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Abstract: This study focuses on the sizing and optimization of a micro-grid with storage, which is
destined to supply the load of an economic activity zone (EAZ) in Sidi Bouzid, Tunisia. To solve
this problem, a genetic algorithm is established and programmed into MATLAB. The objective
functions are considered by providing three minimums, namely Greenhouse Gas emissions (GHG),
Life Cycle Cost (LCC) and Embodied Energy (EE), for three values of loss of power supply proba-
bility (LPSP) previously fixed. The sizing and optimization results are found and evaluated using
a time series exchange of energy during a year to determine the optimal component size of a pho-
tovoltaic/wind/battery system (PV/WT/Bat). The simulation results show that the lowest ratio
of LPSP values corresponds to the higher GHG, EE, LCC, photovoltaic panels area (Apy), battery
storage capacity (Cn), wind turbines area (Awr) and vice versa. This means that demanding higher
energy reliability leads to higher energy cost and pollution. A comparative analysis was made,
showing the cons and pros of each LPSP value in order to allow the owner of the plant to choose the
most suitable PV/WT /Bat configuration.

Keywords: micro-grid; renewable energy; PV /wind source; optimization; objective functions

1. Introduction

With 60 percent of the world’s population expected to live in cities by 2030, and
pressure on national and regional power grids expected to increase, a growing number of
towns are starting the localized energy production for new developments such as micro-
grids. Several regional and national power grids are now partially powered by renewable
energy.

Renewable energy sources, especially wind and sun, are important ecological alterna-
tives to fossil fuels and nuclear powers. They are inexhaustible, non-polluting and very
suitable for decentralized production. Indeed, wind and photovoltaic systems have been
considerably developed and their price has remarkably been reduced in recent years. For
this reason, they have been intensively studied by the research community. In fact, the
renewable energies produced, for instance, by wind turbine and photovoltaic panels, have
been used to reduce the consumption of fuel, and the emissions of greenhouse gas have
been decreased, as stated in [1]. The intensive research and development in this field
has led to a huge growth in renewable energy sources’ installations whose cost has been
minimized [2]. Despite their importance, these sources are intermittent and stochastic.
A candidate solution to this problem is to use an energy storage system to store excess
energy during generation hours and re-dispatch it later when necessary [3,4]. Although
renewable energy sources (such as sun and wind) play important roles in micro-grids,
their impact is unpredictable. Thus, it is important to introduce a planning that allows
the appropriate operation of these sources and facilitates their optimal management while
taking into account various practical objectives.

Energies 2021, 14, 5913. https:/ /doi.org/10.3390/en14185913

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en14185913
https://doi.org/10.3390/en14185913
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14185913
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14185913?type=check_update&version=1

Energies 2021, 14, 5913

20f 17

Economic Activity Zone (EAZ) has been frequently used, in the last decade in order to
reduce the energy consumption and to minimize the impacts of toxic gas emission on our
planet by taking into account the environmental constraints and economic aspects [5,6].
The EAZs are reception structures equipped with a complete infrastructure and adapted to
the specific needs of the industrial production companies.

In this context, various studies have focused on energy optimization in micro-grids.
In [7,8], researchers focus on two objective functions: energy cost and the deficiency of
power supply probability. They have concentrated on the optimal configuration of an
autonomous hybrid micro-grid. In order to optimize a micro-grid, in [9,10], the authors
aim essentially at minimizing an objective function that considers the investment, oper-
ation, repair and maintenance, as well as the environmental costs of a micro-grid. An
environmental-economic approach in micro-grids using multi-objective decision to mini-
mize the costs and gas emissions is proposed by [11].

In [12], the authors have defined two objective functions in order to reduce the total
operating cost and the gas emissions considering the reliability of the micro-grid as a
constraint. Certain criteria have been applied in reference [13] based on GHG emissions,
embodied energy, loss of power probability and life cycle cost of a hybrid PV-wind energy
source system with battery storage. Other studies have concentrated on the economic
cost for micro-grid optimization [14,15]. They study the optimal sizing of a hybrid multi-
source system based on renewable energy in order to minimize the embodied energy
(environmental criterion), the GHG emissions (environmental criterion) and the life cycle
cost (economic criterion) under different values of the loss of power supply probability
(technical criterion) [16,17]. The objective of the optimization study is to size both the area
of the photovoltaic panels (Apy) and that of the wind turbines (AwrT) together with the
capacity of the storage system (Cp) [18].

The main contributions of this paper are organized as the following:

1. A genetic algorithm is established and programmed into MATLAB to solve the
optimization problem.

2. The objective functions proposed in this article, in order to determine the best optimal
size of the components of the micro-grid, are novel compared with the conventional
objective functions, leading to optimizing four objective functions simultaneously.

3. A comparative analysis is made, showing the cons and pros of each LPSP value
in order to allow the owner of the plant to choose the most suitable PV/WT/Bat
configuration.

