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Abstract: Different configurations of on/off-grid-connected hybrid renewable energy systems (HRESs)
are analyzed and compared in the present research study for optimal decision making in Sub-
Saharan Africa, facing the problems of electricity deficit. A multi-criteria analysis is performed
for this purpose using MATLAB software for simulation. The obtained results show that the
levelized cost of energy (LCOE) corresponding to 0% power supply deficit probability (PSDP)
is 0.0819 USD/kWHh, 0.0925 USD/kWh, 0.3979 USD/kWh, 0.3251 USD/kWh, 0.1754 USD/kWh,
0.1641 USD/kWh, 0.5385 USD/kWh, and 1.4515 USD/kWh, respectively, for the Grid-PV/Wind/
Battery, Grid-PV /Battery, Grid-Wind/Battery, Grid-Wind, PV/Wind/Battery, PV /Battery, Wind/
Battery, and stand-alone Wind systems. The CO, emissions are 14,888.4 kgCO, /year, 16,916.6 kgCO, /year,
13,139.7 kgCO, /year, 6430.4 kgCO, /year, 11,439 kgCO, /year, 14,892.5 kgCO, /year, 10,252.6 kgCO, /year,
and 1621.5 kgCO, /year, respectively, for the aforementioned systems. It is found that the Grid-connected
PV /Wind/Battery is the most cost-effective system leading to a grid energy cost reduction of 30.89%.
Hybridization of different renewable energy sources (RESs) could significantly improve the electricity
cost and reduce the CO, emissions. However, this improvement and this reduction depend on the
used RES and the system configuration. On-grid-connected HRESs are more cost-effective than
off-grid-connected HRES. The least polluting energy system is the stand-alone Wind system, which
allows a reduction in the grid CO, emissions by 93.66%. The sensitivity analysis has proven that the
long-term investment, the decrease in the battery cost, and the decrease in the discount rate could
lead to the reduction in the LCOE.

Keywords: on/off-grid-connected; HRES; RES; PSDP; LCOE; CO, emissions

1. Introduction

The intensive use of micro-grids in developing countries, and particularly in Sub-
Saharan Africa, is the way to improve electricity access in this part of the world. According
to a report, the access to electricity in sub-Saharan Africa has decreased in 2021 [1]. With
the growing population, the situation could be worse if nothing is done in the very near
future to improve the conditions of access to electricity in Africa. The high electricity
cost and the unreliable power supply are the causes of the least electrification of Africa.
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Because of the wide availability of friendly environmental natural resources such as sun
and wind, micro-grid-based renewable energy appears to be more promising for electricity
supply in Africa. Micro-grids can operate in the main-grid-connected mode or be fully
autonomous. The solutions to the electricity deficit (in the presence of electricity blackouts)
and lack of electricity are proposed in the literature by the implementation of micro-grid
systems (hybrids energy systems) either connected to the main grid or not. The decrease in
the energy cost could be one of the main solutions to widely spread the electricity access.
Vendoti et al. [2] found that the energy cost of a reliable PV /Wind/Biomass/Biogas/FC is
0.214 USD/kWh. Kumara and Saini [3] performed the optimization of an off-grid-connected
renewable energy system (RES), showing that the optimal cost of energy (COE) of a reliable
Photovoltaic/Biomass/Battery system is 0.21779 USD/kWh. Mala and Saini [4] showed
that the feasibility COE for rural and remote-area populations of India ranged from 0.1
USD/kWh to 0.162 USD/kWh, when using off-grid RES for electricity supply. The research
investigation on a grid-connected RES conducted by Shakti et al. [5] showed that the COE
of the proposed system was 0.104 USD/kWh. The studied system was supposed to reduce
grid overload.

The cost of an energy system is proportional to its reliability. Mahmoudi et al. [6]
demonstrated that the RES cost increases when its reliability is improved. They showed
that the cost of a PV/Wind/Battery increases by 36% when its reliability improves by 5%.

Mohammad et al. [7] demonstrated the economic advantage of the on-grid connected
HRES in comparison with off-grid connected HRES. They showed that on-grid connected
HRESs could reduce the energy cost of off-grid-connected HRESs by more than 30%. Falama
et al. [8] demonstrated that the grid-connected PV /Battery was a promising solution for
electricity blackouts and could challenge economically, in the long term, the main grid
electricity supply system. Ashtiani et al. [9] showed the importance of the grid-connected
RES by comparing an on-grid-connected RES with a stand-alone RES. They demonstrated
that the PV /Battery connected to the grid is an economically more profitable and efficient
system than a stand-alone PV /Battery by 16.8%.

The integration of RESs into energy systems (ESs) reduces the system’s CO, emissions.
Wei et al. [10] showed that the combination of a PV and diesel system reduces the CO,
emissions by 56%, in comparison with a diesel-only system. Lin et al. [11] demonstrated
that the integration of PVs into the grid significantly reduced the CO, emissions.

Several studies [12-18] have been performed in the literature to compare different options of
ESs. Zhang et al. [12] studied the following RESs: PV /battery, Wind /Battery, PV/Wind /Battery,
PV /Battery /PEMFC, Wind /Battery /PEMFC, and PV /Wind/Battery /PEMFC. The optimiza-
tion software HOMER was used to design these systems. The outcomes of this study
proved that the PV/Wind/Battery /PEMFC system was the best option. Jain and Sawle [13]
compareddifferent configurations of standalone and grid-connected HRESs for a remote area,
based on an economic analysis. The studied systems included the PV /Wind /Micro-hydro/Grid,
the PV/WT/Grid, the WT /Micro-hydro/Grid, the PV /Micro-hydro/Grid, the PV/WT/Micro-
hydro/Battery/Diesel, the PV/WT/Battery /DG, the WT/Micro-hydro/Battery/Diesel, and the
PV /Micro-hydro/Battery /DG. The PV/WT /Micro-hydro/Grid system was identified as the
best economical solution to use in the remote area considered as the study site. Thirunavukkarasu
and Sawle [14] performed a study of some HRESs. Different scenarios were considered
based on the following components: the Photovoltaic, the Wind Turbine (WT), the Diesel
generator, the battery, and the converter. HOMER software was used for simulations.
The simulations results based on HOMER identified the PV /WT/Diesel/Battery config-
uration as the most reliable and economical solution to consider in the studied location.
Castillo-Calzadilla et al. [15] compared the standalone PV /Battery with the grid, focusing
on fossil fuel generation. The PV /Battery was found as the more cost-effective option
than the grid. According to Castillo-Calzadilla et al. [16], the off-grid RES could improve
the efficiency rate of energy facilities from 15% to 30%. However, the grid-connected
RESs are more advantageous when considering the economic criteria. A comparative
analysis of HRESs was performed by Asamoah et al. [17] for water supply in a commu-
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nity of Ghana, using HOMER. The studied systems were the Grid-PV and the PV-Genset
hybrid systems. The PV/Grid was economically the best option, while the PV-Genset
was found as the environmentally best option. Different off-grid HRESs were analyzed
and compared for electricity supply in Southern Cameroon by Muh and Tabet [18]. The
PV /Diesel /Micro-hydro/Battery configuration was identified as the most economic viable
solution for electricity supply in Southern Cameroon.

