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ABSTRACT: The adoption of renewable energy resources for electricity generation usually results in the generation
of excessive electrical energy. Efficient utilization of this surplus electrical energy after the battery has been fully
charged when in use has the potential to minimize the unit cost of energy generation by these hybrid renewable energy
systems. This work presents an optimal sizing methodology for a stand-alone Small Hydro-Solar Photovoltaic (PV)-
Battery-Flywheel Energy Storage (FESS) System to electrify three off-grid rural areas: Sangotayo, Budo Umoru, and
Idi-Isin in Kwara State, Nigeria. A hybrid optimization model for electric renewable (HOMER) was used to determine
the optimum hybrid system configuration with the least levelised cost of energy (LCOE). Interestingly, the optimal
system configuration modeled by HOMER, tagged Case 1 is a Small Hydropower-Solar PV-FESS-Converter with Net
Present Cost (NPC) of $524, 940 (N 787, 410, 000 at N 1500 to 1USD), LCOE of 0.23$/kWh (N 345), and initial
capital cost of $494, 752 (N 742, 128, 000) and composed of 273 kW of CS6U-330P solar PV, 45 pieces of fly100
FESS, 230 kW of Natel49 small hydro generator and 144 kW of PrinDRI100 DC/AC bi-directional inverter.
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I INTRODUCTION

The Nigerian Government is currently targeting 350GW
installed capacity by the year 2043 (Ministry of Budget and
Economic Planning, 2024). Currently, the major contribution
comes from the combustion of fossil fuel (thermal) with an
installed capacity of 10142 MW, which is almost 81% of the
total installed capacity. The installed capacity of hydropower
is 2380 MW which is almost 19% of the total installed
capacity. But, unfortunately, the available generation is about
4000MW which is far below the daily load demand of 180, 000
MW (Sunday, 2019). The electrification rate in rural areas of
Nigeria stands at 25% (World Economic Forum, 2023). In
Nigeria, the populaces of Ifelodun Local Government Area of
Kwara State are mainly subsistence farmers. Plentifully
produced food crops include Guinea Corn, Yam, Cassava,
Maize, Rice, Soya beans, Locust beans, and Groundnut. From
these major crops, reasonable metric tons of agricultural
residues are usually being generated in this part of the state
which, if properly harnessed can be used to generate the
required electricity needed. The major drawback of these
residues is their wasteful use. These agricultural residues are
normally burnt in an open land area immediately after
harvesting the crop, contributing to air pollution and reducing
soil fertility and health risks. Hybrid energy systems which
comprise renewable sources of energy have recently received
weighty awareness as they appear to be environmentally
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friendly. However, the reliability of the system, power
management strategy, and the cost of generating a unit of
energy are important issues to be properly addressed while
designing a hybrid energy system based on renewable sources
of energy. Therefore, an appropriate optimal sizing technique
and control scheme are needed to design an effective and
economical hybrid system (Singh and Kaushik, 2016).
Recently, the feasibility of hybrid energy systems by
considering the combination of different renewable sources of
energy has been studied for rural electrification by numerous
researchers (Patel and Singal, 2018; Pradhan et al, 2016;
Kusakana et al, 2009; Ahmad et al, 2018; Asrari et al, 2012;
Al-Badi and Bourdoucen, 2009; Bekele and Tadesse, 2012;
Olatomiwa et al, 2015; Chmiel and Bhattacharyya, 2015; Zhao
et al, 2014; Borhanazad et al, 2014; Ashok, 2007; Razmjoo et
al, 2019; Padrén et al, 2019; Filho and Beluco, 2019; Fu et al,
2019; Cagnano et al, 2020; Rigo-Mariani et al, 2020). It is
evident from these studies that the operation of hybrid
renewable energy systems usually results in the generation of
excessive electrical energy, which is the electrical energy
produced by the combined renewable energy resources, which
is not consumed by the loads in autonomous hybrid renewable
energy systems. Efficient utilization of this surplus electrical
energy has the potential to minimize the unit cost of energy
generation by these hybrid renewable energy systems.

The conventional approach used to overcome this surplus-
generated energy was by using dump loads (Mousavi, 2012;
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Jebaselvi and Paramasivam, 2013; Kabalci, 2013; Sreeraj et al,
2010; Sebastian and Quesada, 2006; Fux et al, 2013; Hafez and
Bhattacharya, 2012) to utilize it to prevent the battery from
being overcharged. Also, if this excess energy is not properly
dumped, it may result in overvoltage which may have negative
impacts on the connected load. Load resistors are commonly
used for this intention. It is a known fact, that a larger
percentage of the energy generated by renewable energy
resources would be wasted through the load resistor coupled
with the capital cost of purchasing the required load resistors.
Some researchers also recommended that the excess energy
should be sold to the electric grid (Demiroren and Yilmaz,
2010; Ranjevaa and Kulkarnia, 2012; Krajaci¢ et al, 2011;
Khatib et al 2011). Also, some of the works reported that the
excess electrical energy should be utilized through hydrogen
storage technology (Ziogou et al, 2011; Iverson et al, 2013;
Agbossou et al, 2004; Ipsakis et al, 2009; Genovese et al,
2023; Khakimov et al, 2024; Kumar et al, 2024) by converting
the excess energy to hydrogen which will be stored in a
hydrogen tank. The stored hydrogen will be used as fuel for a
fuel cell to satisfy loads in deficient periods. The disadvantage
of this approach is also the huge cost required to purchase
required hydrogen storage technology equipment. To the best
of the authors’ knowledge, no work has been reported in the
literature that considers the possibility of using FESS and
battery banks against the dumping of excess electrical energy
when designing hybrid renewable energy systems for off-grid
electrification. Likewise, most of the reported works studied
the feasibility of a hybrid energy system using a hybrid
optimization model for electric renewable (HOMER) (Givler
and Lilienthal, 2005; Sen and Bhattacharyya, 2014). HOMER
seems to be the preferred tool by the majority of the researchers
in the literature. Mathematical modeling of the components of
hybrid energy systems is usually neglected by researchers.
Hence, to overcome this limitation, this work will majorly
focus on detailed mathematical modeling of small
Hydropower-Solar PV-FESS hybrid energy systems (HES)
and investigate the possibility of modeling and combining the
two energy storage systems in Small Hydropower-Solar PV-
Battery-Flywheel hybrid energy system to supply continuous
electrical energy to a cluster of three off-grid villages using
HOMER optimization software. The three communities
namely: Sangotayo, Budo Umoru, and Idi Isin are located in
the Ifelodun Local Government Area of Kwara State, Nigeria.
Presently, there are 86 houses, seven commercial shops, 4
Mosques, 2 Churches, and 273 houses in a cluster of the three
rural communities.