The case study has been applied on the Coala plant (economic activity zone), situated
in Sidi Bouzid city, located in the middle of Tunisia (latitude 35°02’ N and longitude 9°30’ E)
and on a built floor area of 2500 m? and a total land area of 9500 m?.

The remainder of this paper is structured as follows: Section 2 describes the case
study’s architecture. Section 3 presents the objective functions in terms of GHG emissions,
EE, LPSP and LCC. The methodology of multi-objective optimization and optimal process-
ing are also depicted. The detailed simulation results and analysis are shown in Section 4.
Section 5 is a brief conclusion.

2. System Arrangement

The studied system is an economical solution for the Coala factory. Many research
projects have been carried out on this subject, such as [19,20]. The configuration of the
proposed PV /WT /battery micro-grid is as given in Figure 1. The control of the studied
configuration is not difficult because the load is only provided by two renewable energy
sources (WT and PV) and has only one fallback power source (battery).

The micro-grid is composed of photovoltaic panels (PV),wind turbines (WT) and
battery bank. The power between the multi-source system and the load is adapted through
a DC/AC converter, while DC/DC converters are employed between the different parts of
the system and the DC bus. These converters are unidirectional for the power sources and
bidirectional for the battery storage.



Energies 2021, 14, 5913

30f17

- DC
4 A
LT P acp >
l; Il Electric
WT
> Dc/Aq™ Electricloads| .
Critical
, / Electric
DC/D > 3, y
—»DC/DC i
PV —l —h
Electricvehicles
_ Charging
> DC/D station
Electricbuses
Battery v

Figure 1. Block diagram of PV /wind /battery system.

The operating block diagram of PV /wind/battery system is given in Figure 2. When
the difference between the system’s output and the load are sufficient to supply the load,
the excess is used to recharge the battery [21]. When the output of power is unavailable or
insufficient and when the net load is positive, the battery bank discharges charged energy
to meet the load.
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Figure 2. Operating scheme of PV/wind /battery system.

2.1. Wind Turbine Model

The power produced by wind turbine (PwT) was obtained by applying the following
Equation [22,23]

1
PWT:EprAWTanxV3><Cp @)
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SOC(t) = SOC(t — At) +

where p is the density of air (kg/m?), V corresponds to the wind speed (m/s), Awr is rotor
area (m?), Cp is the turbine efficiency and mg represents the generator efficiency.

2.2. Photovoltaic Model

The produced PV power system (Ppy) was provided by multiplying the product of
total efficiency, the panel’s area Apy (m?) and the solar irradiance I, (W/m?):

PPV =1, x Apv X Mpy 2)
The efficiency npy was determined under standard test conditions.

Npy = NMmp,stc X [1 — B X (T¢ — Tenocer)] ®3)

where Ny, stc: the maximum point power efficiency under standard conditions test. f:
the efficiency of generator coefficient temperature, balancing between 0.004 and 0.006 °C.
TcNnoct: the temperature of operating cell under standard operating conditions. The
cell temperature Tc is expressed in function of the ambient temperature Ta (°C) and the
irradiation I,:

Tc =30+0.0175 x (I, — 300) + 1.14 x (T, — 25) 4)

2.3. Battery Storage Energy Modeling

The SOC defining charging and discharging state of the battery is given in Equations (5)
and (6). It depends on the earlier charging/discharging situation by sampling step
At [24,25].

In charging state, the SOC of the battery is:

SOC(t) = SOC(t — At) + Pjﬁ x

bus

Pl qlt
Ppy (t) X npc/pe + Pwr(t) X Nac/pe — —=——~ ( )] x At (5)
MDC/AC

In discharging state, the SOC of the battery is

Pload (t)
NDc/AC

X At 6)

—— X [PPV(’C) XMpc/pe +Pwr(t) X nac/pe —
Ndis X Ubus

where Nac/pc,Mpcy/ac and Npe/pe correspond, respectively, to AC/DC, DC/AC and
DC/DC converter efficiencies. 1y, and 145 are the efficient of the battery during charging
and discharging phases. Uy, represents is the voltage of DC bus, Py oap designates the
consumed power and At denotes the step simulation time (At = half an hour).

3. Strategy for Energy Management

The micro-grid’s power management strategy has a direct effect on the system’s oper-
ational behaviour. Nevertheless, in the isolated mode, the power generated by renewable
sources must meet the load demand in order to operate safely and reliably. Furthermore,
excess power generation from renewable resources necessitates the charging of the battery.
In this paper, the power strategy is summarized into the following scenarios:

Scenario 1: Renewable energy sources can provide enough energy to meet the load
demand, and the excess energy is used to charge the battery.

Scenario 2: Renewable energy sources are unable to provide the system’s required
load. The shortage in power will be covered from discharging the battery.

4. Problem Formulation
4.1. Objective Functions

The reduction of the operating costs and the hybrid micro-grid capital for a total life
period of twenty years is the major goal of this optimization problem. Genetic algorithm
(GA) was applied, in the performed experiments, to predict the optimal configuration of
the proposed system [26,27].
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4.1.1. Embodied Energy (EE)

The EE is the quantity of non-renewable energy consumed during the life cycle of dif-
ferent elements of the micro-grid: transport, manufacturing, extraction and production. EE
is expressed in unit of weight or area. The embodied energy is expressed by the equations
blow for the purpose of getting the model of the total embodied energy systems [28].

