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ABSTRACT

An inverter is used to convert the electricity generated by a photovoltaic (PV)
system from direct current (DC) to alternating current (AC). The larger the
power rating of an inverter, the higher the cost of the PV system. An inverter
can cost more than 10 million ringgit for a 50 MW large-scale solar PV plant.
Therefore, it can be downsized to save the capital cost because a PV system
does not perform 100% of its rated capacity due to several losses. A specific
term known as “inverter sizing ratio” (ISR) is used to show the ratio of DC
power rating generate by the PV array to the ratio of AC power rating of the
inverter. The drawback of downsizing (high ISR) is the possibility of power
clipping during occasional high solar irradiance which leads to loss of income.
There exists an optimal ISR to balance the amount of cost-saving and the
amount of lost income. There is a lack of research study on optimal ISR in
Malaysia despite some in other non-tropic countries. This study aims to
provide a reference of optimal ISR for the PV industry in the tropics. The main
objective of this study is to analyse the influence of the key parameters of a
PV plant on the optimal ISR and levelised cost of electricity (LCOE) through
sensitivity analysis. A special technique to divide the performance ratio into a
fixed component and a variable component was used in this study based on the
characteristic of the projects in the tropics. This technique helps to ease the
sensitivity analysis. In addition, a method of processing the solar irradiance
data which will affect the value of optimal ISR is adopted, compared and
discussed. The solar irradiance data were sampled in a 5-minutes interval
rather than averaged out within the time interval which was done by previous
work. The sampled method means the solar irradiance data is taken for every
X-minute interval for one year data where X can be five, ten, twenty, thirty or
sixty minutes. The averaged method means the solar irradiance data in every
X-minute interval is sum up then the data is averaged out with the value of X
where X can be five, ten, twenty, thirty or sixty minutes. All the parameters in
this study are the latest information on the PV industry. The graphs for
sensitivity analysis were plotted and interpreted. The summary of all the
sensitivity analysis was discussed. The sensitivity analysis of changing the
specific cost of the PV system with the specific cost of the inverter has a great
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influence on optimal ISR. When the specific cost of the inverter is more
expensive, it allows higher optimal ISR for saving cost. The recommended
range for the optimal ISR is from 1.50-1.80 for a 10 MW plant in the tropics.
In a nutshell, the results from this study can provide guidelines on choosing
the right ISR for the PV industry player. Besides that, the PV industry player
can estimate the percentage change for the optimal ISR when the sensitivity
analysis is different from the nominal value via the trend of the lines plotted
from the sensitivity analysis.
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CHAPTER 1

1 INTRODUCTION

1.1

General Introduction

The demand for using renewable energy such as solar energy is increasing in
the world to prevent global warming. Solar energy is a type of free energy
provided by the sun and does not cause any pollution to the environment. Solar
energy is abundant in tropical areas. Photovoltaic (PV) system is an
application that uses solar energy to produce electricity (Khatib et al., 2017).

The current generated from the PV system before passing through the
inverter is direct current (DC). The function of an inverter is to convert the
DC become alternating current (AC) (Lai and Lim, 2019a). Therefore, the
inverter is essential in a grid-connected PV system. The inverter power
capacity is normally sized to the rated capacity of the PV system in certain
sites. The rated capacity of a PV system is determined based on the power of
the PV panels measured under standard test conditions (STC) in which the
solar irradiance is 1000 W/m2, the sunlight spectrum is air mass (AM) 1.5 and
the PV module operating temperature is 25 °C (Khatib et al., 2017). Besides
that, the inverter is normally equipped with the function of maximum power
point tracking (MPPT) to achieve the highest power injection to the grid.
However, solar irradiance does not always stay stable or constant. A PV
system can generate power that is higher than the rated capacity of the
inverter. The reason for causing this situation is the presence of higher solar
irradiance than the STC. During this condition, the inverter will clip the extra
power from the PV system. Power clipping causes power loss to the system
(Lai and Lim, 2019a). This can be observed in Figure 1.1. Power clipping
indicating the loss of a profit for the owner of a PV power plant since the
generated electricity is sold at a certain tariff, RM/kWh.
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Figure 1.1: The graph of clipping energy by an inverter. (Kathie, 2018)

The higher the rating power of an inverter, the higher the cost for the
inverter because an inverter price is sold based on RM/W. Hence, most of the
time, the rated capacity (or called size) of an inverter is selected to have a
lower power rating than the DC rated value of the PV plant to save the cost.
This method can be applied because the PV system will not perform exactly
100% of the rated capacity most of the time. First, there are losses during the
generation of electricity such as ohmic loss, inverter conversion loss, optical
loss by soiling of the solar panels and reflection of the glass etc. Second, the
solar irradiance in a particular area or site for most of the time is below 1
kW/m2. On the other hand, if some part of the solar irradiance in that particular
area or site is greater than 1 kW/m2, downsize the inverter (referring to use the
lower power rating and not referring to the physical size of the inverter) is still
possible to reduce the levelised cost of electricity (LCOE), depends on the
amount of high solar irradiance. In some cases, the loss of profit due to the
total clipped energy by the inverter for 25 years could be less than the cost
saved by changing an inverter to a lower power rating inverter. In other words,
the total loss of income in 25 years due to using a higher DC-AC ratio as
shown in Figure 1.1 may less than the cost saved from the undersized inverter
(Lai and Lim, 2019a).
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A specific term known as “inverter sizing ratio” (ISR) is used to show
the ratio of DC power rating generate by the PV array to the ratio of AC power
rating of the inverter. The major factors that have an impact on determining
the optimal ISR for a PV power plant in the tropics are the efficiency of the
inverter and solar resources because other factors can be controlled or
designed to achieve the desired performance ratio of the PV plant (Lai and
Lim, 2019a).

1.2

Problem Statement

Previous work has been carried out to investigate the ISR for eight sites in
Malaysia. It is found that the optimal ISR for the eight sites ranges from 1.475
to 1.525, which is solely based on the changes of annual solar irradiation of the
sites (Lai and Lim, 2019a). However, there is some shortage of previous
research work. In the previous work, the solar irradiance database is obtained
from the satellite-derived data where the data have been averaged out within
the time interval of an hour, to form hourly solar irradiance database. The
disadvantage is that it cannot reveal the cases of short and rapid change of high
solar irradiance. Because of this reason, the optimal ISRs appear to be higher.
In addition, the price of a PV system has dropped significantly since the past
two years. Therefore, it is worth to review the optimal ISR with new prices.

Moreover, the sensitivity analysis has not been conducted yet in the
previous work. The parameters for sensitivity analysis are such as changing
the degradation rates of the PV module, changing the specific cost of the
inverter and the operation and maintenance (O & M) cost for the PV plant etc.
In this project, the parameters for sensitivity analysis were studied.
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1.3

Aims and Objectives

The aims and objectives in this project is defined as below:
1)

To investigate the effect of optimal inverter sizing ratio for
large-scale photovoltaic plants operating in the tropics using
various interval sampled solar irradiance data.

2)

To analyses the influence of the key parameters of a
photovoltaic plant on the optimal inverter sizing ratio and
levelised cost of electricity through sensitivity analysis.

1.4

Importance and Contribution of the Study

The cost of an inverter is normally expressed in dollars per watt. Hence, the
higher the total rated power of all inverters, the higher the cost to build the PV
power plant and the higher the cost of the levelised cost of electricity (LCOE)
for the generated electricity (Lai and Lim, 2019a). It is crucial important to
study whether an inverter size used for a certain site is suitable to prevent the
case of too much electricity clipped resulted from using an inverter with a low
power rating at a site that has a large portion of high solar irradiance. It will be
great to reduce the capital cost of the PV plant by using the optimal ISR.
Figure 1.2 shows the large-scale solar (LSS) farm. Figure 1.3 shows the
central inverter for LSS that costs millions of ringgit.

Figure 1.2: The large-scale solar (LSS) farm. (Samaiden, n.d.)
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Figure 1.3: Central inverter for LSS that costs millions of ringgit.

Besides that, there is a lack of research report on the optimal ISR for a
PV system in Malaysia, particularly a country in the tropical region. There are
some research papers for the optimal ISR for a PV system in other countries
such as Finland, Brazil and United State. It is very important to give the solar
industry a reference range of optimal ISR of a PV plant in the tropics. In this
project, the solar irradiance database was obtained from a ground-mounted
weather station which the data has not been averaged out yet. The solar
irradiance database in this project is in a one-minute interval. This study has
used a higher resolution solar irradiance database that can provide a more
accurate value of optimal ISR which can help the industry to achieve a costeffective plant design and further bringing down the cost of generation. In
return, it promotes more adoption of solar energy to combat climate change.

This study is also essential for the future PV industry in tropical
climate countries like Malaysia. The parameters in this study are up-to-date
industrial information. There is also a lack of research report on sensitivity
analysis such as changing the degradation rate or specific cost of the inverter.
This study not only can give the reference on the trend of the sensitivity
analysis to the industry player, but also the value of the optimal ISR. Industry
players can refer to the optimal ISR from sensitivity analysis during the
process of designing their PV system to save cost and have a shorter payback
period.

6

1.5

Scope and Limitation of the Study

This project only studied in a tropical area, which is Malaysia only. Malaysia
has a lot of potential sites that can be conducted the study of the ISR of the PV
power plant. However, this project is limited to one site to investigate the ISR
of the PV power plant in Malaysia. The crystalline silicon solar panels were
used in this study to design the PV power plant. Besides that, the scope of this
project only focused on ground-mounted large-scale solar farms. Moreover,
this project does not include any annual payment and interest on the loan or
incentives. The net present value of the future cost did not take into
consideration in this project.

1.6

Gantt Chart

There are a lot of tasks that need to carry out in this study. Thus, scheduling of
the tasks is important to prevent the case of delaying the project. Figure 1.4
shows the Gantt chart for the project.
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1.7

Outline of the Report

There are few chapters in this report. Each chapter elaborates the respective
topics and contents to let readers can understand easily. The short briefing for
each chapter is written below.

Chapter 1 Introduction
An introduction is briefly explained about the background, aim and objectives
of the overall project. Moreover, the importance of this project is also
discussed.

Chapter 2 Literature Review
This chapter is discussed about researches that have been done by other
researchers related to the project’s background.

Chapter 3 Methodology and Work Plan
The flow of the project is presented in the flowchart. The equations that
needed to be used are listed and explained. The nominal value for each
sensitivity analysis was listed in table form.

Chapter 4 Results and Discussions
The comparison of the optimal ISR determined by using GHI and GTI is
discussed. Besides that, the trend of each result is presented in the graphs and
interpreted. Last, three of the sensitivity analysis are presented in the graph
and the results are explained.

Chapter 5 Conclusion and Recommendations for Future Work
A summary of the overall project was discussed. Moreover, some opinions
will be suggested in this chapter to improve the present project.

9

CHAPTER 2

2 LITERATURE REVIEW

2.1

The Large-scale solar Projects in Malaysia

The energy commission of Malaysia had conducted the bidding competition of
large-scale solar (LSS) farms. This competition had conducted three times.
Besides that, the government of Malaysia is planning to launch the LSS4 in
2023. During the first cycle of the large-scale solar (LSS1), the maximum
capacity of the photovoltaic (PV) system that can bid by the investor is 50
MW. During the second cycle of the large-scale solar (LSS2), the maximum
capacity of the PV system that can bid by the investor is 30 MW. The
government wants more companies to participate in the competition since the
capital cost for PV plants of 30 MW is lower than PV plants of 50 MW (Liew,
2018). For the project of LSS3, four bidders had successfully bided the
development of PV plants with a capacity of 100 MW. Two of the PV system
are located in Marang, and the other two are located in Pekan and Keriah
(Bellini, 2020). The government offered two ranges of the capacity of the PV
system during the fourth round of the large-scale solar (LSS4). The first range
of the PV capacity is from 10 MW to 30 MW the other one is from 30 MW to
50 MW. From LSS1 to LSS4, the common capacity of PV plants in Malaysia
is 10MW, 30 MW, 50 MW and 100 MW (Martin, 2020a).

