
Vol.:(0123456789)1 3

Electrical Engineering (2020) 102:401–408 
https://doi.org/10.1007/s00202-019-00883-w

ORIGINAL PAPER

A proposed optimization scheme for the Egyptian electrical network 
generation mix based on cost reduction

Said A. Kotb1 · A. Sadat1 · Ahmed R. Adly1

Received: 16 July 2019 / Accepted: 10 November 2019 / Published online: 16 November 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
The energy strategy was updated in Egypt until 2035 in cooperation with the European Union. This strategy dealt with a study 
of all the potentials and scenarios of the energy in Egypt, where the generation mix includes nuclear power and renewable 
energy in addition to the traditional energy from gas and oil with a focus on renewable energy uses to reach about 42% from 
the generation mix. This paper includes a framework strategy to provide an optimal yearly mix from generation sources 
that gives minimum cost with an acceptable range from the emitted pollution and satisfying the forecasted load. The paper 
objective is achieved by calculating the overall generation mix in parallel with the fair sharing from each available source 
that gives minimum cost against the emitted pollution. The particle swarm optimization (PSO) scheme is used to implement 
the proposed strategy and subjected to the generation capability limit of each type of generation from solar, wind, nuclear 
and conventional (thermal and hydro) as given by the government. The effectiveness of this scheme is verified by compar-
ing the results with the Egyptian network data and with conventional optimization methodology. The scheme structure was 
built using MATLAB library. According to the results, it has been proved that the designed scheme used with the help of the 
PSO can robustly and efficiently generate great economic benefits. The study concludes the importance of the framework 
strategy to achieve a reliable and sustainable future energy supply.

Keywords Power generation mix · Renewable energy · Nuclear power · Emitted pollution · Levelized cost of electricity · 
Particle swarm optimization

1 Introduction

Energy is a key determinant of socioeconomic development 
[1], in part, because energy consumption and economic 
growth are interrelated [2]. Energy is a vital commodity in 
modern living and a necessary intermediate input in all pro-
ductive sectors. Moreover, energy access helps to improve 
conditions that in turn can alleviate poverty and contribute 
to sustainable development [3], [4]. While energy security is 
essential for economic growth and development, the power 
sector is responsible for 41% of global  CO2 emissions. With-
out addressing emissions levels, countries cannot meet  CO2 
mitigation targets, as laid out in the Paris Climate Agree-
ment and nationally determined contributions (NDCs) [5].

Currently, more than 70% of global demand for electricity 
is supplied by burning fossil fuels [6]. Electricity demand 
is growing as the global economy grows, and as a result, 
fossil fuels are increasingly consumed. The use of renew-
able energy is very important and cost-effective because of 
its nature and ease of use and is one of the most promising 
alternative energy systems [7]. The country’s new energy 
strategy aims to ensure energy security by increasing energy 
efficiency as well as through diversification [8]. In this paper, 
a particle swarm optimization-based simulation approach 
has been developed to tackle the multi-objective optimiza-
tion problems. The proposed algorithm has been tested on a 
case study of Egypt electrical network that includes a total 
generation mix consisting of gas, oil, nuclear, wind, solar 
and hydro-generation types. Finally, an analysis study is car-
ried out to get the optimal sharing from each source in the 
total generation mix [9].

Several researchers have developed energy models for 
power generation technologies. In [10], proposed a mixed 
integer linear programming (MILP) model. The model was 
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developed and implemented in general algebraic modeling 
system (GAMS) for the fleet of electricity generation in 
Peninsular Malaysia to reduce the  CO2 emissions by 50% 
from current  CO2 emission level. In [11], developed a static 
linear programming investment model to determine the opti-
mal technology mix based on increasing the contribution of 
wind power in the electric generation system. That alterna-
tive methodology results in a reasonable reduction in the 
capacity of inflexible generation. In [12], developed scheme 
to solve the generation expansion planning (GEP) problem 
in competitive electricity markets. The developed approach 
recognizes the presence of several generation agents aiming 
at maximizing their profits and the planning environment is 
influenced by uncertainties affecting the demand, fuel prices, 
investment and maintenance costs and the electricity price. 
The proposed approach used system dynamics to character-
ize the evolution of electricity prices and of the demand.