Various techniques and software [19-23] have been used to optimize energy systems
with different performances. The performance of the optimization methods for power systems,
based on metaheuristics algorithms, has been demonstrated in various studies [24-29]. The
multi-objective Firefly algorithm (MOFA) has been chosen in this work, based on its
performance in comparison to some other multi-objective optimization techniques using
metaheuristics algorithms [30,31].

This present study focuses on the following research gaps: (1) many HRESs are used
for electricity supply, but their strengths and drawbacks are not often clearly presented in
Sub-Saharan Africa; (2) the electricity cost reduction is not automatically effective when
connecting the HRES to the grid; it could also depend on the used RES and its contribution
rate to the whole system energy supply; (3) the choice of the RES for energy supply could
also highly influence the reduction rate of the environmental pollution; (4) the optimal
decision making on the on/off-grid-connected HRES should be extended to multi-criteria
evaluation, not only limited to reliability, economic, and environmental aspects.

Thus, the contribution of this work is to propose some HRESs to overcome the problem
of the lack of electricity in Sub-Saharan Africa by considering a case study in Cameroon.
The choice of the proposed HRES is based on the potential rate of the available energy
resources in the site. Both on- and off-grid-connected HRES are analyzed and compared for
optimal decision making. A multi-criteria analysis is performed for this purpose to bring
out the strengths and the drawbacks of each energy system proposed. Different rates of the
grid contribution to the total system energy supply are considered to study the influences
of the HRES penetration rate on the studied systems.

2. Presentation of the Study Systems and Site
2.1. System Configurations and Study Site

Eight different configurations of on/off-grid-connected RESs are studied and com-
pared in the present research work. These energy systems include:

Grid-PV/Wind /Battery;
Grid-PV /Battery;
Grid-Wind/Battery;
Grid-Wind;

PV /Wind/Battery;

PV /Battery;

Wind /Battery;
Stand-alone Wind.

Ngaoundéré, which is located in Cameroon, is chosen as the site of study. Figure 1
presents the location of this site. The main representative configuration of the systems to
study is presented in Figure 2. The different combinations of the studied systems are given
in Table 1. The monthly average daily profile of solar potential is presented in Figure 3. The
average monthly wind speed data, irradiation, and ambient temperature of Ngaoundéré are
given in Table 2. The monthly average daily profile of ambient temperature of Ngaoundéré
is presented in Figure 4.
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Figure 1. Location of Ngaoundéré on the geographical map [32].
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Figure 2. Main configuration of the studied systems.
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Table 1. System configurations with their different components.

System Configuration Components
Grid-PV/Wind /Battery Grid PV generator Wind turbine Battery Bu;lrllr‘?;t:;):al Load
Grid-PV/Battery Grid PV generator - Battery Bl?;:fgig?al Load
Grid-Wind /Battery Grid - Wind turbine Battery Bl?rllr‘?:gs;lal Load
Grid-Wind Grid - Wind turbine - - Load
PV/Wind/Battery - PV generator Wind turbine Battery Bl?;:fgg;lal Load
PV/Battery - PV generator - Battery Inverter Load
Wind/Battery - - Wind turbine Battery Bl?:jggg:al Load
Wind - - Wind turbine - - Load
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Figure 3. Monthly hourly irradiance data over one year [33].

Table 2. Average monthly data of irradiation, ambient temperature, and wind speed (50 m height) of

the study site [33,34].

Month Wind Speed (m/s) Irradiation (kWh/m?) Ambient Temperature (°C)
Jan. 4.32 7.53 234
Feb. 4.35 7.37 25.6
Mar. 4.72 5.83 26.2
Apr. 49 6.11 245
May 4.59 547 22.8
Jun. 3.97 5.06 21.6
Jul. 3.67 4.73 20.9
Aug. 3.56 511 20.8
Sept. 3.32 5.02 21.4
Oct. 3.58 5.83 227
Novw. 4.01 6.47 243
Dec. 4.45 6.31 234
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Figure 4. Monthly hourly ambient temperature over the year [33].

2.2. Load Profile

Load demand is essentially for household application. A case study of 70 households
in a rural area of Ngaoundéré in Cameroon is considered in the present study. The yearly
energy demanded by this population is 38,708 kWh/year. The estimated load profile is
presented in Figure 5.

1 2 T T T T T T T T T T T T T T T T T T T T T T T T

10 -

©
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Figure 5. The daily profile of the load demand.
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3. Optimization model
3.1. Presentation of the Optimization Algorithm

A powerful tool for the optimization method developed by Yang [35,36], namely
the Firefly optimization algorithm (FA), is dedicated to solving optimization problems
subjected to some constraints. The Firefly algorithm belongs to the family of metaheuristic
bio-inspired algorithms. This algorithm can be applied to find the solutions of multi-
objective optimization problems. MOFA is applied in the present study to solve the objective
functions containing the technical and economic parameters of the designed systems.

The pseudo-code of a MOFA to solve two objective functions, which is presented in
Appendix A of the manuscript (Table A1), has been developed by Yang [36]. This pseudo-
code is used in the current research analysis to evaluate the optimal key parameters of the
studied ES. The working principle of this algorithm consists of finding the best solutions
based on the minimization of the objective functions.

