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Hybrid micro-grid systems (HMGS) are small scale power system where the energy sources are installed
to supply local customers. These systems may be considered as promising energy solution to meet the
increased in energy demand and traditional sources depletion. Cost of electricity, system reliability,
and environmental impacts of the system are three design criteria that must be considered in obtaining
the accurate parameters of hybrid renewable energy system components. In this paper, hybrid micro-grid
renewable energy system includes photovoltaic system, (PV) wind energy system, (WES) battery bank,
(BB) and conventional diesel generator (DG) are proposed to meet the energy requirements in remote
area, located in Red Sea called city of Bernice, Egypt, at 23� 540 3100 N, 35� 280 2100 E. Optimization of
Cost of Electricity (COE), Renewable Factor (RF), and Loss of Power Supply Probability (LPSP) are main
objective of the designing process of the hybrid system considered as the objective functions. Then,
Multi-objective multi-verse optimization (MOMVO) algorithm is used with considering two scenarios,
the first one is renewable sources and the second is renewable/diesel energy source. All the possible
HMGS configurations namely: PV/battery, wind/battery, PV/wind/battery and PV/battery/diesel, wind/-
battery/diesel, PV/wind/battery/diesel are studied and analyzed. Moreover, one year hourly meteorolog-
ical weather data for case study are recorded. Reverse osmosis desalination (ROD) is considered in
conjunction with the residential load. The proposed power management strategy is used to manage
the system operation when supplying the load. A linear fuzzy membership function is used for purpose
of decision making. The simulation results show that MOMVO produces appropriate components size and
the PV/wind/battery/diesel is the optimum configuration with values of COE = 0.2720$/KWh,
LPSP = 0.1397, and RF = 92.37% at w1 = 0.5, w2 = 0.3, and w3 = 0.2. Sensitivity analysis is performed to
show the effect of changing system parameters on the objective functions. It is also shown that the
techno-economic feasibility of using HMGS for rural electrification systems and enhance energy access.

� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Nowadays, most of the world countries face shortage of Petro-
leum and worst energy crises, so that, most of the countries tar-
geted a considerable access to renewable energy resources which
are a promising solution for such problem. However, renewable
sources such as solar, wind, or hydro power, which offer promising
alternative renewable sources for conventional fossil fuel, even in
remote and undeveloped regions which appear as isolated hybrid
micro-grid systems. Actually, these energy systems are mainly

http://crossmark.crossref.org/dialog/?doi=10.1016/j.asej.2021.06.028&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.asej.2021.06.028
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.asej.2021.06.028
http://www.sciencedirect.com/science/journal/20904479
http://www.sciencedirect.com


Ashraf Mohamed Hemeida, Ahmed Shaban Omer, A.M. Bahaa-Eldin et al. Ain Shams Engineering Journal 13 (2022) 101543
implemented rural areas for generating electricity; there are about
1.5 billion people still living in small villages far from electric net-
works in the world [1].

Egypt has various opportunities for applying renewable energy
technologies to achieve sustainability in its energy sector to meet
the growing needs of economic growth and development. How-
ever, the available energy resources are limited to oil and gas
which feed electricity generation plants. The oil is almost inter-
nally used, the natural gas is available just to cover 30 years of
the current consumption [2]. The Egyptian government has recog-
nized this opportunity in its Integrated Sustainable Energy Strat-
egy, which seeks to availability of energy with constant and
clean renewable sources through development of technologies
implemented to renewable resources. The government’s latest tar-
gets are to save 20% of energy generation from renewable
resources by 2022, and 42% by 2035 [3].

Quality of power supply and fast power network development
are some advantages of the centralized power network architec-
ture. Nowadays, the centralized power distribution systems begin
to be decentralized to maximize the renewable energy sources
sharing. A Hybrid micro-grid system is known as a small-scale
energy distribution system built to be a domestic source for a
few number of users. HMGS is incorporated to the utility grid, or
works at stand-alone mode [4,5].

Beside energy demand, fresh water is also an urgent need for
the well-being of mankind. It is well known that 10.6% of the
world’s population miss sources of pure water [6]; the majority
of them live in rural area. In addition to freshwater leakage, climate
change, and the increase in population, the world faces a big prob-
lem of saving fresh water currently and in the future [7]. Currently,
the utilization of Reverse Osmosis Desalination (ROD) system sup-
plied by renewable energy systems such as PV, and WES offers a
promising solution for saving fresh water [8–10].

The establishment of a HMGS needs a thorough analysis for
finding the accurate parameters of energy mix and device sizes
as per load demand [11].