In [13], proposed a mixed integer linear programming 
(MILP) model for the optimal long-term energy planning of 
a (national) power generation system. The proposed model 
determines the optimal planning of the power generation 
system, the selection of the power generation technologies, 
the type of fuels and the plant locations so as to meet the 
expected electricity demand, while satisfying environmen-
tal constraints in terms of  CO2 emissions. The proposed 
approach can provide policy makers with a systematic com-
puter-aided tool to analyze various scenarios and technology 
options. In [14], proposed a methodology to determine the 
optimal mix of renewable energy sources (RES) and fos-
sil fuels in an electricity system by taking into account the 
hourly values of RES production and electricity demand. 
The methodology was applied to the Mexican electricity sys-
tem. Several combinations of biomass, wind and solar power 
that achieve a minimum of 35% RES electricity production 
were identified. In [15], proposed a generic methodology 
to determine an optimal energy mix for a period of around 
15 years. The proposed optimal energy mix is a right com-
bination of energy sources that minimize the risk caused due 
to future uncertainties related to the energy sources. The pro-
posed methodology used stochastic optimization to address 
future uncertainties over a planning horizon and minimize 
the variations in the desired performance criteria such as 
energy security and costs. In [16], presented optimization 
method for the power generated from a hybrid renewable 
energy systems (HRES) to achieve the load of typical house 
as an example of load demand using PSO technique.

In [17], presented a mixed integer linear programming 
optimization algorithm to determine the optimal size of 
the distributed generation unit and battery storage system 
based on operational savings and investment costs, as well 
as estimation of environmental benefits. In [18], investigated 
and analyzed three scenarios to study the impact of nuclear 
plant on the Egyptian grid from carbon dioxide emission, 

price, fossil fuel consumption and water consumption. In 
[19], reviewed and analysis new ways of energy practice of 
hybrid sources. It presented the physical modeling of the 
renewable energy resources with numerous methodologies 
and principles of the optimization for the hybrid networks. 
Also this paper introduced a global survey on the present 
condition of optimization techniques especially that related 
to the isolated microgrid. In [20], presented optimal sizing of 
a PV/wind/diesel and battery storage based on multi-objec-
tive self-adaptive differential evolution algorithm. By using 
the multi-objective optimization approach, the objectives are 
treated simultaneously and independently, thereby leading to 
a reduction in computational time. The multi-objective opti-
mization approach is then used to analyze the loss of power 
supply probability, the cost of electricity and the renewable 
factor in relation to hybrid energy system cost and reliability.

In [21], the cost of renewables and community welfare 
are optimized. Community welfare is ensured by minimiz-
ing the purchased power and maximizing the sold power to 
the utility grid with different time-of-use electricity tariffs. 
Markov models of photovoltaic power generation, wind 
generation, load and temperature are utilized to reduce the 
numbers of variables and constraints. The Markov-based 
optimization problem is then solved using the interior-point 
algorithm. In [22], presented a comprehensive review on 
recent developments in size optimization methodologies, as 
well as a critical comparison of single algorithms, hybrid 
algorithms and software tools used for sizing standalone 
solar and wind hybrid renewable energy systems. In addi-
tion, make an evaluation of all the possible combinations of 
standalone solar and wind energy systems, including their 
assessment parameters of economical, reliability, environ-
mental and social aspects. In [23], the distributed energy 
resources customer adoption model is used to determine the 
optimal size and type of distributed energy resources and 
their operating schedules for a sample utility distribution 
system. In [24], presented two different meta-heuristic opti-
mization algorithms, namely whale and sine cosine, which 
are employed to find the optimal design of the system for 
minimizing the total annual cost and system emissions in 
hybrid power generation systems.

However, the development and application of a comprehen-
sive bottom-up energy optimization models for the assessment 
of long-term energy policies and low-carbon development 
strategies for Egypt are currently lacking. In [25], developed 
a prototype model (an approach of integrating multi-criteria 
decision analysis, geographic information system data analy-
sis and agent-based modeling) for Egypt to assess an energy 
security roadmap for Egypt. In the study, future energy mix for 
Egypt according to actors’ priorities is assessed and presented, 
but as suggested by the authors, the study lacks precision. 
Other energy studies for Egypt include solar and wind power 
for economic development [26], sustainable development 
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indicators for the assessment of electricity production [27], 
an assessment of Egypt’s concentrated solar power compo-
nents [28], a sustainability assessment of electricity generation 
technologies [29] and a further road map for renewable energy 
research and development [30].

