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Abstract

International Energy Agency reported the net-zero carbon target by 2050 in its

recent annual report. The global energy landscape is expected to anticipate an

energy transition with an increase in renewable energy share from 12% to 35%

for electricity sector by 2050. Most of the countries in the world had pledged to

be become net-zero or carbon neutral countries by 2050. Solar photovoltaic

(PV) and wind energy will contribute 50% of energy mix in this context. Solar

PV and wind energy are intermittent resources that highly depending on the

weather and climate conditions. The intermittency issues caused mismatch

between electricity generation and demand profiles. This will greatly affect the

requirement of meeting the daily load profile, satisfying the peak demand and

resulting in generation of surplus, and so on. Energy storages play a vital role

in this scenario by allowing this excess energy to be stored and used to meet

the demand during low energy production. Previous literature evaluated the

feasibility of utilizing battery energy storage in large-scale solar PV plant in

Malaysia using load following dispatch strategy, which can be further

enhanced by utilizing a hybrid energy storage system. This study aims to

develop an optimized hybrid energy storage system utilizing battery and super-

capacitors to complement a large-scale solar PV system. This study also evalu-

ates two dispatch strategies that are load following and cycle charging for

three different power system configurations. Subsequently, a market leading

battery is modelled with parameters such as nominal voltage, capacity, round-

trip efficiency, minimum and maximum state of charge, and maximum and

minimum charge and discharge current in four different scenarios utilizing

two dispatch strategies. These studies are conducted using power system and

energy storage modelling tools with localized energy data for the Malaysia con-

text. The proposed hybrid energy storage system demonstrates an improve-

ment of about 30% in annual throughput under the load following dispatch

strategy. The hybrid power system also increases the renewable energy fraction
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by 5% in the system. This study creates an optimized framework in the devel-

opment of energy storage for grid integration that permits high level of solar

PV penetration in the transmission and distribution network.

KEYWORD S

optimization, supercapacitor, load following, cycle charging

1 | INTRODUCTION

Renewable energy generation has increased in the last
few years. Many countries are putting in more invest-
ment and policies in place to aid the development of
renewable energy like solar photovoltaic (PV) and wind.
The preference shift towards renewable energy can be
credited to the increased awareness towards climate
change, with government and public understanding the
importance of reducing carbon dioxide and other green-
house gases emissions. Governments have put in targets
and policies relating to climate change and carbon emis-
sion, which includes increasing renewable energy genera-
tions. Following the signing of the Paris Agreement in
2015, members of the United Nations Framework Con-
vention on Climate Change members are required to
update their plan after 5 years. As of April of 2021, it can
be seen that there has been updated plans submitted by
over 80 countries which saw more rigorous targets.1 One
of the latest targets that were pledged by 44 countries and
the European Union is the net-zero emission target. To
meet the target of net-zero by 2050, six main pillars have
been identified. One of the main pillars is renewables.
Renewables will play a major role in reducing emission
especially in electricity sector. It is expected that renew-
ables will show an increase of over 60% in year 2030 and
to almost 90% in the year 2050 compared to about 30% in
year 2020. The main contributor to this increment will be
solar and wind energy, which is expected to increase by
5-folds compared to the average amount from the last
3 years.1 Besides electricity sector, renewables will also
play a role in emission reduction in building, transporta-
tion, and industry.

The increase in renewable energy generation espe-
cially solar PV and wind requires more development into
energy storage system. This is to ensure a more reliable
integration of variable renewable energy sources into the
grid. The feature of energy storage that able to store and
release energy on demand will be the link to renewable
energy integration to the grid. Energy storage especially
utility scale battery storage able to ensure a more reliable
grid service by delivering services such as frequency regu-
lation, black start service and reducing renewable energy
curtailment. Besides, energy storage will also reduce the

expenditure to build peak generation power plants and
upgrading of transmission lines. It is projected that the
energy storage market could achieve sales of up to USD
26 billion per annum by the year 2022, which translates
to an annual growth of 46.5%.2 The positive trend of
energy storage especially battery energy storage can be
accredited to eight main drivers, which are cost and per-
formance improvements, gird modernization, global
movement towards renewables, participations in whole-
sale electricity markets, financial incentives, phase-outs
of Feed-in tariff (FITs) or net metering, desire for self-suf-
ficiency, and national policy.2 Basically, battery energy
storage usage is increasing due to the reducing price with
improving technology, which makes the economics more
attractive. Besides, with grid modernization being rolled
up extensively throughout the world, many customers
are incorporating battery storage as part of their home
energy system. This also relates to the phasing out of
feed-in tariff or net metering, which translates to lesser
incentive for supply excess energy to the grid and instead
excess energy is stored for self-consumption. National
policies and financial incentives also promote the use of
energy storage together with renewables as a system for
less reliance on energy imports and improve the system
reliability.

Energy storage technology is one of the major chal-
lenges during energy transition towards the attainment
of net-zero target 2050. This is due to the intermittency
issues in solar PV, which relies on the environmental fac-
tors including the weather, seasons and geographical
locations. For a solar PV panel, the amount of energy
generated is dependent on cloud cover and solar irradi-
ance. In the context of solar PV system, the intermittency
is reflected in a daily basis where the solar PV system can
only generate energy during the day. This also relies on
the numbers of peak sun hour at a particular geographi-
cal location. This creates a situation of demand and sup-
ply mismatch. Excess energy produced during the day is
not used whereas during the night-time, there is no gen-
eration to fulfil the energy demand. Moreover, the grid
load demand is not homogenous throughout the hour,
day, or months. This phenomenon will deteriorate when
there is high level of renewable energy penetrations to
the national grid. The variation of demand requires
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flexibility in supply, which is a challenge for renewable
energy like solar PV. Peak solar PV generation is not able
to meet the peak demand of the grid. Incorporating large-
scale energy storage into the system exhibits its own chal-
lenges and limitations. Battery energy storage system
used as either residential or utility storage is limited by
one major factor, which is the battery life cycle or life-
time. For example, the lifetime of lithium-ion and lead
acid battery urged the utility companies and consumers
to replace the batteries after certain years. This will
greatly impact the project cost and subsequently reduce
the attractiveness of energy storage system. Although
there are some battery options such as flow batteries, the
cost of this battery is relatively high, which is not eco-
nomically viable.

