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Abstract: This study focuses on determining the optimal size of each component of a hybrid energy system
to meet the energy demand of Itele commumty in Nigera at mimmum Net Present Cost (NPC). The hybrid
energy system consists of a solar photovoltaic, wind turbine and battery energy storage. HOMER was used
as the optimization tool. In this research, the feasibility and optimal sizing of two different hybrid configurations
were carried out. A standalone and an unreliable grid connected configuration was investigated and optimally
sized. Also, a comparative study on the environmental effect was carried out. The results show that the
unreliable grid connected mode had a NPC of $22.7 million while the standalone system had an NPC
of $29.9 million. But based on environmental impact and emissions, the standalone system offered the cleanest
system with zero carbon dioxide and sulfur oxide emission. While the unreliable grid connected system offered
emission with 394.934 kg/year of carbon dioxide, 742 kg/year of mtrogen oxide and 1517 kg/year of sulfur oxides.
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INTRODUCTION

The demand for energy i1s mcreasing globally as a
result of increased world population, industrialization,
technology and wrbanization. Tt is estimated that the world
energy demand would increase by about 53% by 2035
(Smith et al., 2011). The demand for electricity in Africa is
expected to quadruple by 2100 (Okundamiya, 2016).
Nigeria which is the most populous African nation with
about 195 million people (Worldometer, 201R), suffers
greatly from inadequate power supply. According to
the Africa Energy Outlook 2040 (PIDA., 2011), about
93 million people in Nigeria are without access to
electricity. Also, areas that do have electricity access
suffer from unreliable power supply coupled with the fact
that majority of Nigeria’s energy is gotten from fossil fuels
which are unsustainable and affect the environment
negatively m terms of CO, emissions and greenhouse
gases (Edomah, 2016). This creates a huge challenge on
how to efficiently meet this energy need.

Various researchers have proposed the use of
distributed renewable energy generation as a viable
option to address this challenge also, the implementation

of microgrids is seen as a good approach in solving the
current energy crisis in Nigeria (Juma ef af., 2018; Dada,
2014; Mohammed et al., 2013). A microgrid consists of a
group of distributed energy resources and interconnected
loads within clearly defined electrical boundaries that acts
as a single controllable entity with respect to the gnid.
Microgrids can operate in either grid connected or
stand-alone mode (Ton and Smith, 2012). The distributed
energy sources mn a microgrid can consist of either
renewable energy source or conventional fossil-based
energy sources. Renewable energy sources generally,
face a drawback of being stochastic in nature and as such
the use of a single renewable energy source cannot
guarantee power supply. One way to tackle this drawback
1s through hybridization of renewable energy sources.
Hybrid energy systems describes a system in which
different energy sources and energy storage systems are
interconmnected to supply the energy demand at a
particular time m a particular location (Ariyo et al., 2018).
Solar photovoltaic and wind energy are shown to be very
good complements of each other (Okinda and Odero,
2016) and as such have been considered as viable
renewable energy mix. One important challenge n the
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design of hybrid energy systems for microgrid application
is determining the optimal size of each of the hybrid
energy systems i the microgrid that would meet the
energy demand at the most reduced cost. Oversizing
would lead to an unnecessary increase in cost and
under-sizing would create poor reliability with a lot of
unmet energy demand (Krishna and Kumar, 201 5), sizing
renewable systems 1s further complicated by their
intermittent nature. A lot of research has been carried out
regarding optimal sizing of hybrid energy systems,
researchers by Shahmnzadeh et al. (2016) carried out
optimal sizing of a grid connected microgrid using wind,
solar and microturbine as the main power sources while
battery and fuel cells constituted the storage system. The
sizing was carried out for a location in Iran called Nain, it
was discovered that the solar photovoltaic systems
constituted the highest capital cost. Researchers by
Ariyo et al. (2018) carried out sizing of a stand-alone
hybrid energy system to efficiently meet the demand of
the senate building of the University of Ilorin. Here, the
HOMER Software was used, also the Fluke 432-1T power
quality and energy analyzer was used to log the hourly
load consumption data of the case study building
and two objectives of profit maximization and CO,
minimization were optimized. Genetic algorithm was used
by researchers by Shahirinia et al. (2005) to optimally size
a standalone hybrid energy system for reduced total
annualized cost. The energy mixed mcluded wind, solar
photovoltaic, diesel and battery storage. The particle
optimization  algorithm used by
Suryoatmojo ef al. (2014) for optimally sizing a hybrid of
solar, wind and battery for an 1solated 1sland. Researchers
by Gonzalez et al (2015) considered a hybrid grid
connected photovoltaic and wind system without
storage, cause the grid supplies power reliably when
needed as back-up supply. From various literatures
reviewed, the HOMER Software has proved to be quite
accurate and as such it has gain wide prevalence. Also,
there has been an observed scarcity of researches n grid
comnected hybrid energy systems when compared to
stand-alone islanded systems. And in works that do
consider a grid connected mode, the grid is assumed to be
always available and reliable and this does not represent
the reality of developing African countries like Nigeria. In
this research optimal sizing in an unreliable grid would be
investigated. The aim of this research is to determine the
optimal s1ze of each hybrid energy source that would meet
the demand of the case study site at mimmized Net
Present Cost (NPC) and Cost of Energy (COE). In this
research, optimal sizing and analysis would be carried out
for two different hybrid energy system scenarios
which include a stand-alone system and an unreliable
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grid connected hybrid energy systems. The Hybrid
Optimization for Multiple Energy Resources (HOMER)
would be used to carry out the optimization using real
hourly load demand data of the select case study which
is the Ttele community in Nigeria. The optimal sizing would
be carried out for minimized Net Present Cost (NPC) and
Cost of Energy (COE). A hybrid of solar Photovoltaic
(PV), Wmnd Turbine (WT) and battery energy storage is
considered in this research. A comparative analysis would
also be carried out for the two different hybrid energy
system which would be useful to researchers and policy
decision makers as regards the feasibility of hybrid energy
systems as a viable solution to efficiently meet the
demand of Ttele community taking into consideration the
cost of energy and environmental impact.