This study is using the PSO optimization framework in 
order to provide an optimal yearly mix from generation sources 
that gives minimum cost with an acceptable range from the 
emitted pollution and satisfying the forecasted load that meet 
Egypt’s rising electricity demand. This study used PSO optimi-
zation scheme, because that it is simple and can be extended to 
deal with more multi-objective functions besides dealing with 
more renewable energy system. Also, this research reveals that 
the grid will operate successfully for supporting the utility as 
well as reduces cost of generation. This paper is organized as 
follows: Description of the proposed framework is introduced 
in Sect. 2; Sect. 3 describes a case study and implementation; 
Sect. 4 examines simulation results and analysis; and finally, 
the conclusions are given in Sect. 5.

2  Proposed framework

2.1  Particle swarm optimization scheme

To begin a PSO scheme, the initial velocity and position of 
each particle in a group of particles are randomly determined. 
Then, the evolving process is as follows: Also, Fig. 1 shows 
the flow chart of the proposed PSO scheme.

1. The initial position and velocity of each particle in the 
N-th dimension are determined randomly.

2. The fitness value of each particle is assessed according 
to the defined objective function.

3. If the fitness value of each particle’s current location 
is better than its P best, the P best is set to the current 
position.

4. The fitness value of the particle is compared with that of 
the Gbest. If it is better, the Gbest is updated.

5. Equation (1) is applied to update the velocity and posi-
tion of each particle.

6. The process is repeated from Step 2 until the termination 
criterion is met or the optimal solution in the universe is 
obtained.

At time step t, the position and velocity of a particle are given 
by x(t) and v(t), respectively, the update formula for the veloc-
ity being [31, 32]:

where p: particle’s position, v: path direction, c1: weight of 
local information, c2: weight of global information, pBest: 
best position of the particle, gBest: best position of the 

(1)
v(t + 1) = v(t) + c1 ∗ rand ∗ (pBest−p) + c2 ∗ rand ∗ (gBest−p)

swarm, rand: random variable and c1, c2: the balance factors 
between the effect of self-knowledge and social knowledge 
in moving the particle toward the target. Usually, the value 
2 is suggested for both factors in the literature.

And then, simply adding this to the old position gives the 
new position:

This version of PSO is the most commonly used and is 
referred to as the conventional PSO in our study.

Equations 1 and 2 are written by the following formula:

The most commonly used parameters of PSO algorithm 
are considered as follows:

• Inertial weight: 0.9–0.4
• Acceleration factors (C1 and C2): 2
• Population size: 10–100
• Maximum iteration (Max.ite.): 500–10,000
• Initial velocity: 10% of position.

(2)x(t + 1) = x(t) + v(t + 1)

(3)
Vk+1
i,j

= w ∗ Vk
i,j
+ c1 ∗ r1 ∗

(

Pbestk
i,j
− Xk

i,j

)

+ c2 ∗ r2 ∗
(

Gbestk
j
− Xk

i,j

)

(4)Xk+1
i,j

= Xk
i,j
+ Vk+1

i,j

Set parameters of PSO

Initialize population of particles with position and velocity

Evaluate initial fitness of each particle and select Pbest and 
Gbest

Set iteration count K=1

Updata velocity and position of each particle

Evaluate fitness of each particle and updata Pbest and Gbest

If K<= MaxiteK=K+1

Print optimum values of variables

No

Yes

Fig. 1  Particle swarm optimization flowchart
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PSO parameters values are set to be:

M = 3;  % number of variables
N = 100;  % population size
Wmax = 0.9;  % inertia weight
Wmin = 0.4;  % inertia weight
C1 = 2;  % acceleration factor
C2 = 2;  % acceleration factor
Maxite = 1000;  % set maximum number of iteration
Max-run = 10;  % set maximum number of runs need to be

2.2  Carbon intensity of electricity supply “CIES”

There are several ways for calculating  CO2 intensity (g-CO2/
kWh) for power generation, depending on the way at which 
combined heat and power generation is taken into account. 
In our study, the following formula is used for calculating 
 CO2 intensity [33]:

This equation is called the objective function,
where i fuel source 1… n, Ei energy generation efficiency 

per fuel source, Ci  CO2 emission factor per fuel source, (tone 
 CO2/TJ) and Pi power production from public power plants 
per fuel source (MWh).

