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Abstract—The purpose of energy storage technologies is to
ultimately increase the efficiency of renewable energy generation
methods and systems and decrease global CO: emissions, thus
tackling the sustainability targets of the Sri Lanka government.
This research aims to provide a summary of energy storage and
to determine the feasibility and optimal battery storage
technology for a 3-bedroom house when integrated with a
renewable generation source such as solar photovoltaic (PV).
This research was carried out by using a renewable energy
system analysis tool called HOMER pro. Solar PV system was
modelled and simulated with alternative types of battery;
lithium ion and lead-acid batteries, in grid-connected mode. To
get a better understanding of how the battery storage could be
utilized, it was trailed in Matara, located on the south coast of
Sri Lanka.

Index Terms-- Renewable energy, Sri Lanka, Sustainability,
Incineration, Municipal Solid Waste.

I INTRODUCTION

Ongoing concerns about climate change, the adverse
environmental and social backlashes over fossil fuel
consumption (such as air pollution or deaths related to the
industry) and the finite nature of fossil fuels, have been voiced
over a few centuries but have been mostly overlooked.
However, these concerns were taken more seriously in the
1970s, mainly due to the “oil crisis” which led to a steep rise
in oil prices, and the fear of security of supply arose [12].
Started in 1995, the United Nations has convened a series of
annual meet up climate change conferences. The meeting in
1997 in Kyoto, Japan, agreed the “Kyoto Protocol”. Under this
agreement, countries were expected to tackle climate change
by reducing greenhouse gas emission by 6-8% below their
1990 levels and predict where this could be reached by 2012
[12].

Climate change, global warming and security of supply for
energy are the primary motivations for countries investing in
renewable energy technologies [8] and that utilize renewable
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resources, for green electricity generation. Most countries
have begun investing in variable renewables phase out fossil
fuels and not to depend on them as heavily.

Therefore, with an increasing effort to begin planning to
reduce the need for fossil fuels and begin to de-carbonize the
energy sector, action was taken in November 2016 at the
United Nations Climate Change Conference. During that
summit, 176 out of 197 parties signed the agreement to protect
the climate and undertake ambitious efforts to deal with the
climate change effects caused by countries. [15]

73.5%

Non-renewable
electricity

56% Wind power

16.4%

Hydropower

22% Bio-power
1.9% Solar PV

Ocean, CSP and
O A% geothermal power

Figure 1 The renewable energy share of global electricity production2017.

Globally, the most promising renewable resources for
alternative electricity production are wind, biomass and solar
energy after hydroelectricity. Figure 1 illustrates the
renewable energy share of global electricity production in
2017. Wind and solar technologies have shown the most
significant increase over the last decade. Between 2016 and
2017 alone, global installed capacity for solar energy grew
from 303 to 402 GW and wind energy grew from 487-539
GW [13]. Despite this, as seen below in Figure 1, wind and
solar energies combined only contributed around 7.5% of the
total global electricity production [13] in comparison to the
current 73.5% from fossil fuels energy consisting of coal, oil
and gas.
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However, wind and solar energy are viable options for our
future energy needs; they have relatively low carbon footprints
in terms of grams of CO: per kWh of electrical energy
produced. Moreover, they are considered environmentally
friendly sources of electricity generation compared to fossil
fuel burning [11] as seen in Table 1.

TABLE 1 COMPARISON BETWEEN VARIOUS TECHNOLOGIES IN TERMS OF
THEIR CARBON FOOTPRINT

Technology/fuel Mean estimate (gCO:¢/kWh)
Solar Photovoltaic 50
Wind 34
Natural Gas 492
Coal 960

However, despite renewables being a clean source of
electricity generation, they bring other issues. High
penetration of wind and solar are causing concern to power
network systems due to the variability, intermittency and
reverse power flows associated with them [10]

To ensure the reliability of renewable sources, many
efforts have been made to ensure that the power network
remains stable and reliable. The researched methods include
battery storage, load shifting through demand management
and interconnection with external grids. However, amongst all
of these, battery storage is recognized as one of the most
promising options available [7]

Utilizing a renewable source such as wind or solar is
difficult, as the resource can’t be turned on and off like
traditional thermal power stations that use fossil fuels, where
the fuel can be stored easily. We need to use the electricity
when the resource is available which may not meet daily
demand variations.