In accurate capacity systems of the hybrid micro-grid systems
with or without storage system, many technical studies have been
made [12–15]. For example, in [5], HMGS includes PV/WES and
hydrogen energy storage considering the system component
outages and applying PSO optimization technique. The effect of
system components’ outages on its expenses and efficiency are also
studied. A hybrid wind and battery system using design-space
approach was investigated [15]. A hybrid PV and diesel system
has been studied in [16,17], the calculated responses indicate that
the combination of PV and wind with diesel generator can improve
system reliability, and reduce the energy cost. Ref. [17] proposed a
PV system integrated with diesel generator and flywheel energy
storage system; the study concluded by increasing the renewable
fraction of fuel consumption, Cost of Electricity (COE), total Net
Present Cost (NPC), and CO2 emissions can be minimized. A hybrid
system consists of PV/wind/Fuel cell and hydrogen tank as energy
storage system was investigated in [18]. The study was to decrease
the cost using particle swarm optimization PSO.

Designing (HMGS) with low adverse techno-economic and eco-
logical effect is one of its development challenges. In general, many
software tools have been used over the years to determine HMGS,
including or without storage system and conventional source. The
commonly used software is HYBRID2, HOMER, SOLSIM, PV-DESIGN
PRO PVSYST, and SOMES [19–21]. A review of the advantages and
disadvantages of the software used to optimize HMGS can be found
in [22]. The bio-inspired optimization (BO) techniques have also
been intensively developed and used nowadays. They can raise
the hybrid system efficiency through implementation of optimiza-
tion techniques for obtaining the optimum configuration, perfor-
mance, size and cost. They can optimize the HMGS in a single or
2

multi-objective framework considering technical and economic
objectives and finding the accurate system parameters [23].
Genetic algorithm (GA) was commonly used to optimize HMGS
that have multiple decisions’ variables, and its performance was
reported [24,25]. It provides a HMGS with different components
sizes to meet the load in a certain region and optimizing them
according to the given fitness function. The main drawback of this
technique is that it is not easy to be coded [28–30]. Another simple
technique is implemented namely, (PSO). It has advantages of easy
coding, control parameters robustness, shorter calculation time,
computational efficiency and stable convergence characteristics
[26,27]. Recently, some studies considered the problem in a
multi-objective framework. In [28] MOPSO was used to optimize
an HMGS consisting of PV/wind/battery and conventional source
to meet power demand. The objectives of the study were the opti-
mization of the COE, and LPSP.

Actually, there are many studies which address HMGS design
and optimization. On the other hand, there are few studies that
consider a water desalination system as a load demand in conjunc-
tion with main electrical load. In some studies, ROD system sup-
plied by renewable energy systems is reported. For example, in
[29] ROD system supplied by wind energy is presented, by PV sys-
tem, in [30], and by hybrid renewable energy in [19,31–34]. More-
over, ROD unit supplied by hybrid (PV and wind) provides a
promising solution for fresh water shortage in rural and remote
areas [35–38].

GA-PSO is integrated with (MOPSO) for designing Wind Energy-
Photovoltaic-Battery system to raise the system reliability and
decreasing the total system costs. The GA-PSO is selected for its
capability in single objective problems. The MOPSO is able to solve
optimization approach with multi-functions in their forms [39].
The optimized parameters of the PV, Wind system and Battery
system-based GA-PSO, and MOPSO were compared with HOMER.
The comparative study proves the accuracy of the proposed opti-
mization technique in terms of reducing the cost and increasing
the hybrid system stability.

Optimization of hybrid photovoltaic (PV) energy system/Diesel
generator (DG) is developed via utilizing the HOMER software for
Khorfakkan city, Sharjah, U.A.E. The HOMER software was utilized
to simulate the suggested model and performing the overall sys-
tem analysis. The obtained results approved the efficiency and
strength of the HOMER software in developing the hybrid PV/Die-
sel energy system in reducing the costs and reducing gas emission
[40].

The mixed-integer linear programming (MILP) optimization
technique was utilized for developing hybrid PV/WES to provides
the energy needed for industrial loads [41]. The nature of loads
and variation of loads through the year were considered for the
study. The optimized hybrid Wind-PV energy system was devel-
oped for rural areas.

The reduction in (LPSP) of load and whole electricity cost were
used as objectives to optimize a standalone hybrid wind/PV energy
system improved battery/supercapacitor system [42]. The multi-
objectives based genetic algorithms were used to develop the opti-
mum Wind/PV system. The optimum hybrid wind/PV energy sys-
tem was developed based on various economic analysis.

Hybrid Wind/PV integrated with Diesel generator energy sys-
tem was utilized for supplying the different configuration of an
island load, such as water desalination, and thermal energy. Vari-
ous processes of desalination were utilized for selecting the suit-
able one [43]. This indicates that the required parameters of the
hybrid energy system for supplying such island loads can be easily
determined.

The modified Crow search algorithm (CSA) was applied for find-
ing the accurate parameters of hybrid PV/DG/FC energy system.
The optimality process was obtained based on LPSP and renewable
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energy portion (REP) for decreasing (TNPC). The optimized hybrid
PV/DG/FC energy system based on improved CSA provides more
reliable, and cost-effective in comparison with convention CSA,
GA and PSO [44].