The paper is arranged into six Segments; Section 2, gives
the modeling of each of the components of the system. Section
3, presents the optimization problem, and the operating
strategy. In Section 4, the input data are presented. In Section
5, results acquired by the HOMER were presented and
discussed. Lastly, Section 6 presents the concluding remarks.

. METHODS

A. Modeling of the System Components

The hybrid generation system includes different
components namely, small hydropower units, solar PV panels,
power inverters, batteries, and a flywheel energy storage
system (FESS). The time step (At ) used is one hour. The

modeling of the components system is given in this section.
1) Small hydropower
In a small hydropower generating system, mechanical
energy is utilized to run an electric generator coupled to the

turbine. The net head, H ., (m) is assessed with Egn. (1).

thzng_{hfr_}_htr_'_hbe_}_ho} (1)

Where H , is the gross head (m), h, is a frictional loss
(m), h,, isatrash rack loss (m), h,, is bend losses due to bends,

and h0 is outlet losses (m). The electric power from a small

hydropower generating unit in an hour t (P,>"") is calculated
as presented in Eqn. (2).

P = pxQ x H, xmp, x77, x9.81 @
Where Q, is the flow rate in m%s at time t, p is the water
density, 77, is the efficiency of the turbine, 77, is the

efficiency of the generator, Hn is the net head, and At is 1h.

The whole electrical energy generated at time t is calculated
using Egn. (3) while the annual electrical energy generated
from small hydropower is calculated using Eqn. (4).

EtSHP — P[SHP % At (3)
8760

Einp — Z EtSHP (4)
t=1

2) Solar photovoltaic system

The power produced at time t by a PV panel can be
calculated as a function of the solar radiation and the derating
factors using Eqgn. (5).

G

P

P" = f, P t QA+ op (T, =Tgre) ®)
GSTC

Where RP is the power produced by a solar module at

timet, f,isthe de-rating factor, Py is the rated power of the

solar PV, G, is the hourly solar irradiance, Gg;c and Ty are
the solar irradiance and temperature at standard test conditions,
T,is the temperature at time t, 0, is the temperature
coefficient. The expression for the derating factor is given in
Eqn. (6).
fo=lae xlpe xlpxlg x f (6)
Where |5, lpc,lpgc,lc and f;  are AC wiring, DC

wiring, diodes, connection, and soiling derating
respectively.

losses
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Total hourly power and energy generation from the entire
amount of PV system (EF") can be determined by using Egns.
(7) and (8) as:

R™ =R"xN,, ")
EPY =P x At ®)

Where Np, is the number of the solar photovoltaic
module. The aggregate PV modules (Npy) can be determined
by using Eqgn. (9).

Npy =Npy x Ng, (9)

The Number of solar modules in series (N g, ) can be

calculated using the Egn. (10) while the yearly energy
production can be determined using Eqgn. (11).

V,

Npy =2 10

PV V., (10)
8760

Eq' =D E (11)
t=1

Where Vs bus voltage, Vp,, is the voltage of a solar

PV, N, is the number of modules in parallel which is a
design variable.

3) Battery output energy

The battery energy storage system is used to regulate any
energy excess or deficit produced taking the state of charge of
the battery into consideration. The required maximum capacity
of the battery bank can be determined with respect to depth of
discharge of the battery (DOD) using Eqgn. (12). DOD can be
defined as the capacity that is discharged from a fully charged
battery divided by the battery nominal capacity.

max __ LDt X DA

b (DOD) max X nbat X ninv

Where D, is the autonomy days, V,,s is the DC bus
voltage, (DOD),,qx 1S the maximum depth of discharge of the
battery bank, n,,. is the efficiency of the battery. The
minimum state of charge of the battery is expressed by the
(DOD)ax 8S given in Eqgn. (13).

Epnt' = (L~ (DOD),,) X (13)

(12)

max

Where N, is the number of batteries as expressed in Eqn.
(14). 14)
Npar = Npae X Nijye
Where Ny, is the number of batteries in parallel.
The state of charge of the battery at any point in time
should follow the following order:

Ebatminz < E < E < E

batminl batmaxl batmax2 .

