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Abstract
The thermal power plants, electrical industries, and transportation are the major source 
of emission of pollutant gases. Renewable energy sources (RES) such as wind plants and 
plug-in electric vehicles (PEVs) have been integrated in multi-objective dynamic economic 
emission dispatch (DEED) for a day to reduce wind–thermal energy cost and emission of 
pollutant gases. The several practical and nonlinear constraints have been considered to 
make system more realistic. The equilibrium optimizer (EO) has been proposed to solve 
the DEED model with RES and PEVs from different aspects. The four cases of ten and 
twenty thermal generating units have been considered to validate and analyze the efficacy 
of different types of integration in the proposed model. The results obtained by proposed 
technique have been compared with other recently developed techniques to show accuracy, 
efficiency, and speed of this technique in solving the proposed problem.

Keywords Economic emission load dispatch · Equilibrium optimizer · Valve point loading 
effect · Renewable energy sources · Plug-in electrical vehicle

1 Introduction

The electric power systems have become complex with increasing generation and energy 
consumption (Agrawal et al., 2022). Therefore, the power grid should be controlled to pro-
vide reliable and economic energy to consumers (Bhattacharjee et  al., 2021). The static 
economic emission dispatch (EED) term has been introduced to minimize total fuel cost 
and emission of pollutants like sulfur oxides  (SOX), nitrogen oxides  (NOX), and carbon 
oxides  (COX) by satisfying load demand with various operating constraints (Bhattacharjee, 
2018). However, the static EED problem is unable to solve after considering the ramp rate 
limit (RRL) and variation in load greatly (Soni et al., 2020). The Dynamic EED (DEED) 
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considers a load cycle of 24 h and RRL constraints between different time intervals (Bhat-
tacharjee & Patel, 2020).

Government agencies have developed and favored electric vehicles (EV) due to many 
advantages like energy-saving, zero-emission, and low-noise characteristics (Nourianfar & 
Abdi, 2021). Therefore, many electric cars have been produced by car companies. These 
large numbers of EVs will make the unsafe operation of the power grid (Peng et al., 2012). 
The rechargeable batteries, an important part of electric vehicles, have gotten much atten-
tion from researchers in recent years because the batteries are a good source of energy 
for electric vehicles (Hou et al., 2020). The charging and discharging schedule should be 
properly managed according to the load curve and electricity prices at each hour of day 
and night. There are two EV modes: vehicle to grid (V2G) technology and vehicle to grid 
(G2V) technology. In the V2G technology, the batteries have been connected with other 
energy sources through a bi-directional DC–DC converter. The batteries can be charged 
during off-peak hours at a lower price. In G2V technology, the batteries are discharged to 
provide power in peak hours (Andervazh & Javadi, 2017). Therefore, the EVs in power dis-
patching, smart charging, and battery discharge have become an emerging research focus. 
The smart charging behavior of EVs in the urban areas has been proposed by Narimani 
et al. (2017). The EVs can be used as small portable power plants in the V2G technology. 
The Particle Swarm Optimization (PSO) has been applied in the EED model for unit com-
mitment with EVs to minimize fuel cost and emission of pollutants gases in the power sys-
tem (Zhao et al., 2012). The hierarchical decomposition method has been proposed by Yao 
et al. for scheduling EVs (Gholami et al., 2014). The EVs have been considered as a load 
in the DEED model. The Teaching- and Learning-Based Optimization (TLBO) has been 
proposed to solve the DEED model without considering the constraints of EVs (Piperag-
kas et al., 2011). Biography-Based Optimization (BBO) has been proposed to optimize the 
DEED problem by considering the charging of EVs (Liu et al., 2020). The emission con-
strained economic dispatch model with EVs has been proposed by Jadhav and Roy (2013). 
The charging and discharging behavior of EVs in the DEED problem has been developed 
by Qu et al. (2016).The Bat Algorithm (BA) has been proposed by Liang et al. to solve the 
DEED model with EVs Jadhav et al. (2011).