2 | LITERATURE REVIEW

Energy storage technology is able to solve one of renew-
able energy's main challenges, which is to have flexibility
to supply energy when needed. Energy storage can be
defined as a mechanism that is able to store energy by
converting electricity to one form and deliver when
required by converting it back to electricity. There are
two main types of energy storage technology, which are
direct and indirect.3 The difference between a direct and
indirect energy storage is that, direct involves one conver-
sion or less to electricity whereas indirect requires more
than one conversion. In this research, various energy
storage technology was studied in determining the suit-
able energy storage to be used for large-scale solar plant.

2.1 | Mechanical energy storage

Mechanical energy storage system is a type of energy
storage that converts and stores electrical energy to
mechanical energy in the form of kinetic or gravitational
energy.4 Three main technologies classified as mechani-
cal energy storage are pumped hydro storage (PHS), com-
pressed air energy storage (CAES), and flywheel.

PHS is a technology that works by having two water
reservoirs at different elevations, for instance one reser-
voir at the mountains and another in a valley both con-
nected by a penstock. In the presence of excess energy,
pump is used to transfer water from reservoir at the lower
elevation to the reservoir at higher elevation, which will
then be stored and used when required. During times of
high demand or low generation, water stored at the
higher reservoir is then released and allowed to flow
through a turbine, which then converts from mechanical
energy to electrical energy.5 PHS is considered as a
mature technology, which has been used since the 20th

century hence no major improvement is expected from
this technology besides utilizing more efficient pump and
turbine.5 Due to the nature of this technology of utilizing
large volume of water, the response is relatively slower,
which is minutes to hours but can store large amount
that translates to huge power range and negligible self-
discharge. The efficiency of PHS is about 70% to 85%,
which is reasonable due to not much of conversion
involved.6 The main disadvantage of PHS is being geolog-
ical dependent and requires major environmental alter-
ation with major construction resulting in higher
environmental impact.

Flywheel energy storage stores electrical energy in the
form of kinetic energy by powering up a motor, which
then rotates a drum continuously until when the stored
energy is needed, which is then fed to a generator to con-
vert to electricity.6 Flywheel is a matured technology with
being the oldest energy storage technology.7 Flywheels
consist of rotating drum, spinning wheel, electromagnetic
generator, and a magnetic bearing, which is placed in a
vacuum or low-pressure helium filled enclosure. Fly-
wheel is characterized as a highly efficient mechanism to
about 90% efficiency with high power and density but
with low power range and high self-discharge rate. Fly-
wheel also has low environmental impact and not loca-
tion dependent since it is mobile and able to be installed
without any alteration to the environment. The high self-
discharge rate is due to its nature of continuous spinning,
which will stop once the stored energy is used. The most
used application of flywheel is with wind energy, which
is used to achieve better power quality. This system is
known as isolated wind power system. This system was
modelled to solve the stochastic nature of wind energy.8

CAES works on the similar basis as gas turbines
where when there is excess electricity, it is used to com-
press and store air whereas when required the high-
pressure air is fed to a combustion chamber and to gas
turbine. The main characteristic of this technology is its
ability to store in high power capacity, self-discharge is
negligible, and ability to discharge for hours to days.
However, the major disadvantage is the need for a suit-
able geological location since require a big storage cavern
besides its low efficiency with the multiple conversion
required. Generally, there is not much improvement in
this system, but research is still being carried out to reuse
the heat captured during compression when reheating
the air during expanding.

2.2 | Thermal energy storage

In terms of storing thermal energy, thermal energy stor-
age is used. This technology stores thermal energy in
either high temperature or low temperature.9 The
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thermal energy stored will be used to generate electricity
or for heating purposes. Solar is one of the main contrib-
utors for thermal energy storage. Solar pond is a basic
technology that uses principle such as density and heat
content. Heat from solar is stored in a large pond. The
pond is filled with salty water. Solar heat that penetrates
the pond will be stored by the salty, heavier water on the
bottom of the pond. The bottom of the pond is called the
storage zone. This technology is an attractive option due
to its simple mechanism, although there is limitation
with the need for large volume of water.10

Pumped heat storage operates by using a working
fluid such as argon gas with the basic principle of heat
transfer. Excess electricity will be used to pump hot argon
gas into a chamber filled with gravel or concrete, which
then the heat will be stored by materials in the chamber.
When heat is needed, a cold argon gas will be pumped
into the chamber to absorb all the heat from the gravel.
The hot argon gas will be fed to an expender to release its
heat and power up a generator. The efficiency of this
technology is relatively moderate at 70% to 75%,11 but
since the cost is low, it is very attractive to store heat
energy.

2.3 | Battery energy storage

Battery energy storage is classified as type of chemical
energy storage. There are two main types namely internal
and external.5 Internal storage system is when the energy
content and power capability depend on each other
whereas external storage is when both energy content
and power capability are designed separately.

2.3.1 | Lithium-ion battery

Lithium-ion battery works on the principle of electro-
chemistry with lithium as its key component.12 In the
charging process, lithium ions move from cathode to
anode through the electrolyte, whereas in the discharge
process the reverse happens where lithium ions move
from anode to cathode through electrolyte where the ions
combine with its electrons. Some examples of material
used for electrodes are cobalt oxide and graphite. The
characteristics of lithium-ion batteries are high energy
density, very low self-discharge, high efficiency at about
85% to 95%, quick response time in the range of millisec-
onds but low discharge time which is about few hours.
The major concern of lithium-ion batteries is the safety
aspect where the battery tends to overheat and possible
to combust.5 The lifetime of lithium-ion batteries is also a
limiting factor where it tends to deteriorate after a few
years and the typical lifetime is about 10 to 20 years.

2.3.2 | Lead acid battery

Lead acid battery consist of four main components,
which are lead oxide as the positive plate, porous lead as
negative plate, a separator between both plates and elec-
trolyte, which is water and sulphuric acid. During charg-
ing of the battery, lead oxide is formed at the positive
plate while pure lead is formed at the negative plate
while sulphuric acid concentration of the electrolyte will
increase. During discharging, lead sulphate will be
formed at both positive and negative plates while sul-
phuric acid will be reduced from the electrolyte. The
types of lead acid batteries are flooded, gelled electrolyte,
and absorbed glass mat batteries. Lead acid battery is a
very matured technology and is the oldest battery cre-
ated. The biggest advantage of this battery is its ability to
store large capacity and another advantage is it relatively
low cost. However, lead acid has a short lifetime and has
high environmental impact due to its safety concern and
the toxicity and availability of lead. Safety concern of lead
acid battery is the electrolyze which is corrosive. Hence,
a proper protective equipment is required to be used dur-
ing handling, and explosion due to the evolution of
hydrogen and oxygen.

