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This work evaluates the performance of optimal hybrid PV/battery and PV/diesel generator renewable energy systems for a remote
village in Burkina Faso. Based on socioeconomic data and the household sample survey, a technoeconomic simulation and
optimization model of electrical loading are presented. Ant colony optimization (ACO) and the loss of power supply probability
(LPSP) algorithms were used for the search of the optimal hybrid power system. For the selected village location, the results have
shown that the hybrid PV/battery system represents the best renewable energy solution due to abundant solar irradiation and
carbon emission free compared to the conventional diesel generator (DG) or PV/DG system. To reach the estimated load power
demand of 2150 kWh for the studied location, optimized PV/battery configuration sizing required 650 PV modules of 250 W and
715 batteries of 300 Ah. The economical evaluation reveals a cost investment of about 1,293 025.7 USD for a lifetime of 25 years in
comparison of that of PV/DG and DG systems, which are 1,088 701.9 USD and 1,682 850.6 USD, respectively. However,
environmental and atmospheric pollution is minimized with a saving of more than 17943 tons of CO,. Therefore, the production
of electricity from the PV/battery system leads to better competitiveness reliability for a socioeconomic development of studied

remote villages.

1. Introduction

For the past three decades, the search for renewable energy
resources has become a hot research topic for safe and clean
energy production around the world [1]. However, the high
investment costs remain a potential barrier, while conventional
fossil fuels are sold at lower prices. As in most developing
countries, accessibility to energy remains a major concern.
Therefore, several papers reported on a low electricity access in
sub-Sahara Africa [2-5]. In their investigation, Deborah et al.
[5] indicated that only 48% have electricity access. Like the
majority of sub-Saharan African countries, Burkina Faso is
experiencing a high energy demand due to the rapid pop-
ulation growth, where the rate has doubled in less than two
decades. Therefore, the energy coverage has become one of the

national priorities. In addition to existing conventional energy
sources (hydroelectric and diesel power plants), several solar
power plants are being implemented across the country. Al-
though these efforts, the energy access issue is more critical in
rural areas [6]. To overcome this issue, strategies and programs
such as rural electrification are initiated for an electricity
coverage up to 100% by 2025, as indicated in the “Plan National
de Développement Economique et Social (PNDES II)” [7]. For
the socioeconomic development of remote villages, the pro-
motion of hybrid renewable energy systems is proposed. The
reliabilities of these systems have been reported in the litera-
ture. Thus, Enock Mulenga et al. [8], Kumar et al. [9], and Khan
et al. [10] evaluated the technoeconomic analysis of hybrid
power systems such as PV-Diesel, PV-Biomass, and PV-
Hydrogen for the rural electrification plan. Other studies
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[11-14] focused on optimization techniques for the hybrid
power system components sizing. Mishra et al. [15] described
the design optimization approach for the grid-connected hy-
brid renewable system using discrete harmony search (DHS)
algorithm. Mustafa Kamal et al. [16] discussed the optimal size
for the standalone microgrid using the differential evolution
(DE) algorithm to minimize the total cost of energy and the size
of the system. Ali Saleh et al. [17] have developed an appro-
priate dispatching approach to analyze the stability, reliability,
economic, and environmental performance of integrating PV
with diesel-batteries power systems. Malla and Bhende [18]
described an enhanced process of PV-diesel-battery system
using Takagi-Sugeno (TS) fuzzy model for a maximum power
extraction under changeable solar irradiation condition. In this
process, the active power balance is kept through the PV system
to avoid the diesel generator (DG) in running on/oft frequently.
Although the main objective in the operation of this system is
achieved, the study does not mention the optimum assessment
of various components.

Among diverse metaheuristic algorithms for optimiza-
tion, ant colony optimization (ACO) algorithm is the most
outstanding methods employed [19-23]. This algorithm
refers to the behavior of ant colonies looking for food and
connecting within one another through pheromone traces
that are left behind [24]. In this study, the ACO and LPSP
algorithms are used to optimally size a hybrid power system
for a typical rural village of 4000 inhabitants. The ACO
approach is developed to perform the LPSP algorithm by
minimizing the total cost of investment in the system. We
propose a PV system which eliminates the need for a DG
system. Due to weather and partially or fully shading
conditions, batteries are employed to form a hybrid PV-
battery system. As in several references [25, 26], the yield of
the storage system is greatly impacted by various factors
such as state of charge (SOC), depth of discharge (DOD),
and partial cycling temperature. Therefore, these parameters
should be taken into account in the sizing of the storage
system. The main contributions in this work refer to the
following:

(1) Proposing a reliable hybrid power system (PV-bat-
tery) for energy supply in a remote village with an
abundant solar radiation

(2) A developed bottom-up approach for energy load
estimation in a village of 4000 people, based on
socioeconomic data and household sample survey,
while the assessment model is based on local climate
and geographic data

(3) A detailed mathematical approach for different
components of the proposed system

(4) Introducing ACO algorithm for optimizing the
number of PV modules and batteries of the study
system.