The differential evolution (DE) algorithm was implemented in a
form of quantum PSO, (QPSO) and improved QPSO for accurate
configuration of hybrid energy systems in two cases. The opti-
mized hybrid renewable sources systems’ cases were based on
conventional and QPSO and improved QPSO. The suggested hybrid
system consists of renewable source/micro-gas turbine/battery
system [45]. The results show that the improved QPSO provides
better results than the conventional QPSO.

A stochastic model predictive control was applied to energy
scheduled in smart home, as well as to cooperative energy distri-
bution for micro-grids [46–48].

The PSO optimization technique was implemented to calculate
the accurate parameters of hybrid Wind/Tidal/PV/Battery energy
system. The optimization process of the hybrid energy system
parameters was calculated according to high reliability, and econo-
metrics [49]. The obtained results prove specific decrease in the
system’s overall cost, and accuracy. The hybrid energy source
was proposed for a rural area in France. A Hybrid PV/Wind/Pumped
hydro energy storage (PHES) was designed and optimized based on
genetic algorithm approach in a coastline area under the authority
of the Nigerian local government [50]. The optimization process
was developed in decreasing the whole expenses of the suggested
hybrid energy system. The response shows the effectiveness of the
proposed technique in supporting sustainable development. A
standalone hybrid PV/Wind/Electromechanical storage renewable
sources applied in a remote area in Borj Cedria, Tunisia, was opti-
mized and designed based on evolutionary algorithm (EA) [51].
The EA was implemented for determining the accurate parameters
of hybrid renewable energy system components. The results show
the relevance of the proposed hybrid renewable energy system
parameters for such real case. A complete scanning on optimizing
the parameters of hybrid PV-Wind energy systems was discussed
and investigated [52].

Hybrid Renewable sources incorporated with energy storage
system are installed in medium voltage distribution system. The
model predictive technique is applied to follow up the variation
of power in the system [53]. The technique was successful in
reducing the energy losses in the distribution system, which leads
to minimize the daily cost of the system. Hybrid model predictive
control integrated with both genetic algorithm and linear pro-
gramming are implemented to adapt the configuration of smart
home appliances [48]. The studied smart home has different
energy systems such as electric vehicle, photovoltaic system, and
diesel generator. Optimal Charging Management of Plug-In Electric
Vehicles is implemented for development of robust operation of
flexible Distribution system [54]. A complete analysis of the stud-
ied system with the proposed techniques was completely investi-
gated and addressed.

Based on this extensive literature review, many configurations
of AC, DC, or hybrid microgrids have been optimized in different
locations using variety of procedures and optimization techniques.
Due to the increasing focus on this area, it is essential to assess the
operation of the hybrid systems driven the loads of the remote
communities in Egypt using intelligent procedures such as meta-
heuristic multi-objective optimization techniques which faces
tremendous concern in recent work. Therefore, the target of this
paper is to find the optimal components sizing of renewable

sources-based hybrid micro-grid system. In order to do this,
(MOMVO) technique is applied to account for technical, economic,
and environmental criteria for designing HMGS. The objective
functions considered are COE, LPSP, and RF. The meteorological
3

data for Berenice city in Egypt is used as a case study. The obtained
results show high accuracy when compared with other techniques.

The paper is organized as the follows: the current Section 1 pro-
vides an introduction and a review of literature; Section 2 presents
the case study and a description of the HMGS used in the study.
Modeling of the components is provided in Section 3; Section 4
presents multi-objective, multi verse optimization algorithm; a
discussion of the results is introduced in Section 5; and Section 6
provides the work conclusion.

2. Case study

Egypt has planned to provide 53% of energy by utilization of
renewable resources by 2035 [55]. With renewable sources, fuels
and heat all factored in, the RE map analysis shows that renewable
sources could contribute by about 22% of Egypt’s energy supply in
2030, up from just 5% overall in 2014 [56,57]. This study addresses
the hourly meteorological data for Berenice city which are used to
optimize a HMGS. Berenice is located at the Red Sea castle of Egypt
at 23� 540 3100 N, 35� 280 2100 E. Fig. 1(a), (b) show the location of
Berenice city in the Egypt atlas of horizontal solar irradiation and
wind speed [58].

3. Modeling of the hybrid micro-grid system

The HMGS implemented, and the system details are given in
[57]. Renewable generation mainly depends on whether condition,
so, utilizing traditional energy sources are basically required for
system stability and power continuity. The configuration of the
HMGS is represented according to Fig. 2.

3.1. HMGS components

3.1.1. PV system
Power produced out of the PV energy system is estimated

according to the solar radiation and the cell temperature by the
formulas [41,59,60]:

ppv�out ¼ pN�pv � ð G
Gref

Þ � ð1þ KtðTamb þ 0:0256� Gð Þ � Tref ð1Þ

The hourly temperature and the global horizontal radiation are
as in Fig. 3 and Fig. 4 respectively.