2.3.3 | Flow batteries

The component of flow batteries consists of two external
tanks and one reaction cell. The battery works by the
reaction of liquids from each tank in the reaction cell. In
the discharge process, a reduction oxidation occurs,
which creates a shortage of electron at the positive termi-
nal and a surplus at the negative terminal. In the charg-
ing process, the reverse where liquids return to the
original composition.3 The main characteristic of this bat-
tery is the ability to size the energy and power indepen-
dently and high life cycle. The drawback of this battery is
the safety aspect, where there is possibility of leakage to
the tank that carries the chemicals, and the cost of this
battery is relatively higher compared to other batteries.
Zinc bromide flow battery is one of the main examples of
this battery type. In a zinc bromide battery, bromide solu-
tion is used in the cathode terminal whereas in the anode
side, water-based solution and zinc plate are used.

2.3.4 | High-temperature batteries

High-temperature batteries are batteries that operate at
high temperature at around 300�C.5 The common high-
temperature batteries are sodium-nickel-chloride
(NaNiCl2) and sodium-sulphur (NaS). The main charac-
teristic of this type of battery is its high energy density
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and uses solid electrolyte. The drawback of this battery is
that it needs to be kept at a high temperature at all times
since it will not be able to operate in lower temperature
causing high energy consumption. Besides, this battery
poses safety risk due to its operating temperature and
requires energy to maintain its temperature. Comparison
of each battery energy storage is summarized in Table 1.
Each battery has its own advantages and will be deemed
suitable for different application.

2.4 | Electrical energy storage

Electrical energy storage system is classified as storage
system, which stores energy in the same form of electric-
ity without any conversion. This technology has relatively
higher efficiency compared to other form of energy stor-
age technology since no conversion involved and able to
produce faster response time. This technology is

considered a newer addition into the energy storage sys-
tem but is currently being deployed and concurrently
researchers are still ongoing in this field. The typical elec-
trical energy storage system is supercapacitors and sup-
erconducting magnetic energy storage.

Supercapacitors are electrical component made of
two plates, which is separated by an insulator and placed
in an electrolyte. The energy is stored in the form of static
electric between both those plates. The ions move to
either side of the electrode during charging and dis-
charging process. The main characteristic of this technol-
ogy is the high efficiency of 90% to 95%, high lifetime,
and high-power density.14 This technology can be used
together with batteries to create higher voltages and pre-
serve the battery lifetimes. This technology is usually
used to stabilize voltage in grids and machines.

Superconductive magnetic energy storage's main
components are superconducting coil with magnet,
power conditioning system, cryogenic system, and con-
trol unit.15 The main advantage of this technology is that
it has high efficiency at 97%, fast response, and high-
power density. The typical applications of this technology
are blackout, spinning reserves, and voltage stability.
However, this technology always requires cooling mecha-
nism since it operates in low temperatures.

3 | RESEARCH GAP AND AIM

In the study conducted by Laajimi,16 two different
approaches were used to size the energy storage system.
The first approach was sizing based on peak demand at
night specifically from 20:00 to 22:00 hours. The second
approach was to size based on the demand above daily
average demand. The feasibility of both these approaches
was studied for six different locations. The results of the
study showed that energy storage system is feasible only
for five locations using the first approach whereas it is
not feasible for all locations using the second approach.
However, this study did not attempt to investigate the
feasibility of utilizing a hybrid energy storage system.
Also, the dispatch strategy used for this study was limited
to only load following. In the literature published by both
Laajimi and Khan17,18 focused on the economic assess-
ment of energy storage for large-scale solar in Malaysia.
In the literature by Laajimi,17 storage to Large-scale solar
(LSS) output was investigated with several percentages in
six different locations. It was concluded that LSS with
storage system is only profitable if the ratio of LSS output
to storage is small. In the literature by Khan,18 several
battery energy storage technologies in a LSS PV system in
Malaysia were evaluated. Based on the study, it was con-
cluded that 1-kWh lithium-ion battery is the most

TABLE 1 Comparison of battery energy storage6,13

Battery energy
storage Advantages Limitations

Lithium ion • Relatively high
power and
density

• High efficiency
• Fast response to

charge and
discharge
operations

• Degrades at high
temperature

• High fire hazard

Lead acid • Low cost
• Mature and

readily available
• Reliable and

easily replaced

• High
maintenance
requirement

• Low power and
energy density

• Slow charge
• Low weight-to-

energy ratio
• Thermal

management
requirement

• Environmental
hazard (ie, toxic
component)

Zinc bromide
(flow battery)

• Separation of
both energy and
power

• High life cycle

• Safety concern –
tank leakage

• High cost

Sodium-sulphur
(high-
temperature
battery)

• Relatively high
power and
energy density

• Fast response
• High life cycle

• Heat source
requirement

• High cost
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TABLE 2 Literature review and key findings16-22

No Paper title Key findings Design parameter Performance parameter

1 Energy storage system design
for large-scale solar PV in
Malaysia: technical and
environmental assessment
(2019)

• Approach 1 (peak demand
at night) – 5 locations
feasible

• Approach 2 (above daily
average) – all location not
feasible

Location • Storage to LSS ratio
• Peak demand satisfaction
• Storage to LSS ratio
• Capacity shortage
• RE fraction
• Emission reduction

2 Energy storage design for
large-scale solar PV in
Malaysia: techno-economic
analysis (2020)

• LSS with storage only
profitable if LSS output to
storage ratio is small

• Energy storage output to
LSS output ratio (5-60%)

• Net present worth (NPW)
• Net present cost (NPC)
• Levelized cost of

electricity (LCOE)
• Payback period (PP)

3 Design, optimization, and
safety assessment of energy
storage: A case study of
large-scale solar in
Malaysia. (2020)

• 1-kWh lithium-ion battery
most profitable

• PV more profitable
compared to PV with
storage

• Storage type
• Components of net

present cost

• Cost

4 Large-scale integration of
photovoltaic power in a
distribution grid using
power curtailment and
energy storage (2017)

• PV power curtailment
method preventing
overvoltage and
overloading in a grid

• Yearly PV penetration • Total battery capacity
• Curtailed electricity

5 Feasibility study on hybrid
solar photovoltaic with
diesel generator and battery
storage design and sizing
using HOMER Pro (2018)

• Diesel generator used as
backup when battery
storage runs out

• Hours of discharge from
battery, solar PV, and
diesel engine

• Power output from solar
PV, battery, and diesel
engine

6 Techno-economic evaluation
of on-grid battery energy
storage system in Jordan
using HOMER Pro

• VRFB, NaS, and flooded
LA battery have low LCOE

• 20% shares of daily PV
production are suitable as
starting point for BESS

• Ratio of battery size over
solar PV production

• LCOE

7 Energy storage sizing and
enhanced dispatch strategy
with temperature and
safety considerations: a
techno-economic analysis

• 1 MWh zinc bromide most
favourable, lowest NPC
and LCOE.