Considering the aforementioned pseudo-code, the updated position of the firefly a is
given by the following relationship in Equation (1):

Xspdated _ Xlamtml + ‘Boe—wab (sztzal - X;mtzal) +ae (1)

In Equation (2), d,, is given by:

Oab = \/ Z;iﬂ#a,k — ppi)? 2

The updated position of firefly a is represented by x," dated \while its initial position

is represented by x4l The initial position of firefly b is given by )(Z”iti”l. The distance

separating fireflies 2 and b is symbolized by J,,. The parameters «, ¥, By, and € represent,

respectively, the randomization parameter, light absorption coefficient, attractiveness for
045 = 0, and random value deduced from a gaussian or uniform distributions.

3.2. Grid Modeling

A grid factor is defined to measure the availability of grid energy to respond to the
load demand. The maximum energy available from the grid is considered to be equal
to the total load demand. The grid factor defines the proportion of grid energy used to
meet the load requirement in the ES. When this factor is equal to 1, then all of the energy
consumed is ensured by the grid. This factor decreases when the other components of the
ES contribute to the load demand. This last case could also correspond to situations where
the grid alone is unable to respond effectively to the load demanded. The instantaneous
grid power supply is defined by Equation (3):

Pg(t) = e x Pp(t) ®3)
where ¢¢ is the grid factor and Pp is the power demand.

3.3. The PV Modeling

The PV power produced at the time interval t is calculated by Equation (4), while the
related PV energy is evaluated through Equation (5).

G
HWU)::XWJ%MQF<C%f>{1a<E;ﬂyg>} @)
Epv(t) = va(t) X At X Ninverter ®)

The cell temperature T, is given by Equation (6):

NOCT —20

Te=Ta+ 550

G (6)
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Py ref represents the PV power at MPP in STC, X, is the multiplication factor of the PV
POWEL, Winverter 1S the inverter efficiency, and At is the time interval.

3.4. Wind Turbine Modeling
The adjustment of the wind speed for height is used in this study following Equation (7):

v2(y2) = v1(y1) X (ij)a )

The law power exponent ¢ is given by Equation (8) [37]:

037 —-0.0881n(0;)

8
1-0.0881n (%) )

The wind output energy calculation model is given by the following relationship in
Equation (9):

g_(Vin/C)k _ e_(Vr/C)k

(Vi) = (Vn/e)f

_ k
PWT(t) = XWT X PR,WT X —e (Voff/c) (9)

The shape parameter k is calculated by Equation (10) [38], and the scale parameter c is
determined by Equation (12) [39].

k=083x V" (10)

where

Yi Vi (1)

1 .
c= (n i1 (Vi) ) (12)
The total annual wind energy produced is given by Equation (13):
Ewr(t) = Pwr(t) x At (13)

In the above equations, Py wr represents the wind turbine rate power, Xyt is the wind
turbine power multiplication factor,  is the number of data points of wind speed, v; is the
wind speed at hub height 1, v; is the wind speed at height y, (measured data), and V is
the mean of n data points of wind speed.

3.5. Battery Storage Modeling

The nominal capacity of batteries is determined using Equation (14):

Xparr X Maximum daily load energy (Wh)

C Wh) = 14
bott ( ) DOD X #patt X Hinverter 14
The batteries state of charge is updated based on Equation (15):
P t).At. Py t).At
Socbatt(t) — Socbatt(t _ 1) + batt7C( ) Uhatt,c _ battfd( ) (15)

Chatt Nvatt_d-Chatt

Xpart Tepresents the battery capacity multiplication factor; DOD is the depth of discharge
of batteries (%); #patt_ and 1y, g are, respectively, the charge efficiency and the discharge
efficiency of the batteries (%); Ppyst - and Py, 4 are, respectively, the charge power and the
discharge power of batteries (kWh); Cp, is the nominal capacity of the batteries.
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3.6. Inverter Modeling

The power of the inverter is determined by the following relationship in Equation (16):

Peak of the daily power demand

Pinverter (kW) = (16)

Hinverter

By referring to Figure 5, the peak of the daily power demand in the case of the present
study is 11.2 kW.

3.7. Economic Modeling

The project duration is 25 years. The net present costs of the PV, wind turbine, batteries,
and inverter are, respectively, given by Equations (17)—(20).

25 PV,
PVeost = va X | PVipy + PVrepl + Zx:l % — PVsarp (17)
(1+54)
25 WT,
WTeost = Xwr X | Wiy + WTrepl + szl % — Wl (18)
(1+ %)
25 Batto&M
Batteost = Xpa X | Battiny + Battrey +Y e Batt,, (19)
(1+ %)
I t
Inverteost = | Invertjy, + Invert e, + Ziil noertoeM Invertg, (20)

Z'/_f x—1
(1+55)

The salvage values PV, WTgy,, Batts,, and Invertg,, are calculated by Equation
(21), where PV, WT, Batt, or Invert could replace “component”.

. . w
Llfecomponent - (“J - Llfecamponent X flO()r(W))

Lifecomponent

Componentgq, = Component,ep X (21)

The economic variables f and i represent, respectively, the rates of the annual inflation
and the nominal interest; w defines how long the project will last (years); Lifecomponent
is the component lifetime; “floor” is a function used to determine the integer part of a
number in MATLAB.

3.8. Design of the System
3.8.1. Assessment Functions

Two objectives functions are simultaneously simulated in this study (Equations (22)—-(28)).
One of the objective functions is used to minimize the LCOE (Equation (22)), and the other
one (Equation (28)) is used to minimize the Power Supply Deficit Probability (°PSDP).

LCOE< $ ) . (PVieost + WTeost + Batteost + Invertost) x CRF + COStgrid_purchused - COStgrid_sold

KWh) Ep (22)
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The costs of the grid energy purchased and the energy sold to the grid are given,
respectively, by Equations (23) and (24).