3.1.2. Wind energy system
In general, wind speed is an uncertainty factor. As a result, the

wind speed can be obtained using the following formula [61,62].

v2

v1
¼ ðh2

h1
Þ
a

ð2Þ

The wind turbines power output can be calculated as [63]:

0; V < Vcut�in;V > Vcut�out

V3 Prated
V3
rated�V3

cut�in

� �
� Prated

V3
cut�in

V3
rated�V3

cut�in

� �
; Vcut�in � V < Vrated

Prated; Vrated � V < Vcut�out

8>><
>>:

9>>=
>>;

ð3Þ
The hourly wind speed is shown in Fig. 5.

3.1.3. Diesel genrator
Light load operation or unbalanced operation of diesel genera-

tor should be excluded. Fuel consumption at each hour for the die-
sel generator is expected using the following formula [13,64,65]:

q tð Þ ¼ a � p tð Þ þ b � pr ð4Þ



Fig. 1. (a) Global horizontal irradiation in Egypt, (b) Wind power density at height of 100 m.

Fig. 2. Proposed HMGS used in the study.

Ashraf Mohamed Hemeida, Ahmed Shaban Omer, A.M. Bahaa-Eldin et al. Ain Shams Engineering Journal 13 (2022) 101543

4



Fig. 3. Hourly ambient temperature.

Fig. 4. Hourly solar radiation (W/m2).

Fig. 5. Hourly wind speed at 10 m height.
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3.1.4. Battery bank
Battery bank energy storage capacity (kWh) can be estimated

depending on the load power and autonomy days by implementing
the following expression [66]:

CB ¼ EL � AD
DOD � ginv � gb

ð5Þ
3.1.5. Inverter the inverter efficiency is estimated by [67]

ginv ¼ P

P þ PO þ KP2 ð6Þ

Po ¼ 1� 99ð10
g10

� 1
g100

� 9Þ
2

ð7Þ

K ¼ 1
g100

� PO � 1 ð8Þ
5

P ¼ Pout

Pn
ð9Þ

where, g10, and g100 are the inverter efficiencies at minimum and
maximum loading conditions. Techno-Economic parameters of the
HMGS components used in the study is found in [28].

3.1.6. Reverse osmosis desalination (ROD)
The energy per hour or the power required for the unit (PDEM)

can be calculated as following [68]:

PDEM ¼ EDEM ¼ HWD:SDC ð10Þ
where, HWD is the hourly volumetric freshwater demand, SDC is the
mean energy needed for desalination. In recent days, ROD units
require about 2–4 kWh to produce 1 m3 of fresh water [69]. In
the current study, a value of 4 kW h/m3 is taken to present for
the entire desalination process and apparatus (pumps, membranes,
and energy recovery systems). The daily fresh water that can be
produced from the ROD unit can be obtained from the following
equation [70]:



Fig. 6. (a) Hourly load profile for single house (W), (b) Hourly Fresh water demand (m3).
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DWC ¼ 24
PD

SDC

� �
ð11Þ

where PD is the installed power of desalination system, and it is
taken in the study as a free variable. Because of the ROD mem-
brane’s characteristic curve, the ROD system is operating within
minimum and maximum load demand and nominal established
power [71–73].

PMD � PDES � PDI ð12Þ
where, PDES is the hourly power consumed by the desalination sys-
tem, PMD is the minimum load, and PDI is the installed power. The
minimum operation condition is due to the lower pressure needed
to avoid the osmotic compression and to locate desalination unit
up. Moreover, operating the ROD in low loads has an impact to
the pure water production, but this is out of the current study
scope. In the current study, the technical minimum power is consid-
ered at 25% of the nominal installed power. In the present study,
two days are considered as storage autonomy. The pure water
reservoir is calculated by:

VTC ¼ 2 � DWD ð13Þ
where, VTC is capacity of the freshwater tank (m3), and DWD is the
daily pure water needed (m3). The techno-economic details of the
various HMGS devices used in the work are given in [28].

3.2. Techno-economic parameters of the HMGS components

For a well-Optimized hybrid stand-alone micro-grid system, the
economic assessment is one of the key variables to guarantee the
optimum system configuration and the system parameters is given
in [28].

3.3. Load profiles

The load characteristics for a certain area is an important com-
ponent in optimizing and sizing a reliable and cost effective HMGS.
In the present study, two load profiles are considered: one to rep-
resent the load of the household, and the other to represent the
reverse osmosis system. The hourly load profile is shown in
Fig. 6. The upper limit of the load is considered as 2 kW, and the
daily main load is 1 KW. Fig. 7 represents the daily freshwater
demand.
6

3.4. HMGS energy management strategy

The proposed HMGS are shown in Fig. 7. There are four scenar-
ios considered for the proposed energy management in this study
is given in [28].