2.2

Grid-connected PV System Configuration

Grid-connected PV systems is connected to the local electricity grid through
an inverter as shown in Figure 2.1. The PV panels only generated DC power
and inverter is needed. The function of an inverter is mentioned in Section 1.1.
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.
Figure 2.1: The grid-connected PV System circuit diagram . (Grid Connected
PV System, n.d.)

There are four types of configuration for the grid-connected PV system
as presented in Figure 2.2 and Figure 2.3. The implementation of the types of
configuration depends on the power rating. The first type is known as module
inverter. This inverter usually will be implemented for a small-scale PV
system as presented in Figure 2.2 (green rectangular). The module PV
converter has the ability of MPPT tracking at each PV panel, which can be
getting more energy. The function of the converter is to step up or step down
the DC voltage. This configuration comes with a drawback that needs a high
value of conversion ratio of a direct current (DC) to DC converter. The
generated DC voltage of the PV system is small due to the number of panels is
limited, the DC voltage needed to be step up and converted to AC voltage via
inverter so that it can be connected to the high alternating current (AC) voltage
of the grid (Blaabjerg, Sangwongwanich and Yang, 2018).

The second type of configuration is known as single string inverter
which is presented in Figure 2.2 (blue rectangular). The third types of
configuration are the central inverter which is presented in Figure 2.2 (red
rectangular). Multiple string inverter is also a type of configuration for gridconnected PV system which is shown in Figure 2.3. Single string inverter,
multiple string inverter or central inverter will be implemented for medium or
large-scale PV systems due to the high efficiency of conversion. The generated
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DC voltage from the PV system will be passed to the AC grid without using
DC to DC converter or using a smaller conversion ratio of a DC to DC
converter. This is due to the DC generated voltage is high due to the number of
PV panels is lot. The string and multistring inverters are getting famous and
more people using them in the market. The reasons are the string inverter has
high reliability and the process of installation is simple (Blaabjerg,
Sangwongwanich and Yang, 2018).

Figure 2.2: Different configuration of grid-connected PV inverter structures
. (Blaabjerg, Sangwongwanich and Yang, 2018)

Figure 2.3: Multiple string configuration of grid-connected PV inverter
structures. (Blaabjerg, Sangwongwanich and Yang, 2018)
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2.3

PV System Installation Cost Break Down

The initial capital money to build a PV power plant will be expected to
decrease from time to time. The percentage of the cost of each part such as
inverter or PV module to total cost for installation fees for a PV system is
presented in Figure 2.4. The PV module is standing 41% to the total cost for
installation cost for the PV system in 2019 and the percentage of this cost is
keep reducing as shown in this figure. The percentage cost for inverter, project
cost and wiring the circuit had the same trend as the PV module which the
percentage occupied to the total cost for construct the PV system is reduced
from time to time. This means the capital for constructing the PV system for
the same power rating in the future will be expected to be cheaper than now.
This can attract the investors to invest their money in the PV system project as
the investors also wish to reduce the costing for the component such as
inverter specific cost to earn more money. The trend of reduction of price for
the components such as PV module and inverter is faster than the trend of
reduced cost for installation fees. The overhead cost will be assumed to remain
constant (Fischer, 2020).

Figure 2.4: The expected trend for PV system installation cost from 2019 to
2030. (Fischer, 2020)

13

2.3.1

Price for Generation Electricity Per Watts

Nowadays, the range for the cost for generation of electricity for the PV
module is from USD 0.16/W to USD 0.40/W depends on the type of PV
module that used as presented in Figure 2.5. The trend for generated one-watt
electricity for the all types PV module will be decreased from time to time
which is shown in Figure 2.5. It is expected the price generation of one-watt
electricity for the PV module will be reduced in future to make the prediction
of the percentage ratio of cost for the PV module to the total cost of
installation for PV system become true (refer to Section 2.3 Figure 2.4)
(Martin, 2020b).

Figure 2.5: The graph of price generation of electricity versus time for
different types of PV modules. (Martin, 2020b)

The range for the price for the generation of electricity in the inverter is
from USD 0.06/W to USD 0.18/W as presented in Figure 2.6. For various
kinds of inverter used, different ranges of the price will be implemented. It can
be observed in Figure 2.6 that the central inverter use for the utility sector has
the lowest price for all the time compare to string inverter in residential and
commercial. It is also predicted that the price for the generation of electricity
for inverter will be dropped so that in future the more investor will invest in
the PV system project (David and Robert, 2019).
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Figure 2.6: The trend of price of generation per watts(in USD) versus time for
different types of inverter. (David and Robert, 2019)

2.4

Performance Ratio (PR)

The PR will be expressed as percent and indicated the relationship between the
actual and theoretical generated electricity outputs of the PV plant. PR will be
showed the impact of losses on the generated output of a PV system due to
shading factor and degradation of the module etc (Reich, et al., 2012).

2.4.1

Types of Losses that Affects the PR of PV System

There are many factors that can reduce the PR of PV system. All the possible
losses in the PV system are shown in Figure 2.7.

Figure 2.7: The types of loss in PV system. (Mermoud, 2010)
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The shading factor will be contributed to the loss of energy in the PV
system. When the small section of the PV panel is blocked by tree branches,
then the output power will be decreased (Salih and Taha, 2013). The next
types of loss in the PV system are the incident angle modifier (IAM). The
solar irradiation incident on the PV panel has more chance to reflect on the
panel surface as the incident angle increases. This means that as the orientation
of the sunlight is changed, the IAM loss may also be higher (Tawa, et al.,
2020).

The efficiency of a PV system can be affected by the temperature and
the amount of solar irradiation. When the temperature of the PV panels
increases, the efficiency will drop linearly. This is because the peak power
generated by the PV panels is at STC which is at 25℃ (Tsoutsos, et al., 2011).

When the PV array does not clean for some time, soiling is the effect
of particles or dust deposition on the PV panel. Soiling can decrease the
generated electricity of the PV system. This is because the particles of soiling
can act as dielectrics which can absorb incident light into the PV module
(Urrejola, et al., 2016).

Mismatch loss can reduce the output power of the system. The change
in irradiance level which also known as partial shading can lead to mismatch
loss (Lorente, et al., 2014).

2.5

Ross Coefficient

Ross coefficient is a famous method used to approximate the module
temperature of the PV. Ross coefficient has a relationship with surrounding
temperature. Besides that, it also has a relationship with solar irradiance data
and temperature for the PV module. Various models of the temperature
module were created to approximate the temperature of the module. Thus, the
PV engineer able to approximate the efficiency drop due to the impact of the

16

temperature. One of the most commonly used models is shown in Eqn. (2.1)
(Lai and Lim, 2019b).
𝑇𝑚𝑜𝑑 − 𝑇𝑎𝑚𝑏 = 𝑘𝐺𝑚𝑜𝑑

(2.1)

Where
Tmod = module temperature, °C
Tamb = ambient temperature, °C
k= Ross Coefficient, °C/(W/m2)
Gmod = in-plane solar irradiation , W/m2

2.6

Existing ISR Methodologies

From the Finland research paper, the data of optimal array-to-inverter sizing
ratio (AISR) had been determined through analysing the one-second solar
irradiance data instead of one-hour solar irradiance data. This is to prevent
some of the information on the irradiance data to be lost and to get a better
result on the undersized inverter. This research paper was studied one of the
cities in Finland which is Jyväskylä. Figure 2.8 shows the annual irradiance in
Jyväskylä (Väisänen, et al., 2019).

Figure 2.8: Annual irradiance in Jyväskylä. (Väisänen, et al., 2019)
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Chen (2011) determined the ISR by analysing the one-minute solar
irradiance data from 2009 instead of one-second solar irradiance data for the
two sites which are Eugene and Las Vegas. Chen (2011) considered the effect
of protection delay into account when calculating the ISR. Figure 2.9 shows
the distribution profiles for Eugene and Las Vegas in 2009.

Figure 2.9: Distribution profiles for Eugene and Las Vegas in 2009. (Chen, et
al., 2013)

Paiva et al. (2017) analysed on ISR in PV distributed generation (DG)
in the central region of Brazil. 12 years of solar irradiance data is given by
manufacturers to analysed the ISR in this research paper. The ISR is
determined by using the hourly solar irradiance data provided by the Brazilian
National Institute of Meteorology (INMET) as presented in Figure 2.10. The
inverter is considered to have a lifetime of 25 years. This research paper got
took the factor of the module degradation (Paiva, et al., 2017).
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Figure 2.10: The hourly solar irradiance data provided from INMET in central
region of Brazil. (Paiva, et al., 2017)

Figure 2.11 shows the solar irradiance distribution profile for various
irradiance levels for eight sites in Malaysia. In Finland, it has different solar
irradiance distribution profiles as compared to the tropics like Malaysia.
Similar case for Eugene and Las Vegas. This can be observed in Figure 2.8
and Figure 2.9 as compared to Figure 2.11. On the other hand, the solar
irradiance distribution profiles for Brazil are very similar to Malaysia. From
Figure 2.10, Brazil has a relatively high component of solar irradiance
between 600 W/m2 to 800 W/m2. A similar trend for Malaysia can be observed
in Figure 2.11. This could due to these two countries are located in tropical
areas.

Figure 2.11: Solar irradiance distribution profile for various irradiance levels
for eight sites in Malaysia. (Lai and Lim, 2019a)
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Lai and Lim (2019a) used one-hour interval solar irradiance data to
find out the find the optimal ISR of the eight sites in Malaysia. Lai and Lim
(2019a) also expected that the inverter could be overload for 10% of the rated
power. This is a normal characteristic that the inverter must have in real-life
applications. The consideration of using 110% of the inverter rated capacity
can lead to a higher range of optimal ISR. This characteristic is not taken into
account when during the process of determining the sizing inverter ratio in
other research papers such as the Finland or Brazil research paper.

Moreover, Lai and Lim (2019a) have been taken into account that the
PV module will degrade each year in their research paper. This means that the
PV system used for the first year will have higher efficiency than the PV
system used for ten years. This consideration is important in industry
application because in the industry the components such as inverter or PV
module in the PV system do not have the same efficiency in the first year
compared to the components that used for a decade. The consideration of the
degradation rate of the PV module also had not been considered in other
research papers except for the Brazil research paper (Lai and Lim, 2019a).

2.7

Factors Affect the Inverter Sizing Ratio

The first factor that has an impact on ISR is the amount of solar irradiance. For
two PV system that has the same power rating, they also can have a different
value of optimal ISR depend on the amount of high solar irradiance. Two
different locations that have different solar irradiance are compared in this
case. The weather for one location is mostly cloudy with low solar irradiance
every day; the other location has the equally distributed solar irradiance for
most of the time. The results in the research paper had been demonstrated that
the technique of undersized inverter is more suitable in the low-irradiance
place to reduce the over-irradiance events and wastage of energy (Chen, 2011).

Moreover, different time intervals for the solar irradiance to analysis
can cause different trends for the solar irradiance graph. The irradiance data
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that measured for every 10 seconds is sampled into the interval of 1-min,10min and hourly to analyse and the graph is shown in Figure 2.12. The trend of
1-hour and 10-min at the low irradiance levels is not much different but at high
irradiance levels which is after the 750/Wm2 it can be seen that the trend starts
to different. It is observed that increasing the irradiance time interval from 10 s
to 1 min is not much different but increases the time interval for the irradiance
to 10 min or 1-hour has a great impact. Hourly data will ignore most of the
high frequency of the highest irradiances and does not take into account that
the energy generated at this intensity will have a significant impact during
determining the optimal inverter sizing ratio. In other words, the impact of
increasing the electricity loss will happen if neglect the high resolution of
irradiances (Zhu, et al., 2011).