2.3  Levelized cost of energy

Actually the levelized cost of electricity depends on many 
parameters such as the type of plant and type of fuel. The 
levelized cost of electricity is a constant unit price ($/MWh) 
for comparing the costs of power plants that have different 
technologies, use different fuels, different capital expendi-
ture paths, different annual costs such as operating, main-
tenance, taxes and carbon prices, different net outputs and 
different economic lives. With the escalation of dollar value 
relative to the local currency, it does not have a clarified 
image to calculate the real cost. Generally, the levelized cost 
of electricity is defined through equations [34–36].

where electricity sold is the net electricity produced in (MWh) 
and sold in 1 year, Pelectricity is a constant price of electricity 
that is given in Eq. 7, r is the annual rate that is used to dis-
count the values taken to be fraction a predefined rate of return 
required to cover equity and debt cost; Capital expenditure is 

(5)CO2 intensity =
∑

(

1

Ei

∗ CiPi

)/

∑

Pi

(6)

∑

t

(electricity sold)
t
∗
(

Pelectricity
)

(1 + r)
t

=
∑

t

capital expenditure

(1 + r)
t

+
O&M

t

(1 + r)
t
+

fuel
t

(1 + r)
t

the expenditure in year (t), associated with construction of the 
plant in $, O&Mt is the total non-fuel operating and mainte-
nance in $; and  fuelt is the total fuel costs in year.

The left side of Eq. 6 represents the present value of all 
received income from electricity sales over the plant life. 
This amount must balance with the present value of the 
following costs for building, operation and maintenance of 
the plant over its life. Since fuel cost is the dominant com-
ponent of operating costs, this item is commonly called out 
separately from other non-fuel operating costs. The annual 
O&M costs also may include such items as taxes, carbon 
dioxide values or any other costs incurred through time. In 
case of fossil fuel technologies, any decommissioning costs 
at the end of the plant life are usually ignored. The rule of 
thumb is that the plant salvage value will cover these costs.

Taking Pelectricity in Eq. 6 to be defined as the constant 
levelized cost of electricity (LCOE), it is defined math-
ematically by Eq. 7 as follows:

The levelized term arises from the recognition that 
the calculations in Eq. 7 establish a single present value 
of overall cost that can be transformed into a series of 
uniform level, annual values through the use of so-called 
levelization factors. By common practice in LCOE calcu-
lations, the levelization factors are termed differently when 
applied to different cost elements, as elaborated below.

If the operating condition, maintenance, fuel costs, the 
net electricity produced and the net output of the plant are 
constant over the plant life, then Eq. 7 is reduced to Eq. 8 
as follows:

where TCR is the total capital requirement in the base $ year 
of the analysis, FCF is the fixed change factor (fraction), 
FOM is the fixed O&M costs ($/year), MW is the net power 
output of the plant (Mw), CF is the capacity factor (fraction), 
VOM is the variable O&M costs ($/MWh), HR is the net 
power plant heat rate (MJ/MWh), and FC is the fuel cost per 
unit of energy ($/MJ).

The levelization factor for the total capital requirement 
is commonly called the fixed charge factor, FCF. This fac-
tor converts the total capital value to a uniform annual 
amount (also called an annuity); the FCF is given by the 
following equation:

(7)

LCOE =
∑

T

(capital expenditure)t

(1 + r)t

/

∑

t

(electricity sold)t

(1 + r)t

(8)LCOE =
(TCR)(FCF) + FOM

(MW)(CF ∗ 8766)
+ VOM + (HR)(FC)