In addition to an introduction and conclusion, the paper
is organized as follows: Section 2 describes the system as the
main element of the design methodology. The optimization
algorithms such as LPSP and ACO methods are described
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and introduced in Section 3 while the results of simulations
and economic and environmental analysis are discussed in
Section 4.

2. System Description

2.1. Remote Locality Description. The implementation of the
hybrid system is carried out in the village of “Zerkoum” (12°
23" N; 2° 04’ 39" W) in Burkina Faso, with an estimated
population of 600 households. The village is equipped with
basic infrastructure, including schools, administration,
health centre, and market. Due to its geographical position,
“Zerkoum” is well irradiated and could take advantage of
solar energy systems’ installation.

2.2. Load Profile Assessment. In this study, the load profile
mainly deals with domestic power customers with basic
facilities and devices, as presented in Table 1. The survey
aimed to identify the power need while involving a total of
600 households subdivided into 3 groups as follows:

(1) Group I: 50% of the population with very low in-
comes for their basic needs

(2) Group II: 30% of the population with middle income
and wish to use a TV, DVD player, and 1 or 2 ap-
pliances (fan, fridge, and flat iron)

(3) Group III: 20% of the population with consistent
income.

To obtain an accurate assessment of the methodology
that describes the load pattern for all appliances, which are
likely to be found in the village, a synthetic electric load
shape was produced by employing an electrical local end
approach. The technique is based on a bottom-up model,
which uses some fundamental parameter data for the load
profile. Based on some earlier works [27, 28, 29], an ap-
proximate appliance load profile for the village is established
by using the statistical energy data on the number of
households, abovementioned basic facilities, and commer-
cial activities. The load is stochastically based on the hourly
behavior of the customer. The daily load shape is simulated
while considering the use of each appliance. The daily energy
need for two people in different households is described in
Figure 1.

From the figure, it can be clearly seen that the difference
in the behavior of the two people results in a variation of the
final electricity consumption which could be taken into
account in the assessment model. The qualitative description
of the hourly loadshape profile may be attributed to the
presence of each person at home. From the hourly loadshape
of different activities, the following equation can be for-
mulated for each occupant [27]:

L;; =(dc,»ﬂAj)><0¢i><ﬁij’ (1)

where d_; is the daily presence of the i occupant at home
during the simulated day, A; is the j™ occupancy activity, a;
is the means of the i occupant, and ; j is the propensity of
the i™ occupant for j™ occupancy activity. Based on
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TaBLE 1: Energy consumption needs in typical household.
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Ficure 1: Typical day availability model for two (2) individual persons in 2 different households.
equation (1), different loadshapes are estimated for each P(t)=P, +P, (5)

activity and income source. Thus, the total energy required
for the day is calculated through the expression in [27]:

E,=P,xT,, (2)

where T, and P, are the duration of use and the nominal
power, respectively, of the n appliance.

The contractual energy threshold of an individual
household can be determined as follows [27]:

EThres = PThres X Tn’ (3)

where Pry.. is the contractual power threshold.

In the case of energy use in a household, it can occur that
when E,, < Ey,.,, then the remaining energy (E,.,,) to power
other appliances can be calculated as follows:

Erem = EThres - En' (4)

Similarly, the possible location time intervals of suc-
cessive appliances are restricted to those for which E,<E,,,,.
Preferential time slots are defined for the use of appliance n,
and this is based on daily usage patterns. Thus, the total
power consumption of the household is defined as follows
[27]:

where P, is the total power of the active appliances during
the considered day and is given by the following:

P,= )P,
Pb = Z(C(x +ﬁctx)’

«

(6)

Py, defines the power consumption in which C, and 5C, are
automatic thermostat-controlled cyclic activation along the
day and the electrical consumption resulting from the use of
the appliance by an occupant of the household, respectively.