• Effects of temperature on
battery modelling was
investigated.

• Hybrid energy storage
using flywheel and battery
was investigated

• Location • NPC
• LCOE
• ESS Lifetime
• ESS throughput

8 Hybrid energy storage design
and dispatch strategy for
evaluation with sensitivity
analysis: techno-economic-
environmental assessment
(2022)

• Six battery storages were
evaluated

• Actual market Samsung
SDI 136S lithium ion was
modelled

• Usage of supercapacitor
with battery energy storage
system was evaluated

• Comparative assessment of
load following and cycle
charging dispatch
strategies

• LCOE of different system
configuring was assessed

• System configuration • Renewable fraction
• Battery lifetime
• Annual throughput
• LCOE
• Emission
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profitable and a stand-alone LSS PV system is more prof-
itable compared to LSS PV system with storage. In both
these studies, the economic evaluation of a hybrid energy
storage system was not investigated on top of evaluating
the behaviour of different dispatch strategies in relation
to economic parameters. Table 2 highlights the key find-
ings gathered from previous research.

The main highlight of this research is the investiga-
tion of both dispatch strategies. The dispatch strategies
that deemed suitable to be considered are load following
and cycle charging. Both these strategies will be used to
investigate both power system of solar PV and hybrid
renewable energy and taking into consideration of the
various energy storage that will be investigated. Another
key highlight will be the evaluation battery and hybrid
energy storage system in terms of technical and economic
parameters. The hybrid storage system will be the combi-
nation of battery and supercapacitors. Additional high-
light of this research is the modelling of a largely used
Samsung lithium-ion battery.

The aim of this research is to perform a techno-
economic assessment of solar PV and hybrid renewable
energy power system with optimum energy storage sys-
tem. The first objective of this research is to develop a
solar PV power system with energy storage technology.
The subsequent objective is to perform an environmental
assessment of solar PV power system with the optimum
energy storage system. The third objective is to conduct a
comparative study of load following and cycle charging
dispatch strategy for solar PV power system. These objec-
tives will be achieved by utilizing location specific data
such as load profile, solar irradiance, wind speed, and
temperature of Selangor. The battery energy storage will
be sized based on the modelling system's optimizer.

4 | METHODOLOGY

The process flow of this research is presented in Figure 1.
There are eight main stages in this research, namely loca-
tion selection, load profile identification, meteorological
data gathering, energy storage system selection, power
system design, modelling, sensitivity analysis, and results
presentation.

4.1 | Location, meteorological, and load
profile development

The location selection of this study is based on two sce-
narios that are being investigated. The first scenario will
be on solar PV power system and the second complemen-
tary scenario will be on hybrid renewable energy utilizing
wind and solar PV. For the solar PV system, in the first
stage of location selection, the most suitable location was
identified to satisfy the objective of this research. In the
large-scale solar PV scenario, location selection was lim-
ited to within Malaysia. States under the planned large-
scale solar PV plant was identified as in Figure 2 and
Table 3. Scoping into these states, each state's population
and energy consumption was plotted as in Figure 3 to
select the state that will be the most suitable for an
energy storage system and could provide a significant
change in the energy management system in Malaysia.
Based on this selection, Selangor was identified as the
location of interest for this research. According to the
stipulated criteria, Selangor shows the highest population
with the highest energy demand in the country besides
being part of the large-scale solar PV program. Using
localized data of Selangor provides a significant impact to

TABLE 2 (Continued)

No Paper title Key findings Design parameter Performance parameter

• Emission level for all
different system
configuration was
evaluated

• Solar PV power system was
developed

a. Load profile for two
different location was
estimated

• Sensitivity analysis on
maximum state of charge

a. Sensitivity analysis was
conducted on the
optimum energy storage
system
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the research since energy management for a state with
high population and high load demand is important.

For the scenario of hybrid energy management sys-
tem, location that had both development of wind energy
and solar PV was taken into consideration. In this situa-
tion, location in United Kingdom was deemed suitable
and Edinburgh was selected due to data availability. The
meteorological data such as solar irradiance, wind speed,
and temperature are based on data from several sources.
For solar global irradiance and temperature, data used
were obtained from NASA's surface solar energy data set.
Whereas for wind speed, data were obtained from the
online source, weatherbase.com.

The load profile for this research was done with
hourly timestep. For the load profile for the state of
Selangor, it was estimated based on methodology
from.16,24 Firstly, the peak demand of Peninsular
Malaysia was identified as 18 GW.25 The population of
Selangor for year 2018 was 6.48 million, which was 25%
of the population of Peninsular Malaysia. Using this ratio
of Selangor/Peninsular Malaysia population, the peak

demand for Selangor was calculated to be 4.6 GW. In the
load profile,24 an hourly coefficient of load profile distri-
bution was estimated. This hourly coefficient was then
translated to hourly load profile for Selangor by multiply-
ing the hourly coefficient with peak demand as shown in
Figures 3 and 4.

4.2 | Power system design

A power system was designed for a large-scale solar PV
plant integrated with grid connection. This system com-
prised of load profile, grid component, converter, solar
PV, and energy storage system. Three scenarios are inves-
tigated in this power system configuration, which are
grid-connected solar PV without energy storage, grid-
connected solar PV with energy storage with both battery
and hybrid energy storage. These scenarios are identified
to be able to allow better understanding on the effect of
battery into a solar PV system and the advantage of using
a hybrid energy storage for a solar PV system. Initial
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simulation with only solar PV provides a base case for
the modelling, which is then compared to battery energy
storage and hybrid energy storage. Scenario 3 plays the
role on proving the advantage of the optimization exer-
cise of coupling supercapacitor with battery energy stor-
age. Scenarios that will be investigated in this study are
shown in Table 4.