MATERIALS AND METHODS

Description of case study site: [tele, also known as
Lebu-Itele 1s a town in Ogun State Nigeria, about 286 miles
(460 lm) from Abuja, the country’s capital. The
community is part of T[jebu-East Tocal Government Area.
Itele 1s located on latitude 6 46 N and longitude 4°03" E.
It 1s considered a traditional state because 1t 1s headed by
a king (Oba) with the royal title of Moyegeso. The
community is quite populated with over 4000 households,
this comes as no surprise as Nigeria 1s the most populated
African Nation of about 195 million in population
(Smith et al., 2011). An aerial view of the case study site
obtained from google Earth is shown in Fig. 1. Ttele is
largely a residential area.

Load and resource assessment

Load profile: A major aim for optimal sizing 1s to
efficiently meet the energy demand, so, therefore, an
understanding of the load demand is paramount. The
hourly load demand for a year was obtained from Tkeja
Electric PL.C which is the distribution company operating
around Itele. Figure 2 shows the plot of the hourly load
demand data for a year. Itele has a peak load of
about 4500 kW with an average load demand of about
2618 kW. The average kWh/day is 62,834 kWh/day.

Solar irradiance: The solar iradiance data 1s of great
importance when modelling the output power from a solar
photovoltaic. To synthesize the hourly solar irradiance,
the monthly average solar wradiance was first, obtamed
from the power access data viewer of the National
Aeronautic Space Agency (NASA) (NASA., 2019). The
howrly solar irradiance was then synthesized from the
averaged monthly wradiance using the HOMER Software
as shown n Fig. 3. The minimum hourly mradiance was
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Fig. 1. Aerial view of Ttele community in Ogun State Nigeria
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Fig. 2: Ttele hourly load profile
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Fig. 3: Hourly solar wradiance for a year
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Fig. 4: Hourly wind speed profile

zero, this corresponds to the hour where there was no
sunlight irradiance and the maximum howly solar
irradiance 1.16 kW/m® while the average hourly irradiance
for the year corresponds to 0.1972 kW/m®

Wind speed: The howrly wind speed data for a year was
equally synthesized from the average monthly wind speed
data gotten from the Power Access Data Viewer (NASA.,
2019). Here again, HOMER synthesizes the hourly wind
speed Figure 4 shows the howrly wind speed profile with
an average howrly wind speed of about 6 m/sec.