Where
Epatmini @nd  Epimaq are the operational minimum and

maximum bonds of the battery while, E, . i, and E a0

are the practical lower and upper bounds of the battery. The
major advantage of using the practical maximum and
minimum bonds is to elongate the life span of the battery. If
satisfactory electrical energy is provided by renewable energy
resources then, the net energy would be used to charge the

battery bank for E’* < E, .. ,. The charging energy of the
battery at time t can be calculated by Eqn. (15):

EtbElt = Etbfllt + (EtSHP + EtBM + EtPV - LDt) X Tcna X Mege
(15)

where EP%t, EP4t are the battery state of charge at present

and previous time respectively, LD, is the overall load demand
at time t. Likewise, if the electrical energy generated from
renewable resources fails to provide appropriate energy to
meet the load, then, the stored energy in the batteries will be

bat bat _
considered for B~ <E B~ =E

according to Eqn. (16). The netload demand (EN") to be
contributed by the battery is computed by using Eqn. (17).

Etbat = Etbjt - EtNL /(ndch X ninv) (16)
EtNL — LDt _ (EtSHP + EIPV + EtBM) (17)

batminl ntil batmaxl gy

where n4.5, 1S the battery discharging efficiency, ;. IS
the efficiency of the inverter, ENtis the netload demand.

4) Flywheel energy storage system
If the Etbat = Ebatmaxz, then the excess should be used to

charge the FESS as presented in Eqgns. (18-20) if the speed of

the spinning disk reaches its maximum value
(n — nFESS
FESS max 7 then, the FESS will be disconnected from

the system and operate in standby mode, by maintaining the
Ebat _ E
c =

constant speed for the rotating disk. Also, if batminl
EFESS > 0

and ¢ the energy stored in FESS should be

discharged by decelerating the rotating disk and injecting

power into the alternating current network. These are

computed using Egns. (18) - (20).

EtFESS — Etcgc_out _ (Ebatmaxz _ Etbat) (18)
cgc_ou cge_in (19)

Etg -0 = Etg T X Tege
(20)

EthC_in — EtSHP + EtPV + EtBM _ LDt
B. Problem Formulation

1) Objective function

Levilized cost of energy (LCOE) is the ratio between the
present value of the total costs of the system, and the present
value of the energy generated by the system during the
evaluation period. The LCOE for HES is formulated as the



4 NIGERIAN JOURNAL OF TECHNOLOGICAL DEVELOPMENT, VOL. 21, NO.4, DECEMBER 2024

ratio of the total annualized cost (TAC) to the annual
electricity generated by the same, as computed in Eqn. (21).

LCOE = ?;C 21)

AEG

The TAC can be estimated by considering the capital costs of
the component of HES via individual capital recovery factors
according to their life spans and discount rate; annual operation
and maintenance costs of the different components of the HES.
The contributions of the annual capital cost (ACC), annual
operation and maintenance cost as well as the replacement cost
to the total annualized cost can be estimated using the
expressions as described in Egns. (22)— (23).

TAC =TACqp + TAC,, +TAC,, + TAC,, + TAC . + TAC s (22)

Where TACg,,, TAC,, and TAC,, are the total

annualized cost for small hydropower, and battery banks
respectively.
TAC = Pyp x IZ(CC‘SHP x CRFyp) + (Cial " x ES) + (Coa™ x Pop x CRFSHP)]
#Noy x[(C. py % CRF,,) + (RN < ELES)]
# Nyg % [(C. X CRF) + (I % Ry x SFF)]
+ va x [(Cc‘mv x (:R':inv)]+ Ncgc x [Cc,cgc x CRchc]+ PFESS[CC‘FESS x CRFFESS]
(23)
Where TAC is the overall total annualized cost of the system,
PSHP R

v+ Presgare the optimal capacity of small

hydropower, flywheel energy storage systems, CC’SHP,
Ccy,:ESS are capital cost per kW for small hydropower,

biomass power plant, and FESS, C .., C.p,, C

c,inv?

C_ cqc are capital costs per unit for battery, solar PV, inverter,

v_mtn f _mtn .
and charge controller, Cqpn ,Cgqyp are the variable and
fixed maintenance costs for small hydropower, C,T\;” is the

maintenance cost per kWh for solar PV, Np, , Ny, N,

N 4care the numbers of solar PV, batteries, inverters, and
charge controllers, CRF,,, CRF,, ,CRF_ CRF

inv
CRFeess, CRE,j are capital recovery factors for small
hydropower, solar PV, battery, inverter, FESS, and charge
controllers, C,-¥ is the replacement cost per unit for the

battery.

C. Operational Strategy

The stochastic behavior of renewable resources has
prompted different complex power management strategies for
optimal combination of renewable resources basically when it
is mandatory to generate dependable electricity to satisfy the
load demand pattern. Moreover, the installed capacity of the
renewable energy generator cannot be instantly increased to
meet up with the increase in electrical load demand. Also,

when the units of electricity generated from renewable
resources are more than the load demand, the usual practice is
to dump the excess energy generated to protect the batteries
from overcharging. Given this, a proper power management
strategy that will consider the possibility of either re-utilization
of the excess generated energy using FESS or direct utilization
of the FESS as the main energy storage device is considered.

The following strategies will be considered in the
simulation.

Strategy 1: if sufficient electrical energy is generated by
renewable sources, then, the excess electrical energy should be
used to charge the battery bank.

Strategy 2: the same as in strategy 1 but, if the excess
electrical energy produced by renewable resources is more
than the energy required to power the load and charge the
battery then, the remaining energy should be stored in a
flywheel energy storage system.

Strategy 3: if the generated energy cannot provide enough
energy to satisfy the load demand, then, the energy stored in
the battery should be used.

Strategy 4: if the energy generated is insufficient to
power the load demand and the energy stored in the battery has
been used up, then the energy stored in a flywheel energy
storage system should be used to satisfy the net load demand.
The whole strategies are represented in Figs. 1 (a) and (b).

