at the PCC takes into account the total energy generated by the PV plant.
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Figure 2. AC side circuit design of combiner box
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Figure 3. PV plant connection diagram with local grid connection

3. ENERGY MEASUREMENT AND PERFORMANCE CALCULATION

Over the period of October to March, the East Coast region of the Malaysian Peninsula undergoes
monsoon season. The energy generation from PV plant thus drop due to the adverse effect of heavy rain, and
frequent cloud coverage. The performance of the PV plant during this period also reduces. Nevertheless,
the energy generation is continuous during the entire period. In actual installation environment, the PV panels
and overall PV system are impacted by various conditions which alter the performance on the PV plant and
must be taken into consideration during the design of the PV system [17].
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From the energy meter at the Point of Common Coupling (PCC), the energy generation is recorded
at monthly interval to plot an energy generation profile for a 1-year period. Figure 4 provides the plot of
energy measured from the PV plant. A drop in energy generation especially from October onwards is seen
with the coinciding monsoon season which brings frequent rain and increased duration of cloud cover to the
East Coast region of the Malaysian Peninsula. The actual site energy produced obtained from plant is
652,146.00kWh for the 1-year period.
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Figure 4. 12-month measured energy generation plot

Meteorological data is imported from the Meteonorm Software. The Meteonorm Software collects
and provides historical meteorological data for various regions in the worlds. The meteorological input for
the 1-year period of study includes solar irradiation data, sunshine duration, temperature readings and also
precipitation data. The data is imported into PVSyst software, which is a generally used software for
the purpose of solar system simulation. PVSyst software was designed for varios simulation of solar system
installations. Using the meteorological data, and the solar power plant design parameters, the software is used
to generate the expected energy generation profile for the PV plant for a 1-year period. The simulation results
are plotted against the actual measured generation data for performance comparison purpose in the Figure 5.

From the comparison between measured and simulated energy generation data, the percentage
shortfall in actual energy generation varies from 10% in April 2016 to 41% in February 2017. The shortfall in
seen greater mainly during the November, December, January and February months which also coincides
with the monsoon season in the state. From the PVSyst Software simulation, the estimated yearly energy
production is 852,407kWh/year. Capacity for a PV plant is the maximum power generation rating. capacity
factor (CF) equation below shows the relation between the maximum output energy from a PV plant against
the maximum theoretical output or total potential energy that can be generated from the same PV plant under
ideal conditions for a given period of plant operation [4]. Thus, CF is the plant energy generation capacity
availability indicator of a PV plant and can be derived either from the DC side or the AC side energy generated.

Total Energy Generated

ity F F) =
Capacity Factor (CF) (365 days) x (24 hours per day) x (Peak Power)

X 100%

Performance ratio (PR) is the comparison between energy generation by a PV plant against calculated or
simulated output. Meteorological data, system design and component losses, and others parameters are taken into
consideration in the energy generation calculation. Therefore, PR value provides an indication of overall PV plant
energy generation efficiency against the rated output under specified conditions. PR value allows comparison
between PV plants that are located in various locations and weather. This is due to better representation of
insolation in its calculation. PR value also on the other hand, indicate the PV plant losses due to various reasons
including system faults, weather shading and others. PR of a PV plant is highly correlated with the weather pattern.
The standard PR reporting can be monthly, annually, or even within specific time frame, i.e. daily. The tracking of
PR value can provide information on existence of issues with the PV plant that are impacting the performance.
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12-Month Simulated and Measured Energy Generation Plot

Mar-1 7 =,
Feb-17 |
Tan-1 7
Dec-16 R
Nov- 16 R —.