4. Multi-objective optimization

Smaller scale grid optimization issue is typically framed in a
multi-objective structure related to the following formula:

f xð Þ ¼

f 1ðxÞ
f 2 xð Þ
:

:

:

f nðxÞ

2
666666664

3
777777775
; subjected to

G xð Þ � 0
H xð Þ ¼ o

� �
ð14Þ

where x ¼ ½x1; x2; x3; � � � � � � � � � � � � ; xm� is the control vectors, and
f xð Þ ¼ f 1 xð Þ; f 2 xð Þ; � � � ::; f mðxÞ are the objective functions’ values;
4.1. Objective functions

In the current article, three objectives are considered (COE,
(LPSP), and Renewable Factor (RF). These objectives are considered
during the optimization process to count for the economic, techni-
cal, and environmental optimization ceriateria of hybrid renewable
sources-based microgrid system.
4.1.1. Cost of Electricty (COE)
It is characterized as unit of cost per unit of delivered energy

produced by hybrid micro-grid ($/kWh) as in the accompanying
expression [74,75]:

COE ¼ Total Net Presnt Cost ðNPCÞPh¼8760
h¼1 PlðhÞ

� CRF ð15Þ

The capital recovery factor CRF is characterized as:

CRF ¼ iðiþ 1Þn
ðiþ 1Þn � 1

ð16Þ



Fig. 7. Main flowchart of the HMGS energy management strategy.
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4.1.2. Loss of Power Supply Probability (LPSP)
The subsequent objective function is the (LPSP). Where, the

smaller scale structuring in islanded mode; and it is critical to
increase the system dependability by minimizing the LPSP due to
insufficient energy to supply the load. Factually, (LPSP) can be
determined utilizing the accompanying formulas [76,77]:

LPSP ¼
P

PLðtÞ � ðPW tð Þ þ PPV tð Þ þ Eb t � 1ð Þ � Ebminð Þ þ PdieselÞP
PLðtÞ ð17Þ
4.1.3. Renewable Factor (RF)
Renewable Factor (RF) is estimated to account for the rate of

conventional diesel generation to renewable sources production.
Here, the goal is to minimize the conventional diesel power output
which results in minimizing operation cost and CO2 emissions.
Renewable Factor can be estimated by the following equation
[78,79,80]:
7

RF ¼ 1�
P

PdieselP
Ppv þ Pw

� �
� 100 ð18Þ
4.2. Multi-Objective Multi-Verse Optimization Algorithm MOMVO

4.2.1. Multi-verse optimization algorithm (MOMVO)
The Multi-Verse Optimization algorithm [81] simulates one of

the physical theories of multiple universes’ existence in the world.
The model for MVO can be described as follows [82]:

The MVO algorithm’s main equation is:

xji ¼
xj þ TDR� ubj � lbj

� �� r4 þ lbj
� �

r3 < 0:5
xj � TDR� ubj � lbj

� �� r4 þ lbj
� �

r3 � 0:5

(
r2 < WEP

xji r2 � WEP

8>><
>>:

ð19Þ
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The (WEP), and (TDR); are represented by the following
formulas:

WEP ¼ minþ l� WEPmax �WEPmin

L

� �
ð20Þ
TDR ¼ 1� l1=p

L1=p

 !
ð21Þ

where WEPmin = 0.2, WEPmax = 1, l and L indicate the present itera-
tion and the upper iteration. p is the exploitation quality and its
amount equals to 6 as recommended in [82].
start
Ini�alize op�miza�

parameters in tables.1

Calculate outputs of PV, W
and Ba�ery equa�ons 1

Obtain leaders for the fi
values

Save non-dominated solu
the Pareto archive equ

Run the energy manage
strategy in fig.7

Evaluate the fitness value
RF, and LPSP)

Result: Pareto Solu�ons

Iter<max.Itera�on

R

Apply the fuzzy decision-making 
process using equa�ons equ 

(24,25) 

Output Pareto set with the 
selected solu�ons highlighted  

End

Fig. 8. Complete flowchart for the optimizat
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4.2.2. The multi-objective version of the MVO
The modification version of MVO is the same as those in MOPSO

and PAES [83].
MOMVO is needed to choose the optimum, and enhance the

distribution, so that the following formula is implemented through
the desired objectives:

Pi ¼ c
Ni

ð22Þ

The following formula is applied to exclude the undesired prob-
ability solutions by MOMVO algorithm.
on 
 (a,b)

T, Diesel, 
 to 13

tness 

�ons to 
. (22)

ment 

s (COE, 

Update TDR and WEP in 
equa�ons (20,21)

Calculate universes with the 
updated values

Save non-dominated solu�ons to 
the archive with extrac�ng all 

dominated solu�ons. 

Achieve size>max. 
archive size 

emove solu�ons form 
the archive using 

equa�on (23) 

Non-dominated sor�ng 
using equa�on (22) 

Iter=Iter+1

ion process with the proposed MOMVO.



Table 1
(a) Minimum and maximum
limits of the decision variables.

Variable Min Max

PV 15 45
WT 1 10
AD 1 5
Pg 1 4

Table 2
(b) Parameters of the proposed MOMVO.

Max_iter 100

Max.archive size 100
WEP.max 1
WEP.min 0.2
Max. number of members 100
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P
0
i ¼

Ni

c
ð23Þ

Where c is a constant and must be >1 and Ni is the available of
solutions in the vicinity of the i-th solution [84].