The global daily energy demand is therefore equal to the
sum of individual households that include all activities with
electricity consumption that must meet the electrical power
system. Figure 2 illustrates the development of the bottom-up
approach used in the studied locality loadshape assessment.

Figure 3(a) shows the hourly average load demand for
various services in the locality for one day of operation. The
evaluation of electrical energy consumption is carried out
carefully by taking into account the peak consumption for
all activities. It can be observed that the consumption peak
is reached in the morning and evening. Indeed, these
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FIGURE 2: Bottom model for the development of the study locality loadshape.

periods correspond to the moment where all residents are
in their house and most domestic activities are carried out.
On the other hand, the energy consumption is minimal at
night when most people are less active at home as well as in
the services. The total energy need for the village is esti-
mated to be 2150 kWh per day with an average peak flow of
150 kW (load factor of 0 and 21) along the year, as shown in
Figure 3(b). The maximum load value was recorded around
21:00 h. In this context, a PV module and a storage system
could be an alternative in supplying the load to several
houses in the absence of sun irradiation.

2.3. Solar Resource Assessment. Climatic data are measured
over hourly intervals by the Research Laboratory of Energy
under the direction of meteorology in Burkina Faso. The
average annual solar irradiation obtained from the Oua-
gadougou meteorological station is evaluated at 5, 5 kWh/m?
per day and direct sunshine is over 3000 hours per year [28].
These data obtained are used to characterize the climatic data
of the village that contain diffuse, horizontal, and reflected
radiation, relative humidity, and temperature. Figure 4
presents the daily solar radiation of the study locality for
a year. From Figure 4, it is obvious that the village is well
irradiated throughout the year. Since the hourly output of
PV modules depends on the tilt angle and orientation of
solar modules, some abovementioned climatic parameters
were estimated accordingly from [29, 30]. Thus, the average
energy output (Epy,) of the PV modules is estimated by using
the following equation in [31]:

Epy =SxaxHXxP, (7)
where S is the total solar modules area (m?), « is the solar

modules efficiency (%), H is the annual average solar ra-
diation on titled PV modules (kWh/m?), and P, the

coefficient for losses (range from 0, 5-0, 9 and default value
is 0, 75).

2.4. Components of the Hybrid PV/Battery System. The block
diagram of the proposed PV/battery system is illustrated in
Figure 5. It consists of a PV module system, storage system,
converter, and different types of consumer’s electrical loads.
In this diagram, the PV modules and storage systems are
connected to a DC bus, while the electrical loads are linked
to an AC bus via a DC/AC inverter. The maximum power
point tracking (MPPT) procedure is used for the PV module
generator to extract the maximum output power due to
fluctuation of solar radiation under operating conditions.
The storage system is loaded by the current generated by the
PV module system where the control of their load is insured
by a DC/DC controller. Since the PV system is autonomous,
the presence of a storage device is essential to supply the load
demands at any time. In this study, the basic relationship for
computing PV modules’ output power is given by the fol-
lowing equation [32]:

Sh
Ppy = apy X Bpy X ——=—[1 +T], (8)

net,STC

where apy, is the rated capacity of the PV modules (kW), By,
is the rating coefficient (%), S, ., represents the incident solar
radiation (kW/m?), on the PV modules, S, src is the in-
cident solar irradiance at the standard test condition (STC:
1000 W/m®), y is the temperature factor (%°C), and T defines
the variation between the PV cell temperatures at normal
(Tcay) and STC (Tcaysrc) given as T = Teo = Teensre-

Taking into account that operating under a temperature
parameter around 45°C in April, a monocrystalline solar
module is considered. The main technical information about
the PV module system is described in Table 2 [33].
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FIGURE 4: Daily solar radiation of the study locality (Zerkoum).
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F1Gure 5: Block diagram of the hybrid PV/battery system and components.

2.5. Storage System Description. The storage system sizing for
a hybrid renewable energy system is a key factor for the
project over the lifetime. Thus, the battery bank should be
optimum in size, while a proper selection of the storage
system characteristics, such as the amp-hour (Ah) or Watt-
hour (Wh) capacity, could play an important role in sup-
plying the load requirements. In consideration of two cases,
the state of charge (SOC) is computed by using (9) and (10)
[34]:

(1) Energy balance for storage system charging:
Py, (1) = Py, (t-1) x (1 - 0) +<va (t)PL“d(t)> X fgto-
&)

(2) Energy balance for discharging the storage system:

PLoad (t)

con

Psto(t)=Psto(t_1)x(l_0)_( _va(t)))

(10)

TaBLE 2: Technical information of PV module.