Figure 2.12: The graph of global horizontal irradiance with solar irradiance
width of 50 W/m2 and corresponding temperature.(Zhu, et al., 2011)

Two solar irradiation distribution profile at specific solar irradiance of
two time-intervals databases is shown in Figure 2.13, where one is the 5minute interval (orange) and the other one is the hourly interval (black). The
5-minute interval data is the high resolution data while the hourly interval data
is the low resolution data. From Figure 2.13, it can be observed that the 5minute data interval had higher resolution data when solar irradiance is greater
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than 1000 W/m2. It also can be seen that the hourly data interval lost the data
of higher resolution at the point of solar irradiance is greater than 1000 W/m2.
The optimal ISR determined by using the high resolution data will cause the
optimal ISR to be smaller due to high resolution data can detect the high and
quick change of solar irradiance data.

Figure 2.13: Solar irradiance pattern comparison between hourly data and 5mins interval data.
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2.8

Summary

In a nutshell, the common capacities of the PV plant were mentioned.
Moreover, there are four types of configuration for the grid-connected PV
system. In addition, the price for constructing the PV power plant in the future
will be decreased due to the price of the PV module is expects to be reduced.
The price of generating electricity is also expected to be reduced in the future.

PR is the ratio of actual output power to the theoretical output power.
The types of losses in the PV system are shading factor, IAM, mismatch and
PV losses due to temperature etc. The Ross coefficient is explained.

The existing ISR methodology is using the interval of one second, one
minute and one hour solar irradiance data to find the ISR. Different countries
have different solar irradiance distribution profiles. Lai and Lim (2019a)
considered the factor of degradation rate for the PV panel and the inverter can
overload for 10% of the rated power. There are several factors that will have
impacted on determining the optimal ISR.
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CHAPTER 3

3 METHODOLOGY AND WORK PLAN

3.1

Introduction

A flowchart was done to provide a better understanding about the project. The
flowchart of the project is shown in Figure 3.1. The procedure of the project to
achieve the objectives was discussed in this chapter. As mentioned in Section
1.1, the inverter can be downsized due to the PV system does not have 100 %
efficiency. The drawback of downsizing is the possibility of power clipping
during occasional high irradiance which leads to loss of income. The
calculation on the loss of income due to clipped electricity is essential. This is
because in some cases the saving from the undersized inverter is more than the
loss of profit. The unclipped electricity is also essential in this project as it is
required for the calculation of the levelised cost of electricity (LCOE).
Therefore, a series of formulas were built in a Microsoft Excel spreadsheet to
determine the amount of clipped power and unclipped power.

The solar irradiance data in Sungai Long was obtained from a groundmounted weather station. Firstly, the process of sampling the data into various
interval data was discussed. The reason for sampling the solar irradiance data
into different intervals is due to different interval data have different annual
irradiation. Different annual solar irradiation can affect the optimal inverter
sizing ratio (ISR). Besides that, the procedure of the averaged method was
discussed. The objective of studying the averaged method is to investigate its
influence on the optimal ISR. The explanation of the procedure on sampled
and averaged methods will be discussed in the next two sections.

Moreover, the process of studying the sensitivity analysis was
discussed. The sensitivity analysis only used the 5-Minutes sampled solar
irradiance database. As mentioned in Section 1.4, the goal of the sensitivity
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analysis is to give guidelines on choosing the right ISR for the PV industry
player. The nominal value for each parameter was listed down. Dr.Lim Boon
Han provided the nominal value where the value is up-to-date industrial
information. Moreover, he also provided the range of the value for each
sensitivity analysis which is related to the latest information in the
photovoltaic (PV) industry. Sensitivity analysis such as increased operation
and maintenance, or increased specific cost of the inverter can affect the
LCOE. The optimal ISR is also affected since it is chosen based on the lowest
LCOE. All the LCOE was calculated for PV plants that going to be used for 21
years. The parameter for best and worst-case scenarios was also listed down.
Lastly, the process of combining optimal ISR and LCOE from all the
sensitivity analysis was mentioned. The range of the value for each parameter
was converted into percentage different (step size) from the nominal value.
The aim is to give the trend of the lines plotted through the sensitivity analysis
that can be used as a reference for the PV industry in the tropics. The briefing
about the flowchart was done. The details of the flowchart will be discussed in
several sub chapters.
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Figure 3.1: The flowchart of the project.
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3.1.1

Way to Obtain Solar Irradiance Data

The site known as ‘Sungai Long’ was studied in this project. The solar
irradiance data provided from the ground-mounted weather station database
for the Sungai Long is in the one-minute interval database. The data provided
in Sungai Long was in 2020.

3.1.1.1 Types of Solar Irradiance Data

The solar irradiance used by this study in Sungai Long is global horizontal
irradiance (GHI) and global tilted irradiance (GTI). The purpose is to observe
the effect of various irradiance on the optimal ISR. The graph for solar
irradiance distribution profiles was plotted. The formula for percentage
difference for annual GHI and GTI is shown in Eqn. (3.1). Section 4.2 is
discussed about the comparison of GHI and GTI. Eqn. (3.1) was applied in
Section 4.2 to check the percentage difference between GHI and GTI.

% 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =

3.1.2

𝐺𝑇𝐼−𝐺𝐻𝐼
𝐺𝑇𝐼

∗ 100%

(3.1)

Sampling the Data into Different Time Interval

Previous work that used the solar irradiance data from photovoltaic
geographical information system (PVGIS) are averaging out the data within
the interval. Hence, the sampled method was proposed in this project to study
its influence on the optimal ISR. The objective of sampling the data into
different time intervals is to investigate its effect on optimal ISR. This section
is important as the sampled 5-Minutes interval data is needed to be used in
Section 3.3. The process of sampling the data takes every X-minute interval
data from the one-minute interval data for one year data where X can be five,
ten ,twenty, thirty or sixty. The higher resolution data (one-minute data
interval in Sungai Long) was sampled into five different time intervals which
are five-minute data interval, ten-minute data interval, twenty-minute data
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interval, thirty-minute data interval and hourly data interval. The sampled data
is the lower resolution data. The one minute-interval was acted as a highresolution database to create multiple longer-interval databases. This is a
technique to maintain the consistency of the databases rather than relying on
the measurement of solar irradiances at individual time-interval, which will
create fluctuations. The Eqn. (3.2) was programmed in Microsoft Excel to
obtain one sampled data. After that, Eqn. (3.2) was repeated to use until
sampled solar irradiance data for one year was obtained. Figure 3.2 shows a
portion of 5-minutes sampled data in Sungai Long. From this figure, the
formula was developed in the command (purple rectangular area) to obtain 5minute sampled data. Figure 3.3 shows a portion of 10-minutes sampled data
in Sungai Long.
𝐷𝑎𝑡𝑎 = 𝐼𝑛𝑑𝑒𝑥 (𝑅𝑎𝑛𝑔𝑒 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑑𝑎𝑡𝑎, 𝑟𝑜𝑤 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑑𝑎𝑡𝑎)

(3.2)

Where
Range of specific data = Range for the one-minute solar irradiance for one
year
Row of specific data = The row where the solar irradiance at specific time

Figure 3.2: Portion of 5-minutes sampled data in Sungai Long.

Figure 3.3: Portion of 10-minutes sampled data in Sungai Long.
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3.1.3

Average the Data into Different Time Interval

The solar irradiance data obtained from the satellite is in averaged form. The
study on the distribution profile by using an averaged method in detail is to
investigate its effect on the optimal ISR in this case. The process of averaging
the data takes every X-minute interval data to average out with X from the
one-minute interval data where X can be five, ten, twenty , thirty or sixty. The
averaged solar irradiance data can affect the optimal ISR. The averaged
method cannot detect the cases of rapid and short changes as mention in
Section 1.2. Thus, it has a great influence on the optimal ISR. Figure 3.4
shows the portion result of 5-minutes averaged data in Sungai Long.

Figure 3.4: Portion of 5-minutes averaged data in Sungai Long.

3.1.4

Estimate the Electricity Yield

The electricity yield for daily AC of a PV system, EAC_N was calculated as the
following: (Lai and Lim, 2019a)
𝐸𝐴𝐶𝑁 = ∑𝑡=1440
[ 𝐷 × (P𝑃𝑉 × 𝑃𝑅(𝑡) × G𝑡𝑖𝑙𝑡 (𝑡))]
𝑡=0

(3.3)

Where
Ppv = capacity of the PV system , MW
PR(t) = performance ratio at the corresponding time, t
Gtilt(t) = global tilted solar irradiance received by the solar panels at the
corresponding time, t , W/m2
D = duration for the discrete value of the output power, minute
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The data from the database is in one-minute format, t is in the oneminute interval, starting from 0 to 1440, and D is equal to one minute (Lai and
Lim, 2019a).

The performance ratio (PR) of a PV system is affected by many
derating factors. They are shadings irradiance loss, inverter conversion loss,
power loss due to impedance of the wire, soiling loss and mismatch loss. The
loss can be classified into two groups which are fixed loss and unfixed loss,
especially for the scenario in the tropics. Some of the losses have less effect on
the PR during power clipped such as ohmic wiring loss and soiling loss.
Inverter conversion loss will vary with the loading factor of an inverter while
the amount of PV loss will be affected by the solar irradiance and the ambient
temperature. These two factors have a more significant effect on PR (Lai and
Lim, 2019a).

The fixed component of performance ratio (PRfixed) was specially used
in this study to ease the sensitivity analysis. PRfixed was assumed particularly
for tropics because PR in the tropics does not change significantly. The losses
such as near shading loss, mismatch loss, soiling loss, low irradiance loss and
ohmic wiring loss are classified into the group of PRfixed. Figure 3.5 shows the
inverter efficiency against loading factor. Different loading factors to the
inverter, the efficiency of the inverter will be varied (Lai and Lim, 2019a).

Figure 3.5: Inverter efficiency against loading factor. (Lai and Lim, 2019a)
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𝑃𝑅(𝑡) = 𝑃𝑅𝑓𝑖𝑥𝑒𝑑 × η𝑖𝑛𝑣 (𝑙) × 𝑓𝑡𝑒𝑚𝑝 (𝑡)

(3.4)

Where
PRfixed = fixed component of performance ratio
ηinv(l) = inverter conversion efficiency based on the loading factor of the
inverter
ftemp (t) = derating factor for a PV module due to temperature
𝑓𝑡𝑒𝑚𝑝 (𝑡) = 1 + 𝛾(𝑇(𝑡) − 𝑇𝑆𝑇𝐶

(3.5)

Where
γ = temperature coefficient for power for the PV module, ℃
T(t) = the instantaneous module temperature, ℃
TSTC = the reference temperature given in the Standard Test Conditions (STC)
which is 25 ºC
The Ross coefficient use in this project is 0.0234 ºC per W/m2. Lai and
Lim (2019a) mentioned that this value can be implemented in the tropical area
since it can be taken as a generalised value.
𝑇(𝑡) = 𝑇𝑎𝑚𝑏 (𝑡) + 𝐺𝑡𝑖𝑙𝑡 (𝑡) × 𝐶𝑅𝑜𝑠𝑠

(3.6)

Where
T(t) = module temperature, ℃
Tamb = ambient temperature, ℃
CRoss = Ross coefficient , ºC / (W/m2)

By combine the from Eqn. (3.3) to Eqn. (3.6), the instantaneous output
power , PAC_exp(t) , without consider any clipping power at the time, it can be
written as the following: (Lai and Lim, 2019a)
𝑃𝐴𝐶_𝑒𝑥𝑝 (𝑡) = 𝑃𝑃𝑉 × 𝐺𝑡𝑖𝑙𝑡 (𝑡) × 𝑃𝑅𝑓𝑖𝑥𝑒𝑑 × η𝑖𝑛𝑣 (𝑙) × {1 + 𝛾[(𝑇𝑎𝑚𝑏 (𝑡) +
𝐺𝑡𝑖𝑙𝑡 (𝑡) × 𝐶𝑅𝑜𝑠𝑠 ) − 25℃]}