COStgrid_purchased = Gridelect_cost X Egrid_purchused (23)

COStgrid_sold = Gridelect_sold X Egrid_sold (24)

The total annual energy sold to the grid (representing the excess energy) is given by

E¢ria_sota = Es — Ep (25)

The CRF is calculated using the following relationship:

i)
CRE= 7 1 (26)
where ,
i= 11 ; ; 27)

In the above equations, Egyig_purchased 1S the total annual grid energy purchased; Grideect_cost
represents the price of electricity in Cameroon; Grid 014 is the electricity cost sold to
the grid, which represents 50% of the national grid electricity cost purchased [40]; i is an
economic parameter called interest rate.

The power supply deficit probability (°PSDP) is defined by:

Z?iﬁo hours Psupply(t) < Pdemand(t)}
8760

PSDP(%) = (28)

The parameter values used for simulation, related to the studied systems, are presented
in Table 3.

Table 3. Parameter specifications used for simulation.

Designation Value
PV specifications
PV module SEP 290W /295W /300W HC [41]
PV rated power 300 W
Initial investment 1500 USD/kW [42]
Replacement 1500 USD/kW
Oand M 1% of investment/year [43]
Component lifetime (years) 25
CO; emissions 40 gCO, /kWh [44]
Wind turbine specifications
Type Raum Energy 3.5 [45]
Rated power 3.5 kW
Hub height 14.5m
Rated wind speed 16 m/s
Cut-in wind speed 4m/s

Cut-off wind speed 25m/s
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Table 3. Cont.

Designation Value
Initial investment 3000 USD/kW [46]
Replacement 3000 USD/kW
Oand M 3% of investment/year [46]
Component lifetime (years) 20
CO; emissions 11 g/kWh [21]
Battery specifications
Efficiencies of charge and discharge 85%
DOD 80%
Minimum SOC 20%
Initial investment 0.213 USD/Wh [46]
Replacement 0.213 USD/Wh
Oand M 3% of investment/year [46]
Component lifetime (years) 25
CO; emissions 55.3 kgCO, /kWh [47]
Inverter (or Rectifier) specifications
Efficiency 95% [4]
Inverter utilization factor 1
Initial investment 715 USD/kW [42,43]
Replacement 715 USD/kW
Oand M 100 USD/year [48]
Component lifetime (year) 15
Grid specifications
CO; emissions 660.63 g/kWh [7,49,50]
Financial specifications
Nominal interest rate 8%
Value of annual inflation rate 4%
Project lifetime 25 years

3.8.2. Optimization Constraints and Operational Strategy

The constraints leading to the optimal design of the ES studied are given by
Equations (29)—(32).

Ppo(t) + Pwr + PG + Ppare_a(At) > Pp(At) (29)
Xpo,min < Xpo < Xpo,max (30)

XWt,min < Xwr < XWT,max (31)
Xpattmin < Xpatt < Xpatt,max (32)

The operational strategy of the studied systems is described in Figure 6. The power
generated Pg.; combines PV power (Py), WT power (Pwr), and grid power (Pg). For
off-grid connected systems, Pg = 0. The PV, wind turbine, and grid powers are given for
each At =1 h. Two main situations are highlighted in the presented operational strategy:

(1) If the total generated power Pge, fulfills the power demanded with a surplus power
(Pgen(t) > Pgemand(t)), then the batteries are in charging mode. This charging mode mutates
to another one when the state of charge (SOC) of the batteries takes the value 1 and above;
in that case, the surplus power is either sold to the grid (for on-grid RES) or lost (for off-grid
RES). The SOC is updated using Equation (15).

(2) If the generated power is unable to respond to the load requirement

(Pgen(t) < Piemand(t)), then the batteries move to the discharging mode to cover the deficit
power (Pyast d(t) = Piemand(t) — Peen(t)). However, the batteries are able to provide energy
only when the SOC is higher than 20%.
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[ Define initial values of Xy, Xwr, and Xeat ]_ optimization 1

SOC2100%

\4

‘ :L process i
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solution

Compute P,,, Pwr, and Pg for each time interval
¥ ( End )
Pgen = PpPyr+Pos i

Pgonz Pdcmand A PQ"" < Pgomand

l SOC>20%

SOC=20%

SOC<100%

\ 4

Pban__d = Pdemand - Pgen Pban_d =0

pbatt_c =0

PG_sold = Pgen - Pdemand

\ 4

Pbatt_c = Pgen - Pdemand

|

\ 4

Update the storage capacity of batteries based onEquation (15)

}

Psupply= Pgen + Ppatt,a

}

Evaluate the PSDP based on Equation (28)

!

Repeat the same process for the next time interval t=t+1

Figure 6. Operational strategy.

4. Results and Discussion

Different options of electricity supply are studied and compared in this research
paper considering a case study in sub-Saharan Africa, where the national grid electricity
is unable to fully satisfy the load requirement for households” applications. For this
purpose, some on- and off-grid-connected RESs are optimally designed and analyzed for
decision making. MOFA is performed for the optimal size of the studied systems. The
functions defined in Equations (22) and (28) are simulated simultaneously by respecting
the optimization constraints defined by Equations (29)—(32) and referring to the operational
strategy described in Figure 6. The optimal design configuration for each system considered
is identified at the same time by its lowest cost and its best reliability (when PSDP is 0%).
The total load requirement is 38,708 kWh/year. A different grid factor is considered for
simulation and analysis. The grid electricity cost in Cameroon for an average household
consumption is 0.1185 USD/kWh.
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The results of Table 4 are obtained for a grid, supplying 20% of the load demand.
The characteristics of the designed ES based on techno-economic criteria are presented
in this table. These characteristics are obtained for a 0% PSDP. The PV rated power sizes
are 24 kW, 22.5 kW, 27.3 kW, and 27.9 kW, respectively, for Grid-PV /Wind /Battery, Grid-
PV /Battery, PV/Wind/Battery, and PV /Battery systems. The Wind turbine rated power
sizes are 3.5 kW, 59.5 kW, 196 kW, 7 kW, 73.5 kW, and 241.5 kW, respectively, for Grid-
PV /Wind/Battery, Grid-Wind /Battery, Grid-Wind, Wind /Battery, and stand-alone Wind
systems. The battery nominal capacity sizes are 118.6086 kWh, 195.0434 kWh, 115.8342 kWh,
164.1641 kWh, 312.6341 kWh, and 189.7121 kWh, respectively, for Grid-PV/Wind /Battery,
Grid-PV /Battery, Grid-Wind /Battery, PV /Wind /Battery, PV /Battery, and Wind /Battery
systems. The inverter power size is 11.8 kW for all the studied systems considered. It is
found that the PV and the WT capacities decrease with the increase in the number of the
connected energy sources. An on/off-grid-connected PV /Battery requests a higher battery
capacity than an on/off-grid-connected Wind /Battery system. This can be explained by
the fact that wind turbine generators unlike the PV generator can operate during the night.