Where | is the fast-charging current, V,,is the even

charging voltage, V, is the float voltage at time t, |, is the
pre-charging current.

D. Resource Data and Components Selection

The input data used for the design and optimization is
divided into three groups namely: 1) stochastic variables which
include weather-related and load demand data. 2) economic
variables and 3) efficiencies data.

1)  Stochastic variables

The stochastic variables that are used are the hourly
series solar irradiation in W/m?, temperature (°C) (data
obtained from Nigeria meteorological Station, llorin
International airport, Ilorin, Nigeria); hourly water discharge
(m3/s) (the measurement was carried out the authors at the
proposed case study site); and hourly electrical load demand
(data computed based on the interview conducted via
structured questionnaires which focused majorly on the
respondent’s decisions on the anticipated electrical appliances
with pattern of usage if they would love to connect if they had
electricity, and the measurements of hourly energy
consumption of the similar off-grid rural areas using power
analyzer). These data were used as input to determine the
hourly potentials of solar PV, hydropower, and electricity
demand for the rural areas under study. The load profiles are
estimated for the communities and presented in Figs. 2 and 3
for the two predominant seasons. Based on the survey carried
out, it has been established as presented in Figs. 2 and 3 that
the load demands in rural communities are usually high from
the afternoon till around late in the night. The water discharge
was assessed and computed as presented in Fig. 4. Fig, 4 has
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also revealed that the water level in the case study area begins
to rise around May and reaches the maximum level between

Get the input hourly:
load data, hydro data and
techno economic data’s
of standard components
available

v

| Initialization t=0 |

E— |

v

| Calculate EfHP + EPPV |

v

| Calculate ENE |

v

Charge the battery. Calculate

new state of charge. <

v

bat _
Is Epat=

EbatmaxZ ?

YES

NO

Charging of FESS:
EFESS = Etcgc—out - (Ebatmaxz_ E?at)

Is ENL> 02

YES

Discharge the battery. Calculate new state of
charge.

bat _
Is E/*"= Epatmin1?

FESS
standby mode.

enters

v

Dump
energy.

excess

YES
NO
YES {

Dischargin: Discharge the FESS. Calculate
new state of charge of FESS.

[ Program : ]

YES

NO

4>| Discharge the battery

bat _
Is EQ*"= Epatminz?

(b)

@

Pre-charging
Etbat —

Vpar X< Ipre

i

Fast-charging

bat
Et = Vpar X Ifch

v

Even —charging

bat
Et = Veve X Ibat

Float-charging

bat _
Ey = Vrpe X Ipae

!

Is EpPat=

Epatmaxz?

>

Figure 1 (a) and (b): Flowchart of the Operating Strategy.
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Figure 3: The Load Profile for the Rainy Season.
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Figure 4: Yearly Water Discharge in the River (Authors’ Field
Work).
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Figure 5: Average Hourly Solar Radiation Data of the Site (2010-
2016) (NIMET, 2020)

October and November. On the other hand, the hourly solar
insolation and temperature data for the year (2010-2016) were
plotted and presented in Figures. 5 and 6 respectively. Figures
5 and 6 have shown that the study area has a reasonable
potential for solar photovoltaic systems, with higher irradiance
and temperature during the dry season Months.

-
1

Temperature('C)

1] v 1] L ] 1] 1] 1

Time (h

Figure 6: Average Hourly Temperature Data of the Case Study Site
(2010-2016) (NIMET, 2020)

1. RESULTS AND DISCUSSION

The HOMER optimization software has been used in this
work for the simulation, optimal sizing as well as techno-
economic evaluation of the proposed hybrid renewable energy
system for the chosen of-grid rural areas. The optimization of
the hybrid energy system component comprises different
combinations of small hydropower, solar PV array, DC/AC
inverter, batteries, and flywheel energy storage system that
satisfies the electrical load demand of the selected off-grid
rural communities. The economic feasibility of each
configuration is based on the following parameters that were
used as performance criteria for the selection of the best
configuration which are; net present cost (NPC), LCOE, and
renewable energy fraction (RF). The modeled configuration of
the components and the load demand in HOMER is presented
in Figure 7.

Table 3 presents the optimal results in terms of the number
and sizes of hybrid system components in each configuration
with their respective initial capital cost, total NPC, LCOE, and
the renewable fraction of each configuration. From the results,
the best system configuration with the lowest NPC and LCOE
which is tagged Case 1 is a hybrid PV-hydro-FESS system
having an NPC of $524, 940, LCOE of 0.23$/kWh, and initial
capital cost of $494, 752 and composed of 273 kW of CS6U-
330P solar PV, 45 pieces of fly100 FESS, 230 kW of Natel49
small hydro generator and 144 kW of PrinDR1100 DC/AC bi-
directional inverter. The obtained minimum NPC and LCOE
were due to the availability of high solar insolation and water
discharge (m®/s) resources in the case study sites. The next
system configuration which has high NPC and LCOE which is
tagged Case 2 is a hybrid PV-hydro-battery system having the
NPC of $2, 220, 000, LCOE of 0.97$/kWh with an initial
capital cost of $1, 360, 000 and composed of 366 kW of CS6U-

2.) Economic variables
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ThaEcanomic:vatiables. used are presented in Table 1.