Equation (7) represents the PV embodied energy (EEpy):

EEPV = 3863 x APV —47.26 (7)
Equation (8) represents the wind turbine embodied energy (EEwr):
EEwT = 2359.7 X Awr + 49.43 (8)

Equation (9) represents the batteries” embodied energy (EEp,:) which depends on
nominal capacity:
EE,+ = 31.62 x Cp 9)

Total EE of the hybrid micro-grid system is given by Equation (10):
EE(MJ) = EEpy + EEwr + EEpa¢ (10)
The first objective function is defined by Equation (11):
minf; (EE(MJ)) = min(EE py, + EEwt + EEpat) (11)

4.1.2. GHG Emissions Gas

The principal elements of GHG emissions are fluorinated gases, nitrous oxide (N,O),
carbon dioxide (CO;) and methane (CHy). The unit of GHG emissions is generally carbon
dioxide (CO,), which is equivalent to (COgq). Equation (12) expresses the total GHG
emissions model of a hybrid micro-grid system:

GHG(KgCO,,) = GHGpy+GHGwr+GHGpar (12)

where, GHGpy is the GHG emission model of PV expressed as a function of PV surface
area (Apy):
GHGPV =138.3 x APV —2.54 (13)

GHGyr refers to the GHG emission model of wind turbine system expressed as a
function of wind turbine swept area Awr:

GHGwr = 156 X Awr (14)

GHGg,; represents the GHG emission model of batteries expressed as a function of
the nominal capacity (C,)):

GHGgyt = 1.99 x Cn +27.2 (15)

The second objective function was used, in our experiments, to minimize the GHG
emission:

minf, (GHG(KgCO ,,,)) = min(GHG py + GHGwr + GHGBat) (16)

5. Life Cycle Cost (LCC)

The hybrid micro-grid LCC is given in euro (€). LCC of the wind turbine system is
obtained by summing the cost of tower and turbine, that of the converters (replaced every
10 years) and that of Balance of System (BOS) (installation cost, protections, cables and



Energies 2021, 14, 5913

60of 17

connectors). The LCC PV system includes the price of PV modules, BOS, converters and
installation. The LCC model of the hybrid PV-wind system is obtained by Equation (17):

LCC(€) = LCCpy 4 LCCwr + LCCpat (17)

where, LCCpy LCCPVis the economic model of PV system expressed as a function of PV
surface area (Apy):
LCCpy = 440.13 x Apy — 96.11 (18)

LCCwr represents the economic model of wind turbine system expressed as a function
of wind turbine swept area (AWT):

LCCyr = 1844.2 x Awr (19)

LCCy,¢ denotes the economic model of batteries expressed as a function of the nominal

capacity (Cp):
LCCpat = 11 x C +146.8 (20)

The goal of the third objective function is to find the minimum of the LCC:
minf3(LCC(€)) = min(LCCpy, + LCCwr + LCCpqyt) (21)

Loss of Power Supply Probability (LPSP)

The reliability of the micro-grid system is definite in terms of Loss of Power Supply
Probability (LPSP) defined by Equation (22).

Y R AP(At) x At

LPSP = =4 (22)
ZAt:l APload x At
with
P . SOC < S0OC
AP = { “1oad ™ Thy = 2> "min (23)
0 otherwise
6. Constraints
The following constraints should be satisfied:
Reliability:
LPSP < LPSPset (24)
where LPSPset is fixed by the user.
SOC limits:
The SOC limits are determined by:
SOChin < SOC < SOCpnax (25)
where SOCpax and SOCpyin are the maximum and minimum tolerable states of battery.
Feasibility:
Apymin < Apy < Apvmax (26)
AWTmin < AWT < AWTmax (27)
Cnmin S Cn S Cnmax (28)

where Cn_max, Cn_min, APV_maxs APV_min, AWT_max, AWT_min are upper and lower decision
variables’ interval defined by the consumer.

7. Dynamic Simulator Description

Various methods can be used to resolve a multi-objective problem, such as sizing
and optimization of multiple renewable energy sources. Nevertheless, the use of genetic
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algorithm is contemplated as a reasonable solution to directly reach some inequality con-
straints and classify the optimum solution [29,30]. As a consequence of sizing optimization
research study using genetic algorithm (GA), a techno-economic analysis is considered,
as seen in Figure 3. The GA is a detailed optimization technique for solving optimization
problems, which is inspired by natural selection.

Arv, Awr Ca,
LFSF desired

!

Iterationi [*

!

Evolution of objective
functions LCC. GHG. EE

[t

NO |
Select operation
Optimize size of objective l
functions LCC. GHG. EE Crossover and
mutation

Figure 3. Flowchart of optimized PV /wind/battery system using genetic algorithm.