4.3. Fuzzy decision making

The multi-objective optimization process produces a set of opti-
mal solutions rather than one single solution, then, the decision
maker ought to select the best compromise; one which depends
on many factors like the decision maker experience and the prior-
ity of the design criteria. The fuzzy method can be used to obtain
the best compromise solution. Generally, each objective function
is expressed in a distinct membership function that can be
designed according to the decision maker’s experience. In this
work, for each objective function, a simple membership function
in a linear form has been considered. The linear membership func-
tion may be obtained as follow [85,86]:
Fig. 9. Pareto solutions obtinaed by MOMVO
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li ¼
1 f i � f min

i

fmax
i �f i

f max
i �f min

i
f max
i < f i < f max

i

0 f i> f max
i

8>><
>>: ð24Þ

where f i is the ith objective function, andf min
i andf max

i are the mini-
mum and maximum limits of the satisfaction of the decision maker
for the objective function. The satisfaction degree for each of the
objective function has been represented as a membership function
variates from zero to one [0,1]. The value liaccounts for the satis-
faction degree. Where, (li = 1) means completely satisfactory and
(li = 0) completely unsatisfactory. The decision maker can be real-
ized by the fuzzy membership function, as well as normalizing the
different objective functions units into the same range of 0 ~ 1. The
fuzzy normalized function lkcan be obtained by [87]:

lk ¼
PNobj

i¼1 xilk
iPM

k¼1

PNobj
i¼1 xilk

i

ð25Þ
for all the three cases in scenario (1).



Table.3
Best compromise solutions for scenario (1).

HMGS PV AD WT COE LPSP

PV/Battery 30.2 1 – 0.1065 0.556
Wind/battery – 1.04 10 0.0525 0.7476
PV/wind/battery 25.63 1 10 0.1295 0.4334

Ashraf Mohamed Hemeida, Ahmed Shaban Omer, A.M. Bahaa-Eldin et al. Ain Shams Engineering Journal 13 (2022) 101543
wherek,Nob, and xiare kih value of the non-dominated solution, the
objective functions number, and the ith objective function’s weight
factor, respectively. A Complete flowchart for the optimization pro-
cess with the proposed MOMVO Fig. 8.

4.4. Decision variables and optimization parameters

The decision variables considered are given in Table 1. And the
optimization parameters are in Table 2
5. Results and discussion

The city of Bernice is implemented as a case study to investigate
the availability of designing a micro-grid system in the Egyptian
rural areas. First, the simulation results will be discussed. Then, a
sensitivity analysis and a comparative study will be made.

5.1. Simulation results

In order to study all the available configuration of the renew-
able sources based micro-grid system, the work is divided into
two main scenarios namely, Only Renewable, and Renewable with
diesel generator.

5.1.1. Scenario (1): Only renewable/Reverse osmosis desalination
system (ROD)

In the first scenario, only renewable sources are considered and
optimized. Combining all the renewable sources results in three
different shapes namely, PV/Battery, Wind/Battery, and,
PV/Wind/Battery. In this scenario, no diesel generator is used;
therefore, only two objective functions are considered COE and
LPSP. The Pareto solutions calculated for these three cases are illus-
trated in Fig. 9. The MOMVO algorithm is run with100 individual
population and100 iteration. And for purpose of compression, the
weight factor of the fuzzy membership function is taken to be
w1 = w2 = 0.5. Hence, the best compromise solutions obtained for
the three cases are listed in Table 3. One of the advantages of Par-
eto solutions is to provide a set of solutions available to the
decision-making, rather than one single solution. For PV/Battery,
the best compromise solution is found to be LPSP = 0.556, and
COE = 0.1065 $/KWh. It is clear the COE is good, but the value of
the LPSP is slightly high which means that the reliability of the sys-
tem is poor. For Wind/Battery, the best compromise solution is
LPSP = 0.7476, and COE = 0.0525 $/KWh. The initial and mainte-
nance cost of the wind turbines are relatively low which results
in lower value of the COE. But the wind speed in the selected case
study is relatively low all over the year which results in high value
for the LPSP. When complaining PV/Wind/Battery the value of the
COE is 0.1295 $/KWh, and LPSP is 0.4334. The COE is higher than
both of the two previous cases, but when combining PV with wind
turbines the system reliability improves.

The operation of the HMGS for one week horizon is shown in
Fig. 10. The resedintial load demand Load(Res), power demand for
reverse osmosis desalination system PDes, the output power of
the various devices in the system and the battery energy are all
plotted versus the time in hour. For the case of PV/Battery, the
sun rises for part of the day, the produced energy of the PV system
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in these hours of the day supplies the load required and charges
the battery which is dicharged at the end hours of the day to pro-
vides the required energy. Other part of the day and the night the
battery is at its lower limit of charge and the system fails to supply
the resedential load and the desalination system. For the second
case, wind/battery HMGS, the output of the wind turbine is lower
than that for the PV system in the first case, where the wind speed
is slightly low, especially at day hours, the battery is charged at
night and charges at the first hours of the day. It is obvious that
the hours of the day at which the system is unable to supply the
load needed is higher than the first case of PV/battery. The third
case is a combination of both PV with wind power PV/Wind/Bat-
tery. It is clear that the HMGS operation is improved where the
hours of the day at which the system is unable to meet the load
are much lower than both the two prevoius cases. At day hours,
the production of PV system combined with the production of
wind can cover the required energy if the wind speed is high
enough to generate power; the remainning power is applied to
provides e battery which discharges and supplies the load at after-
noon hours of the day, but the system is still unable to meet the
load at all the day hours.