Table 4. Optimal characteristics of the systems components.

Battery

Scenario P(S.,ZP Xpv Xwr Xpatt pv (lea;;aty wr (Cl‘(a‘f;;aty Capacity PoI:qu-r(t]‘(?rW)
(kWh)

Grid-

PV/Wind /Battery 0 80 1 0.85 24 3.5 118.6086 11.8
Grid-PV/Battery 0 75 - 1.09 225 - 195.0434 11.8
Grid-Wind /Battery 0 - 17 0.84 - 59.5 115.8342 11.8
Grid-Wind 0 - 56 - - 196 - 11.8
PV/Wind/Battery 0 91 2 1 273 7 164.1641 11.8
PV/Battery 0 93 - 1.38 27.9 - 312.6341 11.8
Wind/Battery 0 - 21 1.075 - 73.5 189.7121 11.8
Wind 0 - 69 - 241.5 - 11.8

It is observed from Figure 7 that the energy supply is higher than the energy demand
for the period considered. Thus, the energy provided fully satisfies the load demand and
demonstrates the technical qualification of the ES designed.
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Figure 7. Comparison of the variation in the energy supply and the energy demand over one year
period corresponding to 0% PSDP.
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Table 5 presents the annual energy balance corresponding to the optimal system size
in Table 4. It can be seen from Table 6 that the contributions of the PV energy source to
the total energy supply generated are 83.73%, 86.03%, 93.12%, and 100%, respectively, for
Grid-PV/Wind/Battery, Grid-PV /Battery, PV/Wind/Battery, and PV /Battery systems.
The contributions of the Wind energy source to the total energy supply generated are
3.52%, 82.43%, 93.92%, 6.88%, 100%, and 100%, respectively, for Grid-PV /Wind /Battery,
Grid-Wind /Battery, Grid-Wind, PV /Wind /Battery, Wind / Battery, and stand-alone Wind
energy systems. The contribution of the grid to the total energy supply is 12.75% for the
Grid-PV/Wind/Battery system, 13.97% for the Grid-PV /Battery system, 17.57% for the
Grid-Wind/Battery system, and 6.08% for the Grid-Wind system. The obtained results show
that for an optimal design of on/off-grid-connected renewable energy systems including
PV and Wind sources, most of the energy supply generated is provided by the PV source.

Table 5. Annual energy balance corresponding to the optimal characteristic of the studied systems.

. Ewr E Es Es_cons E Eg Eexcess
Scenario Epy (kWh) ) (kV\(l;h) (kWh) (kWh) (ﬂl'vrvpﬁ)s (kWh) (kWh)
Grid-

PV,/Wind /Battery 50,850 2136.3 7741.7 60,728 21,324 39,404 17,384 22,019
Grid-PV /Battery 47,6713 . 7741.7 55,413 19,948 35,465 18,760 16,705
Grid-Wind /Battery . 36,318 7741.7 44,060 31,013 13,047 7695.3 5351.5
Grid-Wind - 119,640 77417 12773817 38,708 88,670 - 88,670
PV/Wind /Battery 57,8413 42727 - 62,114 17,779 44,335 20,929 23,406
PV /Battery 59,113 . . 59,113 15,245 43,868 23,464 20,404
Wind/Battery - 44,864 - 44,864 28,938 15,925.6 9770.3 6155.3
Wind . 147,410 - 147,410 38,708 108,700 - 108,700

Table 6. Contribution of the different systems’ energy sources to the optimal energy supply.

. Epyl/Es Ewr/Es EG/E;
Scenario (%) %) %)
Grid-

PV/Wind/Battery 83.73 3.52 12.75
Grid-PV /Battery 86.03 - 13.97
Grid-Wind /Battery - 82.43 17.57
Grid-Wind - 93.92 6.08
PV /Wind/Battery 93.12 6.88 -
PV /Battery 100 - -
Wind/Battery - 100 -
Wind - 100 -

The total energy supply is distributed in three different ways: the load directly uses
one part of this energy, another part is provided to the battery to be re-used, and the rest is
sold to the grid (for on-grid-connected RES) or lost (for off-grid-connected RES). It is shown
in Table 7 that the surplus energy is less than the load energy consumed (Es_¢ns + Ep) for
all the ES considered, except for Grid-Wind and Wind only. For Grid-Wind and stand-alone
Wind, the excess energy represents, respectively, 69.61% and 73.74% of the total energy
supply generated. Thus, a high excess energy rate is recorded for an energy system without
a storage device and with only one renewable energy source such as wind.
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Table 7. Energy supply distribution.

. ES COnS/ES EB/ES Eexcess/Es
Scenario (%) (%) (%)
Grid-

PV/Wind/Battery 35.11 28.63 36.26
Grid-PV /Battery 36 33.85 30.15
Grid-Wind /Battery 70.38 17.47 12.15
Grid-Wind 30.39 - 69.61
PV /Wind/Battery 28.63 33.69 37.68
PV /Battery 25.79 39.69 34.52
Wind/Battery 64.50 21.78 13.72
Wind 26.26 - 73.74

The contribution rate of the different components to the load consumption is presented
in Table 8. For a grid-connected system including the PV, Wind, and Battery, most of the
energy is directly consumed from the main sources (the contribution rate ranges from
51.54% to 100%), and the rest is consumed from the battery (the rate contribution ranges
from 19.88% to 48.46%). However, the situation is different when the components are
off-grid-connected, particularly for the PV/Wind/Battery and PV /Battery systems, where
most of the energy consumed is not directly from the main energy sources but from the
battery (54.07% and 60.62% of the energy consumed is from the battery, respectively, for
PV /Wind/Battery and PV /Battery). For a Wind-only energy generation source such as
in Wind/Battery and stand-alone Wind, most of the energy demanded is supplied by the
main energy sources.