(9)FCF =
r(1 + r)t

(1 + r)t − 1
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where r is the interest rate or discount rate, and T is the 
economic life of the plant relative to the base year of analy-
sis used in the study. Note that the assumption of constant 
values for all terms in Eq. 8 is, explicitly or implicitly, an 
analysis of electricity cost in real (or constant) dollars. On 
the other hand, a modified version of Eq. 8 is needed if 
annual plant costs change through time as occurs, for exam-
ple, when using nominal (current dollar) costs that include 
an assumed inflation rate, or when assuming “real escalation 
rates” for fuel or other O&M costs, or when the level of plant 
output varies over time (reflected by different capacity fac-
tors). In such cases, the LCOE is expressed as:

Here, l1, l2 and l3 are levelization factors applied to the ini-
tial (first year) value of fixed and variable operating costs 
and total fuel cost, respectively. (Additional factors can be 
applied to any sequence of other annual costs, or to the indi-
vidual components of FOM and VOM.) These factors serve 
as “multipliers” that effectively convert all first year O&M 
and fuel costs to annuity values over the plant life, expressed 
in the base year of the analysis. In discrete terms, these vari-
ous levelization factors, li (i = 1, 2, 3), are given by Weiner 
et al. [37]:

Here, r and T are as defined earlier. The additional term 
AT represents the present value of an annuity payment, 
and ea,i is the apparent escalation rate of the relevant cost 

(10)

LCOE =
(TCR)

(

FCFL
)

+ L1(FOM)

(MW)
(

CFL ∗ 8766
) + L2(VOM) + L3(HR)(FC)

(11)Li =
Ki

(

1 − KT
i

)

AT

(

1 − Ki

)

(12)Ki =
1 + ea, i

1 + �n

(13)ea, i =
(

1 + ea, i
)(

1 + einf
)

− 1

component, i, resulting from real annual escalation rate, er,i, 
and a general inflation rate, einf (in the case of a current dol-
lar analysis). In the case of constant dollar analysis with no 
real cost escalations, the value of ea is zero and the leveliza-
tion factors, Li, are equal to 1.0.

3  Case study

The developed computer program is applied to the current 
Egyptian electrical network until 2030. The optimization 
analysis is performed among nuclear, wind and solar gener-
ating sources to obtain the optimal sharing from gas and oil 
generating sources to keep both the power generation cost 
(PSC) < 0.10 $/kWh and to keep also the carbon intensity 
of electricity supply < 500 g/kWh [14]. A constant GW of 
hydro-power generation source is assumed during the dura-
tion study. The reference scenario for the study is the data 
from the government model.

Table 1 summarizes the input generation mix for Egypt 
national network according to the forecasted updated plan 
of Egyptian government, until 2030 [38].

4  Results and discussion

4.1  Power generation cost and  CO2 emitted effect

The developed computer program is applied to the current 
Egyptian electrical network until 2030. The optimization 
analysis is performed among nuclear, wind and solar gener-
ating sources to obtain the optimal sharing from gas and oil 
generating sources to keep both the power generation cost 
< 0.10 $/kWh and to keep also the carbon intensity of elec-
tricity supply < 500 g/kWh. A constant GW of hydro-power 
generation source is assumed during the study duration. The 
reference scenario for the study is the data from the govern-
ment model introduced in Table 1.

Table 1  Input generation mix 
for the proposed model (GW)

Year Hydro Solar Wind Nuclear Oil Gas

2012 2.8320 0.0740 0.5450 0 4 25
2014 2.8320 0.1320 1.7150 0 4 30
2016 2.8320 0.1400 2.7150 0 5 35
2018 2.8320 0.1400 4.3150 1.0000 5 38
2020 2.8320 0.1400 5.6520 2.0000 6 42
2022 2.8320 0.1400 6.7520 3.0000 6 46
2024 2.8320 0.1400 6.8770 4.0000 7 51
2026 2.8320 0.1400 7.0320 4.0000 8 56
2028 2.8320 0.1400 7.2320 4.0000 9 63
2030 2.8320 0.1400 7.3320 4.0000 9 69
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At 7% interest rate, the simulation results between par-
ticle swarm optimization algorithm versus reference model 
for both  CO2 emitted are shown in Fig. 2.

From this figure, it is observed that using the PSO algo-
rithm allows the emitted  CO2 to increase, but within the 
desired range (< 500 g/kWh). This means that the sharing 
from gas and oil will increase causing the cost to decrease. 
Also, increasing the sharing from non-conventional (nuclear 
and renewable) energies in the total generation mix will 
decrease the sharing from gas and oil, consequently leading 
to an increase in generation cost per unit. To control the cost 
per unit, there will be an increase again in the sharing from 
gas and oil leading to an increase in  CO2 emitted as shown in 
Fig. 2. This will result in a decrease in the cost per unit again.