(3.7)
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Nevertheless, at high solar irradiance, process of clipped power will
happen if the maximum AC output power of an inverter, PAC_MAX is less than
PAC_exp (t). The PAC_MAX of an inverter is design to be 1.10 times greater than
the rated power, PAC_rated . Therefore, the actual output of the PV system, Pactual
(t): (Lai and Lim, 2019a)

𝑃𝑎𝑐𝑡𝑢𝑎𝑙 (𝑡) = {

𝑃𝐴𝐶,𝑚𝑎𝑥 =

Where ISR =𝑃

𝑃𝑃𝑉
𝐼𝑆𝑅

𝑃𝐴𝐶_𝑒𝑥𝑝 (𝑡) 𝑓𝑜𝑟 𝑃𝐴𝐶𝑒𝑥𝑝 (𝑡) < 𝑃𝐴𝐶𝑀𝐴𝑋
𝑃𝐴𝐶𝑀𝐴𝑋 𝑓𝑜𝑟 𝑃𝐴𝐶𝑒𝑥𝑝 (𝑡) > 𝑃𝐴𝐶𝑀𝐴𝑋

∗ 1.10

(3.8)

(3.9)

𝑃𝑃𝑉
𝐴𝐶𝑎𝑐𝑡𝑢𝑎𝑙

The daily electricity yield with cases of sometimes have the cases of
clip power, EAC_N_actual , can be obtain by modified Eqn. (3.3) to become Eqn.
(3.10): (Lai and Lim, 2019a)

𝐸𝐴𝐶𝑁

𝑎𝑐𝑡𝑢𝑎𝑙

[ 𝐷 × P𝑎𝑐𝑡𝑢𝑎𝑙 (𝑡)]
= ∑𝑡=1440
𝑡=0

(3.10)

The total electricity for one year can be obtain by summation number
of daily electricity in one year. Nevertheless, the degradation of PV module is
different each year. Thus, the electricity yield, EAC_y_actual for a specific year
only, can be determine by using Eqn. (3.11): (Lai and Lim, 2019a)

𝐸𝐴𝐶𝑦

𝑎𝑐𝑡𝑢𝑎𝑙

= (1 − 𝑦𝑑) ∑𝑁=365
𝑁=1 𝐸𝐴𝐶𝑁

𝑎𝑐𝑡𝑢𝑎𝑙

(3.11)

Where
N = number of days
d = degradation rate of the PV module
y = number of years used

The total electricity yield,EAC_S_actual , within a specific time frame, L is
Eqn. (3.12): (Lai and Lim, 2019a)
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𝐸𝐴𝐶𝑆

𝑦=𝐿

𝑎𝑐𝑡𝑢𝑎𝑙

= ∑𝑦=1 𝐸𝐴𝐶𝑦

(3.12)

𝑎𝑐𝑡𝑢𝑎𝑙

LCOE for this generalised method can be determined by Eqn. (3.13):
(Lai and Lim, 2019a)

𝐿𝐶𝑂𝐸 =

𝐶𝑎𝑝𝑖𝑡𝑎𝑙+𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡
𝐸𝐴𝐶𝑆

(3.13)

𝑎𝑐𝑡𝑢𝑎𝑙

The cost saving of undersized inverter can be determine by Eqn. (3.14):
1

$𝑖𝑛𝑣,𝑒𝑥𝑝 = 𝑃𝑃𝑉 ( 1 − 𝑜𝑝𝑡𝑖𝑚𝑎𝑙

𝐼𝑆𝑅

) ∗ 𝑃𝑟𝑖𝑐𝑒𝑖𝑛𝑣

(3.14)

Where
$inv,exp = cost saving of undersized inverter which included the clipped
electricity.
Priceinv = specific price for inverter, RM/W

The net saving of undersized the inverter can be determine by Eqn. (3.15) :

$𝑖𝑛𝑣,𝑛𝑒𝑡 = $𝑖𝑛𝑣,𝑒𝑥𝑝 − (𝑃𝐴𝐶_𝑒𝑥𝑝 − 𝑃𝑎𝑐𝑡𝑢𝑎𝑙 ) ∗ $𝑡𝑎𝑟𝑟𝑖𝑓𝑠

(3.15)

Where
$inv,net = Net saving cost from undersized inverter
$tarrifs = Specific price of the electricity sell for the specific plant size.

Incentives does not include as the net present value of the future cost.
The capital is the cost after calculating the cost save from the undersized
inverter. It can be calculated as below: (Lai and Lim, 2019a)

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 = 𝑃𝑃𝑉 [ 𝑃𝑟𝑖𝑐𝑒𝑃𝑉_𝑠𝑦𝑠 ] − $𝑖𝑛𝑣,𝑒𝑥𝑝
Where
PricePV_sys = specific price for PV system, RM/W

(3.16)
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3.1.5

Software

All the formulas in Section 3.1.4 were programmed in Microsoft Excel.
Microsoft Excel was used by this study to process the data and determine the
amount of clipped electricity and unclipped electricity. The purpose of
determining the amount of clipped electricity and unclipped electricity is to
calculate the loss of profit and levelised cost of electricity (LCOE)
respectively.

3.2

Investigation of different interval data on optimal ISR

The goal of studying different interval data on optimal ISR because different
sampled interval data could have different optimal ISR as the total amount of
irradiation is different in each interval data. Similarly for the averaged method.
Table 3.1 shows the nominal value for each parameter for 10 MW. The
nominal value is provided by Dr.Lim Boon Han who is an Honorary Member
of Malaysia Photovoltaic Industry Association (MPiA). He had 21 years of
experience in the field with both industrial and academic experience,
especially in the field of solar energy and electrical engineering. The value of
each parameter for every interval data was set to a nominal value as presented
in Table 3.1. The summation of the specific cost of the inverter and other costs
such as installation cost is the specific cost of the PV system. In Section 3.1.4,
the PRfixed was mention that it is specially used in this study to ease sensitivity
analysis.

Table 3.1: The nominal value of each parameters for 10 MW.
DC

Nominal

Nominal

Nominal

Nominal

capacity

PRfixed

operation and

tariffs

degradation

(RM/kWh)

rate

(MW)

Other

Inverter

Nominal

Remark:

maintenance

costs

specific

specify

Nominal

(O & M)

(RM/W)

cost

cost

PR

cost

(RM/W)

system

of

is

0.82

(RM/year)

0.92

200,000.00

(%/year)

(RM/W)
10

1.68

0.52

2.20

0.28

0.40
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The 5-Minutes interval data was used to determine the optimal ISR.
After that, the project is repeated by using sampled ten-minute data interval,
twenty-minute data interval, thirty-minute data interval and hourly data
interval to find out the optimal ISR at each interval. The optimal ISR was
chosen based on the lowest LCOE for 21 years for sampled method and
averaged method. The study on the effect of using different sampled interval
data on optimal ISR was done and the result was discussed. Similar case for
the averaged method, the solar irradiance data were averaged out for different
intervals to find out the optimal ISR at different intervals. After that, the result
of optimal ISR for both methods was compared and discussed.

3.3

Changing the parameter for different types of sensitivity analysis

Several types of parameters were modified to study the sensitivity on optimal
ISR and LCOE. The purpose of studying sensitivity analysis in detail is to
investigate whether the parameters have great or less influence on the optimal
ISR. The PV module that was chosen to study is the crystalline silicon PV
module. The 5-Minutes sampled interval data was used for all the sensitivity
analysis in this section. All the sensitivity analysis except for degradation rates
of the PV module is studied by using the GHI data only. The results of
degradation rate were done by using GHI and GTI data to study. When the
sensitivity analysis is performed, only one parameter varies and the other
parameters are kept constant. All the LCOE was calculated for PV plants that
going to be used for 21 years.

The PV capacity of 10 MW, 50 MW and 100 MW were chosen to
study for all the sensitivity analysis. These are the common capacity of the PV
power plants in Malaysia as mentioned in Section 2.1. Based on Eqn. (3.3), the
different PV capacity has a different value of the electricity yield. Dr. Lim
Boon Han had provided all the nominal values in this section. These numbers
are usually not available on the public media or journal articles because they
are commercially confidential.
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3.3.1

Different degradation rates of PV module

The study on the effect of different degradation rates of PV modules on
optimal ISR and LCOE was performed. The reason for choosing different
degradation rates of PV modules for the study is because different degradation
rates have a different amount of clipped electricity along the project lifetime.
For this project, the degradation rates of the PV module were adjusted from
0.30% to 0.60% with a step size of 0.10% per year. The reason of choose this
range is due to the lowest degradation rate of the PV module is 0.25% per year
(John, 2018). Hence, the degradation rate in this project was assumed to be
slightly higher than 0.25% per year which is 0.30% per year. The degradation
rate for double glass modules is about 0.45% per year (PV-Manufacturing,
n.d.). The formula for degradation rate of PV module can be referred at Eqn.
(3.11). Table 3.2 shows the list of parameters for degradation rate. Different
PV capacity has a different nominal value. The graph of optimal ISR and
LCOE versus degradation rate was plotted and the result was discussed.

Table 3.2: The list of parameters for degradation rate.
DC

Nominal

Nominal

Nominal

Degradation

capacity

PRfixed

O&M

tariffs

rate (%/year)

(RM/kWh)

(MW)

Other

Specific

Nominal

Remark:

cost

costs

cost

specific

Nominal

(RM/year)

(RM/W)

inverter

cost of the

PR

(RM/W)

PV

0.82

of

is

system
(RM/W)
10

1.68

0.52

2.20

0.92

200,000.00

0.28

0.30
0.40
0.50
0.60

50

1.50

0.40

1.90

0.92

500,000.00

0.22

0.30
0.40
0.50
0.60

100

1.38

0.32

1.70

0.92

600,000.00

0.20

0.30
0.40
0.50
0.60
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3.3.2

Different of fixed component of performance ratio (PRfixed)

The investigation on the effect of different PRfixed on optimal ISR and LCOE
was carried out. The reason for choosing this parameter for the study is
because different PRfixed can cause the PV system to have a different amount
of unclipped electricity along the project lifetime. Based on Eqn. (3.13), the
amount of unclipped electricity can affect the LCOE if the operation and
maintenance (O & M) cost and capital cost are fixed. The optimal ISR is
affected as it is selected based on the lowest LCOE. For this project, the PRfixed
was set to a step size of 0.025 from 0.85 to 0.975. The reason of choose this
range is due to the PRfixed is not common to set below 0.85 in Malaysia. In
practical cases, it is impossible for the PRfixed to achieve 1. Table 3.3 shows
the list of parameters for PRfixed. Similar to Section 3.3.1, different capacity
has a different nominal value. The graph of optimal ISR and LCOE versus PR
was plotted. The details of the discussion were done.

Table 3.3: The list of parameters for PRfixed.
DC
capacity
(MW)

Other

Specific

Nominal

costs

cost of the

specific

(RM/W)

inverter

cost of the

(RM/W)

PV system

Nominal

Nominal

Nominal

degradation

O&M

tariffs

rate

cost

(RM/kWh)

(%/year)

(RM/year)

0.50

200,000.00

PRfixed

(RM/W)
10

1.68

0.52

2.20

0.28

Remark:
Nominal
PR
0.82
0.875
0.900
0.925
0.950
0.975

50

1.50

0.40

1.90

0.50

500,000.00

0.22

0.850
0.875
0.900
0.925
0.950

is
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0.975
100

1.38

0.32

1.70

0.50

600,000.00

0.20

0.850
0.875
0.900
0.925
0.950
0.975

3.3.3

Change of operation and maintenance (O & M) cost

The study on the operation and maintenance (O & M) cost is important as the
PV system is required to clean every month. The purpose of clean the PV
system is to improve the efficiency of the PV module. Figure 3.6 shows the
efficiency of the PV system for a clean and dusty condition for the PV module.
The output power with a clean PV module is higher than the dusty PV module.
Based on Eqn. (3.13), different O & M cost can cause the PV system to have
different LCOE. The optimal ISR is affected as it is selected based on the
lowest LCOE. Table 3.4 shows the list of parameters for PRfixed. The study on
the effect of different O & M cost on optimal ISR and LCOE was performed.
The graph of optimal ISR and LCOE versus O & M cost was plotted.