We developed a Matlab/Simulink dynamic simulator of the proposed micro-grid.
This simulator is based on the energy aspect, wind speed, solar irradiance and ambient
temperature, and AC and DC load. Because the proposed PV /wind/battery system is
hard to implement and the optimal sizing is difficult as well, on 29 September 2018, the
AC load was obtained from Coala plant for 24 h in half-hour increments. The amount of
energy consumed by this company was around 378 kWh during this day. The AC power
of alternative load (Pac) is presented in Figure 4, and its estimation for one year is shown
in Figure 5. However, the DC load (Ppc) is the topic of a preliminary study, with the goal
of deploying it in the plant, a charging station for electric vehicles of 4 kW to be used for
one day (Figure 6) and estimated for one year (Figure 7). The power load (P oap), which
is the sum of Ppc and Pac, is presented in Figure 8.

. - . 1 . . vj.
0 10 20 30 40 48
Time (half an hour)

Figure 4. AC load for one day.
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Figure 5. AC load for one year.
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Figure 6. DC load for one day.
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Figure 7. DC load for one year.

L
[==]

Pload (kW)
g

0 2000 4000 6000 B000 10000 12000 14000 16000 18000
Time (half an hour)

Figure 8. AC and DC load for one year.

For climatological information of the studied EAZ, the average half-hourly wind speed,
irradiation and temperature profiles are illustrated in Figure 9. In fact, the hybrid simulator,
shown in Figure 10, contains all components of hybrid micro-grid system: storage system,
battery energy management, PV/wind renewable generators and objective functions
(GHG, LCC, EE and LPSP). According to meteorological data (irradiation, wind speed and
temperature), the dynamic simulator, represented in Figure 10, was utilized to compute the
state of the system and the system indicators during a year, with a sampling step.
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Figure 9. Average half-hourly profile of wind speed, irradiance and temperature.
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Figure 10. Dynamic simulator environment of PV /wind/battery micro-grid.

8. Optimization Results and Discussion

For the optimization process, the genetic algorithm is used to investigate the optimal
design of the multi-source renewable energy systems [31]. Genetic algorithms (GA) are well
applied to solve this type of problem. NSGA-II is generally adapted for optimization and
multi-objective cases. Finally, the size of the elements constituting the micro-grid (surfaces
of PV/wind turbine and capacity of battery) are determined. The intervals of the decision
variables (three inputs) are summarized in the Table 1. The range of decision variables
is set by a parametric sensitivity algorithm applied to vary the design variables and to
give the range where there are optimal points in order to avoid a huge database. The total
sampling points of simulation are 1720 points for one year (one sample per thirty minutes).

Table 1. Parameters of decision variables.

Parameter Minimum Value Maximum Value
Apy (m?) 400 1400

Awr (m?2) 100 400

Ch (kAh) 2 20

The Pareto illustrated in Figure 11 shows the evolution of three objective functions: EE
(M]), LCC (€) and LPSP (%). The decrease in LPSP function leads to an increase in both EE
and LCC functions and vice versa. The numerical values, corresponding to the LPSP = 0%,
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5% and 10%, represent the evolution of these three functions. The development of GHG
emission is of the same order as EE (environmental impacts). The evolution of the decision
variables according to the LPSP is presented in Figure 12. The values provided in Table 2
and taken from Figure 11 represent the optimal parameters of each micro-grid component
(Awt, Cn and Apy).

30

LPSP (%a)
g

% 10°
LCC(€)

EE (MJ) x10°

Figure 11. 3D evolution of the three objective functions.
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=1 % 2% "% g%
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Figure 12. Evolution of Apy, Awt and C,, versus LPSP.

Table 2. Decision variables and criteria for LPSP 0%, LPSP 5% and LPSP = 10%.

Parameter LPSP = 0% LPSP = 5% LPSP =10%
Apy (m?) 927 644 552
Awt (m?) 346 216 190
Cn (Ah) 16,760 9476 6435
EE (M) 4,951,000 3,657,000 2,645,000
GHG (KgCOseq) 213,800 161,200 122,300
LCC (€) 1,253,000 1,054,000 869,000

The evolution of the EE (Embodied Energy: the energy required for the manufacture
of photovoltaic panels, wind turbines and batteries) as a function of the inputs Apy, Awt
and C, is, respectively, shown in Figure 13. It can be observed that the increase in EE is
accompanied by a rise in the Apy and Awr areas and Cp, capacity. These variations are
logical because if these areas increase, their price increase too. Moreover, the evolution of
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the decision variables according to the LCC is presented in Figure 14. In this case, here, the
micro-grid user or designer has to select the best system configuration, based on specific
criteria (GHG, EE, LPSP and LCC), in order to minimize the annual costs of the employed
systems or to reduce the impacts of choosing the decision variables on the environment.