Small-scale renewable generation technologies such as
micro wind turbines, solar PV panels integrated with energy
storage such as a rechargeable battery can provide a reliable
supply of electricity to a commercial building or domestic
dwelling. Thus, batteries can be used to store electricity during
the day when the resource is available. When the dwelling is
occupied in the evening time, the battery is discharged to meet
demand, therefore overcoming the intermittency issues of the
renewable source.

II ENERGY STORAGE

A Background

Energy functionality requires energy in the form that is
needed, at the right place, at the right time. Facilitating this
requires some energy storage. Currently, energy and power
generation methods are going through a transition from a
fossil fuel - ruled energy sector to more sustainable sources
consisting of renewable energy technologies [2]. Energy
storage allows for separation of energy production from
consumption, therefore decreasing the need to continue
monitoring and predict the consumer's peak demand spikes, as
shown in Figure 2 [14].
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Figure 2 Domestic energy demand profile over 24 period

Motivated by the need to displace baseload power
stations, there has been much focus and research given
towards energy storage in recent years, as more renewables
are connected to the grid network [3]. It is vital that energy
storage becomes the norm in energy systems, as renewables
don't always provide power when needed. Therefore, a
building would still depend on fossil fuels for power, even if
solar PV or a micro wind turbine were to be installed. Hence,
storage is critical in allowing this unused energy to be stored
as chemical energy and then be used when needed by
consumers for electrical devices. Therefore, the energy that
would have been wasted, from the renewable technologies,
can be used when the resource is not available through energy
storage.

B Advantages of Energy Storage

Battery storage has a wide range of electrical applications,
from on-grid connections to off-grid systems. The benefits
associated with storage include balancing the variable
characteristics of renewable energy, providing back-up power
such as frequency and voltage stability [1]; therefore, ensuring
reliable energy supply and allowing a higher increase in the
penetration of renewable energy technologies on an electrical
network. Another advantage of battery storage is “peak
shaving”. This is where demand is reduced through lowering
the demand profile and reducing peaks within the profile,
which results in a smoother and stable supply [10].

Other advantages of energy storage include autonomous
systems, transmission support, spinning reserve, transient
stability and load levelling [9]. Battery storage can be easily
scaled from small batteries at the consumers’ end, to large
battery systems that can smooth out the power output from
wind farms that have intermittence issues due to the nature of
the resource.

There is also an economic benefit in having storage within
a building; the battery can be charged from the grid at night
time when electricity prices are low and then used during the
day when electricity prices are higher.

C Disadvantages of Energy Storage

The most significant drawback for battery storage systems
is the high capital costs associated with them, although prices
are falling due to the uptake in electric vehicles, namely the
lithium-ion  battery. Moreover, another disadvantage
mentioned by [6] is that batteries have lower energy densities
than fossil fuels. Furthermore, it is stated that additional
energy is required in the first place to build and construct a
new battery system, which has embodied energy. Therefore,
this could make the renewable energy systems for off-grid
applications unfeasible.



In addition, batteries introduce a new environmental
problem associated with them, such as toxic waste from
individual batteries that contain cadmium and nickel that are
used for the chemical reactions that take place within the
battery. People and companies are hesitant to begin investing
right now due to the anticipation of advances in other
scientific and technological fields required for some energy
storage technologies to develop.