Figure 3.6: The DC output power under clean and dusty condition.
(Mostefaoui, 2018)
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Table 3.4: The list of parameters for O & M cost.
DC

Nominal

Nominal

Nominal

O & M cost

capacity

degradation

PRfixed

tariffs

(RM/year)

(MW)

rate
Other

Specific

costs

cost

(RM/W)

Nominal
of

(%/year)

(RM/kWh)
Remark:

specific

Nominal

the

cost of the

PR

inverter

PV

0.82

(RM/W)

system

is

(RM/W)
10

1.68

0.52

2.20

0.50

0.92

0.28

100,000.00
120,000.00
140,000.00
160,000.00
180,000.00
200,000.00

50

1.50

0.40

1.90

0.50

0.92

0.22

200,000,00
250,000,00
300,000,00
350,000,00
400,000,00
450,000,00
500,000,00

100

1.38

0.32

1.70

0.50

0.92

0.20

250,000,00
300,000,00
350,000,00
400,000,00
450,000,00
500,000,00
550,000,00
600,000.00

3.3.4

Sensitivity analysis on specific costs of the PV system and inverter

There are 3 cases of sensitivity analysis in this part. The first case is changing
of the cost of the PV system with fixed specific cost of the inverter. The
purpose of this case is to investigate the specific cost of the PV system without
changing the specific cost of the inverter on the optimal ISR and LCOE. The
second case is changing of the specific cost of the PV system together with the
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change of specific cost of the inverter. The reason for this case is to find out
the effect of changing the specific cost of the inverter on the optimal ISR and
LCOE. After that, the results from these two cases were compared and
discussed.

The third case is changing of the specific cost of the inverter with fixed
specific cost of the PV system. The purpose in this case is to observe the
influence of changing the specific cost of the inverter where the specific cost
of the PV system remains constant on the optimal ISR and LCOE.

3.3.4.1 Specific cost of the PV system with the fixed specific cost of the
inverter

In this section, the specific cost of an inverter remained constant and the
specific cost of the PV system was adjusted by this study to investigate its
effect on LCOE and optimal ISR. Based on Eqn. (3.16), the capital cost
increases as the specific cost of the PV system increases. Based on Eqn. (3.13),
the LCOE increases as the capital cost increases. The optimal ISR is affected
as it is chosen at the lowest LCOE. Table 3.5 shows the list of parameters for
the specific cost of the PV system with the fixed specific cost of the inverter.
The specific cost of the PV system has a step size of RM 0.10 for every PV
capacity. The graph of optimal ISR and LCOE versus specific cost of the PV
system was plotted.
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Table 3.5: The list of parameters for the specific cost of the PV system with
the fixed specific cost of the inverter.
DC

Nominal

Nominal

Nominal

Nominal

capacity

PRfixed

degradation

O & M cost

tariffs

(MW)

Remark:

rate

(RM/year)

(RM/kWh)

Nominal

(%/year)

PR

is

0.82

Inverter

Other

Specific

specify

costs

cost

of

cost

(RM/W)

the

PV

(RM/W)

system
(RM/W)

10

50

100

0.92

0.92

0.92

0.5

0.5

0.5

200,000.00

500,000.00

600,000.00

0.28

0.22

0.20

0.52

0.40

0.32

1.28

1.8

1.38

1.9

1.48

2.0

1.58

2.1

1.68

2.2

1.78

2.3

1.88

2.4

1.98

2.5

1.20

1.6

1.30

1.7

1.40

1.8

1.50

1.9

1.60

2.0

1.70

2.1

1.80

2.2

1.08

1.4

1.18

1.5

1.28

1.6

1.38

1.7

1.48

1.8

1.58

1.9

1.68

2.0
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3.3.4.2 Specific cost of the PV system changes with the specific cost of the
inverter

In this section, the specific cost of the PV system change with the specific cost
of the inverter was adjusted in this study to investigate its effect on LCOE and
optimal ISR. From Eqn. (3.14), the saving of undersized inverter which
included the clipped electricity increases as the specific cost of the inverter
increases. Based on Eqn. (3.16), the capital cost increases as the specific cost
of the PV system increases. Based on Eqn. (3.13), the LCOE increases as the
capital cost increases. The optimal ISR is affected as it is chosen at the lowest
LCOE. Table 3.6 shows the list of parameters for the specific cost of the PV
system change with the specific cost of the inverter. The specific cost of the
PV system is included the specific cost of the inverter and other costs. Similar
to Section 3.3.1, different capacity has a different nominal value. The graph of
optimal ISR and LCOE against the specific cost of the inverter was plotted.
The graph of optimal ISR and LCOE against the specific cost of the PV
system was plotted.

Table 3.6: The list of parameters for specific cost of the PV system with
specific cost of the inverter.
DC

Nominal

Nominal

Nominal

Nominal

capacity

PRfixed

degradation

O & M cost

tariffs

(MW)

Remark:

rate

(RM/year)

(RM/kWh)

Nominal

(%/year)

PR

is

Other

Specific

Specific

costs

cost

cost of the

(RM/W)

the

PV

inverter

system

(RM/W)

(RM/W)

0.82

10

50

0.92

0.92

0.50

0.50

200,000.00

500,000.00

0.26

0.14

1.50

1.30

of

0.30

1.80

0.40

1.90

0.50

2.00

0.60

2.10

0.70

2.20

0.80

2.30

0.30

1.60

0.40

1.70
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100

0.92

0.50

600,000.00

0.12

1.10

0.50

1.80

0.60

1.60

0.70

1.90

0.80

2.00

0.90

2.10

1.00

2.20

0.20

1.30

0.30

1.40

0.40

1.50

0.50

1.60

0.60

1.70

0.70

1.80

0.80

1.90

0.90

2.00

3.3.4.3 Change specific cost of the inverter with the fixed specific cost of
the PV system

In this section, the specific cost of the PV system remained constant and the
specific cost of the inverter was adjusted in this study to investigate its
influence on LCOE and optimal ISR. From Eqn. (3.14), the saving of the
undersized inverter which included the clipped electricity increases as the
specific cost of the inverter increases. From Eqn. (3.16), the value of the
capital cost is only affected by the saving of undersized inverter which
included the clipped electricity if the specific cost of the PV system was
remained constant in this part. In this section, the capital cost decreases as the
specific cost of the PV system increases unlike in Section 3.3.4.2. Based on
Eqn. (3.13), the LCOE decreases as the capital cost decreases. The optimal
ISR is affected as it is chosen at the lowest LCOE. Table 3.7 shows the list of
parameters for the specific cost of the inverter with the fixed specific cost of
the PV system. The specific cost of the PV system is fixed to RM 2.0/W, RM
1.8/W and RM1.6/W for 10 MW, 50 MW and 100 MW respectively. The
graph of optimal ISR and LCOE versus the specific cost of the inverter was
plotted.
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Table 3.7: The list of parameters for specific cost of the inverter with the fixed
specific cost of the PV system.
DC

Nominal

Nominal

Nominal

Nominal

capacity

PRfixed

degradation

O & M cost

tariffs

(MW)

Remark:

rate (%/year)

(RM/year)

(RM/kWh)

10

Specific cost

Specific cost

Nominal

of

of

PR is 0.82

system

inverter

(RM/W)

(RM/W)

2.00

0.30

0.92

0.50

200,000.00

0.26

the

PV

the

0.40
0.50
0.60
0.70
0.80
50

0.92

0.50

500,000.00

0.14

1.80

0.30
0.40
0.50
0.60
0.70
0.80

100

0.92

0.50

600,000.00

0.12

1.60

0.20
0.30
0.40
0.50
0.60
0.70

3.4

Comparison of 6 sensitivity analysis.

The results from sensitivity analysis (Section 3.3 only) were compared. The
purpose of doing this study is to investigate the influence of different
sensitivity analysis on the optimal ISR and LCOE. Table 3.8, Table 3.9 and
Table 3.10 show percentages different from nominal for degradation rates,
PRfixed and O & M cost respectively. Table 3.11, Table 3.12 and Table 3.13
show percentage different from nominal for change the specific cost of the PV
system with the fixed specific cost of the inverter, change the specific cost of
the PV system with the specific cost of the inverter and change the specific
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cost of the inverter with the fixed specific cost of the PV system respectively.
The graphs of optimal ISR and LCOE against percentages different from the
nominal were plotted.

Table 3.8: The percentage different from nominal for degradation rates.
Capacity

Nominal degradation Degradation rates Percentage different

(MW)

rate (%)

10

(%)

from nominal (%)

0.50

0.30

-40

0.40

-20

0.50

0

0.60

20

Table 3.9: The percentage different from nominal for PRfixed.
Capacity (MW)

Nominal PRfixed

PRfixed

Percentage

different

from nominal (%)
10

0.920

0.850

-8

0.875

-5

0.900

-2

0.925

1

0.950

3

0.975

6

Table 3.10: The percentage different from nominal for operation and
maintenance ( O & M) cost.
Capacity

Nominal O & M cost Nominal

(MW)

(RM/year)

O & M

Percentage different
cost from nominal (%)

(RM/year)
10

200,000

100,000.00

-50

120,000.00

-40

140,000.00

-30

160,000.00

-20

180,000.00

-10
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200,000.00

0

Table 3.11: The percentage different from nominal for change the specific cost
of the PV system with the fixed specific cost of the inverter.
Capacity (MW)

Nominal specific Specific cost of Percentage
cost of the PV the PV system different
system (RM/W)

10

2.20

(RM/W)

from

nominal (%)

1.80

-18

1.90

-14

2.00

-9

2.10

-5

2.20

0

2.30

5

2.40

9

2.50

14

Table 3.12: The percentage different from nominal for change the specific cost
of the PV system with the specific cost of the inverter.
Capacity (MW)

Nominal specific Specific cost of Percentage
cost of the PV the PV system different
system (RM/W)

10

2.20

(RM/W)

from

nominal (%)

1.8

-18

1.9

-14

2.0

-9

2.1

-5

2.2

0

2.3

5
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Table 3.13: The percentage different from nominal for change the specific cost
of the inverter with fixed specific cost of the PV system
Capacity (MW)

Nominal specific Specific cost of Percentage
cost

of

the the

inverter (RM/W)
10

3.5

inverter different

(RM/W)

0.52

from

nominal (%)

0.3

-42

0.4

-23

0.5

-4

0.6

15

0.7

35

0.8
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Parameters in the best and the worst case scenarios for 10 MW
plant.

In this section, the parameters of best and worst case scenarios were carried
out. The goal of this study is to compare the optimal ISR of these two cases.
The parameters were mentioned in Table 3.14.

Table 3.14: The list of parameters for best and worst case scenario.
DC

Nominal

Nominal

capacity

tariffs

O

(MW)

(RM/kWh)

cost

&

M

(RM/year)

Nominal

Nominal

degradation

PRfixed

rate

Remark:

Specific

Specific

(%/year)

Nominal

cost

of

inverter

PR

the

PV

0.82

is

system

cost
(RM/W)

(RM/W)
Best

10

0.28

200,000.00

0.60

0.850

2.30

0.80

0.30

0.975

1.80

0.30

case
Worst
case
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3.6

Problem encounter and solution

The problem encountered in this study is two of the sensitivity analysis does
not give a clear trend on the optimal ISR which may lead the results not
accurate. The sensitivity analysis is O & M cost and the specific cost of the PV
system with the fixed specific cost of the inverter. To improve the accuracy of
the result, the simulation is run with a smaller step size to find out the optimal
ISR. Table 3.15 shows the simulation result before and after adjustment for O
& M cost. Table 3.16 shows the simulation result before and after adjustment.
It can be observed that the simulation which runs with a smaller step size gives
a clearer change on the optimal ISR.