1000
o g 2
E w.ﬂl*u""’
S SO0
£ . | | | . . . | .
1.5 2 25 3 35 4 4.5 5 55
%108
400
[T * x* t 3
Sal gt g b ifa we
&
= » ‘
< ' | . | . | | .
1.5 2 25 3 3.5 4 4.5 5 55
%108
5 x10*
—_
= P Q*‘ sl
L Ly
[ =1
Q 5 “ﬁu ; ’Q . . . . i
1.5 2 25 3 35 4 4.5 5 55
EE (MJ) %108

Figure 13. Evolution of Apy, Awt and C, versus EE.
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Figure 14. Evolution of Apy, AwT and C, versus LCC.

In order to visualize a solution with multiple characteristics, the polar graphic is
plotted for three values of LPSP, as shown in Figure 15. Each objective function GHG, LCC,
EE, as well as Apy (m?), Awt (m?) and C,, (Ah), corresponds to an axe. Note that the values
of the two objective functions (EE and LCC) are divided by 10* while the GHG function
was divided by 10°.

The sizing of the proposed micro-grid was developed for three values of LPSP: 0%,
5% and 10%. The first value indicates that the PV/wind sources are able to provide
the demand load during all days of the year. However, the other values of LPSP (5%
and 10%) are, respectively, equivalent to 18.25 and 36.5 days per year of non-satisfaction
of the load. Table 2 shows, in detail, the EE, LCC and GHG emissions and presents the
component optimal criterion (Cpn, Apy and Aywrt). For 0% of LPSP, the optimal configuration
of PV/wind/battery system is composed of average Ppy = 21 kW and Py = 28 kW. The
total embodied energy EE is 4,928,000 MJ, GHG emissions are equal to 215,600 KgCO2eq
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and LCC cost is 1,231,000 €. For the two other LPSP values (5% and 10%), the sensitivity
criteria will decrease by 30% and 15% for PV area; by 38% and 12% for the wind area; and
by 44% and 33% for the battery capacity. In addition, the three objective functions (EE,
GHG and LCC) are also reduced with the increase in LPSP. Respectively, these decreases
are 26% and 29% for the EE; 25% and 25% for the GHG emissions; and 16% and 18% for
the LCC costs.

Apviml)
<.

800 _5-.*

L

Awtlm2)
4005\

LCC(E}
.: ...... LPSP%=0
E - = LPSP{%)=5
LPSP{(%e=10
GHG(KgCOZeq) % a* Ca{Ah)

EE(MT)

Figure 15. Break down of the decision inputs and objective functions.

9. Implements Results

In this section, an investigation study is developed on the dynamic simulator per-
formance with the optimal sizing parameters. The total number of sampling points of
simulation is 1720 for a 30-min time interval. In fact, Figure 16a—c reveals the half hourly
variation of the generated power for the components of the proposed hybrid system at the
optimum values based on the three following values of LPSP 0%, 5% and 10%, respectively.
In these figures, the presented results are the power generated from the renewable sources
of energy: wind turbine (Pwt) and PV source (Ppv) and the SOC of the battery. Due to the
variability of the wind speed and the irradiation in the region of Sidi Bouzid, the maximum
powers generated by renewable sources are higher, compared with the average power, as
demonstrated in Table 3; see Figure 16a—c for different LPSP values. The storage system
operates with different degrees of generation to satisfy the demand for energy of the load
during the hours of insufficient energy produced by the PV and wind turbine sources
and low SOC for the battery system. During sunshine hours, renewable sources produce
enough energy to meet the load demand, and the battery is charged. However, during
the night, and when the sun is hidden and the wind speed is low, the battery operates to
satisfy the load demand.

Table 3. Evaluation of the generated power.

Power (kW) LPSP = 0% LPSP = 5% LPSP =10%
Pload_max 50 50 50
Pload_min 2 2 2

Average Pload 20.5 20.5 20.5
Pwt_max 166 103 91
Average Pwt 27 17 15
Ppv_max 107 74 63
Average Ppv 22 15 13

In charging Pbat_max 241 131 108

In discharging Pbat_min 33 33 33
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Figure 16. (a) Results of the optimal solutions obtained for LPSP 0%; (b) results of the optimal solutions obtained for LPSP
5%; (c) results of the optimal solutions obtained for LPSP 10%.

Figure 17a represents the state of charge when the LPSP is fixed to 0%. This figure
proves that the hybrid system is able to satisfy the Coala plant during all days of the
year. However, the use of battery is necessary for the SOC 5% and LPSP 10% values when
renewable sources cannot satisfy the consumer’s demand. During this simulation, the
state of charge is managed between SOCmin = 30% and SOCmax = 100%. The satisfaction
of consumer increased when SOC = SOCmin and (Ppy + Pwr) < ProaD, but an excess of
production is evaluated when the SOC reaches SOCmax and (Ppy + Pwr) > Proap.

To further analyze the influence of optimal parameters on micro-grids through the
dynamic simulator proposed in this paper, the results of daily simulation, taking into
account optimal operating conditions, are illustrated in Figure 17a—c. These figures show
the day simulation results obtained on 29 September 2018 (from 12,864 to 12,912). It is
noticed, from Figure 17a, that the daily load curve shows two peaks; the first is around
noon and the second is in the evening. It is also clear that PV and wind generators can
meet load demand without the storage element.