Another disadvantage to energy storage, if lithium-ion
batteries are used as the preferred battery, is identified in an
article written by [4]. It states that at the current expected rate
of mining lithium-ion, for electric vehicles and storage
systems, it is estimated that there is only around 50 years of
lithium-ion supply left. Therefore, if battery systems were to
use lithium-ion, it is not a long-term solution. This leads to the
last disadvantage i.e. the lifetime of the battery. The lifetime
of a battery is limited. The more cycles of charge and
discharge increase, and more chemical reactions take place
within the battery, lead to physical changes within the battery,
such as lower cell voltage as shown in Figure 3, reducing
performance and its mechanical strength. [1]
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Figure 3 Variation of cell voltage induced by polarisations - [5]

III METHODOLGY

Overview

A software package called HOMER, which stands for
Hybrid Optimization Model for Multiple Energy Resources
was used. The software was used to simulate battery storage
systems using different technologies, an electrical demand
profile for the selected home and solar renewable energy
resource available in Sri Lanka. HOMER is a simulation
model; the software attempts to simulate a viable system with
different combinations of equipment that are considered using
an optimization algorithm that finds the least-cost effective
options for electrical distribution systems. HOMER also
simulates a system or design and generates a set of results and
specific sensitivity cases. From this, HOMER determines the
optimum system from the data provided. HOMER energy
claims there is no better software available on the market that
compares to itself for renewable energy systems. It is a
popular tool for simulating various renewable energy systems.
HOMER has been used by various academics to model small-
scale renewable energy systems such as optimizing solar PV
systems or hybrid energy systems [16] [6]. Therefore,
HOMER is a suitable option to model and simulate battery
storage systems that are integrated into a renewable energy
system to optimize a system at a low-cost. Thus, engineering
technicality and economics are both considered alongside each
other within this software.

Locations for HOMER Simulations

The city chosen is Matara which is on the southern coast
of Sri Lanka. The city has a longitude and latitude of 5.9549°
North / 80.5550° East (figure 29). The climate resources
available such as temperature and solar radiation for Matara
are displayed below in figures.
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Electricity Demand Profile

For simulations in Sri Lanka, the daily kWh usage was
estimated based on the literature. Therefore, the typical
household energy use for a 3-bedroom home in Matara, Sri
Lanka, was estimated to be around 7 kWh per day with a peak
power consumption of 1.5 kW. The demand data for the
electrical load profile is crucial when simulating renewable
energy systems in HOMER to determine the capacity required
to meet demand.

Economics of the Renewable Energy System

PV System- The main goal of this thesis is to determine
the feasibility of battery storage systems as well as the
technical feasibility. Economics of such systems play a big
role in whether the system is feasible, therefore, accurate
pricing data was gathered for each technology as below. [21]

Component | Size Capitol Cost (£) | Lifetime
PV Panel 4 KWp 5000 20
Converter 2.5KW 600 15




Electricity Price- For Sri Lanka, the domestic electricity
billing is split into five different tariffs from 0-180 electricity
units as shown in Figure 4. A report by [17] showed that the
total electricity consumption in 2011 was 3893 GWh and this
accounted for 27% of the total electricity consumption in Sri
Lanka.
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Figure 3 Sri Lanka’s domestic electreity tariffs.

In addition, Sri Lanka still relies heavily on fossil fuel for
electricity consumption, with 53% coming from oil and coal
thermal power stations and the rest from renewables (12%)
and 35% from hydro power [17]. Similarly, if the electricity
consumption at a domestic level was covered by small
renewable generation such as solar PV and wind, this
combined with hydro could drastically reduce the need for
fossil fuel-based plants.

TABLE I1 BATTERY ECONOMICS

Battery Type of Useable Price Total
Technology battery Capacity per cost
(kWh) | kWhE) | &
Tesla Lithium-ion 13.2 350 4850
Powerwall
LG Chem Lithium-ion 9.8 350 3500
GCL E-kwBe | Lithium-ion 5.8 350 2500
Trojan SIND | Flooded/wet 8.58 100 860
04 2145
Trojan SIND | Flooded/wet 7.35 100 735
06 1225
BAE PVS Tubular gel 4.3 160 700
2470

Battery system- Lastly and most importantly is battery
pricing. This determines the feasibility of implementing
energy storage into a renewable energy system. Therefore, it is
important that pricing data is as accurate as possible. When
reading through literature on battery prices, many papers had
different values but were roughly of the same vein. A paper
written by [19] stated that current lithium-ion batteries used in
solar storage in 2017 had a cost of 350 £/kWh. For lead acid
batteries [18] states that currently, flooded/wet lead acid
batteries have a cost of around 100 £/kWh and tubular gel lead
acid batteries have a cost of around 160 £/kWh. The price per
kWh for each battery technology has been determined and is
shown below in Table 2. The total price of the battery storage
was acquired by multiplying the kWh price by the amount of
energy storage capacity. [22][20]