Parameters’ description Values
Maximum power (P,,,,) 250 W
Open circuit voltage (V) 374V
Short circuit current (I ) 8.55A
Temperature factor (p) —0.003865/°C
Life time 25 years
Ground reflection 20%
Efficiency 15.43%
Operating temperature 47°C
Capital cost (*) 0.67 USD/W
Replacement cost (*) 0.67 USD/W

Operation and maintenance (O&M) cost (*) 0.5 USD/kW/Year

(*) These prices are derived from data obtained from local Burkinabe
distributors and manufacturers.

where Py (t—1) and Py, (t) denote the storage system
energy at the beginning and at the end of the interval ¢,
respectively, Py .4 () represents the load demand at the time
t, Ppy (t) is the energy generated by the PV modules at the
time ¢, o is the self-discharge factor, and 7, and 7, denote
the storage system charging and the efficiency of the
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converter, respectively [34]. A lithium-ion technology is
selected for this study, whose self-discharge factor (o) is 2%
per month, the battery charging efficiency (1) is 85%, the
converter efficiency (1.,,) is 95%, and maximum battery
capacity is 300 Ah.

2.6. Power Converter Model. The power converter is chosen
based on the maximum load demand, whereas the perfor-
mances of the inverters are chosen according to the power
needs supply during peak hours. The capacity of the con-
verter can be calculated using the following equation
[35, 36]:

Ceion =3 % Lipg+ Ly (11)

con

where C_,, Li,4> and L, denote the converter capacity, the
total inductive loads, and other loads, respectively. The total
inductive load consists of fridge, refrigerators, and fans,
while TV, radio, DVD players, and so on belong to other

load classes.

3. Optimization Approach

From the studied system, any other auxiliary energy source
is excluded. Only the battery stores energy in the system. For
this optimization approach, the loss of power supply
probability (LPSP) presented in [39] is adopted to describe
the reliability of power supply to load. The LPSP is defined as
the proportion of the loss of power supply (LPS) to that
required by the load during a given period and can be
calculated through the following equation [34, 37]:

Yo LPS(t)

LPSP = S5———.
Y oLoad(¢)

(12)

The optimization approach is divided in three steps: (i)
estimation of the PV modules’ output based on one-year
solar data; (ii) estimation of the yearly status of the battery
storage which is done with the previous amount of stored
energy, PV array output energy, battery efficiency, inverter
efficiency, and load energy demand; and (iii) the LPSP is
defined and then the optimization problem is formulated as
follows:

Lsys = (X'LPV + ﬁLb + Lother’ (13)
where L is the total cost of the system, L, is the size of
a PV module, L, is the capacity of a battery, L .., is the other
total costs which are considered to be constant, and & and f3
are the unit costs of a PV module and a battery, respectively.
The solution to this problem could be achieved by partially
differentiating as follows:

opy _ B
aLh - “. (14)

Solving this equation could lead to the determination of
the capacities of the PV module and the battery for
a given LPSP.

4. Simulation Results and Discussion

4.1. Capacity of PV Module and Battery Optimization. In
order to evaluate the performance of the system under
various conditions, simulation studies have been carried out
using load demand and real weather data of selected villages.
Ant colony optimization (ACO) [20-42], as a probabilistic
algorithm, is used to perform LPSP and system investment
cost. ACO is swarm intelligence-based metaheuristic opti-
mization algorithm that was inspired by the foraging be-
havior of ants [43]. ACO imitates the cooperative behavior
of an ant colony to find the shortest path to a food source. In
this approach, a combination of optimization issues with n
sizing parameters is made as a multilayered diagram, as
illustrated in Figure 6 [44]. The number of layers corre-
sponds to the number of design parameters. Also, the
number of nodes in each layer corresponds to the discrete
values’ number allowed for the corresponding parameters.
Therefore, each node in a particular location of the diagram
is joined with an allowed discrete value of a design pa-
rameter. Artificial ants travel through this diagram,
searching for good paths. An ant colony consists of N ants.
The ants start at the nest node, walk through the different
layers from the first layer to the last layer, and end at the
destination node in each cycle or iteration. Each ant can
choose only one node in each layer in accordance with the
state transition rule given by metaheuristic information. The
nodes selected along the path visited by an ant represent
a candidate solution [44]. On the travelled path, the ant lays
down some pheromone based on a local updating rule. In
the start of the optimization process, all the edges or rays are
initially carried out with the same amount of pheromone.
Thus, in this first iteration, all the ants start from the home
node and end at the food node by randomly choosing a node
in each layer. Small quantities of pheromone are deposited
during the construction phase, while larger amounts are
deposited at the end of each iteration in proportion to so-
lution quality. The optimization process is finished if any of
the given termination conditions are satisfied. The values of
the design parameters indicated by the nodes on the path
with the largest amount of pheromone are considered as the
components of the optimum solution vector. Overall, at the
optimum solution, all ants walk along the same converged
path. The most important characteristic of this algorithm is
that it permits the best ant to update its pheromones.