The configuration of the systems in all three scenar-
ios is presented in Figure 5. For configuration in sce-
narios 1–3, the grid is connected via AC bus while solar
PV and battery storage is connected via DC bus. Both
the systems are then linked by a converter. The con-
verter comprises of an inverter, which converts DC
from solar PV and battery storage to AC and a rectifier

FIGURE 2 Large-scale solar photovoltaic (PV) plan in Malaysia23

TABLE 3 Malaysia large-scale solar PV planned and actual capacity23

Region Capacity awarded (MW) Operational capacity (MW) In progress (MW) Percentage

Perlis 33.996 33.996 0.00 100

Kedah 355.77 194.99 160.78 55

P. Pinang 21 20.00 1.00 95

Perak 248.87 138.88 109.99 56

Kelantan 30 0.00 30.00 0

Terengganu 306.99 106.99 200.00 35

Pahang 209.916 79.916 130.00 38

Selangor 66.98 66.98 0.00 100

N. Sembilan 121 61.00 60.00 50

Melaka 56.8 50.00 6.80 88

Johor 68.99 54 14.99 78

Sabah 113.9 50 63.90 44

1634.212 856.752 777.46 52
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to convert AC from the grid to DC to be used to charge
the battery.

In all the scenarios configuration, the solar PV used
to model is the generic flat plate PV. Characteristic of the
solar PV panel is shown in the Table 5. The characteristic
of the generic flat panel solar PV such as capital cost,
replacement cost, derating factor, and lifetime is the

average value of market leading brand of flat plate solar
PV panels based on energy market research conducted.

A system converter that consists of an inverter and a
rectifier was used. This converter, which acts as a link
between both AC electrical bus and DC electrical bus,
will be sized based on the maximum generation of solar
PV or wind turbine or energy storage. The sizing of the
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TABLE 4 Power system scenarios

Scenario Configuration Justification

1 Grid + solar PV Base case for location with high solar irradiance

2 Grid + solar PV + battery Inclusion of energy storage in Solar generation

3 Grid + solar
PV + battery + supercapacitor

Optimized energy storage for solar generation
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converter was ensured will not act as a bottleneck of the
system, allowing for adequate capacity for both solar PV
and energy storage. Characteristic of converter is shown
in Table 6.

All scenarios are analysed on techno-economic and
environmental analysis. In terms of techno-economic,
the key parameter that will be analysed are renewable
fraction, energy storage throughput, battery lifetime, and
levelized cost of electricity (LCOE). These parameters are
determined to be the most suitable in terms of determin-
ing the optimum energy storage system to be used for
solar PV power system. Ideally, a system with high
renewable fraction, annual throughput, longer battery
lifetime, and low LCOE will be the most optimum. High
renewable fraction ensures that the power system relies
mainly on renewable energy source, in this scenario solar
PV instead of diesel generators or other conventional
sources. A high annual throughput ensures the system
fully utilizes the stored excess energy to meet demand
during peak period and at night. Longer battery lifetime
contributes to a more attractive project economics since
there will be no need for battery replacement and envi-
ronmentally will be lesser waste generated. LCOE will
determine the cost of the project output, which subse-
quently determines the feasibility of the project in meet-
ing electricity demand and supplying to consumers,
hence low LCOE is crucial. Furthermore, all scenarios
will be analysed based on the emission generated, which
are CO2, SO2, and NOx. These emissions value will evalu-
ate the project in terms of environmental effect either to
be positive or negative. Ideally, an optimum system is
expected to be environmentally friendly by producing
low emission of all pollutants.

4.2.1 | Dispatch strategies

In the power system configuration, a set of rules is
applied, which will determine the behaviour of the
energy storage and generators when renewable energy

FIGURE 5 Power system configuration for each scenario

TABLE 5 Solar PV panel parameters26

Name Generic flat plate PV

Type Flat plate

Rated capacity (kW) 1

Capital cost (USD) 2500

Replacement cost USD) 2500

O&M cost (USD/year) 10

Time (years) 25

Derating factor (%) 80

Ground reflectance (%) 20

TABLE 6 System converter parameters.26

Name System converter

Capacity (kW) 1

Capital (USD/kW) 300

Replacement cost (USD) 300

Lifetime (years) 15

Inverter efficiency (%) 95

Rectifier relative capacity (%) 100

Rectifier efficiency (%) 95
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source is not able to fulfil demand. This set of rules is
called dispatch strategy. In this study, two dispatch strate-
gies are taken into consideration, which are load follow-
ing and cycle charging.

A. Load following

In the load following strategy, whenever a generator or
storage from the battery is needed, only the required
amount of power is released to meet the demand. The
system optimizer ensures that in this strategy, the energy
released by the storage or produced by the generator if
there is generator present is the lowest cost for each time
step. The cost calculation will involve the fixed and mar-
ginal cost of each power source option. If this strategy is
taken in the scenario of solar PV, so whenever there is
excess energy, the excess energy will be used to charge
the battery if the battery's state of charge (SoC) is less
than 100%.27 Whereas in the times when the demand is
higher than the solar PV generation, excess energy will
be discharged by the battery or taken from the grid
depending on which is cheaper just to satisfy the load.
This dispatch strategy is deemed suitable for situation
where the renewable energy source is able to generate
excess during a certain period, for example, in the case of
solar PV, excess energy is produced during the day.

A. Cycle charging

In the cycle charging strategy, whenever the generator or
battery storage is needed, it operates at full capacity. The
excess is then used to fulfil the load or any other objec-
tives such as fulfilling deferable load or serving electro-
lyser. In this strategy, the system optimizer goes through
two processes whenever additional power is needed.27

Firstly, the system determines the cheapest option of
either using the grid or using stored energy to fulfil the
demand. Secondly, when the cheapest option was deter-
mined the system dischargers the power and then either
the grid or the generator is used to recharge the battery
to its full SoC. However, if the previous time step, the bat-
tery storage has been discharged, then the system will
prioritize the grid to discharge to fulfil the demand and
to charge the battery. In the scenario of solar PV, this
strategy is usually used in the event if the solar PV is not
able to meet demand during the day and able to use the
grid and energy storage to meet demand.

In addition to dispatch strategy, there are some grid
controllers that were used in the modelling. The grid con-
troller was used to control when the grid can be used to
charge the battery if required and when the battery
energy storage should be given priority to discharge the

electricity. The time when the grid can charge or dis-
charge the battery is based on the enhanced time of use
rate provided by Tenaga Nasional Berhad, the sole utility
power provider in Peninsular Malaysia. The controller
was set to not allow battery to be charged by the grid dur-
ing peak hours. The peak hours were specified as
11:00-12:00 and 14:00-17:00 hours. Instead, during peak
hours priority was set for the battery to discharge. This
will allow the system to use electricity from the battery
instead of the grid that has high tariff rates. In the event
if battery charging will be required from the grid espe-
cially for cycle charging strategy, the only time enabled
for charging using grid was 22:00-08:00 hours. This is
during off peak hours where the grid tariff is the lowest.