The second peak is observed around the evening when the load was supplied by wind
and battery power. Indeed, during the night and the first hours, the power generated from
the PV source is null, so that the battery operates with a high capacity. In addition, we can
clearly see, from Figure 17b,c, that the stress on the batteries increases with the increase in
LPSP values (5% and 10%).
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Figure 17. (a) Results of the optimal solution obtained on 29 September 2018 for LPSP 0%; (b) results of the optimal solution
obtained on 29 September 2018 for LPSP 5%; (c) results of the optimal solution obtained on 29 September 2018 for LPSP 10%.

Consequently, the multi-objective optimization of the proposed multisource system
based on renewable energy (PV and WT) is applied for the economic activity zone: Coala
plant. The experimental results prove that the introduced micro-grid is an alternative
solution that allows supplying the Coala plant with load in order to reduce the energy
consumption cost and minimize the toxic gases” emission to the environment.

10. Conclusions

This paper analyses the optimal sizing of a hybrid renewable energy system as an
application for a specific economic activity zone in Tunisia (Coala plant, Sidi Bouzid) based
on real meteorological and load data. A simulation model used to describe the operation
of a hybrid micro-grid system, based on PV/wind/battery storage, was designed. In
this paper, the authors focus on three sensitivity indicators (Apy (m?), Awr (m?) and
Cn (Ah)). In addition, a sensitivity analysis study was carried out to find the range values.
The proposed multi-objective optimization based on genetic algorithm developed into
MATLAB program was successfully used to solve this optimization problem. The main
objective function is to minimize environmental and economic criteria under a given
technical criterion:

e Environmental criteria: EE and GHG emissions;
e  Economic criterion: LCC;
e  Technical criterion: LPSP.

The simulation was conducted in half-an-hour intervals for one year (17,520 interval)
under different criteria. Optimum system was calculated under three LPSP values (0%,
5% and 10%). For each selected LPSP ratio, a simulation of the energy exchange between
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all system components is provided and discussed. The simulation results show that the
lowest LPSP ratio corresponds to the higher GHG, EE, LCC, photovoltaic panels area (Apy),
wind turbines area (Awr), battery storage capacity (Cn) and vice versa. This means that
demanding higher energy reliability incurs higher energy cost and pollution. A statistical
and sensitivity analysis was carried out to evaluate the performance and calculate the
different powers of renewable energy sources. For 0% of LPSP, the optimal configuration
of PV/wind/battery system is composed of average Ppy = 21 kW and Py = 28 kW. The
total embodied energy EE is 4,928,000 MJ, GHG emissions are equal to 215,600 KgCO2eq
and LCC cost is 1,231,000 €. For the other LPSP ratios, the sensitivity criteria will decrease
by 30% and 15% for PV area, by 38% and 12% for the wind area and by 44% and 33% for
the battery capacity. Furthermore, the three objective functions (EE, GHG and LCC) are
also reduced with the increase in LPSP. These decreases are, respectively, by 26% and 29%
for the EE, by 25% and 25% for the GHG emissions and by 16% and 18% for the LCC costs.
This study is important for the Coala plant to reduce energy consumption cost and the
dependency of the factory on the national grid.
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Acronyms and Abbreviations

EAZ Economic Activity Zone

GHG Greenhouse Gas emissions

LCC Life Cycle Cost

EE Embodied Energy

LPSP Loss of Power Supply Probability

PV Photovoltaic modules

WT Wind Turbine

Bat Battery storage

Apy Photovoltaic panels area

AwT Wind Turbines area

Cn battery storage capacity

Pyt Power produced by wind turbine

Ppy Power produced by photovoltaic panels

[ Air density (kg/ m3)

v Wind speed (m/s)

Cp Turbine efficiency

nG Generator efficiency

I, Solar irradiance (W/ m?2)

nG Efficiency of PV modules

Tmp,STC Maximum point power efficiency under standard conditions test.
Efficiency of generator coefficient temperature

Te,nocr Temperature of operating cell under standard operating conditions.

Te Cell temperature

Ta Ambient temperature

SOC State of charge

Ubus Voltage of DC bus

At Step of simulation

Ncha Efficient of the battery during charging phase

Ndis Efficient of the battery during discharging phase

GA Genetic Algorithm

EE Embodied Energy

EEpy PV embodied energy

EEWT WT embodied energy

EEga; batteries embodied energy

GHGpy GHG emission of PV model

GHGwr GHG emission model of wind turbine

GHGgyt GHG emission model of batteries

LCCpy Economic model of PV

LCCwr Economic model of wind turbine

LCCpat Economic model of batteries

Pac Power of alternative load

Ppc Continuous load

Proap Power load



Energies 2021, 14, 5913 16 of 17

References

1.  Anoune, K; Ghazi, M.; Bouya, M.; Laknizi, A.; Ghazouani, M.; Abdellah, A.B.; Astito, A. Optimization and techno-economic
analysis of photovoltaic-wind-battery. J. Energy Storage 2020, 32, 101878. [CrossRef]

2. Nagapurkar, P; Smith, ].D. Techno-economic optimization and environmental Life Cycle Assessment. Energy Convers. Manag.
2019, 181, 272-291. [CrossRef]

3. Parashant, N.; Josef, D.S. Techno-economic optimization and social costs assessment of micogrid-conventional grid integration
using genetic algorithm and artificial neutral networks:A case study for two US cities. J. Clean. Prod. 2019, 229, 552-569.