From its interest in complex system optimization, the
ACO algorithm has been applied to several optimization
problems including those related to renewable energy
optimization.

Thus, Kumar et al. [45] employed ACO to optimize the
sizing of wind turbines and PV arrays in a hybrid renewable
energy system. The aim was to maximize the energy output
of the system while considering the availability of wind and
solar resource. ACO was used to determine the optimal
dispatch of renewable sources to meet the demand for
energy while minimizing the cost and emissions [46-48].
Moreover, ACO could easily be combined with other
methods [45]. In our case, this optimization approach is
employed to determinate the optimum capacities of PV
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FIGURE 6: Ant colony optimization method in the form of
a multilayered diagram [44].

modules and batteries for a minimized cost of the system.
Two different loads are considered for this optimization:
firstly, we consider a constant load, that is, the load energy
demand remains almost the same along the year. Secondly,
a variable load is considered; in this case, we incremented to
20% or 45% of the initial load demand over the year. The
main aim is to maximize the energy output of the system
while minimizing the cost. The flowchart of the ACO al-
gorithm applied to optimize this hybrid power system can be
described as follows:

(i) Initialization: The initial solution is generated using
the LPSP approach. This solution includes the initial
sizes of the PV arrays and battery storage system.

(ii) Pheromone update: In this step, the pheromone trails
are updated based on the solutions generated in the
previous iteration. If a solution generated in the pre-
vious iteration produced a higher energy output and
lower cost, the pheromone is updated to reflect that.

(iii) Solution generation: New solutions are generated
on the basis of the updated pheromone trails and
heuristics. The heuristics are rules that ensure the
PV arrays and battery storage system are sized
within the given constraints. These solutions rep-
resent different combinations of PV arrays and
battery storage system sizes.

(iv) Solution evaluation: solutions are evaluated on the
basis of a predefined objective function. The objective
function takes into account the energy output, cost,
and other constraints such as the maximum allowed
capacity of the battery storage system.

(v) Termination: The algorithm terminates when
a satisfactory solution is found.

Journal of Renewable Energy

As a result, the ACO algorithm will generate an optimal
solution that represents the optimal sizing of the PV arrays
and battery storage system to meet the energy demand of the
studied location while minimizing the cost.

Thus, the optimization technique was carried out by
taking into account the ACO parameters’ approach, as
presented in Table 3. These parameters were estimated based
on the work of Jiang et al. [41].

In the simulation process, the parameters (constant or
variable) defined in Table 4 are considered. The lower and
upper boundary stones of decided variables are assessed by
the ACO program to concur with the optimal solution. The
number of decided parameters that provide the best results is
sorted by setting all possible values by trial and error.

Using the ACO algorithm developed in MATLAB, the
LPSP for various pairs of PV modules and batteries is de-
termined, as shown in Figure 7(a). The optimum capacity
arrangement of PV modules and batteries obtained for an
LPSP is equal to 0, 011 (15, 70 min per day or 3, 98 days per
year of blackout) and are roughly worth 150000 W and
195000 Ah, respectively, as observed in Figure 7(b).