Figure 3 illustrates a comparison graph for the value of 
power generation cost (PGC) when using the PSO algorithm 
versus the reference model, from which it is observed that 
using the PSO algorithm causes the value of power genera-
tion cost to decrease at the same interest rate as the sharing 
from gas and oil is increased.

4.2  Wind and solar effect

Studying the performance of the PSO algorithm when 
increasing the sharing from only wind and solar sources, 
we can get the following results:

4.2.1  Effect of increasing wind and solar generation 
on the  CO2 emission

Here, the algorithm output generation mix (GW) will be 
affected directly. So, the sharing of each source will change 
accordingly. Also, the  CO2 emitted and PGC will directly 
affect. The following are the simulation results regarding to 
this excess in wind and solar for PSO model and the refer-
ence one:

From Fig. 4, it is observed that increasing the sharing 
from wind and solar will result in a decrease in the sharing 
from gas and oil (sources of  CO2). This will decrease the 

amount of  CO2 emitted. Accordingly, both the power genera-
tion cost and annual cost will increase.

4.2.2  Effect of Increasing wind and solar generation 
on the PGC

From Fig. 5, we can observe that more increase from the 
sharing of wind and solar will result in a decrease in the 
sharing from gas and oil. This will decrease the amount of 
 CO2 emitted. Accordingly, both the power generation cost 
and annual cost will increase. To control the cost per unit, 
there will be an increase again in the sharing from gas and 
oil leading to an increase in  CO2 emitted as shown in Fig. 5. 
This will result in a decrease in the cost per unit again.

4.3  Impact of increasing nuclear energy

The impact of increasing the sharing from only nuclear 
energy source on both power generation cost and  CO2 
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Fig. 2  CO2 emitted when using PSO model versus reference model
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from wind and solar versus the reference model
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emission when applying the PSO algorithm scenario will 
be analyzed.

The nuclear energy is assumed to be increased by 50%, 
and then by 100%, and the impacts on the generation mix 
on the total power generation costs are compared with the 
government model. The comparison is shown in Fig. 6 
with respect to the proposed model. From the figure, it 
can be observed that increasing the sharing from nuclear 
source yields to an increase in the power generation cost, 
where the proposed model still has the best performance.

4.4  Impact on  CO2 emission

The nuclear energy is assumed to be increased by 50%, and 
then by 100% versus the government model. A comparison 
between the new scenarios and the reference model is shown 
in Fig. 7 with respect to the proposed model. The figure 

clarifies that increasing the sharing from nuclear source 
yields to a decrease in the emitted  CO2, where the proposed 
model has the highest level of emitted  CO2 but still inside 
the desired values.

5  Conclusion

This paper presents a general framework model that is capa-
ble of realizing the optimal mix of energy supply sources 
that meet current and future electricity demand. The objec-
tive of minimizing the  CO2 emission and lower the overall 
cost of electricity with a novel PSO technique is presented. 
A MATLAB program was built to represent the proposed 
model. The developed program was applied to the plan of 
energy mix for the Egyptian electric network until 2030. 
In comparison with both the current Egyptian plan and the 
conventional optimization technique, the results show that 
applying the proposed PSO framework leads to a potential 
saving of approximately 2 billion $/year. Although this 
research focuses on certain types of power generation mix, 
the proposed framework can be extended to a wide range of 
power systems that use multi-source energy. The presented 
technique proves that the PSO optimization technique is now 
emerging as a viable planning tool in grid optimization and 
renewable energy applications.

The energy development future chosen by Egypt will not 
only affect the country, but will also have repercussion on 
both exporters of energy to Egypt and importers of Egyptian 
energy sources. With growing trade and inter-connections 
of electric grids, a stronger and more diversified Egyptian 
energy sector can support a wider regional economy, in addi-
tion to contributing to a better future climate. This work 
assists the decision makers to choose the PSO optimization 
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technique for the energy generation because it is able to min-
imize the emission of  CO2 and price of electricity (KWs).
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