4. Atia, R; Yamada, N. Sizing and Analysis of Renewable Energy and Battery Systems in Residential Microgrids. IEEE Trans. Smart
Grid 2016, 7, 1204-1213. [CrossRef]

5. Aghajani, G.; Ghadimi, N. Multi-objective energy management in a micro-grid. Energy Rep. 2018, 4, 218-225. [CrossRef]

6. Masrur, H; Howlader, H.O.R.; Elsayed Lotfy, M.; Khan, K.R.; Guerrero, ].M.; Senjyu, T. Analysis of Techno-Economic-
Environmental Suitability of an Isolated Microgrid System Located in a Remote Island of Bangladesh. Sustainability 2020,
12, 2880. [CrossRef]

7. Bukar, ALL; Tan, CW.,; Lau, K.Y. Optimal sizing of an autonomous photovoltaic/wind/battery/diesel generator microgrid using
grasshopper optimization algorithm. Sol. Energy 2019, 188, 685-696. [CrossRef]

8.  Diab, A.A.Z,; Sultan, HM.; Mohamed, 1.S.; Kuznetsov, O.N.; Do, T.D. Application of Different Optimization Algorithms
for Optimal Sizing of PV/Wind/Diesel/Battery Storage Stand-Alone Hybrid Microgrid. IEEE Access 2019, 7, 119223-119245.
[CrossRef]

9. Todde, G.; Murgia, L.; Carrelo, I.; Hogan, R.; Pazzona, A.; Ledda, L.; Narvarte, L. Embodied Energy and Environmental Impact of
Large-Power Stand-Alone Photovoltaic Irrigation Systems. Energies 2018, 11, 2110. [CrossRef]

10. Khenfous, S.; Kaabeche, A. Optimisation du dimensionnement d'un systéme hybride photovoltaique/éolien par des méthodes
méta heuristiques. Rev. Energ. Renouvelables 2017, 20, 267-284.

11.  Zhou, W.; Lou, C.; Li, Z,; Lu, L.; Yang, H. Current status of research on optimum sizing of stand-alone hybrid solar-wind power
generation systems. Appl. Energy 2010, 87, 380-389. [CrossRef]

12.  Liu, J.; Wang, M,; Peng, J.; Chen, X; Cao, S.; Yang, H. Techno-economic design optimization of hybrid renewable energy. Energy
Convers. Manag. 2020, 2013, 112868. [CrossRef]

13.  Cherif, H.; Belhadj, . Hybridization study of renewable multi-source systems based on environmental economic and technical
indicators. Int. J. Energy Technol. Policy 2020, 16, 85-103. [CrossRef]

14. Forough, A.B.; Roshandel, R. Lifetime optimization framework for a hybrid renewable energy system based on receding horizon
optimization. Energy 2018, 150, 617-630. [CrossRef]

15. Kaldate, A.; Kanase-Patil, A.; Lokhande, S. Optimization and techno-Economic Analysis of PV-Wind power systems for rural
location in India. E3S Web Conf. 2020, 170, 01015. [CrossRef]

16. Rezvani, A.; Gandomkar, M.; Izadbakhsh, M.; Ahmadi, A. Environmental /economic scheduling of a micro-grid with renewable.
J. Clean. Prod. 2015, 87, 216-226. [CrossRef]

17.  Nacer, T.; Hamidat, A.; Nadjemi, O. Techno-economic Impacts Analysis of a Hybrid Grid Connected Energy System Applied for
a Cattle Farm. Energy Procedia 2015, 75, 963-968. [CrossRef]

18. Ma, W,; Xue, X,; Liu, G.; Zhou, R. Techno-economic evaluation of a community-based hybrid renewable. Energy Convers. Manag.
2018, 171, 1737-1748. [CrossRef]

19. Hemeida, A.M.; El-Ahmar, M.H.; El-Sayed, A.M.; Hasanien, H.M.; Alkhalaf, S. Optimum design of hybrid wind/PV energy
system for remote area. Ain Shams Eng. J. 2019, 11, 11-23. [CrossRef]

20. Farahmand, M.Z.; Nazari, M.E.; Shamlou, S. Optimal sizing of an autonomous hybrid PV-wind system considering battery
and diesel generator. In Proceedings of the Iranian Conference on Electrical Engineering (ICEE), Tehran, Iran, 2 May 2017;
pp. 1048-1053.