4.2. Cost Value of System Optimization. In this section, we
discuss the optimal cost value of the PV/battery system for
an optimal LPSP value. Three various load profiles such as
initial load (I, ,4) and variables of load profile 1 (1,2 X I} ,4)
and profile 2 (1,45 x I},,q4) are considered. The obtained
Pareto limit profiles can be observed in Figure 8. The safety
threshold was set at 1, 1% LPSP as a tolerable threshold for
the local electricity supply, viz., up to 15, 70 min per day of
tailure. All points below the safety threshold are considered
optimal points. These values are used to determine the cost
of the system for a given LPSP value. The optimal values are
those for which the 3 profiles are found in the defined safety
threshold. From Figure 8, it can be observed that the op-
timum points correspond to a cost of 418764, 25 USD with
a LPSP equals to 0, 0108. Referring to the aforementioned
characteristics of commercially available PV module and
battery, 650 PV modules of 250 W and 715 batteries of 300
Ah are sufficient to supply the load energy demand.

With the optimal arrangement, the SOC of the storage
system is evaluated over one year, and the corresponding
results are presented in Figure 9. In both cases (Figures 9(a)
and 9(b)), the SOC oscillates between an allowed maximum
value SOC_,, (100%) and minimum value SOC,;, (60% of
SOC). These SOCs are greater than assumed minimum SOC
of 40%. By adding variable load, the storage system is cycled
in a fairly SOC large portion during the period November to
March due to the higher energy consumption (Figure 9(b)).
This allows a correlation between the demand and the
storage system use. The higher the demand is, the higher the
storage system use is. Therefore, the storage system is less
used for the rest of the year as the demand is relatively low.
The mean SOC vanishes between 80% and 92%. An increase
in initial load could impact the SOC range and battery ageing
as well. Figure 9 ¢ shows the fluctuation of the energy level in
a battery throughout one year with respect to the variable
load profile. These are due to the overused energy per day of
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TaBLE 3: Parameter values for ant colony algorithm.

Parameters Values
No. of ants per iteration 4
Size of the problem 2
Size of the solution 10
Locality of the search process 0.45
Convergence speed 0.86
TaBLE 4: Constant and variable parameters used.

Constant parameters Values
Converter efficiency (%) 95
Regulator efficiency (%) 99
Battery charging efficiency (%) 85
Connection loss factor 0.98
Other loss factor 1

o (US$/Wp)* 0.67

B (US$/Ah)* 1.08
Variable Parameters Range
Number of PV modules 500-700
Number of batteries 500-725

*These prices are derived from data obtained from local distributors and
manufacturers.

the storage system, which leads to an improper charge of
batteries even during sunshine. However, all of these fluc-
tuations could be controlled or reduced with proper strategic
management.

4.3. Comparison with Other Configurations and Environ-
mental Analysis. This section presents an analysis of the
economic feasibility and environmental impact of three
different energy systems, namely DG only, PV/DG, and PV/
battery systems for supplying the same load profile. As seen
in Figure 3(b), the total daily need for energy needs presents
a maximum power peak load of 150kW and a minimum
power peak of 60 kW.

(1) Sizing of the DG system

In [49], a technoeconomic analysis of PV/DG hybrid
system without storage was performed for a remote
village in Burkina Faso. The authors found that the
optimal functioning point of the DG is set at around
90% of its nominal power. Based on this work, it is
suggested that the power that could be delivered by
DG is 169, 5kW for this investigation.

(2) Sizing of the PV/DG system

In the present study, 30% of the PV maximum
penetration is considered, as indicated in [50]. A PV
array of 47 kW and 169.5 kW are required for a PV/
DG system under the assumption that it will meet the
load at low irradiation and night.

4.3.1. Economic Analysis Comparison. The economic eval-
uation is based on the life cycle cost (LCC). The calculations
of cost efficiency of a typical system over the project duration
include various costs, viz., initial capital cost (C,,, the

n’

recurring costs (M), and the nonrecurring costs (R,,) in
USD currency. The recurring costs represent the sum of all
operating and maintenance (O&M) costs, while the non-
recurring costs denote the sum of equipment replacement
cost. The expenses expected that could occur during the life
cycle of the system are evaluated using the expression in
[50, 51]:

LCC = Cy, + M, + Ry (15)

The included technical data and assumptions on PV, DG,
and battery units in this study are from [41, 52, 53].
According to the type of the system, an economic evaluation
is presented. For the PV/DG system LCC analysis, we as-
sumed that 8% of the energy consumed between 6:00 am and
5:00 pm is supplied by the PV generator. In this case, the DG
should meet the peak load (150kW) and runs 24 h per day.
Thus, the total electrical load to be generated by these
systems is about 19 618, 750 kWh over 25 years. Based on the
same load demand over 25 years, the PV/DG system LCC (1
082, 701.9 USD) is found to be lower than the PV/battery
system LCC (1 293 025.7 USD), which is also lower than that
of the DG system LCC (1 682 850.6 USD). The life cycle cost
breakdown for each selected energy system is shown in
Figure 10.