System description: The layout for the hybrid energy
system consists mainly of a solar PV, wind turbine,
converter and battery energy storage. Both unreliable grid
connected and standalone mode of connection would be
analyzed. Figure 5 and 6 show the schematic diagram for
an umreliable grid comnected and stand-alone mode,
respectively. For, the stand-alone Hybrid Energy System
(HES), the aim is to supply power to meet the demand
using the renewable energy powers from the solar PV and
wind turbine with the battery storage employed only
when the powers from the solar PV and wind turbine are
msufficient to meet the load. The power balance 15 of
great importance and acts a major constraint. The idea for
an unreliable grid connected hybrid energy system is for
the grid to act as a back-up for when power is unavailable
from the hybrid energy sources due to their stochastic
nature. Also, the grid provides an avenue to receive
excess power, if produced. This means excess power can
be sold back to the grid.

AC DC "
Grid Electric load 1 v g
-—r;-'\— o - I \
¥
Ll 9| |
M ] = -
62834.02 kWh/d
4500.00 KW speed
G1500 Converter IMLI
v A
& = |}

Fig. 5: Schematic for an unrehable grid comnected
microgrid with hybrid energy system

The unpredictable nature of the unreliable grid is
considered, meaning when the grid power is unavailable,
power cannot be bought from the gnd For both the
stand-alone and unreliable grid connected, the load
following dispatch strategy 1s employed.

System component modelling: In order to effectively
determine the optimal size of each of the hybrid energy
system component an accurate model of the power output
of each component 1s required.
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Fig. 6: Schematic for a stand-alone microgrid with hybrid
energy system

Solar PV system model: The solar irradiation and
temperature are the major factors that affect the output
power of the solar PV. Solar PV output power is modelled
by Homer (2019):

Gt
Ppv = Prpv*Dpv*{@]*(H o (Te-Tste)) (1)

Where:

Prpv = The rated capacity of PV array (W), Dpv
accounts for the derating factor (%)

Gt = The solar radiation incident on the PV panel
(kW/m?

Gstc = The incident radiation at standard test
condition (1 kW/m?*

. = The temperature coefficient of power (%/°C)

Tc = The PV cell temperature and PV cell

Tste temperature at standard test conditions

Wind turbine power system: The output power of the
wind turbine is modelled based on the wind turbine power
curve shown in Fig. 7 (Homer, 2019). From the curve we
can see that the cut-in windspeed is about 3.75 m/sec
while the cut-out wind speed is 20 m/sec.

Battery energy storage: The battery energy storage 1s
modelled in HOMER using the kinetic battery model
(Manwell and McGowan, 1993). This determines the
amount of energy that can be withdrawn or absorbed for
each time step. The total amount of energy stored at any
given hourly time step is a sum of the available energy Q;,
and bound energy Q,(Homer, 2019):

~ 1600

Power output (KW,
memBH
0088888§
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Wind speed (m/sec)

Fig. 7. Wind turbine power curve
Q=Q+Q, )

The maximum amount of power that can be
discharged for a given time step * t 1s given as:

KC Qe KQe ™ 1QRC(1e* ) -

Foat, dmax =
> 1-e'kAt+C(KAt-l+e'kAt)

While the maximum amount of power that can be
absorbed over a given time step * t is given as:

KQy ekt +QKC(1-e‘kA‘ ) @

Prat. ¢ =
PTIE kAt +C(KAt-1+e"‘At)

Equation 4 and 5 give the allowable ranges of power
in and out of the battery storage. The actual available
charge energy is given as:

(QKC-P)(l_e-kAt) pc(KAt_l N e-kAt)

-kAt
= e + +
Ql, end Ql K K
(3)
Whle the discharge bound energy 1s given as:
Q140 17k
QZ, end — QZ e-kAt - ( )( ) +
! (©)
P(1-C)(KAt-1+e*)
K
Where:
Q, = Theavailable energy in k'Wh at the beginning of
the time step * t
Q, = The bound energy n kWh at the begirming of

the time step
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(0, g = The available discharge energy in kWh at the
end of the time step