Dutn Variahle Vnluw Remarha
Nawie
Solar PV capital cost par wast < 190.30% /anut (SOLAR. ELECTRIC SUPPLY INC,
T 2024)
Maintanance cost of Soler PV per KW C; e 00055 W W (Oladaji wt al 2021)
)
Small hydropower capital coat per kKW 'y 3100 8W (Oladegi wt ol 2021)
C sur
Fixed operation and maintenance cost for small C Lt 23008 % Wiye {(Oladwji «t al 2021)
hydropower in $RW/yt P
Variable oparation and maintenance cost for smmall Pt 000038 %Wh {(Oladegs wt al. 2021)
hvdropowss in 5 W P
Sy wtwrmn lifle pernod R 25 vears {Oladujs et al 2021
HSolar PV regulator coat Py 20008 Nad Chauaa, C 2 Buyers with
dar Chinese Suppliers (2024)
Dosnmal Latermst rate (%a) ye 2444 (CI1, 2024)
Inflation rate (%94) 2 33.19%% (CBM, 2024)
The Cuapital cost of Prnceton DRII00-100 kW C 51008 Mada-in-Chune, Connecting Buyers wath
T et Chinese Suppliers (2024)
The Capital ooat of FRESS per W (o 20005 %W (Mongran ot al, 2023)
.o
The Capital cost of & deap-cyele battary C. o 101005 unit (Beyond Oil Solar, 2024)
Roplacement cost per unit of' a deep cycle battery Pt 1 0000% unae
Soer

Efficiency and other Performance parameters are _
presented in Table 2. SCHEMATIC

Table 2 Efficiency and other performance parameters AC DC .: 1
Data Variable Name Value Natel49 Electric Load #1 CSGU—33L_/
. - - JpeTEE———— | ae———an
Battery charging efficiency 0.8 ‘\-\ — O
Battery discharging 1.0 7/ ©w
efficiency h 484.78 kWh/d
The Efficiency of PV 0.95 90.85 kW peak
Regulator _
Efficiency of turbine 0.91 PrinDRIT00 LGChem9.8
Efficiency of generator 0.95 4_){ g
Efficiency of inverter 0.92 —
Net Head (H,,) 7.63
Input DC bus voltage (Vp,s) 240V
DC
The nominal capacity of Ah 198
each battery unit
The Nominal voltage of the 48V —~ —
battery (V) I :.[.%‘ ° I@'
The Nominal energy 9.8 —
capacity of each battery
[En= (Vn % AR/1000)] Figure 7: The system modeled in HOMER
The Life span of the battery 10
years
Rated power per unit of 330
solar PV (W) 330P solar PV, 108 pieces of LGChem9.8 kWh battery, 230
g:ceh’:gizm'o d‘{}‘::?gg“ 40v kW of Natel49 small hydro generator and 102 kW of
Wiring losses factor for the 15.0% PrinDRI100 DC/AC-bl-dlret.:tlona! mverFer. Qase 21s de'ge(':tfad
AC to be one of the costlier configurations with higher NPC, initial
DC wiring loss factor 98.0% capital cost, and LCOE as compared to Case 1 which is a
Diodes and connection 99,59 hybrid PV-hydro-FESS system having the NPC of $524, 940,
efficiency =7 LCOE of 0.23$/kWh with an initial capital cost of $494, 752.
Connection efficiency 99.5 However, Case 2 considered the use of batteries as the energy
- storage devices against the FESS considered in Case 1. It is
Soiling de-rate factor 95.0% also observed in Case 1 that the LCOE is 0.74 less than that of
Practical maximum and 100/5
minimum bonds of the 0

battery
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Table 3 Homer Optimization Results.

Nateldd o PrrdRITEC o

e VTR (
HE =y % 108 0 i
2500000

2000000

1500000

Cost (9)

1000000

500000

Net Present Cost

Operating Cost

Optimization Results
£t Docbls Chccon 2 pertiular system o see s defale Smudsbion Resus
Cost Sysiem
u'..-a\.n‘.’ .ov Jrgog Operating cost ow .mh.t,r -|p Ren Frac 07
( 0250 §524340 51333 44752 100
(« 0910 22N s §1.36M 10

Initial Cost

M Case 1l M Case?2

Figure 8: Cost Comparison for Cases 1 and 2

Case 2. This observation has established that the configuration
with the lowest NPC and initial capital cost will be the
configuration with the lowest LCOE. The cost comparison for
the two cases (Cases 1 and 2) is presented in Figure 8 which
shows the wide margin in: Net Present Cost ($524,950 against
$ 2, 220, 000), Initial Investment cost ($ 494, 752 against $1,
360, 000) and Operation Cost $ 2, 355 against $ 6, 6534).
Figure 8 has shown that Case 1 has the lowest LCOE, NPC,
Initial investment cost and operating cost. Although, the main
objective of this work, which is to see the possibility of storing
the excess electrical energy generated by the hybrid generating
system in a FESS when the battery is fully charged and the load
demand is reliably satisfied using HOMER was not fully
achieved. But, Interestingly, HOMER considered each of the
energy storage for different configurations with different

LCOE, NPC, and initial capital costs. The optimal
configuration as computed by HOMER is the one with a FESS
as an energy storage device. This implies that the FESS will
efficiently and economically convert and store the excess
generated energy that would have been either wasted through
expensive dump load or by generating hydrogen with the aid
of electrolyzes or then storing the hydrogen in an expensive
hydrogen tank to be used by fuel cell when there is a deficit in
power generation. Hence, using FESS in the optimization of a
hybrid energy system will eliminate the need for battery banks,
dump load, and the usual headache of how to properly convert
excess energy generation to other forms of energy to be used
during lean power generation periods.
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IV.CONCLUSION