1.1  Literature review

Renewable Energy Sources (RES) have gotten much attention from researchers to avoid 
environmental pollution and mitigate the energy crisis (Liao, 2011). In RES, wind energy 
is the most promising and fast-developing energy source. Researchers have published sev-
eral research articles on wind power with the DEED model (Basak et al., 2022). The Chao 
Quantum Genetic Algorithm (CQGA) has been proposed to solve the DEED model with 
wind power. The DEED model with an uncertain output power of wind has been developed 
by Rajan and Malakar (2016) The DEED model with a hydro–wind–thermal system has 
been developed. The uncertainty of wind power generation leads to underestimation if the 
active output power is less than dispatch power and overestimation if active power is more 
than dispatch power (Jiang et al., 2015). The economic dispatch (ED) model with under-
estimation and overestimation of wind power was first proposed by Qu et al. (2016) The 
Weibull Probability Density Function (PDF) has been proposed to obtain the stochastic 
wind speed. The emission dispatch model considering wind power as a constraint has been 
proposed by Yang et al. (2021). The EED model with underestimation/overestimation of 
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wind power has been presented by Jin et al. The models mentioned above mostly focus on 
minimizing the penalty cost of wind power (Das et al., 2020).

The V2G technology of EV is mostly used to smooth underestimation and overesti-
mation cost of wind power (Guesmi et al., 2020). The DEED model with EVs has been 
developed to smooth the underestimation and overestimation cost of wind power (Zhao 
et  al., 2020). The ED model with uncertain EVs and wind farms has been presented by 
Li et al. (2021). The PSO method has been used to optimize the ED model with EVs and 
wind power. The Multi-Objective Evolutionary Algorithm (MOEA) has been presented by 
Zhang et al. to optimize the DEED model with large-scale EVs and uncertain wind power 
(Dhiman & Kaur, 2019). The improved PSO method has been presented by Zhang et al. to 
solve multi-objective dynamic hydro–thermal–wind with the EVs model (Ali et al., 2020). 
The EVs can be charged during off-peak hours. However, if several EVs are connected, the 
peak load will rise. Therefore, it becomes costly economically and environmentally. The 
smart charging of EVs has been used to lessen the cost and emissions (Abdelaziz et al., 
2016). Therefore, many researchers have solved the interaction between wind power and 
EVs. The Constriction Factor-Based Particle Swarm Optimization (CFBPSO) has been 
presented to solve the DEED problem with EVs and wind–solar power (Behera et  al., 
2021). However, the methods mentioned above failed to solve the DEED problem with 
RES and EVs, charging and discharging control of EVs while minimizing cost and emis-
sion. Therefore, a strong optimization method is required to solve the DEED problem with 
large-scale EVs and RES. The previous published research papers have been summarized, 
and research gap has been pointed out in Table 1.

1.2  Importance, objectives, and contributions of this research work

The demand of electricity is increasing day-by-day. Therefore, Dynamic Economic Emis-
sion Dispatch (DEED) term has been introduced by researchers to reduce total fuel cost 
and emission level of pollutant gases from the thermal generating units while fulfilling 
electricity to the consumers. However, the objective function of DEED problem becomes 
highly complex and nonlinear after integrating renewable energy sources and plug-in elec-
tric vehicles in the microgrid with considering various operating constraints. Therefore, the 
strong and effective optimization method is required to optimize the objective function in 
less convergence time and give better solution as compared to other newly developed opti-
mization methods. Therefore, this research is important for reducing fuel cost and emission 
level of thermal generating units after integrating renewable sources and electric vehicles 
for making better sustainability development.

The research objectives have been listed below:

• To propose mathematical model and multi-objective function of DEED problem with 
integrating wind plants and electric vehicles

• To propose Weibull and beta distribution for getting random wind velocity and solar 
irradiance, respectively. To predict output power of wind and solar units.

• To consider various operating constraints of wind farms, solar plants, and Evs in the 
objective functions to make smooth and reliable system.

• To purpose strong and effective optimization technique to solve highly complex and 
nonlinear DEED problem with high penetration of RES and EVs in less convergence 
time and give better solution as compared to other optimization techniques.
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• To validate the proposed optimization methods in several small, medium, and large 
test systems and confirm the effectiveness of the proposed algorithm.