Table 8. Contribution rate to the load energy consumed.

. ED Es cons/ED EB/ED
Scenario (KWh) " (%) (%)
Grid-

PV /Wind /Battery 38,708 55.09 4491
Grid-PV /Battery 38,708 51.54 48.46
Grid-Wind /Battery 38,708 80.12 19.88
Grid-Wind 38,708 100 -

PV /Wind/Battery 38,708 45.93 54.07
PV /Battery 38,708 39.38 60.62
Wind/Battery 38,708 74.76 25.24
Wind 38,708 100 -

The economic balance is given in Tables 9 and 10. It is found that the battery is the
most costly component in Grid-PV/Wind /Battery, Grid-PV /Battery, PV /Wind /Battery,
and PV/Battery systems. The contribution of the battery to the total NPC of the HRES
represents 47.43%, 62.74%, 44.09%, and 65.04%, respectively, in the aforementioned systems.
However, the battery cost represents only 14.85% and 15.43% of the ES net present cost in
comparison to the Wind turbine cost, which represents 80.66% and 80.72%, respectively, in
Grid-Wind/Battery and Wind /Battery systems. Thus, when the PV is the most important
energy supply in an HRES, the system cost is dominated by the battery cost. The main part
of the system’s cost is attributed to the WT when a great part of the energy generated by
the HRES comes from this component.
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Table 9. Economic balance of the studied systems.

Renew Total
. Costpy Costwr Costgatt  Costrperter
Scenario NPC LCOE
(USD) (USD) (USD) (USD) (USD) (USD/KWh)

Grid- 19,950 12,755 40,395 12,064 85,164 0.0819
PV /Wind/Battery ’ ’ ’ ! ! '
Grid-PV /Battery 18,703 - 51,801 12,064 82,568 0.0925
Grid-Wind /Battery - 216,840 39,920 12,064 268,824 0.3979
Grid-Wind - 714,300 - 12,064 726,364 0.3251
PV /Wind/Battery 22,693 25,511 47,523 12,064 107,791 0.1754
PV /Battery 23,192 - 65,582 12,064 100,838 0.1641
Wind /Battery - 267,860 51,088 12,064 331,012 0.5385
Wind - 880,120 - 12,064 885,670 1.4515

Table 10. Distribution of the net present cost between the components of the systems.

. Costpy/NPC Costyr/NPC Costpyt/NPC Costryperter/ NPC
Scenario (%) (%) (%) %)
Grid-

PV/Wind/Battery 23.43 14.98 47.43 14.17
Grid-

PV/Battery 22.65 - 62.74 14.61
Grid-

Wind/Battery - 80.66 14.85 4.79
Grid-Wind - 98.34 - 1.66
PV /Wind/Battery 21.05 23.67 44.09 11.19
PV /Battery 23 - 65.04 11.96
Wind/Battery - 80.92 15.43 3.64
Wind - 98.65 - 1.35

The economic comparison of the different energy systems studied, presented in
Figure 8, shows that Grid-PV/Wind/Battery (LCOE = 0.0819 USD/kWh) is the most cost-
effective system, followed by Grid-PV /Battery (LCOE = 0.0925 USD/kWh), PV /Battery
(LCOE = 0.1641 USD/kWh), PV /Wind /Battery (LCOE = 0.1754 USD/kWh), Grid-Wind
(LCOE = 0.3251 USD/kWh), Grid-Wind /Battery (LCOE = 0.3979 USD/kWh), Wind /Battery
(LCOE = 0.5385 USD/kWh), and stand-alone Wind (LCOE = 1.4515 USD/kWh). These
results demonstrate that the off-grid-connected HRES and the grid-only system could be
economically improved by connecting the HRES to the grid. The optimal integration of a
PV in a Wind /Battery system leads to the reduction in the system energy cost. However,
the optimal addition of a WT to a PV /Battery system leads to an increase in the system’s
energy cost.

The environmental analysis of the ES studied, described in Table 11 and in
Figure 9, shows that the least polluting system is the stand-alone Wind system
(1621.5 kgCO, /year), followed by the Grid-Wind system (6430.4 kgCO,/year), the
Wind/Battery system (10,252.6 kgCO,/year), the PV/Wind/Battery system
(11,439 kgCO, /year), the Grid-Wind /Battery system (13,139.7 kgCO, /year), the Grid-
PV /Wind/Battery system (14,888.4 kgCO, / year), the PV /Battery system (14,892.5 kgCO, / year),
and the Grid-PV /Battery system (16,916.6 kgCO; /year). The obtained results show that
the most polluting components are the battery and grid.
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Figure 8. Comparison of the studied systems focusing on their electricity cost.

Table 11. Comparison of the studied systems based on their CO, emissions.

Scenario PV WT Battery Grid Total
(kgCOz/y) (kgCOZ/y) (kgCOZ/y) (kgCOz/y) (kgCOzly)

Grid-
PV /Wind/Battery 2034 23.5 7716.5 5114.4 14,888.4
Grid-PV /Battery 1906.9 - 9895.3 51144 16,916.6
Grid-
Wind/Battery - 399.5 7625.8 5114.4 13,139.7
Grid-Wind - 1316 - 5114.4 6430.4
PV /Wind/Battery 2313.7 47 9078.3 - 11,439
PV /Battery 2364.5 - 12,528 - 14,892.5
Wind /Battery - 493.5 9759.1 - 10,252.6
Wind - 1621.5 - - 1621.5
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Figure 9. CO, emissions from the different studied systems.