O] 6 R e,

Sep-16 R
Ang-16 =,

T -1 6 R —

Tun- 16 R s,
May-16 |y
gy

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00
Energy, MWh

E
[=]
=

m Simulated B Measured

Figure 5. 12-month simulated and measured energy generation plot

PR calculation methods are various. Solar power plant industry participants including relevant
standards and organisations have proposed and defined PR calculation methods. The IEC 61724 [18], NREL [19, 20],
and IEA PVPS TASK?2 [21, 22] standards describe PR as the ratio of system final yield against reference yield.
While the SMA standard calculation is based on energy exported to grid after the deduction of energy loss
which includes thermal losses, conduction losses and others, and energy consumption for internal PV plant
operation. Using the SMA method which presents the PR equation as bescribed below, the actual site annual
power generation is compared against the simulated generation via below formula.

Actual reading of plant output in kWh pa.a

PR =
Nominal, calculated plant output in kWh pa.a

4. RESULTS AND DISCUSSION

Generally, Capacity Factor values globally are increasing from 14% to 18% for years 2010 to 2018.
However, these are global weighted average CF values for utility scale PV systems as recorded by IRENA.
On an individual basis, PV plants would endure CF of highly variating value, as performance of the plants
are highly tied to the local weather pattern and other operating conditions of the respective plants. The CF for
this PV plant is 12%. This indicates the plant is operating at 12% energy generation of the theoretical
maximum energy output possible. Taking into account that sunlight is only available for a limited period of a
day, the CF values for PV plants in general would be lower compared to other forms of non-fossil fuel energy
sources such as nuclear energy, thermal energy and etc. which for example in case of nuclear energy,
have CF values of 80% or greater. Also, CF values for renewable energy power plants such as collar and
wind undergo non-constant power output due to dependence on weather pattern which may vary greatly
depending on region [23]. This is intermittence, and the CF values will be lower for these plants. Hence,
a comparable CF benchmark of PV plants would allow for better regional comparison of PV plants
performance in relation to changing technology, regional weather patterns and various other variables
including availability of technology to particular region.

The calculated performance ratio (PR) is 0.77. From the study conducted by Woyte et al., [24],
PR values for Worldwide Sources averaged 0.65 to 0.70 in the 1990s, and in the years 2000s for countries
like Germany, the PV values averaged 0.84, and Taiwan, the PR values averaged 0.74. Additionally, based
on report publication by IEA in 2014, the PR values have been increasing from 50%-75% in the late 1980s,
to 70%-80% in the 1990s, and >80% in present. There are also instances where the PR ratio have reached
90%. However, this presence of variance in the PR values ranging 70%-90% across different newly installed
PV systems necessitate the assessment and study of performance of the installed PV systems [25]. Thus, the
comparison with available PR data for years 2000s indicates acceptable PR value, although not superior. Overall, the
PR of this PV plant indicates efficient operation for the 1-year period.
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5. CONCLUSION

The 1-year period performance of the PV plant was evaluated based on two benchmarks,
performance ratio (PR) and capacity factor (CF). Evaluation method is described for PR and CF.
The evaluation process makes use of recorded actual generation data and simulated generation data.
Historical meteorological data from Meteonorm is used in the PVSyst software simulation.
From the calculations, the PR of the PV plant was determined as 0.77, and CF as 12%. The CF results for this
PV plant falls within the scale of average recorded by IRENA. For the PR value, the obtained value falls
between the recorded average PR value for Taiwan and Germany based on precedent study. The monsoon
season also plays an important role in the energy generation capacity of the plant, as demonstrated in the drop
of energy generation seen in both the measured and simulated generation data. In overall, the performance of
the PV plant is found acceptable.

As aim of this study, the method of determining the PR and CF was successfully evaluated for
the PV plant and presented in this paper. These two benchmarks are beneficial and enable the comparison of
the performance of the PV plant against other plants within the region or globally. Benchmarks allow
improvement of the PV plant operating target the and also provide base design criteria for future PV plants.
This is in view of the lack of regional and especially local benchmark for both CF and PR of PV power
plants, which is a drawback in the study process of PV plant performance. The comparison of PV plants in
similar regions should provide better understanding and expected performance requirements of PV plants.
Furthermore, the effect of monsoon season for example that has had on the studied PV plant cannot be
directly compared with the scenarios in other countries. This gives support for local Malaysia based
benchmark index for the performance rating of PV plants to be established.
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