4.2.2 | Energy storage analysis

This research involves analysing the feasibility and ben-
efit of incorporating battery energy storage into a solar
PV and a hybrid renewable on grid system. Three differ-
ent battery models were identified suitable to be used in
this system, which are idealized battery, modified
kinetic battery, and supercapacitors. The energy storage
model is classified based on the behaviour of the battery
in terms of discharge current, energy availability, and
losses rate. Based on these three energy storage models,
six different batteries were selected to be modelled. In
an idealized battery model, the model configures the
storage to have independent energy and power size. This
model assumes a flat discharge curve where the supply
voltage remains constant throughout the discharge
period. The behaviour replicates a simple storage model.
In a modified kinetic battery model, the storage is con-
figured to have two tank systems which separates the
available energy for electricity generation and the bound
energy that is not available for use. In this model, the
energy storage considers rate-dependent losses, temper-
ature effect on capacity and calendar life. Finally, the
supercapacitor model configures the storage system by
assuming a flat discharge curve due to constant supply
voltage during discharge cycle. The classifications of the
energy storage type with its model are presented in
Table 7. In addition to generic battery types used in this
modelling, an industry common battery was used in this
study, which is the Samsung S136S lithium-ion battery.
Samsung 136S lithium-ion battery was selected since
Samsung is considered as a leading brand in the market
for utility storage system. Significant parameters such as
nominal voltage, nominal charge, and efficiency were
used to characterize this battery into the model shown
in Table 8.
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4.3 | Energy storage sizing

The energy storage sizing plays a crucial part in ensuring
the feasibility of the power system design. In ensuring a
proper energy storage sizing, data obtained from the load
profile of Selangor and Edinburgh were used. The objec-
tive of the energy storage in this study focused mainly on
using excess renewable energy generated from solar PV
and wind to be stored and used during high demand or
low generation. Hence, the approach used in sizing the
energy storage is firstly identifying the average demand
of each location, then electricity demand above this aver-
age value is classified as peak demand. It is decided that
sizing battery based on the highest peak demand will not
be economical hence battery sizing was done based on
median of the peak demand range. This allowed battery
to be sized optimally and modelling was conducted to
verify this claim. Subsequently in sizing, the hybrid
energy storage, which is installed with the objective of
complimenting the primary battery energy storage, was
sized to cater on the value difference of average demand
and highest peak demand value while allowing for opti-
mization modelling of the battery sizing. In ensuring
proper comparison of each configuration, energy storage
size was maintained for each scenario allowing for proper
techno-economic analysis.

5 | RESULTS AND DISCUSSION

The results for this research have been categorized into
two main parts such as the techno-economic analysis and
environmental analysis. For the techno-economic analy-
sis, all the scenarios were analysed based on renewable

fraction percentage, energy storage throughput, battery
lifetime, and levelized cost of electricity. For environmen-
tal analysis, each scenario is analysed based emission of
three different gases, which are carbon dioxide, sulphur
dioxide, and nitrogen oxide. The modelling results of
each scenario is also compared to both dispatch strategies
of load following and cycle charging. Each system has
been given a specific abbreviation as below:

1. PV only: Power system using solar PV without any
energy storage.

2. PV + Li-ion: Power system using solar PV with
lithium-ion battery only.

3. PV + ZB: Power system using solar PV with zinc bro-
mide battery only.

4. PV + SDI Li-ion: Power system using solar PV with
SDI lithium-ion battery only.

5. PV + VRFB: Power system using solar PV with Vana-
dium redox flow battery only.

6. PV + LA ASM: Power system using solar PV with
lead acid (ASM) battery only.

7. PV + Li-ion + SCES: Power system using solar PV
with lithium-ion battery and supercapacitor only

8. PV + ZB + SCES: Power system using solar PV with
zinc bromide battery and supercapacitor only.

5.1 | Techno-economic analysis

5.1.1 | Renewable fraction

Renewable fraction of the system is the percentage of
energy delivered to the load that is contributed by renew-
able energy.26 In the result presented in Figure 6, it can

TABLE 7 Energy storage by types

Idealized battery Modified kinetic battery Supercapacitors

1. Generic 100-kWh lithium-ion battery
2. Generic 1-kWh zinc bromide battery
3. Samsung SDI 136S lithium ion

1. Generic 1-kWh lithium-ion
battery (ASM)

2. Generic 1 kWh lead acid (ASM)

1. Generic supercapacitor 3000 F

TABLE 8 Energy storage parameters6,16

Storage type
Nominal
voltage (V)

Nominal
capacity (kW)

Capital
cost ($)

Round trip
efficiency (%)

Life cycles
(cycles)

Generic 1-kWh lithium-ion battery (ASM) 3.7 1.02 3500 92 11 000

Generic 1 kWh lead acid (ASM) 2 1.03 300 85 4000

Generic 100 kWh lithium ion 600 100 70 000 90 11 000

Generic 1 kWh zinc bromide 600 1000 400 90 10 000

Samsung SDI 136S lithium ion 517 34.6 70 000 90 11 000
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be seen that there is an increase in renewable fraction
when battery energy storage is included in the system
and further increment when hybrid energy storage is
considered. In the scenario of only solar PV, renewable
fraction is estimated to be around 80%, and once energy
storage is included in the system, an increase of about 2%
is estimated in renewable fraction in the system. In terms
of analysis of each energy storage type, it can be seen that
lithium-ion batteries produce the highest contribution of
renewable energy fraction compared to zinc bromide
flow battery and lead acid battery throughout the lifetime
of the system. This phenomenon contributes to the func-
tion of energy storage to store any excess energy pro-
duced and to be used to satisfy demand during low
renewable energy generation, hence increasing the con-
tribution of renewable energy to the load satisfaction.

Comparison between both dispatch strategy of load fol-
lowing and cycle charging, load following allows better
penetration of renewable energy instead of relying on the
grid, at least 1% higher renewable fraction due to load fol-
lowing strategy.