Table 12 presents the behavior of the studied grid-connected renewable energy systems
submitted to different renewable energy penetration rates (different grid factor availability).
It is found that the size of the studied system components decreases when the grid avail-
ability factor increases from 0.2 to 1 (renewable energy penetration rate decreases from 80%
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to 0% in that case). A grid availability factor equal to 1 means no (or zero) renewable energy
penetration. The results of Table 12 show that a higher penetration rate of wind energy
(lower grid energy availability factor) corresponds to a higher LCOE. This is demonstrated
with the Grid-Wind /Battery and the Grid-Wind systems, where the LCOE increases when
the Wind energy penetration rate increases too (the grid factor decreases in that case). How-
ever, as shown in Table 12 with the Grid/PV/Battery system, the higher contribution of the
PV (the lower grid availability factor) corresponds to the lower LCOE. It is demonstrated
that the increase in the PV energy penetration rate (the decrease in the grid availability
factor) induces a decrease in the LCOE. For the Grid-PV/Wind /Battery system, the LCOE
reduction occurs only for a high renewable energy penetration rate. It is demonstrated
in Table 12 that the minimum value for the renewable energy penetration rate (including
both PV and Wind energies) to lead to the grid cost reduction is 60% (corresponding to
the grid availability factor of 0.4). This limit or critical value is defined by the cumulative
influence on the grid cost of the renewable energy sources considered. The influence of
the PV energy (leading to cost reduction) and the influence of the Wind energy (leading to
cost increasing) are opposite in the present case. Therefore, not all the on-grid-connected
HRESs could lead to cost reduction. It depends on the RES used. The connection of PVs to
the grid could significantly improve the energy cost.

Table 12. Grid-connected RES submitted to variable grid energy contribution.

Grid PV WwT Battery Inverter
Scenario Factor LCOE Xpv Xwr Xpatt Capacity  Capacity  Capacity Power
(kW) (kW) (kWh) (kW)
0.2 0.0819 80 1 0.85 24 3.5 118.6086 11.8
Grid- 0.4 0.1081 53 1 0.69 159 3.5 113.2732 11.8
PV /Wind/Battery 0.6 0.1262 33 1 0.49 9.9 3.5 80.4404 11.8
0.8 0.1241 18 1 0.12 54 3.5 19.6997 11.8
1 0.1185 - - - - - - -
0.2 0.0925 75 - 1.09 22.5 - 195.0434 11.8
0.4 0.0996 57 - 0.812 17.1 - 108.2406 11.8
Grid-PV /Battery 0.6 0.1106 38 - 0.55 114 - 49.6596 11.8
0.8 0.1188 21 - 0.28 6.3 - 12.8705 11.8
1 0.1185 - - - - - - -
0.2 0.3979 - 17 0.84 - 59.5 115.8342 11.8
Grid- 0.4 0.3367 - 13 0.6 - 45.5 59.0991 11.8
Wind/Battery 0.6 0.3035 - 8 0.8 - 28 105.0650 11.8
0.8 0.2058 - 5 0.1 - 17.5 1.6416 11.8
1 0.1185 - - - - - - -
0.2 0.3251 - 56 - - 196 - 11.8
0.4 0.3079 - 42 - - 147 - 11.8
Grid-Wind 0.6 0.2815 - 28 - - 98 - 11.8
0.8 0.2359 - 14 - - 49 - 11.8
1 0.1185 - - - - - - -

Table 13 presents the impact of the RE penetration rate on the CO, emissions of the
grid-connected studied energy systems. It is shown that the carbon dioxide emissions
decrease when the renewable energy penetration rate increases. When only the grid is able
to fully satisfy the load demand, its CO, emissions is 25,572 kgCO, /year in the present
case. Thus, a grid-connected HRES significantly reduces the CO, emissions of the grid.
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Table 13. Influence of the renewable energy penetration rate on the system’s carbon dioxide emissions.

. . Renewable Energy CO; Emissions
Scenario Grid Factor Penetration (%) (kgCOy/Year)
0.2 80 14,888.4
. 0.4 60 17,864
Grid- ’
. 0.6 40 20,654
PV /Wind/Battery 0.8 20 22,028
1 0 25,572
0.2 80 16,916.6
0.4 60 19,050
Grid-PV /Battery 0.6 40 21,302
0.8 20 23,533
1 0 25,572
0.2 80 13,139.7
0.4 60 15,981
Grid-Wind /Battery 0.6 40 22,794
0.8 20 21,483
1 0 25,572
0.2 80 6430.4
0.4 60 11,216
Grid-Wind 0.6 40 16,001
0.8 20 20,786
1 0 25,572

The sensitivity analysis of the studied systems is performed. Indeed, the variation
in some parameters of a system could have an influence on its cost. The influences of
varying the project lifetime, battery cost, and discount rate on the LCOE are, respectively,
presented in Figures 10-12. The values of the parameters given in Table 4 are considered
as the base values (or reference values), corresponding to a 100% variation (no variation
in the parameters considered). The optimal characteristics of the system components
given in Table 5 are obtained for these base values. The corresponding LCOEs are those
given in Table 10. It can be observed from Figure 10 that the LCOE of all the studied
systems decreases when the project lifetime varies from 20% (5 years) to 180% (45 years).
Thus, a long project lifetime is advantageous for the reduction in the LCOE of systems.
As shown in Figure 11, the increase in the LCOE of the studied systems is proportional
to the variation in the battery cost from 20% to 180%, excluding the systems that are
free of battery energy storage (such as Grid-Wind and Wind-only systems for which the
variation in the battery cost does not have any influence on their LCOE). Thus, the reduction
in the battery cost could improve the LCOE of the studied systems-based battery. It is
observed from Figure 11 that the Grid-PV /Battery is economically more advantageous
than the Grid-PV/Wind/Battery, for the variation in the battery cost from 20% to 30%
(corresponding to the battery reduction cost of 70% to 80%). Likewise, PV /Wind /Battery
is more cost-effective than PV /Battery, for the variation in the battery cost from 100% to
180% (corresponding to the battery increasing cost of 40% to 80%). Thus, the importance
of the influence of the battery cost differs from one system to another. Figure 12 shows
that the LCOE varies increasingly from 20% to 180% of the discount rate variation. Thus,
the reduction in this parameter is an asset for the improvement of the LCOE. It can be
observed from Figures 10-12 that the parameters that highly influence the LCOE are the
project lifetime and the discount rate.
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Figure 10. Influence of the variation in the project lifetime on the LCOE of the studied systems.
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Figure 11. Influence of the variation in the battery cost on the LCOE of the studied systems.
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Figure 12. Influence of the variation in the discount rate on the LCOE of the studied systems.