Q;ws = The bound energy in kWh at the end of the time
step

P = The power in kW into or out of the battery
storage

Grid power output: In this research grid power output 1s
considered when unreliable. Previous version of the
HOMER Software was capable of inplementing only a
reliable grid mode and as such a lot of works on grid
connected hybrid energy system assumed the grid to
be always available. Generally, the power supplied
by the grid is expressed as Singh and Kaushik
(2016):

Peptt) = Ploadtt) 2, Ph(t 7
Where:
P, = The power supplied by the grid
Pioay = The load demand at time step t

P.w = The power output from all other hybrid energy
generation sources which in this case are the
power output from the solar PV, wind turbine and
battery storage

A time step of one hour is used in this research,
spanning an entire year. In the case of an unreliable grid,
random time steps with grid outages based on the mean
outage frequency and mean time to repair are specified. A
flag 1s set that randomly toggles between 1 and 0 (Homer,
2019). A flag of 1 indicates the grid is available and
operational and as such it can supply power while a 0
indicates the grid is unavailable:

P
Periaqy = %ng@ for flag = }jq ®)

Cost function and constraints: The major objective of
optimal sizing is to determine the optimal size of each
power source that would meet the load at minimum cost
and as such the cost function is extremely important. The
two cost functions which are calculated are the Net
Present Cost (NPC) and the Cost of Energy (COE).

Net Present Cost (NPC) function: The cost function here
15 the net present cost. HOMER ranks the sizing of hybrid
energy systems based on the Net Present Cost (NPC).
The NPC is given as:

C(a, tot)
i+ | ®)
(Y

(NPC) =

Where:

C,wm = The total anmualized cost
1
N

The interest rate
The project life time

Cost of Energy (COE): The levelized Cost of Energy
(COE) 1s the average cost per kWh of useful electrical
energy produced by the system. Tt is represented as
shown in Eq. 10:

Ca.,tot (1 0)
Esewed

COE =

Eores 18 the total electrical load served.

Constraints: The major constraints are the power balance
constraints, solar PV power, number of wind turbine and
battery limits. The upper and lower bounds of the limits
are specified in the HOMER optimizer:

Povw Pt *Phoat TForid 2 Pload an

Py <Py <Py, (12)
Nwt 5 < Nwt < Nwt,, (13)
Nbat,,;, =Nbat<Nbat,. (14)

HOMER Software tool and operation

HOMER stands for hybrid optimization for multiple
energy resources: It is an optimization tool originally
developed at the National Renewable FEnergy Lab
(NREL). It has been widely used and accepted as an
accurate tool to perform techno-economic analysis on
hybrid energy systems in a microgrid (Bahramara et af.,
2016). HOMER can be used to carry out optimization and
several techno-economic analyses such as sensitivity
analysis. HOMER can also be used to synthesize hourly
solar and wind speed data which can be exported as a csv
file. Tt has the capability to size different forms of energy
which solar PV, wmd turbines,
generators, fuel cells, battery, boiler and hydro. The main
data required for optimal sizing are the meteorological
data, load demand data and the system specification data.
The result from the HOMER analysis contains the
optimal individual size of each of the hybrid power
sources considered and the minimized net present cost
and cost of energy. Mathematical models of each power
component is carried out to determine their output.
HOMER iterate between all feasible combinations and

sources include
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configurations of the hybrid energy system and ranks
them based on the NPC. Table 1 shows the parameters
and specifications used in thus research. The lifetime of
the design 1s specified at 20 years.

Table 1: Data parameters and wvariables used (Adefarati and Bansal)

Birkhirmer)
Parameters Specifications
Project lifetime 20 years
Nominal discount rate 10%
Dispatch strategy Load following
PV capital cost $1300/kW
PV O&M cost $104ear
PV lifetime 20 years
PV derating factor 90%
WT capital cost $2000000
WT rated capacity (G1500) 1500 KW
WT O&M $2500/year
WT lifetime 20 years
Battery capital cost $200000
Battery round trip efficiency 90%
Battery nominal capacity 1000 kWh
Battery max discharge current 1.67E+03
Rattery nominal voltage 600V
Converter $300/ kW
Converter replacement cost $300/ kW
Converter lifetime 10 years
Converter efficiency 96%%