This study has revealed that battery bank and FESS can be
modeled and optimized together as energy storage devices
system in a hybrid energy system to determine the
configuration with the minimum NPC and LCOE. In this study,
the optimal system configuration modeled by HOMER tagged
Case 1 is a Small Hydropower-Solar PVV-FESS-Converter with
NPC of $524, 940, LCOE of 0.23%$/kWh (N 345 at N 1,500 to
1USD), and initial capital cost of $494, 752 (N 742, 128, 000)
and composed of 273 kW of CS6U-330P solar PV, 45 pieces
of fly100 FESS, 230 kW of Natel49 small hydro generator and
144 kW of PrinDRI100 DC/AC bi-directional inverter. The
study suggests that FESS is worth serious consideration, based
on techno-economic grounds, as an energy storage device to
minimize excess electrical energy generation when
considering hybrid energy systems for the electrification of un-
electrified off-grid communities in Nigeria and other
developing countries. The outcome of the study based on the
solar irradiance which was obtained from Nigeria
Meteorological Station, llorin, Nigeria, and water discharge
data which was computed from the measured water level for
one year has also revealed that solar PV and small hydropower
have great potential to satisfy the electricity needs of the
villages under consideration.

LIMITATION OF THE STUDY
Though the output results satisfy the objective of the work,
the development of an appropriate metaheuristic algorithm to
handle the mathematical formulation/optimization problem
has not been done in this particular study.

FUNDING
The National Centre for Hydropower Research and
Development supported and funded all the costs associated
with this work.

AUTHOR CONTRIBUTIONS
Conceptualization, Oladeji, A. S., Atilola, O. F., Olaniyi, J.
I. Methodology, Oladeji, A. S.; Olaniyi, J. I. Investigation;
Oladeji, A. S.; Olaniyi, J. I. Writing-original draft
preparation, Oladeji, A. S.; Writing review and editing;
Atilola, O. F. Project administration, Oladeji, A. S.; All
authors have read and agreed to the published version of the
manuscript.

REFERENCES

Agbossou, K.; M. Kolhe; J. Hamelin and T.K. Bose.
(2004). Performance of a stand-alone renewable energy system
based on energy storage as hydrogen. IEEE Transaction
Energy Conversion, 19, pp. 633-640.

Ahmad, J.; M. Imran; A. Khalid; W. Igbal; S. R.
Ashraf; M. Adnan; S. F. Ali and K. S. Khokhar, (2018).
Techno-economic analysis of a wind-photovoltaic-biomass
hybrid renewable energy system for rural electrification: A
case study of Kallar Kahar," Energy, Elsevier, 148(C), pp. 208-
234.

Al-Badi, A.H. and Bourdoucen, H. (2009). Economic
analysis of hybrid power system for rural electrification in

Oman. 2" International Conference on Adaptive Science and
Technology, ICAST 2009; Accra; Ghana; 14- 16 December;
Category numberCFP0992F; Code 79859, pp. 284-289.

Ashok, A. (2007). Optimized model for the community-
based hybrid energy system. Renewable Energy 32, pp. 1155-
1164.

Asrari, A.; A. Ghasemi and M.A. Javidi. (2012). An
Economic Evaluation of hybrid renewable energy systems for
rural electrification in Iran: A case study. Renewable and
Sustainable Energy Reviews16, pp. 3123-3130.

Bekele, G. and Tadesse, G. (2012). Feasibility study of
small Hydro/PV/Wind hybrid system for off-grid rural
electrification in Ethiopia. Applied Energy, Elsevier, 97(C),
pp. 5-15.

Beyond OQil Solar (2024). Awvailable online at:
https://beyondoilsolar.com/product/lg-chem-resul0h-lithium-
ion-battery/

Borhanazad, H.; M. Saad and G.G. Velappa. (2014).
Optimization of Micro-Grid System using MOPSO”.
Renewable Energy 71: 295-306.

Cagnano, A.; E.De. Tuglie and P. Mancarella. (2020).
Microgrids: Overview and guidelines for practical
implementations and operation. Applied Energy, 258, (15),
114039.

Central Bank of Nigeria, (2024). Available online at:
https://www.cbn.gov.ng/rates/mnymktind.asp

Chmiel, Z. and Bhattacharyya, S.C. (2015). Analysis
of off-grid electricity system at Isle of Eigg (Scotland):
Lessons for developing countries. Renewable Energy 81, pp.
578.588.

Demiroren, A. and Yilmaz, U (2010). Analysis of
change in electric energy cost with using renewable energy
sources in Gokceada, Turkey: an island example. Renewable
Sustainable Energy Review. 14, pp. 323-333.

Dongxu, H.; D. Xingjian; L. Wen; Z. Yangli; Z
Xuehui; C. Haisheng; Z. Zhilai. (2023). A review of flywheel
energy storage rotor materials and structures. Journal of
Energy Storage, 74, Part A, 2023, 109076.

Filho, F. A. D., Beluco, A. (2019). Simulating hybrid
energy systems based on complementary renewable resources.
MethodsX, 6, pp. 2492-2498.

Fu, Y.; Z. Lu; W. Hu; S. Wu; Y. Wang; L Dong and
J. Zhang. (2019). Research on joint optimal dispatching
method for hybrid power system considering system
security,” Applied Energy, 238(C), pp. 147-163.

Fux, S.F.; M.J. Benz and L. Guzzella. (2013).
Economic and environmental aspects of the component sizing
for a stand-alone building energy system: a case study.
Renewable Energy, 55, pp. 438-447.