IV DESIGN THE SYSTEM

HOMER Simulations
AC DC
Grid Electric Load #1 PV
== ~
— 7.00 kWh/d ‘ g
130 kW peak
Inverter Battery Storage
=

Using the HOMER software, simulations of the energy
systems will be carried out on a typical 3-bedroom family
home, located in Matara, Sri Lanka. Figure x shows the
building block schematic diagram in HOMER when
simulating a system. In this case, this is the block diagram for
a PV system in Sri Lanka.

When creating the project in HOMER for Matara, the
project lifetime was set at 20 years with an inflation rate of 2%
and a discount rate of 8%. Location was assessed for grid
connected systems to optimize and determine the best suited
technology. The renewable energy system was simulated with
all 6 batteries, lithium-ion and lead acid batteries, with solar
PV array of 3.1 kWp for Matara, due to lower electrical load
within the building. When carrying out the simulations, the
results were displayed in 3 sections; firstly, the output results
of the renewable generator, secondly the technical results
which included the renewable fraction percentage, this is the
energy delivered to the electrical load that originated from the
renewable power source. Obviously, this is dependent on the
renewable resource available. Other technical aspects included
emissions, hours of autonomy, annual throughput of the
battery, dispatch type and electrical production percentage,
combined from both grid and renewable power sources.
Lastly, the economic results were displayed showing the
initial capital cost, operation and maintenance costs, grid
interaction and the net present cost. Each of the parameters
listed above are explained in more detail below.

Firstly, looking at the dispatch type, this is the way
HOMER decides what the best combination of supplies are to
meet the electric load. There are two types; these are load
following and cycle charging. Under load following, the
generators produce enough to serve the load. Under cycle
charging, the generator (PV system) runs at full power and
charges the battery with any excess electricity. Emissions of
each system are calculated in terms of the average CO:
emissions produced by the grid that the system is connected to
and the footprint of the technology used in the model. Battery
autonomy in HOMER calculates this by dividing the usable
nominal capacity of the battery bank (kWh) by the average
primary load (kW). The annual throughput of the battery is the
amount of energy that is cycled through the battery bank in
one year and is measured after charging losses and before
discharging losses. This value is used to calculate the lifetime
of the battery bank. The interaction with the grid in the
simulations that are connected to the grid is a very important



characteristic. It determines if the storage system is being used
and is based on the money that can be saved by exporting
electricity rather than storing the excess electricity in the
battery. Operating and maintenance costs are based on the
costs and revenues that are not included in the initial capital
cost. In the models built and simulated, these costs include PV
maintenance and replacement of batteries and any
maintenance required on the batteries.

The present net cost of a system is the present value of all
the costs of installing the equipment/technology and the
ongoing cost of operating over a project lifetime of 20 years in
this case. This cost is subtracted from the present value of all
revenues that the system earns over the project lifetime. The
costs that are included in the analysis are capital costs,
replacement costs, operation and maintenance costs, fuel costs
(for stand-alone systems that require a diesel generator),
carbon tax, grid import costs and revenue gained from
exporting electricity [20].

Each model is simulated in hourly-time steps and HOMER
presents the optimum system for the best current net cost to be
identified. This is displayed in the results section as shown in
figure x of this thesis. Lastly, it is important to note that when
simulating these models in HOMER and looking at the
feasibility of a system, both technical and economic results are
equally important when evaluating the feasibility of a suitable
battery.