24
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RESULTS AND DISCUSSION

Stand-alone: The results from the standalone hybrid
energy system which consists of solar PV, wind turbine,
battery energy storage and converter are discussed here.
The results show an optimal size of four 1500 kW wind
turbine, 6891 kW of solar PV, fifty-two 1000 kWh
batteries, 5073 kW of converter with a Net Present Cost
(NPC) of $29.9 million and a COE of $0.131. Figure 8 and 9
shows a heat map of the hourly power output of the solar
PV and wind turbine, respectively for a year (365 days).
The standalone system has zero emissions from carbon
dioxide, carbon monoxide, nitrogen oxide, unburned
hydrocarbon and sulfur oxide.

Unreliable grid connected mode: For an unreliable grid
comected mode, a mean outage frequency of 100/year
and a mean repair time of 1 h was considered. Tn this
mode, the idea is to power the system with renewable
energy as much as possible while using the grid as back
up to supply power when the renewable energy sources
are unable to provide power. Tt also has the advantage
that excess power can be sold back to the grid, this helps

T
1.00 90 180
Day of year

T 1
270 365

Fig. 8 Hourly solar PV power output for a year in standalone mode
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=
[e)
1

Hour of day
]
1

Day of year

Fig. 9: Hourly wind turbine output for a year in stand-alone mode
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Fig. 10: Heat map showing the hourly PV power output in an unreliable grid cormected mode
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Fig. 12: Hourly energy purchased from the unreliable grid

in reducing the Net Present Cost (NPC). Though at time
steps when the grid is unavailable, power cannot be
bought from the grid.

The results show an optimal size of 4304 kW of solar
PV, four 1500 kW of wind turbine, thirty-four 1000 kWh of
battery and 4066 kW of converter with an NPC of
$22.7 million and a COE of $0.0510. The energy purchased
amounted to 553.694 kWh while the energy sold
amounted to 15,498.052 kWh. The NPC for the unreliable
grid connected hybrid system is about 24% lesser than
that of the stand-alone system. In terms of environmental
unpact, the system produced 394.934 kg/year of carbon
dioxide, 1517 kg/year of sulfur dioxide and 742 kg/year of

270 365

nitrogen oxide. Figure 10 and 11 show the solar PV power
output and wind turbine power output, respectively. From
Fig. 12 and 13, we can notice that less amount of energy
was purchased from the unreliable grid as compared to the
energy sold back to the grid.

Comparison of standalone and unreliable grid connected
mode: Table 2 shows the comparison of the results
obtamed from the simulation of standalone and an
unreliable grid connected hybrid energy system. In terms
of cost, the unreliable grid system connected with the
renewable hybrid energy system offered a cheaper NPC
which1s about 24% lesser than the standalone system
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Fig. 13: Hourly energy sold back to the unreliable grid

Table 2: Comparison of results

Parameters Stand-alone Unreliable grid
NPC ($) $29.9 million  $22.7 million
COE ($) $0.131 $0.0510

Solar PV (kW) 6891 kW 4304 KW
Nurmber of wind turbine 4 No. 4 Mo

Nurmber of batteries 52 No. 34 Nao.

Energy purchased from grid kWh) 0 533.694 kWh
Energy sold to grid (kWh) 0 15.498,052 kWh
Carbon dioxide emission (kgfvear) 0 394.934 kg/year
Sulfur dioxide emission (kg/vear) 0 1517 kgfyear
Nitrogen oxides emission (kg/vear) 0 742 kgfvear

and in terms of COE, the unreliable grid system was also
lesser than the standalone hybrid system. In terms of
envirommental impact, the unreliable grid systems offered
some emissions. The stand-alone system still offers the
cleanest form of power, although, at a slightly higher
cost.

CONCLUSION

In this research, optimal sizing of hybrid energy
systems under standalone mode and unreliable grid
connected mode has been performed. The hybrid system
considered are a combination of solar PV, wind turbine
and battery energy storage. The simulation was performed
using HOMER and from our analysis we can see that the
unreliable grid connected system 18 cheaper in terms of
cost, than the standalone hybrid system. In terms of
environmental impact, the stand-alone system offered zero
carbon dioxide, sulfur dioxide and nitrogen oxide.
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