The power contribution of the various components in the HMGS
for the three cases in scenario (1) are shown in Fig. 11. Where, for
the first case of PV/battery, the PV panels participate by 93% of the
overall power supplied to the load, and the battery by only 7%,
where there is small power amout to charge the battery which
can be discharged again and supply the load. And in the second
case, the wind participates by 96% and the battery only 4%. For
the system of PV/Wind/Battery, the PV produces 57%, the wind tru-
bine produces 38%, and the battery participates by 5% of the overall
power supplied to the load in one year.
5.1.1.1. Scenario (2): Renewable/Diesel/Reverse osmosis desalination
system (ROD). In scenario (2), a conventional diesel generator is
applied as a backup source which is turned on when the renewable
sources are unable to supply the required loads. As a result of using
diesel generator, the environmental impact of the diesel could be
considered. Hence, the objective functions are the COE, LPSP, and
the RF. The MOMVOA is run with100 individual population
and100 iteration. And for purpose of compression, the weight fac-
tor of the fuzzy membership function is taken to be w1 = 0.5,
w2 = 0.3, and w3 = 0.2. Hence, the best compromise solutions
obtained for the three cases are listed in Table 4. The Pareto solu-
tions obtained for the three cases in scenario (2) are shown in
Fig. 12. For PV/battery/diesel, the system reliability is obviously
improved where, the LPSP is 0.2447, but the cost of the electricity
is higher without using diesel where, the COE is 0.2494 $/KWh, and
the renewable factor is RF = 84.25%. For the second case of wind/-
battery/diesel, the fuzzy best compromise solution is at
LPSP = 0.3901, COE = 0.3257, and RF = �34.65%. As previously
explained, the renewable factor is considered to account for the
renewable penetration and is equal to one minus the sum of diesel
output divided by the renewable output all over the year. When
the RF equal unity it means that the system operates at full renew-
able sources and no diesel is used, and if the RF close to zero, it
means that the diesel output is equal to the renewable output all
over the year. The negative value of the RF factor in this case means



Fig. 10. One week operation of the HMGS for all the three cases in scenario (1).

Fig. 11. Yearly power contribution of the various components in the HMGS for scenario (1).

Table.4
Best compromise solutions for scenario (2).

HMGS PV Wind AD Diesel COE($/KWh) LPSP RF (%)

PV/Battery/diesel 45 – 4.4728 1 0.2494 0.2447 84.25
Wind/battery/diesel – 10 4.4559 2 0.3257 V �34.65
PV/wind/battery/diesel 45 10 4.9717 1 0.2720 0.1397 92.37
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Fig. 12. Pareto solutions obtained for all the three cases in scenario (2).
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that the diesel output is greater than the renewable output and the
system mainly depends on the diesel to supply the load due to low
wind output power through the year.

When combining PV with the wind turbines and diesel genera-
tor the results are COE = 0.2720$/KWh, LPSP = 0.1397, and
RF = 92.37%. The system reliability is improved and is better than
all the previous configurations. The COE is slightly greater than
first case but is lower than the second case. And the renewable fac-
tor is better than both the two previous cases, where the system
mainly function of renewable power from the solar system and
the produced energy from the wind. The diesel generator operates
as a backup energy source when the solar system and the wind tur-
bines are unable to provide the required load. Simulation results
for all the three cases in scenario (2) are listed in Table 4.
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The operation of all the three possible configurations for the
second scenario is described in Fig. 13. The output of the sources
and the power of the battery are plotted for one week time horizon.
For the first case of PV/Battery/Diesel, the solar power reaches its
maximum value at the midday hours, this energy is enough to sup-
ply the required loads and the extra energy is applied to provide
the battery bank. At this time, the diesel generator is off. In the
afternoon when the output of the PV system falls the battery deli-
ver the energy to cover the required load. At night, there is no
energy from the PV panels and the battery bank is at its lower state
of charge; at this time, the diesel is turned on to supply the load
and charge the battery if there is extra energy. For the second con-
figuration Wind/battery/diesel, the generated energy of the wind
system is much lower than the solar power which results in higher
number of diesel generators and the diesel hours of operation is
higher than the first case. Finally, when combining both PV with
wind system integrated with diesel generator, the HMGS operation
is improved. Where, at the sunny hours of the day, the output
power from the PV panels may be sometimes enough to cover
the needed loads, and the excess power combined with the power
from the wind system is applied to deliver the energy to the bat-
tery which is used when the PV power fails to cover the load with
the wind power. The diesel generator operates only if the output
from the renewable system is not enough to cover the load and
the battery at its lower state of charge; so, the diesel usually oper-
ates at night as a backup energy system.