5.1.2 | Energy storage throughput

The storage throughput of the energy storage technology
is described as the amount of energy that cycles through
the storage bank in 1 year. Throughput is defined as the
change in energy level of the storage bank, measured
after charging losses and before discharging losses.
Figure 7 presents the annual throughput of different bat-
tery technologies in different scenarios. It was observed
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that with the inclusion of supercapacitor, the annual
throughput of both systems with lithium-ion and zinc
bromide batteries has increased significantly. This is
because supercapacitor increases the available capacity to
store electricity and allows for more cycles especially on
the peak demand during the day. The modelling algo-
rithm will also indicate that storing excess energy using
supercapacitor will also be more economical since there
is no limitation on lifetime throughput.

5.1.3 | Battery lifetime

The battery lifetime is related to two factors, which are
the lifetime throughput and the storage float life. This
translates to the need to change out a battery maybe due
to the maximum battery's age or due to the usage itself.
Practically, both these factors need to be considered
when evaluating different battery storage technology to
identify the optimized approach on implementing hybrid
energy storage technology. Figure 8 shows the lifetime of
each battery in different scenarios. It can be seen the
addition of supercapacitors into the energy storage sys-
tem improves the lifetime of lithium-ion battery. This is
due to lesser cycles and smaller throughput experienced
by the battery since part of the excess energy is stored
and supplied by supercapacitors.

5.1.4 | Levelized cost of energy

The LCOE is the average cost per kWh of useful electric-
ity produced by the system. The calculation of the LCOE
is dependent on the total annualized cost of the system
and the total electricity served in the load. The

annualized cost on the other hand will be depending on
the net present cost of the system, project lifetime, and
discount rate used for the modelling. Hence, it was
observed in Figure 9 that LCOE will be a good indicator
of the economics of the system since all other costs are
taken into consideration. The LCOE of the system seems
to be competitive. For the large-scale solar PV system, the
LCOE with the edition of battery and hybrid energy stor-
age is slightly higher. Although there is an increment on
economics, the benefit of having a more stable power sys-
tem and having backup power in the grid outweighs the
increment in LCOE.

LCOE¼ Total Annualized Cost USD=yearð Þ
Total Electricity Served kWh=yearð Þ: :

5.2 | Environmental analysis

The environmental analysis for this research was done
based on the emission rate of three greenhouse gasses,
namely carbon dioxide (CO2), sulphur dioxide (SO2), and
nitrogen oxide (NOx). These emissions were tabulated for
all scenarios to analyse on the impact of adding battery
and hybrid energy storage into the system. The calcula-
tion of emission is related to the amount of energy pur-
chased and sold to the grid, and the intensity factor for
each type of gas as shown in Table 9.

Based on the results obtained, the emission level for
all systems is almost similar, which relates to the amount
of energy purchased and sold by the grid. The more
energy that is required to be purchased from the grid, the
higher the emission levels. In the system installed with
battery energy storage, purchase from the grid reduces
since additional energy needed can be obtained from the
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battery storage. This directly reduced the impact of emis-
sion from the grid, which requires backup generators to
satisfy demand. Although a small reduction is shown
when the power system is coupled battery energy storage,
it is expected that with a large-scale system the reduction
will make a significant difference. Based on the results
obtained, it can be proved that energy storage addition
either keeps the emission rate the same or reduces it
hence it can be concluded that energy storage is benefi-
cial environmentally. These research findings also com-
plemented the studies in20 that focused on the safety
concerns of the energy storage systems including zinc
bromide, vanadium flow, and iron flow.

In the most optimum system, which is the lithium-
ion battery with supercapacitor using load following dis-
patch strategy, it shows that CO2 emission reduces by
about 460 000 kg per year, SO2 reduces about 2000 kg per
year, and NOx about 980 kg per year compared between
system with only solar PV and solar PV with lithium-ion
battery as shown in Figures 10 to 12. Besides, as the pre-
vious analysis demonstrates that using supercapacitor
will improve lithium-ion battery lifetime hence reduction
of battery disposal also improves the environmental
advantage of the system. The result shows that the load
following dispatch strategy is more environmentally
friendly. This is due to its mechanism which only charges
energy storage with excess energy generated from

renewable energy. For cycle charging strategy, in every
battery charging exercise, battery will be fully charged. If
the excessive renewable energy is not adequate, a backup
generator will be used to complete the charging process
of the battery.

5.3 | Hybrid storage analysis

Incorporating supercapacitor into the power system
increases the system's renewable fraction for both
lithium-ion and zinc bromide batteries. The renewable
fraction shows an increase trend in either load following
or cycle charging dispatch strategies. In terms of energy
storage throughput, due to inclusion of supercapacitor
the amount of energy contributed by storage system
increase significantly. The increase can be seen even
more when zinc bromide battery is used compared to
lithium-ion battery. Hybrid system of both battery and
supercapacitor allows more excess energy to be stored
hence increase its throughput. Both dispatch strategies
demonstrate the same behaviour. Moreover, the most sig-
nificant result that can be witnessed is the increase of
lithium-ion battery lifetime due to the inclusion of super-
capacitor into the system. This is due to the reduction of
cycling of lithium-ion battery when supercapacitors can
cater for the demand in certain scenarios without
requirement of discharging the energy from battery. In
terms of LCOE, supercapacitor increases the economical
attractiveness of using a lithium-ion and supercapacitor
hybrid system. The need to replace lithium-ion battery
due to prolonged battery lifetime with supercapacitor
reduces the system lifetime cost.
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FIGURE 9 Levelized cost of energy

for solar photovoltaic (PV) system

TABLE 9 Gas intensity factor28

Gas NOx CO2 SO2

Emission intensity 2.88 623 6.48
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5.4 | Sensitivity analysis

The study is further enhanced by assessing the influence
of initial SoC of the battery on techno-economic parame-
ters. Initial SoC was identified as a crucial parameter,
which was important to be investigated further. This is
because SoC of a battery determines the useable capacity
of the battery, amount of energy needed to charge the
battery, and subsequently affecting the size of battery
needed or deemed optimal. SoC can be defined as the
percentage of a battery's capacity. The higher the percent-
age the more capacity of the battery is charged. To inves-
tigate the impact of maximum SoC of the battery to the
system, a sensitivity analysis was conducted with four
values of initial SoC, which are 25%, 50%, 75%, and 100%.
Sensitivity analysis was conducted on the solar PV system
with generic 1-kWh lithium-ion (ASM) battery. Figure 13

shows the annual throughput of generic 1-kWh lithium-
ion battery.