Genovese, M.; A. Schliter; E. Scionti; F. Piraino; O.
Corigliano and P. Fragiacomo. (2023). Power-to-hydrogen
and hydrogen-to-X energy systems for the industry of the
future in Europe, International Journal of Hydrogen Energy,
48(44), pp. 16545-16568.

Givler, T. and Lilienthal, P. (2005). Using HOMER
software, NREL's micropower optimization model, to explore
the role of Gen-sets in small solar power systems case study:
Sri Lanka. Technical Report NREL/TP-710-36774.


https://ideas.repec.org/s/eee/energy.html
https://beyondoilsolar.com/product/lg-chem-resu10h-lithium-ion-battery/
https://beyondoilsolar.com/product/lg-chem-resu10h-lithium-ion-battery/
https://www.cbn.gov.ng/rates/mnymktind.asp

OLADEJI et al: Optimizing Hybrid Renewable Energy Systems for Rural Electrification: A Case Study of Selected Villages in... 11

Gupta, A.; R.P. Saini and M.P. Sharma. (2010).
Steady-state modeling of the hybrid energy system for off-grid
electrification of the cluster of villages. Renewable Energy, 35,
pp. 520-535.

Hafez, O. and Bhattacharya, K. (2012). Optimal
planning and design of a renewable energy-based supply
system for microgrids. Renewable Energy, 45, pp. 7-15.

Ipsakis, D.; S. Voutetakis; P. Seferlis; F. Stergiopoulos
and Elmasides, C. (2009). Power management strategies for a
stand-alone power system using renewable energy sources and
hydrogen storage. International Journal of Hydrogen Energy,
34, 7081-7095.

lverson, Z; A, Achuthan; P. Marzocca and D. Aidun.
(2013). Optimal design of hybrid renewable energy systems
(HRES) using hydrogen storage technology for data center
applications. Renewable Energy, 52, pp. 79-87.

Jebaselvi, G.D.A. and Paramasivam, S. (2013).
Analysis of renewable energy systems. Renewable Sustainable
Energy Review, 28, pp.625-34.

Kabalci, E. (2013). Design and analysis of a hybrid
renewable energy plant with solar and wind power. Energy
Conversion Management 72, pp.51-59.

Khakimov, R.; A. Moskvin and O. Zhdaneev. (2024).
Hydrogen as a key technology for long-term & seasonal energy
storage applications, International Journal of Hydrogen
Energy, 68, pp. 374-381.

Khatib, T.; A. Mohamed; K. Sopian and M.
Mahmoud. (2011). Optimal sizing of building integrated
hybrid PV/diesel generator system for zero load rejection for
Malaysia. Energy Build 43, pp. 3430-3435.

Krajaci¢, G.; N. Dui¢; A. Tsikalakis; M. Zoulias; G.
Caralis; E. Panteri and M. da Graga Carvalho. (2011).
Feed-in tariffs for promotion of energy storage technologies.
Energy Policy, 39, pp.1410-1425.

Kumar, R.; D. Lee and U. Agbulut. (2024). Different
energy storage techniques: recent advancements, applications,
limitations, and efficient utilization of sustainable energy. J
Therm Anal Calorim 149, pp.1895-1933.

Kusakana, K.; J.L. Munda and A.A. Jimoh. (2009).
Feasibility study of a hybrid PV-micro hydro system for rural
electrification. IEEE Explore, AFRICON’09, 23-25 Sept.,
Nairobi, Kenya.

Made-in-Chaina, Connecting Buyers with Chinese
Suppliers (2024). Available online at:
https://demingpower.en.made-in-
china.com/product/XOxTaZWIZIpB/China-240V-50A-80A-
100A-150A-200A-500A-600A-Solar-Charger-MPPT-Wall-
Mount-Solar-Panel-Regulator-Charge-Controller-for-Solar-
System.html

Ministry of Budget and Economic Planning (2024).
Federal Government targets 350GW electricity generating
capacity by the year 2043. Available online at: Federal
Government targets 350GW electricity generating capacity by
the year 2043 — Ministry of Budget and Economic Planning
(nationalplanning.gov.ng). Accessed on 31% January, 2024.

Mousavi, S.M.G. (2012). An autonomous hybrid energy
system of wind/tidal/microturbine/battery storage. Electrical
Power Energy System, 43, pp.1144-54.

Nigeria Meteorological Station (2020)

Oladeji, A. S.; M. F. Akorede; S. Aliyu; A. A
Mohammed and Salami, A. W. (2021). Simulation-Based
Optimization of Hybrid Renewable Energy System for Off-
grid Rural Electrification. International Journal of Renewable
Energy Development, 10(4), 667-686.

Olatomiwa, L.; S. Mekhilef; A.S.N. Huda and O. S.
Ohunakin. (2015). Economic evaluation of hybrid energy
systems for rural electrification in six geo-political zones of
Nigeria. Renewable Energy, Elsevier, vol. 83(C), pages 435-
446.

Padrén, I.; D. Avila; G. N. Marichal and J. A.
Rodriguez. (2019). Assessment of Hybrid Renewable Energy
Systems to supply energy to Autonomous Desalination
Systems in two islands of the Canary Archipelago.Renewable
and Sustainable Energy Reviews, 101, pp. 221-230.

Patel, A.M. and Singal, S.K. (2018). LCC Analysis for
Economic Feasibility of Rural Electrification by Hybrid
Energy Systems. Materials today: proceedings 5, (1), Part 1,
2018, pp. 1556-1562.

Pradhan, A. K.; S. K. Kar and M. K. Mohanty. (2016).
Off-Grid Renewable Hybrid Power Generation System for a
Public Health Centre in Rural Village. International Journal of
Renewable Energy Research-1JRER, 16(1), pp. 1-7.