Table 3.15: The optimal ISR before and after adjustment for O & M cost.
Capacity (MW)

10

Operation and

Optimal ISR

Optimal ISR

maintenance

determined by step

determined by step

( RM/year)

size of 0.010

size of 0.005

100,000.00

1.630

1.635

120,000.00

1.630

1.630

140,000.00

1.620

1.620

160,000.00

1.610

1.610

180,000.00

1.610

1.610

200,000.00

1.610

1.605
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Table 3.16: The optimal ISR before and after adjustment for specific cost of
the PV system with the fixed specific cost of the inverter.
Capacity (MW)

Specific cost of the Optimal
PV

50

100

ISR

system determined by step determined by step

( RM/W)

10

ISR Optimal

size of 0.010

size of 0.005

1.8

1.640

1.645

1.9

1.640

1.640

2.0

1.630

1.630

2.1

1.610

1.610

2.2

1.610

1.605

2.3

1.600

1.600

2.4

1.590

1.595

2.5

1.590

1.590

1.6

1.640

1.640

1.7

1.620

1.620

1.8

1.610

1.610

1.9

1.600

1.600

2.0

1.590

1.595

2.1

1.590

1.585

2.2

1.580

1.580

1.4

1.630

1.630

1.5

1.600

1.605

1.6

1.600

1.595

1.7

1.590

1.590

1.8

1.580

1.580

1.9

1.570

1.575

2.0

1.570

1.570
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CHAPTER 4

4 RESULT AND DISCUSSION

4.1

Introduction

Firstly, the result of two distribution profiles for different irradiation was
interpreted. In addition, the optimal ISR of sampled method and averaged
method were compared and discussed. Moreover, the simulation on sensitivity
analysis was done and discussed. Besides that, the comparison of all
sensitivity analysis was discussed. The discussion on the result of best and
worst-case scenarios was done. Lastly, the summary of all sensitivity analysis
was discussed in the last part of this chapter.

4.2

Comparison of two types of solar irradiance

Figure 4.1 shows the two solar irradiance distribution profiles at various
irradiance levels in Sungai Long for 2020. When the solar irradiance more
than 900 W/m2, the percentage over annual irradiation for global horizontal
irradiation (GHI) is lower than the percentage over annual irradiation for
global tilted irradiation (GTI). The total irradiation in one year for GHI was
calculated as 1526.50 kWh/m2 while for GTI was calculated as 1555.31
kWh/m2. Although annual GTI and GHI only differ by 1.85%, the distribution
profile is quite different. The reason is that the 10 degree of GTI at Sungai
Long is closer to the optimal tilting angle than the GHI. The study on the
distribution profile in detail is to investigate its effect on the optimal ISR in
this case. Figure 4.2 shows the relationship of optimal ISR of sites to the solar
irradiation of the sites. From Figure 4.2, it can be seen that different irradiance
profiles will have different optimal ISR (Lai and Lim, 2019a).
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Figure 4.1: Different solar irradiance distribution profiles at various irradiance
levels in Sungai Long 2020.

Figure 4.2: The relationship of optimal inverter sizing ratio of sites to the solar
irradiation of the sites. (Lai and Lim, 2019a)

The Eqn. (3.1) was used to show the percentage different of annual
GHI and GTI:
𝐺𝑇𝐼 − 𝐺𝐻𝐼
∗ 100%
𝐺𝑇𝐼
1555.31 − 1526.5
% 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 =
∗ 100%
1555.31
% 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 =

% 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 = 1.85%
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Figure 4.3 shows the distribution profile of GHI and GTI at Sungai
Long 2020. From Figure 4.3, it can be seen that the number of days for both
GHI and GTI are mostly different for various range of irradiation ranges. The
GHI and GTI have the same number of days in irradiation range from 0.25 to
1.50, 2.25, 3.00 and 5.50 kWh/m2. From Figure 4.3, it can be observed that
there were two days the GTI achieved 7.25 kWh/m2 in 2020. The weather for
these days is sunny for the whole day. Hence, these days had achieved a high
amount of solar irradiation. There were some days the irradiation is below 0.75
kWh/m2. The weather for these days was cloudy or rainy.

Figure 4.3: Distribution profiles of GHI and GTI at Sungai Long 2020.

Figure 4.4 shows the sampled method of solar irradiance distribution
profile at Sungai Long for different interval data for the GHI case. It can be
observed that the distribution profile for all interval data is quite similar.
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Figure 4.4: Sampled method of different solar irradiance distribution profiles
at different interval data for GHI in Sungai Long 2020.

4.3

Investigation the effect of sampled method and averaged method
on optimal ISR

4.3.1

Sampled method

The formula in Section 3.1.2 was implemented to obtain sampled data for
various time intervals. The nominal value listed in Section 3.2 was used during
the process of finding out the optimal ISR for different interval data. From
Figure 4.5, it can be observed that the optimal ISR for GTI is smaller than GHI.
This is due to the different distribution profiles. The trend of optimal ISR for
GHI have slightly different only while the trend of optimal ISR has no changes
for GTI as presented in Figure 4.5. From Figure 4.4, the distribution profiles
for GHI at different intervals are quite similar for the GHI case. This will lead
to the optimal ISR does not have much changes since the distribution profiles
are quite the same. In a nutshell, the intervals do not give a clear change
because the data is done sampled out and by probability the solar irradiance
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distribution profiles are quite the same. 1.85% difference in GHI and GTI are
normally neglected in the industry but it can affect the optimal ISR by 0.09.

Figure 4.5: Optimal ISR of various sampled interval rate of GHI and GTI data.

4.3.2

Averaged method

Figure 4.6, Figure 4.7 and Figure 4.8 show different solar irradiance
distribution profiles for GHI in Sungai Long 2020 for averaged and sampled
methods at five, ten and twenty minutes thirty and sixty minutes intervals
respectively. Figure 4.9 and Figure 4.10 show solar irradiance distribution
profiles for GHI in Sungai Long 2020 for averaged and sampled methods at
thirty and sixty minutes intervals respectively. When the solar irradiance more
than 900 W/m2, the percentage over annual irradiation for the averaged
method is lower than the percentage over annual irradiation for sampled
method. From Figure 4.6 to Figure 4.10, the percentage over annual irradiation
at 900 W/m2 or above for averaged method decreases as the interval increases.
This is because the averaged method has been averaged out the high resolution
solar irradiance into low resolution data. On the other hand, the distribution
profiles for various time intervals for the sampled method are similar.
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Figure 4.6: Different solar irradiance distribution profiles for averaged and
sampled method at 5 Minutes interval for GHI in Sungai Long 2020.

Figure 4.7: Different solar irradiance distribution profiles for averaged and
sampled method at 10 Minutes interval for GHI in Sungai Long 2020.

Figure 4.8: Different solar irradiance distribution profiles for averaged and
sampled method at 20 Minutes interval for GHI in Sungai Long 2020.
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Figure 4.9: Different solar irradiance distribution profiles for averaged and
sampled method at 30 Minutes interval for GHI in Sungai Long 2020.

Figure 4.10: Different solar irradiance distribution profiles for averaged and
sampled method at 60 Minutes interval for GHI in Sungai Long 2020.

The solar irradiance data was done averaged out for various intervals
data. The nominal value listed in Section 3.2 was used during the calculation
of the optimal ISR for different interval data. From Figure 4.11, it can be
observed that the optimal ISR determined by the average method is higher
than the optimal ISR determined by the sampled method. This is due to the
different distribution profiles. From Figure 4.6 to Figure 4.10, the distribution
profiles for both methods are not the same. This caused the optimal ISR to
have a lot of changes since the distribution profiles are different.

In

conclusion, the average method of the solar irradiance data gives a clear
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change on the optimal since the data is done averaged out and it could not
detect cases of short and rapid change of the high solar irradiance. Thus, the
optimal ISR appears to be higher for averaged method.

Figure 4.11: Optimal ISR of average and sampled interval rate of the GHI data.

4.4

Sensitivity analysis

The process of sample the 1-Minute solar irradiance data into 5-Minutes solar
irradiance data was carried out. The 5-Minutes solar irradiance data was used
by this study to perform sensitivity analysis such as degradation rates of the
photovoltaic (PV) module, specific cost of the PV system and specific cost of
the inverter. In all sensitivity analysis, the optimal ISR is selected based on
minimum LCOE for PV plants that are planned to be used for 21 years. Table
4.1 shows the nominal value for specific parameters.

Table 4.1: The nominal value for specific parameters.
DC

Specific

Specific

capacity

cost

cost of the

(MW)

the

PV system

inverter

(RM/W)

of

PRfixed

O & M cost

Degradation

Tariffs

(RM/year)

rate (%/year)

(RM/kWh)

(RM/W)
10

0.52

2.20

0.92

200,000.00

0.5

0.28

50

0.40

1.90

0.92

500,000.00

0.5

0.22

100

0.32

1.70

0.92

600,000.00

0.5

0.20
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4.4.1

Degradation rates of PV module

In this section, the sensitivity analysis of the degradation rates of the PV
module was investigated. Figure 4.12 shows annual and cumulative clipped of
electricity for a 10 MW plant at two different degradation rates. From Figure
4.12, it can be observed that the starting point (at the first year) of the annual
clipped electricity for both degradation rates is different. The optimal ISR for
degradation rates of 0.30% and 0.50% is 1.58 and 1.61 respectively. Hence,
the amount of clipped electricity is different in the first year.

From Figure 4.12, it also can be seen that the annual clipped electricity
for degradation rate of 0.30% is higher than annual clipped electricity for
degradation rate of 0.50% starting from the 10th year. This is because the rates
of decrement in total generated electricity for degradation rate of 0.50% is
faster than the degradation rate of 0.30% after the 10th year. The higher the
degradation rate, the lesser the total electricity yield, and thus the lower the
amount of clipped electricity. Meanwhile, the gap between the cumulative
clipped electricity for two different degradation rates is getting smaller as time
increases until the 21st year. The difference between the annual clipped
electricity for the two degradation rates is more obvious as time increases
(especially after the 15th year since the unit is in term of MWh). Eventually,
the cumulative annual clipped electricity for degradation rate of 0.30%
exceeds the cumulative annual clipped electricity for degradation rate of
0.50% starting from the 21st year.
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Figure 4.12: Annual and cumulative clipped of electricity for a 10 MW plant at
two different degradation rates.

Figure 4.13 shows annual and cumulative clipped of electricity for 10
MW plant for the same optimal ISR at two different degradation rates. The
ISR in Figure 4.13 is 1.58. The annual clipped electricity for degradation rate
of 0.30% is higher than the annual clipped electricity for degradation rate of
0.50%. The higher the degradation rate, the lesser the total electricity yield.
When total electricity yield is reduced, the clipped electricity is reduced. The
cumulative clipped electricity for degradation rate of 0.30% is higher than
cumulative clipped electricity for degradation rate of 0.50% since the annual
clipped electricity for degradation rate of 0.30% is higher than the degradation
rate of 0.50%.
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Figure 4.13: Annual and cumulative clipped of electricity for 10 MW plant for
same optimal ISR at two different degradation rates.

The calculation below is to show the loss of income for 10 MW plant
for GHI case for optimal ISR at different degradation rates. The calculation
only determine the loss of income in 21 years only. The tariff is RM 280 per
MWh.
Loss of profit (loss of tariffs)for DR of 0.30%
=Tariff price * Total electricity loss for 21 years (MWh)
= 280 * 2240
= RM 627,200
Loss of profit (loss of tariffs)for DR of 0.50%
=Tariff price * Total electricity loss for 21 years (MWh)
= 280 * 2246
= RM 628,880

By using Eqn. (3.14), the saving cost of the undersized inverter which
included the clipped electricity for the 10 MW plant with a degradation rate of
0.30% and 0.50% is determined as 1.91 and 1.97 (in terms of RM in million)
respectively. Similar to the 50 MW and 100 MW plant, the saving cost of the
undersized inverter which included the clipped electricity are determined as
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7.50 and 11.87 (in terms of RM in million) respectively. By using Eqn. (3.15),
the net saving cost of the undersized inverter for a 10 MW plant with a
degradation rate of 0.30% and 0.50% is determined as 1.28 and 1.34 (in terms
of RM in million) respectively. The net saving cost of the undersized inverter
for 50 MW and 100 MW plants are determined by Eqn. (3.15) and shown in
Table 4.2. The net saving can calculate by using Eqn. (3.15). The alternative
way to calculate the net saving of optimal ISR is shown below.