21. Nugroho, O.V,; Pramono, N.F,; Hanafi, M.P,; Husnayain, F.; Utomo, A.R. Techno-economic analysis of hybrid Diesel-PV-Battery
system and hybrid Diesel-PV-Wind-Battery system in Eastern Indonesia. In Proceedings of the International Conference on Green
Energy and Environment (ICoGEE), Bangka Belitung Islands, Indonesia, 8 October 2020; Volume 599, p. 012031.

22.  Khlifi, F; Cherif, H.; Belhadj, J. Sizing and multi-objective optimization of a multisource micro-grid with storage for an economic
activity zone. In Proceedings of the International Conference on Advanced Systems and Emergent Technologies (IC_ASET),
Hammamet, Tunisia, 19-22 March 2019; pp. 369-374.

23.  Cherif, H.; Belhadj, J. Environmental Life Cycle Analysis of Water Desalination Processes. In Sustainable Desalination Handbook;
Butterworth-Heinemann: Oxford, UK, 2018; pp. 527-559.

24. Ahmad, J.; Imran, M.; Khalid, A.; Igbal, W.; Ashraf, S.R.; Adnan, M.; Ali, S.F,; Khokhar, K.S. Techno economic analysis of a
wind-photovoltaic-biomass hybrid renewable energy. Energy 2018, 148, 208-234. [CrossRef]

25. Elkadeem, M.R.; Wang, S.; Azmy, A.M.; Atiya, E.G.; Ullah, Z.; Sharshir, S.W. A systematic approach for planning and design of
hybrid renewable energy-based microgrid with techno-economic optimization: A case study on an urban community in Egypt.
Sustain. Cities Soc. 2020, 54, 102013. [CrossRef]

26. Xie, ].; Zhong, J.; Li, Z.; Gan, D. Environmental-economic unit commitment using mixed-integer linear programming. Eur. Trans.

Electr. Power 2011, 21, 772-786. [CrossRef]


http://doi.org/10.1016/j.est.2020.101878
http://doi.org/10.1016/j.enconman.2018.11.072
http://doi.org/10.1109/TSG.2016.2519541
http://doi.org/10.1016/j.egyr.2017.10.002
http://doi.org/10.3390/su12072880
http://doi.org/10.1016/j.solener.2019.06.050
http://doi.org/10.1109/ACCESS.2019.2936656
http://doi.org/10.3390/en11082110
http://doi.org/10.1016/j.apenergy.2009.08.012
http://doi.org/10.1016/j.enconman.2020.112868
http://doi.org/10.1504/IJETP.2020.103852
http://doi.org/10.1016/j.energy.2018.02.158
http://doi.org/10.1051/e3sconf/202017001015
http://doi.org/10.1016/j.jclepro.2014.09.088
http://doi.org/10.1016/j.egypro.2015.07.292
http://doi.org/10.1016/j.enconman.2018.06.109
http://doi.org/10.1016/j.asej.2019.08.005
http://doi.org/10.1016/j.energy.2018.01.133
http://doi.org/10.1016/j.scs.2019.102013
http://doi.org/10.1002/etep.476

Energies 2021, 14, 5913 17 of 17

27.

28.

29.

30.

31.

Wang, Y,; Li, F; Yu, H.; Wang, Y,; Qi, C,; Yang, ].; Song, F. Optimal operation of microgrid with multienergy complementary based
on moth flame. Energy Sources Part A Recovery Util. Environ. Eff. 2019, 42, 785-806. [CrossRef]

Ghorbani, N.; Kasaeian, A.; Toopshekan, A.; Bahrami, L.; Maghami, A. Optimizing a Hybrid Wind-PV-Battery System Using
GA-PSO and MOPSO for. Energy 2018, 154, 581-591. [CrossRef]

Ashtiani, M.N.; Toopshekan, A.; Astaraei, ER.; Yousefi, H.; Maleki, A. Techno-economic analysis of a grid-connected PV /battery
system using the teaching-learning-based optimization algorithm. Sol. Energy 2020, 203, 69-82. [CrossRef]

Fulzele, ].B.; Daigavane, M.B. Design and optimization of hybrid PV wind renewable energy system. Mater. Today Proc. 2018, 5,
810-818. [CrossRef]

Jung, W.; Jeong, J.; Kim, J.; Chang, D. Optimization of hybrid off-grid system consisting of renewables and Li-ion batteries. J.
Power Sources 2020, 451, 227754. [CrossRef]


http://doi.org/10.1080/15567036.2019.1587067
http://doi.org/10.1016/j.energy.2017.12.057
http://doi.org/10.1016/j.solener.2020.04.007
http://doi.org/10.1016/j.matpr.2017.11.151
http://doi.org/10.1016/j.jpowsour.2020.227754

	Introduction 
	System Arrangement 
	Wind Turbine Model 
	Photovoltaic Model 
	Battery Storage Energy Modeling 

	Strategy for Energy Management 
	Problem Formulation 
	Objective Functions 
	Embodied Energy (EE) 
	GHG Emissions Gas 


	Life Cycle Cost (LCC) 
	Constraints 
	Dynamic Simulator Description 
	Optimization Results and Discussion 
	Implements Results 
	Conclusions 
	References