Ranjevaa, M. and Kulkarnia, A.K. (2012). Design
optimization of a hybrid, small, decentralized power plant for
remote/rural areas. Energy Procedia, 20, pp. 258-270.

Razmjoo, A., Shirmohammadi, R., Davarpanah, A.,
Pourfayaz, F. and Aslani, A. (2019). Stand-alone hybrid
energy systems for remote area power generation. Energy
Reports 5, pp. 231-241.

Rigo-Mariani, R.; S. O. C. Wae; S. Mazzoni and A.
Romagnoli. (2020). Comparison of optimization frameworks
for the design of a multi-energy microgrid. Applied Energy,
257 (1), 113982.

Sebastian, R. and Quesada, J. (2006). Distributed
control system for frequency control in an isolated wind
system. Renewable Energy, 31, pp. 285-305.

Sen, R. and Bhattacharyya, S. (2014). Off-grid
electricity generation with renewable energy technologies in
India: an application of HOMER. Renewable Energy, 62, pp.
388-398.

Singh, S. and Kaushik, S. C. (2016). Optimal sizing of
grid-integrated hybrid PV-biomass energy system using
artificial bee colony algorithm. IET Renewable Power
Generation, pp. 1-9.

SOLAR ELECTRIC SUPPLY INC. (2024). Available
online at: https://www.solarelectricsupply.com/canadian-
solar-cs6u-330p-330w-maxpower-solar-panel

Sreeraj, E.S.; Chatterjee, K. and Bandyopadhyay, S.
(2010). Design of isolated renewable hybrid power systems.
Sol Energy, 84, pp. 1124-1136.

Sunday O. (2019). ‘Nigeria needs 180,000MW to enjoy
stable power supply’. Available online:
https://punchng.com/nigeria-needs-180000mw-to-enjoy-
stable-power-supply/. Accessed on April 5, 2019.

World Economic Forum (2023). Fostering Effective
Energy Transition 2023. Published: 28 June 2023. Available
online at: Nigeria - Fostering Effective Energy Transition


https://demingpower.en.made-in-china.com/product/XOxTaZWlZIpB/China-240V-50A-80A-100A-150A-200A-500A-600A-Solar-Charger-MPPT-Wall-Mount-Solar-Panel-Regulator-Charge-Controller-for-Solar-System.html
https://demingpower.en.made-in-china.com/product/XOxTaZWlZIpB/China-240V-50A-80A-100A-150A-200A-500A-600A-Solar-Charger-MPPT-Wall-Mount-Solar-Panel-Regulator-Charge-Controller-for-Solar-System.html
https://demingpower.en.made-in-china.com/product/XOxTaZWlZIpB/China-240V-50A-80A-100A-150A-200A-500A-600A-Solar-Charger-MPPT-Wall-Mount-Solar-Panel-Regulator-Charge-Controller-for-Solar-System.html
https://demingpower.en.made-in-china.com/product/XOxTaZWlZIpB/China-240V-50A-80A-100A-150A-200A-500A-600A-Solar-Charger-MPPT-Wall-Mount-Solar-Panel-Regulator-Charge-Controller-for-Solar-System.html
https://demingpower.en.made-in-china.com/product/XOxTaZWlZIpB/China-240V-50A-80A-100A-150A-200A-500A-600A-Solar-Charger-MPPT-Wall-Mount-Solar-Panel-Regulator-Charge-Controller-for-Solar-System.html
https://nationalplanning.gov.ng/federal-government-targets-350gw-electricity-generating-capacity-by-the-year-2043/
https://nationalplanning.gov.ng/federal-government-targets-350gw-electricity-generating-capacity-by-the-year-2043/
https://nationalplanning.gov.ng/federal-government-targets-350gw-electricity-generating-capacity-by-the-year-2043/
https://nationalplanning.gov.ng/federal-government-targets-350gw-electricity-generating-capacity-by-the-year-2043/
https://www.solarelectricsupply.com/canadian-solar-cs6u-330p-330w-maxpower-solar-panel
https://www.solarelectricsupply.com/canadian-solar-cs6u-330p-330w-maxpower-solar-panel
https://punchng.com/nigeria-needs-180000mw-to-enjoy-stable-power-supply/
https://punchng.com/nigeria-needs-180000mw-to-enjoy-stable-power-supply/
https://www.weforum.org/publications/fostering-effective-energy-transition-2023/in-full/nigeria/#:~:text=The%20electricity%20access%20rate%20stands,source%20of%20energy%20for%20cooking.

12 NIGERIAN JOURNAL OF TECHNOLOGICAL DEVELOPMENT, VOL. 21, NO.4, DECEMBER 2024

2023 | World Economic Forum (weforum.org). Accessed on Ziogou, C.; D. Ipsakis; C. Elmasides; F.
31t January, 2024. Stergiopoulos; S. Papadopoulou; P Seferlis and S.

Zhao, B.; X. Zhang; P. Li; K. Wang; M. Xue and C.  Voutetakis. (2011). Automation infrastructure and operation
Wang. (2014). Optimal sizing, operating strategy, and  control strategy in a standalone power system based on
operational experience of a stand-alone microgrid on  renewable energy sources. Journal of Power Sources, 196, pp.
Dongfushan Island. Applied Energy 113, pp. 1656-1666. 9488-9499.


https://www.weforum.org/publications/fostering-effective-energy-transition-2023/in-full/nigeria/#:~:text=The%20electricity%20access%20rate%20stands,source%20of%20energy%20for%20cooking.