As expected, the investment cost of PV/battery systems is
ten times higher than that of DG systems, while O&M costs
remain lower, as replacement and salvage costs are minimal.

Indeed, the main issue in the DG system is related to the
O&M and the increase in fuel prices. From these results, the
PV/DG system is more economical and viable compared to
the PV/battery and DG systems. Nevertheless, each system
has to be considered on its merits, while taking into account
the local conditions, the cost of alternatives, and other
parameters such as environment. Although the PV/battery
system has a high investment cost, it does not require fuel,
high maintenance, and equipment replacement. Compared
to hybrid PV/DG systems, the introduction of a DG in the
PV/battery system could be a reliable option.

4.3.2. Environmental Analysis. Electrical energy in several
remote localities in Burkina Faso is usually produced by the
mean of DG. However, the production of energy through
fossil fuels is a source of air pollution [54]. The environ-
mental impacts of autonomous PV systems can only be
evaluated properly if comparative study involves other en-
ergy supply systems. The life cycle impact assessment (LCIA)
is used to perform the environmental analysis. Indeed, the
LCIA is a crucial step in the life cycle assessment (LCA)
methodology. It involves the evaluation and quantification
of the environmental impacts of a product, process, or
system throughout its entire life cycle, from raw material
extraction to disposal or recycling. The LCIA provides
a systematic approach to understand the significance of
various environmental stressors and their effects on different
impact categories.

Without a deep investigation, it can be admitted that
PV systems in general are CO, emissions free. While
a hybrid system involving diesel is a source of CO,
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emissions. The CO, emission rate (7) is evaluated based on
the demand and the quantity of fuel used by employing the
following relation:

LC

= 16
’ E«©’ (16)

where LC is the total equivalent amount of CO, emitted over
the life cycle of the PV system (kgCO,), E is the overall
annual energy supplied (kWh/year), and © is the lifetime of
the PV system (year).

For a growing population and economical business
activities in a remote village, an increase in CO, emission is

expected while combining PV and DG for energy pro-
duction. Some reports [55, 56] indicated that the emission
factor considered for DG is 1.27 kg of CO,/kWh. The value
takes into account emissions during fuel combustion, fuel
extraction and refining, the manufacturing of the DG itself,
and transport (over 100 km). According to Fleck and Huot
[57], the total emissions considered for the diesel fuel
consumption is 3.15 kg of CO, per liter. During the life cycle
of the DG system, about 1854 tons of CO, will be released in
nature. Compared to the PV/DG system, about 3456 tons of
CO, are saved over its life cycle while the PV/battery system
has a CO, emission free. This later system allows the saving
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of 17943 tons of CO, compared to the DG system and 14487
tons of CO, compared to the PV/DG system. The mayor
drawback in this system is the recycling of the batteries at the
end of their lifetime because of lack of policies or regulations
in most sub-Saharan African region [28]. From the
abovementioned, it is clear that the PV/DG system presents
advantages compared to PV/battery and DG in terms of cost
and environmental pollution, respectively. However, at-
tempts could be made in PV/DG systems to explore the
benefits of the incorporation of short-term storage in terms
of fuel savings, diesel running time, and storage systems of
excess energy.

5. Conclusions

In this work, a bottom-up approach of energy load esti-
mation for a typical village of 4000 people is proposed based
on socioeconomic data and household sample survey. The
behavior of the hybrid PV/battery system is studied, while
considering a design of PV systems in respect of hourly
global solar irradiance and real load demand profiles. An
economic analysis is also carried out for an optimal size of
different components such as PV modules, battery, con-
troller, and inverter by using the ACO technique. The ob-
tained results show that the PV/battery system is qualified to
satisfy the load demand in the village location. Furthermore,
the SOC analysis of the battery reveals the sustainability of
the storage system for more than 20% of the initial load. The
economic and environmental aspects of the PV/DG, PV/
battery, and DG systems evaluation reveal that the proposed
PV/battery system, consisting of 650 PV modules (250 W),
715 batteries (300 Ah), and a 139 kW inverter, is econom-
ically disadvantaged compared to the PV/DG system, but
less expensive than the DG system. However, it remains
environmentally advantageous at long-term exploitation
because it releases free carbon emission.
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