With the reduction in SoC, the battery throughput
reduces. When the level of SoC is low, the battery capacity is
reduced. Hence, the amount of energy available to be stored
is lower. The difference is much significant under load fol-
lowing dispatch strategy since in this strategy the battery is
only charged to what is required with the excess electricity
hence not able to store all the excess electricity; however, in
cycle charging since the battery is always charged to a set
point SoC the changes in initial SoC does not change the
amount of the battery being charged. For example, if the set
point of SoC is 80%, the battery will always be charged to
80% hence it can be seen after 75% the throughput is the
same meaning battery is always charged full. Subsequently
battery was analysed on the effect of different initial SoC on
renewable fraction as shown in Figure 14.
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The results show that there is a minor change in the
renewable fraction of the system; however, the changes
could be amplified with a bigger battery size. Both load fol-
lowing and cycle charging do show the same response in
both systems. The results show that the battery capacity is
still able to deliver sufficient electricity to satisfy the demand.
This indicates that in this modelling, the power system and
load data input are still low, which is not able to reflect the
situation in which supply of renewable energy together with
energy storage not able to satisfy demand. This result is a
positive indication of the ability for renewable energy
coupled with battery to satisfy the demand of Selangor.

In the instance of LCOE as shown in Figure 15, the
cost of the electricity is mainly contributed by solar PV
and converter. Hence, the change in battery capacity did
not affect the LCOE of the system. It should also be noted
that a smaller SoC will require more batteries hence in

situation where larger capacity of electricity needs to be
stored, SoC could play a vital role. This analysis indicates
based on the load data of Selangor, in the event the SOC
of the battery changes it will not bring a major detrimen-
tal effect to the project economics. Even in the event of
25% SOC throughout the lifetime of the project, the
LCOE of the project is the same for load following dis-
patch strategy hence reducing the risk associated with
the project implementation.

6 | CONCLUSIONS,
RECOMMENDATIONS, AND
FUTURE WORK

According to the modelling results, it is identified that
integrating supercapacitor with battery energy storage
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FIGURE 12 NOx emission for

different solar photovoltaic (PV) systems
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results in improved battery lifetime and increased battery
total throughput. In the analysis of the solar PV system
configuration, supercapacitor was incorporated together
with two batteries, which are generic 100-kWh lithium-
ion battery, and generic 1-MW zinc bromide battery. As
identified in this research, the battery lifetime is
depending on either the battery life cycle or it's lifetime
throughput. Modelling with a hybrid energy storage sys-
tem shows that by including supercapacitor the depth of
charge and discharge of the battery is reduced hence the
cycle amount of the battery is being reduced allowing the
battery to be used for a longer period. Also, battery with
throughput limitation is being mitigated by exposing the
battery to lesser lifetime throughput hence prolonging
the usage of the battery. In the instance of lithium-ion
battery, the lifetime of the battery is expected to increase

by at least 50% by incorporating supercapacitors in the
energy storage module. For the case of zinc bromide bat-
tery, since the cycle is almost unlimited and the battery
lifetime is 30 years, which is more than the project
expected lifetime, no major changes were recognized by
including supercapacitor in terms of battery lifetime.
However, the inclusion of supercapacitor did increase the
battery throughput of the system because the system is
equipped with two energy storage systems with unlimited
cycle amount hence allowing a more flexible charge and
discharge cycle.

It was identified that having a more robust energy
storage system such as supercapacitor with lithium-ion
battery instead of lithium-ion battery alone allows the
system to increase its renewable fraction of the overall
system. The inclusion of supercapacitor shows an
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increase of about 10% in renewable fraction for solar PV
system configuration. The bigger and more robust storage
is able to store more excess energy without jeopardizing
the project economics. This situation helps to allow for
more self-sustaining system without the need to rely on
the grid for fulfil the demand. This finding ties up back to
the battery storage lifetime and throughput, which was
identified as the bottleneck of the system storage. Hence,
improving the lifetime allows for more renewable energy
storage and usage throughout the project lifetime.

Based on the economic analysis conducted using
LCOE as the parameter of the study, it was identified that
incorporating energy storage does not deteriorate the pro-
ject economics drastically. Although adding an energy
storage system increases the project cost in terms of capi-
tal cost and operating cost, throughout the project life-
time it was observed that energy storage allows more
energy to be sold back to the grid and reduces the need to
purchase energy from the grid. Also, with increase in
renewable fraction the usage of solar PV is maximized
hence a higher usage over cost ratio.

In the environmental analysis, the results shown a
reduction in emission when energy storage is used in the
system. Incorporating energy storage reduces the amount
purchased from the grid. A large battery size and
adopting cycle charging dispatch strategy will increase
the purchase from the grid. This is due to the characteris-
tic of such strategy which charges the battery to its full
state of charge once it is discharged. Hence, by utilizing
an optimal energy storage size in addition to a robust
energy storage system such as supercapacitor and
lithium-ion brings a better system operation with reduced
emissions.

The modelling of both load following and cycle charg-
ing dispatch strategy for all six scenarios showed that
load following dispatch strategy is a more suitable dis-
patch strategy to be used for renewable energy with
energy storage system. Load following strategy exhibited
behaviour that is more economical and yet able to
enhance the technicality of the renewable energy and
energy storage system. Load following strategy gave a bet-
ter result in all techno-economic and environmental
parameter modelling compared to cycle charging. Load
following strategy allowed better penetration of renew-
able energy by reducing the need to purchase power from
the grid and battery was only charged with the available
energy instead of making sure the batteries are always
charged to a certain value.

This proposed model in this study can be used as a
reference model in implementing large-scale solar PV
plant. Local location specific details such as load profile,
solar irradiance, wind speed, and temperature can be
specified in the model to obtain a more accurate result

for a particular location. This location specific data will
be used to determine the size of energy storage needed
specially to distinguish between the size of battery and
supercapacitors. Similarly, the location data will be used
to determine the amount of electricity able to be gener-
ated with solar PV and wind turbine. The solar PV can
also be based on any national planned project. For eco-
nomic, analysis input data such as power system compo-
nent price can be based on brand or model which is
being used in that location. Future work can adopt load
profile with smaller time intervals collected based on
actual demand instead of using peak demand via popula-
tion estimation. This will provide a more accurate repre-
sentation of the energy storage sizing. This model can be
beneficial to organization and utility company that are
interested in developing large-scale solar PV plant and
invest in utility scale energy storage. Besides, organiza-
tion such as ASEAN Centre of Energy can explore further
and research on this model to be able to establish a suit-
able model for tropical climate countries.
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