Table 14 summarizes the evaluation and comparative criteria of the different studied
systems, leading to optimal decision making. The calculated values are given for a fully
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loaded energy supply (perfect reliability). When considering the economic criteria, the
Grid-PV/Wind/Battery is the most economically profitable system, leading to the best grid
energy cost reduction by 30.89%. Focusing on the environmental consideration, the Wind-
only system is the best choice, allowing a grid CO, emissions reduction by 93.66%. There
are no energy losses for the on-grid-connected HRES, as all the excess energy produced
by the HRES is sold to the grid. Based on this, the on-grid-connected HRES is more
advantageous than the off-grid-connected HRES. The HRES either connected to the grid
or not, having the PV as the main renewable energy source, could lead to significant cost
reduction. This situation could not be applied if the main renewable energy source is
Wind. However, when Wind is the main RES, the lowest values of CO, emissions of the
systems are recorded. The main PV system requests a higher energy storage capacity
than the main Wind energy system. Thus, the alternative option for energy storage, less
expensive than the battery, could be a solution to the significant electricity cost reduction of
energy-systems-based HRESs, particularly when the main energy source is the PV.

Table 14. Summary of the different evaluation and comparative criteria of the studied systems for
EG = 0.2

. . . Ener;
S . Reliability Energy Cost CO? Gn.d COZ Grid Energy Energy Losses Main Stortfgye
cenario (%) (USD/KWh) Emissions Emzsglons Co.st (%) Renewable Capacity
(kg/Year) Reduction (%)  Reduction (%) Energy Source R
equested
Grid-PV/WB 100 0.0819 14,888.4 41.78 30.89 0 PV Higher
Grid-PV/B 100 0.0925 16,916.6 33.85 21.94 0 14Y% Higher
Grid-W/B 100 0.3979 13,139.7 48.62 0 0 Wind Lower
Grid-W 100 0.3251 6430.4 74.85 0 0 Wind Lower
PV/W/B 100 0.1754 11,439 55.27 0 37.68 19Y% Higher
PV/B 100 0.1641 14,892.5 4176 0 34.52 PV Higher
W/B 100 0.5385 10,252.6 59.91 0 13.72 Wind Lower
W 100 1.4515 1621.5 93.66 0 73.74 Wind Lower
Only ?rll)d (ec 100 0.11858 25,572 - - - - -

5. Conclusions

The aim of this work was to study and compare different options of on/off-grid-
connected RESs for electricity supply in Sub-Saharan Africa. The chosen study site was
Ngaoundéré, which is located in the northern part of Cameroon, rich in solar and wind
energy potential. The main results obtained are presented as follows:

e  Grid-connected PV/Wind/Battery was identified as the most cost-effective system for
energy supply in this locality;

The least polluting energy system was the stand-alone Wind-only system;
Grid-connected HRESs were more economically advantageous than the non-grid-
connected HRES;

e  Grid-connected RESs could even be economically more profitable than the grid-only
system in some cases;

e  The renewable energy penetration rate highly influenced the system’s electricity cost
and the CO; emissions. Its increase could either increase or reduce the electricity cost,
depending on the used renewable energy resources;

e  The CO, emissions significantly decreased in the presence of HRES, especially when
Wind was the main energy source.

e  The parameters that could lead to the improvement of the studied systems costs were:
the increase in the project lifetime, the decrease in the discount rate, and the decrease
in the battery cost.

Thus, the most economical advantageous system was the Grid-PV/Wind /Battery. It
is, however, important to note that this ranking could change in some specific conditions.
The stand-alone Wind-only configuration was identified as the environmentally most
advantageous studied system.
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For rural and remote areas, the stand-alone HRESs are well adapted. Thus, the
possibility to reduce the cost of such systems should be explored deeply to make them
more competitive. As the energy storage devices are the most costly component in HRES-
based battery storage, finding other alternatives of energy storage better than the battery is
mandatory. Comparative analysis of different energy-storage-devices-based HRESs will be
the focus of our future works.
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Nomenclature

Abbreviations

PV Photovoltaic

WT Wind turbine

W Wind

B Battery

Batt Battery

NOCT Nominal operating cells temperature (°C)
LCOE Levelized cost of energy

PSDP Power Supply Deficit Probability
Repl Replacement cost

Inv Investment cost

Salv Salvage value

CRF Capital Recovery Cost

Oo$sM Operation and maintenance

invert Inverter

MPP Maximum power point

STC Standard test conditions

ES Energy system

RE Renewable energy

min Minimum

max Maximum

Symbols

Eg Annual grid energy supply (kWh)
T, Ambient temperature (°C)

G Solar radiation (kWh/m?)

Gref Irradiance at reference condition (kW /m?)
GnocT Solar radiation at NOCT (kWh/m?)
T; Cell temperature (°C or K)

Te ref Cell temperature at reference condition (25 °C or 298 K)
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Es Total yearly energy supply (kWh)

Es _cons Energy supply consumed (kWh)
Pwr Wind turbine output power (kW)
Esurpius Surplus total energy supply (kWh)
Ewr s Wind energy supply (kWh)

Vv, Rated wind speed (m/s)

Vi Cut-in wind speed (m/s)

Vo Cut-off wind speed (m/s)

Pgypply Power supply (kW)

Piemand Power demand (kW)

Eexcess Annual excess energy supply (kWh)
Ep Annual energy consumed from Battery (kWh)
x year variation

Greek symbols

o Temperature coefficient (%/°C)

g Grid availability factor

Hinverter Inverter efficiency (%)

$ US dollar

Appendix A

Table Al. Pseudo-code of a double-objective firefly optimization [37].

Define the objective functions y; (), y2(x) where the vector x = (u1, . .. , y), k is the number of variables
Initialize a population of N fireflies x, (a=1,2,..., Ny)
While iter < Nitor max (Niter_max 1S the maximum number of iterations)
fora=1:N;
forb=1:N; (a #b)
Evaluate the objectives functions based on the operational strategy and satisfying all the constraints

if )(Z”iti“l Pareto-dominates Xﬁ,”"tml
. updated
generate new solution ),
if x5" dated pareto-dominates xinitial
xa" dated i the new solution in the Firefly population
else
xiritial ig the new solution in the Firefly population
end
end
end
end
Sort and find the current best approximation to the Pareto front
Update iter<—iter+1
end
Results
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