Another simulation results are plotted in Fig. 14. This shows the
yearly power contribution for the various components in the
HMGS for all the three cases in scenario (2). For the first configura-
tion of PV/battery/diesel, the PV system participates by 73% of the
total power supplied to the load; the battery participates by 16%
and the diesel by the remaining 11%. For the second configuration,
the system mainly depends on the diesel generator as previously
mentioned; so, the diesel participates by 55%, the wind system
by only 41%, and the battery by 4%. In this case there is not enough
excess power to charge the battery which is the reason for only 4%
participation of the battery bank. Finally, for the third configura-
tion of PV/Wind/Battery/diesel, the PV system participates by
57%, the wind system by 22%, the battery bank by 15%, and the die-
sel by 4%.
5.2. Sensitivity analysis results

The sensitivity analysis is estimated to quantify the impact of
the design parameter on the HMGS system behavior, as shown in
Fig. 15. The techno-economic and environmental criteria are plot-
ted versus the variation of the design parameters and the number
of houses as varied from 0% to 200% of the optimal solution for the
configuration consists of PV/Wind/Battery/Diesel. For the variation
of the capacity of the PV, it affects somewhat linearly the COE; the
LPSP decreases to 50 KW of the PV then its variation can be
neglected. Also, the RF increases to about 50KW, and its value is
constant. The impact of wind turbines uncertainty on the system
is less than that for the PV capacity. Where, both RF and LPSP are
slightly affected by the variation, but the COE are linearly affected.
The AD variation has similar effect on the system performance as
the wind turbine.
5.3. Comparative study

Tables 5, and 6 depict a comparative study between the pro-
posed MOMVO algorithms output results with MOPSO, MOGWO,
and NSGA-III for the two considered scenarios. The results indicate



Fig. 13. One week operation of the HMGS for all the three cases in scenario (2).

Fig. 14. Yearly power contribution of the various components in the HMGS for scenario (2).
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Fig. 15. Sensitivity analysis.
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the accuracy of the proposed MOMVO technique in compared to
other techniques for the same operating conditions.
6. Conclusion

A hybrid micro-grid system consists of PV system, wind tur-
bines, and battery bank integrated with a conventional diesel gen-
14
erator is proposed. The main goal of the work was to find the
optimal configuration and optimal component sizes of the pro-
posed hybrid micro-grid energy system. A location at the Red Sea
coast of Egypt (Bernice) was considered as the case study location.
The problem of finding sizes of the HMGS components was framed
in a multi-objective framework and three objective functions were
considered. The considered objective functions were COE, LPSP,



Table 6
Comparison between the proposed MOMVO and other algorithms in case of 2nd Scenario.

PV/Battery/Diesel Wind/Battery/Diesel PV/Wind/Battery/Diesel
Optimization Technique Parameter

COE LPSP RF COE LPSP RF COE LPSP RF

MOMVO 0.2494 0.2447 84.25 0.3257 0.3901 �34.65 0.2720 0.1397 92.37
MOPSO 0.3566 0.2504 71.66 0.4073 0.6615 �55.91 0.2899 0.1683 90.33
MOGWO 0.4623 0.2613 79.76 0.4213 0.6734 �53.51 0.3231 0.1884 91.12
NSGA-III 0.3012 0.2455 80.12 0.3283 0.4335 �45.85 0.2832 0.1572 91.76

Table 5
Comparison between the proposed MOMVO and other algorithms in case of 1st Scenario.

PV/Battery Wind/Battery PV/Wind/Battery
Optimization Technique Parameter

COE LPSP COE LPSP COE LPSP

MOMVO 0.1065 0.556 0.0525 0.7476 0.1295 0.4334
MOPSO 0.1081 0.569 0.0596 0.8386 0.1378 0.4612
MOGWO 0.1161 0.562 0.0687 0.8887 0.1526 0.5723
NSGA-III 0.1073 0.557 0.0587 0.8013 0.1312 0.4515
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and RF. The Problem was suggested to account for the economical,
technical, and ecological criteria of designing hybrid micro-grid
energy systems. Then, the proposed (MOMVO) was applied. Fur-
thermore, the problem was divided into two main scenarios
namely, micro-grid of only renewable sources, and micro-grid of
renewable sources and diesel generator. All the possible configura-
tions in each scenario were modeled and optimized. So, each sce-
nario was divided into three cases namely, PV/battery,
wind/battery, PV/wind/battery for the first scenario: and PV/bat-
tery/diesel, wind/battery/diesel, PV/wind/battery/diesel for the
second scenario. Reverse osmosis desalination (ROD) was consid-
ered as a load in conjunction with the residential load profile at
the two case studies. A proposed power management strategy
was followed to manage the system operation during supplying
the load. The simulation results showed that MOMVO optimization
produces appropriate components size. They also showed the
techno-economic feasibility of using HMGS for rural electrification
systems and enhancement of energy access.
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