TABLE I11 HOMER TECHNICAL & ECONOMIC RESULTS FOR GRID
CONNECTED SOLAR PV SYSTEM IN MATARA

V RESULTS AND DISCUSSION
Rated Capacity 3.1 kWp
Mean Output 13.7 kWh/d
Capacity Factor 18.4%
Annual Production 4990. kWh/yr

PV Power Output
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Figure 4 Matara Solar PV Output during the year.(HOMER)

There was a remarkable PV output generated in Matara
simulation, which was 4,990 kWh with a capacity factor of
18.4%. Figure 4 shows the PV output was high throughout the
year because of Matara’s geographical location. This area has
consistent sun resources, leading to consistent solar PV output
throughout the year. Accordingly, as shown in Figure 4, due to
the excellent solar resource, (achieving between 90-100%
renewable fraction with solar PV + battery storage), this house
relied very little on the grid due to the lower electrical load
needed. The technical and economic results from HOMER
simulations presented in Table 3 and Figure 5 shows the
HOMER state of charge results from relative batteries used for
the research work.

In this simulation all the suggested batteries used throughout
the year are shown by the “state of charge” graphs presented.
This is further illustrated by the renewable fraction value
which is around 20% lower for Matara when not using
batteries, therefore proving that batteries can improve the
amount of renewable energy used to meet the electrical load.
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Figure 5 Tesla Powerawall, LG Chem, GCL E-KwBe, BAE PVS 2470,
SIND 06 1225 & SIND 04 2145 state of charge with grid connected PV
system in Matara



All the batteries, apart from the tesla Powerwall seem to
fully charge and discharge, utilizing full capacity storage. The
reason that the tesla Powerwall only discharges by around
30% from 100% is because of its high storage capacity of 13.2
kWh. The identified household has a low energy
consumption. Therefore, even though the performance is great
from the tesla Powerwall, it still has the lowest operation costs
as it does not import as much electricity from the grid as the
other batteries.

However, it does not make sense as a lot of its storage
capacity is being wasted or not utilized. LG Chem and BAE
PVS 2470 batteries are shown to be fully charged and
discharged to 20% as seen in figure. The batteries go through
a full charge cycle, as mentioned previously, and this is a
healthy option for the batteries, maximizing their lifetime
operations and number of cycles.

Therefore, the economic and technical choice would be for
the flooded lead-acid batteries as they roughly halve the initial
capital cost and current net cost of the system. Lithium-ion
batteries are not the best option for use in Matara. This is
apparent when looking at the export and import rates as lead-
acid batteries import far more electricity from the grid.

VI CONCLUSION

This project studied the feasibility of domestic scale
battery storage systems integrated with renewable energy
technologies. It became evident very quickly that such
systems with an energy storage device, such as a rechargeable
battery, had high potential and could help to solve many of the
current issues faced today by using renewable and sustainable
technologies such as wind and solar that are intermittent
resources. However, they also come with their disadvantage;
mainly the high capital costs associated with them and some
environmental concerns due to the mining of lithium-ion.
Despite this, battery storage technology is a promising option
for reducing the need for conventional power stations and
reducing major environmental impacts that come with burning
fossil fuels.

This is being researched by looking at new technologies
that control the batteries to help them decide what to do and
what would be the best economic options and “smart”
electrical appliances. The behaviour patterns of consumers are
very important and are taken into consideration when looking
at battery storage usage at a domestic level.

According to results found, it was clear that Matara had a
superior solar resource and used a grid-connected solar PV
system and batteries storage.

The lithium-ion batteries, namely the Tesla Powerwall,
were found not to be feasible due to the large storage capacity
of 13.2 kWh which was not utilized due to the lower electrical
demand of the dwelling. Therefore, it was concluded that the
best batteries to use with solar PV in Matara were; Trojan
SIND 04 2145 or Trojan SIND 06 1225 lead-acid batteries.
Both these batteries had a similar technical performance as the
lithium-ion batteries but with a lower net present cost. This
was mainly due to the lower electrical load demand.

When looking at the grid-connected system simulations,
the results from this thesis are not exhaustive, as there are
many other aspects that are not included in the HOMER
calculations. For example, it does not consider the Feed in
Tariff (FIT) revenue for small-scale renewable generation
incentives in Sri Lanka. These extra revenues could increase
the feasibility of such systems depending on the location in
which they are deployed.
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