Net saving for optimal ISR for a 10 MW plant with degradation rate of 0.30%
= Saving of undersized inverter – Loss of profit
= 1.91 – 0.63
= 1.28 (RM in million)

Table 4.2: The loss of profit and net saving for optimal ISR at different
degradation rates for GHI case.
Capacity

Degradation

Optimal

Saving of

Loss

(MW)

rate (%)

ISR

undersized

profit/tariffs

inverter (RM
in million)

10

of Net

(RM

saving

(RM

in

in million)

million)

Y21

Y21

Y21

0.30

1.58

1.91

0.63

1.28

0.50

1.61

1.97

0.63

1.34

50

0.50

1.60

7.50

2.46

5.04

100

0.50

1.59

11.87

3.72

8.15

From Table 4.2, the total loss of profit in 21 years is less than the net
saving from the undersized inverter. Figure 4.14 and Figure 4.15 show
sensitivity analysis due to change of degradation rate for different capacity of
the PV power plants for GHI and GTI respectively. From Figure 4.14, it can
be observed that the trend of the optimal ISR increases with the degradation
rate of the PV module per year increases. A similar trend can be seen in Figure
4.15 as well. This is because the higher the degradation rate, the lesser the total
electricity yield. When total electricity yield is reduced, the total clipped
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electricity is reduced. Therefore, it allows a smaller size of the inverter
( higher optimal ISR).

The optimal ISR for GTI as presented in Figure 4.15 is much smaller
than GHI as presented in Figure 4.14. As mentioned in Section 4.1, it is very
interesting that the total solar irradiation for GTI and GHI was differed by
1.85%, but the optimal ISR can be so much different, particularly due to the
solar irradiance distribution profile. The higher the degradation rate of the PV
module in practical cases, the higher the optimal ISR for that particular site.
This trend can be used as a reference for any other sites in Malaysia. The
industry players can refer to Figure 4.14 for GHI case to find out the optimal
ISR at any degradation rates for 10 MW, 50 MW or 100 MW plant. If the
industry player wants to find out the optimal ISR at degradation rates of 0.44%
for 10MW from Figure 4.14, the optimal ISR is 1.60.

The trend of LCOE increased with degradation rate can be seen in both
figures. The 100 MW PV power plant has the smallest LCOE as compared to
the 10 MW PV power plant and 50 MW PV power plant. Nagar and Gidwani
(2018) had found out that increasing the degradation rate will lead to the
LCOE to be increasing. Figure 4.16 shows the article result from the paper of
Nagar and Gidwani. One completed simulation result is shown in Appendix A.

Figure 4.14: Sensitivity analysis due to change of degradation rates of PV
module for 10 MW, 50 MW and 100 MW for GHI.
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Figure 4.15: Sensitivity analysis due to change of degradation rates of PV
module for 10 MW, 50 MW and 100 MW for GTI.

Figure 4.16: The graph of LCOE against degradation rates. (Nagar and
Gidwani, 2018)

4.4.2

Fixed component of performance ratio (PRfixed)

In this section, the sensitivity analysis of the fixed component of performance
ratio was investigated. Figure 4.17 shows the annual clipped of electricity for
two PRfixed for a 10 MW plant. The ISR in Figure 4.17 is 1.68. The reason the
graph behaves in this kind of trend is due to different PRfixed can cause
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different the total electricity yield along the project lifetime. From Eqn. (3.4),
the higher the PRfixed, the higher the PR. From Eqn. (3.3), the higher the PR,
the higher the total electricity yield. When total electricity yield is increased,
the total clipped electricity is increased. Thus, it allows a bigger size of the
inverter (size refers to higher power rating, not the physical size). It also can
be seen that the difference between the cumulative clipped electricity for the
two PRfixed for the same optimal ISR is more obvious as time increases.

Figure 4.17: Annual clipped of electricity for two PRfixed for a 10 MW plant.

The calculation below is to show the loss of profit for two different
optimal ISR for 10 MW plant for GHI case at different PRfixed. The tariff is
RM 280 per MWh.
𝐿𝑜𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑓𝑖𝑡 𝑤𝑖𝑡ℎ 𝑃𝑅_𝑓𝑖𝑥𝑒𝑑 𝑜𝑓 0.875

=Tariff price * Total electricity loss for 21 years(MWh)
= 280 * 1897
= RM 531,160
𝐿𝑜𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑓𝑖𝑡 𝑤𝑖𝑡ℎ 𝑃𝑅_𝑓𝑖𝑥𝑒𝑑 𝑜𝑓 0.925

=Tariff price * Total electricity loss for 21 years(MWh)
= 280 * 2219
= RM 621,320
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Eqn. (3.14) and Eqn. (3.15) were implemented to determine the saving
for the undersized inverter and net saving from undersized inverter
respectively. Table 4.3 shows saving and loss of profit for optimal ISR at
different PRfixed for GHI case. The net saving for 50 MW and 100 MW are
also listed in Table 4.3.

Table 4.3: The amount of saving and loss of profit for optimal ISR at different
PRfixed for GHI case.

Capacity

PRfixed

PR

(MW)

Optimal

Saving

Loss of

Net

ISR

from

profit/tariffs

saving

undersized

(RM in

(RM in

inverter

million)

million)

Y21

Y21

Y21

(RM in
million)

10

0.875

0.786

1.68

2.10

0.53

1.57

0.925

0.830

1.60

1.95

0.62

1.33

50

0.925

0.831

1.59

7.42

2.42

5.00

100

0.925

0.832

1.58

11.75

3.67

8.08

From Table 4.3, it is found out that the total loss of profit in 21 years is
less than the cost saved from the undersized inverter. This has proved the
result of using the optimal ISR at minimum LCOE can save more money than
the total loss of money due to clipped electricity. Figure 4.18 shows sensitivity
analysis due to change of PR for 10 MW, 50 MW and 100 MW respectively.
From Figure 4.18, it can be observed that the trend of optimal ISR decreases
when PR increases. From Eqn. (3.4), the higher the PRfixed, the higher the PR.
The higher the PR, the higher the total electricity yield. When total electricity
yield is increased, the total clipped electricity is increased. Therefore, it allows
a bigger size of the inverter (lower optimal ISR). This trend also can be used
as a reference for any other sites in Malaysia. The higher the PR applied in
practical cases, the lower the optimal ISR for that particular site. Similarly to
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the sensitivity analysis of degradation rates, the industry players can extract
the optimal ISR at any PR for the specific capacity of the PV plant. From Eqn.
(3.13), the higher the total unclipped electricity yield, the lower the LCOE.

Figure 4.18: Sensitivity analysis due to change of PR for 10 MW, 50 MW and
100 MW.

4.4.3

Sensitivity analysis on operation and maintenance ( O & M) cost

In this section, the O & M cost were adjusted in this study to investigate its
effect on LCOE and optimal ISR. The saving for the undersized inverter which
included clipped electricity and net saving from undersized inverter were
determined by using Eqn. (3.14) and Eqn. (3.15) respectively. Table 4.4 shows
the saving of the undersized inverter and loss of profit for different PV
capacity and O & M cost.
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Table 4.4: The saving of the undersized inverter and loss of profit for different
PV capacity and O & M cost.
Capacity

O & M cost

Optimal

Saving which

Loss of

Net saving

(MW)

(RM/year)

ISR

included

profit/tariffs

( RM in

clipped

(RM in

million)

electricity

million)

(RM in
million)
Y21

Y21

Y21

10

180,000.00

1.61

1.97

0.63

1.34

50

400,000.00

1.60

7.50

2.46

5.04

100

500,000.00

1.59

11.87

3.72

8.15

Figure 4.19 shows optimal ISR and LCOE against O & M cost.
Changing the O & M cost does not affect the amount of clipped electricity or
generated electricity. Based on Eqn. (3.13), the higher the O & M cost, the
higher the LCOE if the amount of unclipped electricity and capital cost
remains constant. The trend of optimal ISR for 100 MW plants does not
change at all unlike the trend of optimal ISR for 10 MW and 50 MW plants
have slightly changed. Based on Eqn. (3.16), the capital cost for 100 MW is
very high since the cost is calculated based on RM per watt. The ratio of O &
M cost is a very small portion of the investment. This caused the O & M cost
to have less influence on the LCOE. Since the LCOE does not affect much by
the O & M cost, the optimal ISR is also not affected much by O & M cost as it
is selected based on the lowest LCOE. Industry players can refer to the trend
and value of the optimal ISR in Figure 4.19.
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Figure 4.19: Optimal ISR and LCOE against O & M cost.

4.4.4

Sensitivity analysis on specific costs of the PV system and the
inverter

4.4.4.1 Specific cost of the PV system with the fixed specific cost of the
inverter

In this section, the specific cost of an inverter remains constant and the
specific cost of the PV system was adjusted in this study to investigate its
effect on LCOE and optimal ISR. The saving for the undersized inverter which
included clipped electricity and net saving from undersized inverter were
determined by Eqn. (3.14) and Eqn. (3.15) respectively. Table 4.5 shows the
amount of saving of the undersized inverter and loss of profit for specific cost
of the PV system with the fixed specific cost of the inverter for the GHI case.
The result in Table 4.5 has successfully verified that the selected optimal ISR
can save more cost than the total loss of money in 21 years.
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Table 4.5: The amount of saving of the undersized inverter and loss of profit
for specific cost of the PV system with the fixed specific cost of the inverter
for GHI case.
Capacity

Specific

Optimal

Saving which

Loss of

Net saving

(MW)

cost of

ISR

included

profit/tariffs

(RM in

the PV

clipped

(RM in

million)

system

electricity

million)

(RM/W)

(RM in
million)
Y21

Y21

Y21

10

2.20

1.605

1.97

0.63

1.34

50

1.90

1.600

7.50

2.46

5.04

100

1.70

1.590

11.87

3.72

8.15

Figure 4.20 shows optimal ISR and LCOE against changing of specific
cost of the PV system. Based on Eqn. (3.16), an increment in the specific cost
of the PV system causes the capital cost to be increased. Based on Eqn. (3.13),
the LCOE at optimal ISR increases as the capital cost increases. Hence, the
LCOE at optimal ISR increases as the specific cost of the PV system increases.
The optimal ISR is affected as it is chosen at the lowest LCOE. The higher the
specific cost of the PV system applied in practical cases, the lower the optimal
ISR. The industry players also can extract the value of optimal ISR from
Figure 4.20.

69

Figure 4.20: Optimal ISR and LCOE against changing of specific cost of the
PV system. (Specific cost of inverter is fixed)

4.4.4.2

Specific cost of the PV system change with the specific cost of the
inverter.

In this section, the study on the specific cost of the PV system change with the
specific cost of the inverter was carried out. The saving for the undersized
inverter which included clipped electricity and net saving from undersized
inverter were determined by Eqn. (3.14) and Eqn. (3.15) respectively. Table
4.6 shows the saving of the undersized inverter and loss of profit for the
specific cost of the PV system change with the specific cost of the inverter for
the GHI case. The calculation has shown that the selected optimal ISR is able
to save more money than the total loss of money due to clipped electricity in
21 years.

Table 4.6: The saving of the undersized inverter and loss of profit for Specific
cost of the PV system change with specific cost of the inverter for GHI case.
Capacity

Specific

Specific

Optimal

Saving which

Loss of

Net

(MW)

cost of the

cost of the

ISR

included

profit/tariffs

saving

PV system

inverter

clipped

(RM in

(RM in

(RM/W)

(RM/W)

electricity

million)

million)

(RM in

70

million)
Y21

Y21

Y21

10

2.20

0.70

1.67

2.81

0.95

1.86

50

1.90

0.70

1.75

15.00

4.16

10.84

100

1.70

0.60

1.74

25.52

6,75

18.76

Figure 4.21 shows optimal ISR and LCOE against the specific cost of
the inverter for the GHI case. From Figure 4.21, it can be seen that the trend of
the optimal ISR increases as the inverter price increases. From Eqn. (3.14), the
saving of the undersized inverter which included the clipped electricity rises
when the specific cost of the inverter rises. Based on Eqn. (3.16), the capital
cost rises as the specific cost of the PV system rises. From Eqn. (3.13), the
increment of LCOE will happen when the capital cost increases. The optimal
ISR is affected by LCOE since it is chosen based on the lowest LCOE. When
the specific cost of the inverter is more expensive, it allows higher optimal ISR
for saving cost. The investors can refer the Figure 4.21 to obtain the optimal
ISR for this sensitivity analysis.

Figure 4.21: Optimal ISR and LCOE against specific cost of the inverter for
GHI case.

71

Figure 4.22 shows optimal ISR and LCOE against the specific cost of
the PV system for the GHI case. From Figure 4.22, it can be seen that the
trend of optimal ISR increases when the specific cost of the PV system
increases. The effect of changing the specific cost of the inverter on the
optimal ISR is inverse of the effect of changing the specific cost of the PV
system with the fixed specific cost of the inverter on optimal ISR. This can be
observed by comparing Figure 4.20 and Figure 4.22.

Figure 4.22: Optimal ISR and LCOE against specific cost of the PV system for
GHI case.

4.4.4.3

Change of specific cost of the inverter with the fixed specific cost
of the PV system

In this section, the study on the change of specific cost of the inverter with the
fixed specific cost of the PV system was performed. The Eqn. (3.14) and Eqn.
(3.15) were used to calculate the saving for the undersized inverter which
included clipped electricity and net saving from undersized inverter
respectively. Table 4.7 shows the specific cost of the inverter with the fixed
specific cost of the PV system The results have successfully shown that the
selected optimal ISR is able to save more cost in 21 years. This can be
observed in Table 4.7 as the loss of profit is much less than the net saving cost
of the undersized inverter.
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Table 4.7: The saving of the undersized inverter and loss of profit for specific
cost of the inverter with the fixed specific cost of the PV system for GHI case.
Capacity

Specific

Optimal

Saving which

Loss of

Net saving

(MW)

cost of

ISR

included

profit/tariffs

(RM in

the

clipped

(RM in

million)

inverter

electricity

million)

(RM/W)

(RM in
million)
Y21

Y21

Y21

10

0.50

1.61

1.89

0.58

1.31

50

0.40

1.61

7.58

1.57

6.01

100

0.30

1.59

11.13

2.23

8.90

Figure 4.23 shows optimal ISR and LCOE for the different specific
costs of the inverter with the fixed specific cost of the PV system for GHI case.
Based on Eqn. (3.14), the saving of the undersized inverter which included the
clipped electricity increases as the specific cost of the inverter increases. From
Eqn. (3.16), the value of the capital cost is only affected by the saving of the
undersized inverter which included the clipped electricity since the specific
cost of the PV system remains constant in this section. In this section, the
capital cost decreases as the specific cost of the PV system increases unlike in
Section 4.4.4.2. Based on Eqn. (3.13), the LCOE decreases as the capital cost
decreases. The optimal ISR is affected as it is chosen at the lowest LCOE.
When the specific price of the inverter is higher, it allows higher optimal ISR
for saving cost. The trend of LCOE decreases as the specific cost of the
inverter rises.
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Figure 4.23: Optimal ISR and LCOE for different specific cost of the inverter
with fixed specific cost of the PV system for GHI case.

4.5

Comparison of all sensitivity analysis

Sections 4.4.1, 4.4.2 and 4.4.4.1 were compared. Figure 4.24 shows the results
for 3 sensitivity analysis for 10 MW. The 3-sensitivity analysis is degradation
rate, PR and changing of specific cost of the PV system with the fixed specific
cost of the inverter. It can be observed that the trend of optimal ISR increases
as the degradation rate increases. The increment of PR caused the optimal ISR
to decrease dramatically. The optimal ISR decreases as the specific cost of the
PV system with fixed inverter price increases. The case for changing the PR
has more influence on optimal ISR as compared to the degradation rate and
specific cost of the PV system with the fixed specific cost of the inverter.

From Figure 4.24, the LCOE decreases linearly when the degradation
rate increases. The LCOE declines linearly as the specific cost of the PV
system with the fixed specific cost of the inverter increases. The LCOE
decreases linearly as the PR increases.
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Figure 4.24: The result for degradation rate, PR and change specific cost of the
PV system with fixed specific cost of the inverter for 10 MW.

Sections 4.4.3, 4.4.4.2 and 4.4.4.3 were compared. Figure 4.25 shows
the results for the other 3 sensitivity analysis for 10 MW. The 3-sensitivity
analysis is changed the specific cost of the PV system with the specific cost of
the inverter, change the specific cost of the inverter with the fixed specific cost
of the PV system and O & M cost. It can be observed that the trend of optimal
ISR increases as the nominal value increases for the two cases. The two cases
are change the specific cost of the PV system with the specific cost of the
inverter and change the specific cost of the inverter with the fixed specific cost
of the PV system. The increment of O & M cost caused the optimal ISR to
decrease.

Besides that, the LCOE increases linearly when the specific cost of the
inverter increases. The LCOE declines linearly as the specific cost of the PV
system with the fixed specific cost of the inverter increases. The LCOE
increases linearly as the O & M cost increases.
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Figure 4.25: The result for change specific cost of the PV system with specific
cost of the inverter, change specific cost of the inverter with fixed specific cost
of the PV system with and O & M cost for 10 MW.

The industry players can refer to the trend from Figure 4.24 and Figure
4.25 to estimate percentage changes on the optimal ISR and LCOE will be
changed if the parameter is different from the nominal value. Moreover, the
higher gradient parameter is the item very sensitive to the changes, the
industry needs to pay attention. The industry needs to pay attention to the case
of changing of the specific cost of the PV system together with the change of
the specific cost of the inverter.
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4.6

Comparison result on the best and the worst case scenerios

In this section, the parameters were set as the same as Section 3.5 for best and
worst-case scenarios. Table 4.8 shows the parameters, optimal ISR and LCOE
for the 10 MW plant for the two cases. It can be observed that the optimal ISR
at the best-case scenario is much lower than the worst-case scenario. The
optimal ISR for the optimistic case is simulated with a low degradation rate
and high PRfixed which caused the clipped electricity to be increased. Thus, it
allows a smaller size of the inverter (lower optimal ISR). The LCOE for the
optimistic case is lesser than the LCOE for the pessimistic case. This is
because the amount of unclipped electricity in the pessimistic case is lesser
than in the optimistic case. Moreover, the capital cost in the pessimistic case is
higher than the optimistic case. From Eqn. (3.13), the LCOE increases as the
capital cost increases and the amount of unclipped electricity decreases. In a
nutshell, the recommended range of optimal ISR for a 10 MW plant is from
1.50-1.80 in the tropics. The reason for choosing this range is because this
project does not take into account of the inflation rate of the currency. The
inflation rate of the currency has influence on the optimal ISR. Hence, the
recommended range for the optimal ISR is slightly smaller as compared to the
range of optimal ISR from 1.44-1.84.

Table 4.8: The parameters, optimal ISR and LCOE for 10 MW plant for the
two cases.

Cases

Capital

Nominal

Nominal

Specific

Specific

Optimal

LCOE for

cost

degradation

PRfixed

cost

of

inverter

ISR

Y21

(RM in

rate

the

PV

million)

(%/year)

system

cost

(RM/kWh)

(RM/W)

(RM/W)
Optimistic

16.78

0.30

0.975

1.80

0.30

1.44

0.077

Pessimistic

19.21

0.60

0.850

2.30

0.80

1.84

0.102

77

4.7

Summary

The summary of the trend on changing the parameters from Section 4.4.1 to
4.4.4.3 on optimal ISR and LCOE can be observed in Table 4.9.

Table 4.9: The effect of changing the parameters on optimal ISR and LCOE
for Y21.
Type of parameters When
parameter

Effect on optimal Effect on LCOE
ISR

for
(RM/kWh)

Degradation rate

PRfixed

Operation

Increased

Increased

Increased

Decreased

Decreased

Decreased

Increased

Decreased

Decreased

Decreased

Increased

Increased

Decreased

Increased

Increased

Decreased

Decreased

Increased

Increased

Decreased

Increased

Increased

Decreased

Decreased

Increased

Decreased

Decreased

Increased

and Increased

maintenance ( O & Decreased
M) cost
Specific cost of the Increased
PV

system

with

fixed specific cost

Decreased

of inverter
Specific cost of the Increased
PV system changes
with specific cost

Decreased

of the inverter.
Change of specific Increased
cost of the inverter
with fixed specific
cost of the PV
system

Decreased

Y21
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CHAPTER 5

5 CONCLUSION AND RECOMMENDATIONS

5.1

Conclusion

The objectives of this project were achieved. The influence of the
sensitivity analysis on optimal inverter sizing ratio (ISR) was investigated. The
two cases of sensitivity analysis which is changing the specific cost of the
photovoltaic (PV) system with the specific cost of the inverter and the specific
cost of the inverter with the fixed specific cost of the PV system has a great
influence on the optimal ISR. The analysis shows that the capital cost of a
large-scale PV system can be significantly saved using the optimal ISR to
downsize the inverter capacity. The advantage of using the optimal ISR is to
obtain a higher return of investment and a shorter payback period of the
project. All the optimal ISR is assumed can be used for 21 years. The results
from this study can give guidelines on choosing the right ISR for the PV
industry players while the trend of the lines plotted through the sensitivity
analysis can be used as a reference for projects operating in the tropics. The
recommended range for the optimal ISR for a 10 MW plant is from 1.50-1.80
in the tropics.

In addition, the influence of using various sampled interval data on the
optimal ISR was studied. The sampled intervals do not give a clear change
because the data is done sampled out and the solar irradiance distribution
profiles are quite the same. Besides achieving the objectives, the averaged
method was used to investigate its influence on the optimal ISR. The averaged
intervals give a clear change on the optimal ISR because it could not reveal the
cases of short and quick changes of the data. Thus, the optimal ISR determined
by the averaged method is higher than the optimal ISR determined by the
sampled method.
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Lastly, the study on the effect of using two types of irradiance data to
determine the optimal ISR was studied. The optimal ISR determined by using
global tilted irradiance (GTI) data is lower than the optimal ISR determined by
using global horizontal irradiance (GHI) data. This is due to the distribution
profile issue. Although annual GTI and GHI only differ by 1.85%, the
distribution profile is quite different.

5.2

Recommendations for Future Work

Firstly, the landing cost for the PV system can be taken into account in the
future study. Moreover, the sensitivity analysis on tariffs can be conducted to
study the influence on the net saving of undersized inverter and determine the
income.

In addition, the solar irradiance data obtain from the ground-mounted
weather station is expensive. Investigation on optimal ISR determined by
ground-mounted weather station data for several sites in the tropical area could
be studied. There is the possibility of extrapolating the optimal ISR to other
sites that do not have high resolution solar irradiance database but the optimal
ISR is obtained from the low-resolution database from a trend or relationship
for various resolution databases. This can be achieved if more solar irradiance
data from the ground-mounted weather station in Malaysia or tropical areas
are studied.
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APPENDICES

APPENDIX A: Result from one simulation.
Result for degradation rate of the PV module = 0.50% in Section 4.4.1.
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