The newly developed physics-based Equilibrium Optimizer (EO) has been used in this 
study as the solution to the DEED problem with large-scale EVs and wind farms Fara-
marzi et al. (2020). The mass balance equation has inspired the EO method for a control 
volume. The proposed method has two-stage to search for a solution: exploratory and 
exploitative. Initially, the search agents have been randomly placed to look for the solu-
tion. The search agents update their positions about the best solution, called equilibrium 
candidates. The generation rate term helps avoid local optima and move toward the opti-
mum solution. Such a feature helps to find a solution in very less computational time. It 
has been noticed that the EO method gives a better solution compared to other methods. 
This fact has motivated authors to use the EO method to solve the DEED problem with 
EVs and wind farms. The main contributions of this research work have been listed 
below:

• Faramarzi et  al. have suggested an efficient soft computing technique named EO. 
Faramarzi et  al. optimized 58 unimodal, multimodal, engineering, and composi-
tion benchmark functions to demonstrate the approach’s robustness (Faramarzi 
et al., 2020). It has been discovered that EO produces far superior results than most 
recently developed algorithms. As a result, the EO has been used for the first time in 
this study to tackle a complicated and nonlinear DEED problem with the penetration 
of large-scale EVs and wind farms.

• The probability density functions like Weibull distributions have been used to pre-
dict uncertain values of wind velocity.

• The EVs have been considered storage, energy sources, and loads for smart and reli-
able operation.

• The maximum RES penetration has been obtained through EVs to minimize fuel 
costs and emissions in a smart grid.

• The proposed optimization algorithm has been tested in small, medium, and many 
thermal generators with highly penetrated RES and EVs in microgrids.

• The results illustrate a better and more efficient performance than other recently 
developed algorithms in optimizing the DEED model with RES and EVs.

The problem formulation of the DEED problem with RES and EVs and modeling of 
wind, solar, and EVs are discussed in Sect.  2. Section  3 provides information on the 
original EO method. Section 4 shows the simulation results of a test case. Finally, the 
conclusion of the manuscript is pointed out in Section 5.

2  Problem formulation

The main objective of the DEED problem is to minimize the total fuel cost and emission 
of pollutants by satisfying all system constraints (Nazari-Heris et al., 2020). The objective 
function becomes highly complex and nonlinear after connecting wind, solar, and EVs. 
The mathematical expression of the DEED problem with RES and EVs is shown below.
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2.1  Objective function

The multiple steam valves have been connected to the boiler. Valves are opened sequentially 
to get the highest possible efficiency for the given output (Nandi & Kamboj, 2021). Therefore, 
the sinusoidal term has been added to the objective function (Bhattacharjee et al., 2014). The 
objective function of the DEED problem is given below:

where  aiT,  biT, and  ciT are thermal cost co-efficient of iTth unit;  eiT and  fiT are co-efficient 
of thermal  iTth unit representing VPLE; N is total connected thermal units;  TiT is the power 
generated by each thermal generator;  Tmin

iT,  Tmax
iT are the minimum and maximum power 

boundary of each generator; � iT, � iT, and � iT are emission co-efficient of iTth unit; �iT 
and�iT are co-efficient of emission iTth unit representing VPLE. The multi-objective EED 
problem can be solved by converting it into a single objective using the linear weighting 
method. Eqs. (1) and (2) are the objective function for calculating fuel cost and emission 
level of thermal generators, respectively. These both equation has been converted into sin-
gle objective function by using weighting factor w. The PPF is integrated with emission 
cost with fuel cost to give equal importance (Bhattacharjee et al., 2014). The mathematical 
expression of the total cost is given below:

where  Wp,j is the output power of jth wind unit;  Cw,j is cost co-efficient of  jth wind unit in 
$/h;  Nw is a Total number of wind farms; w is weighting factor which varies uniformly 
between 0 and 1. Eq. (3) has been used to calculate the total cost after integrating wind 
farms with the thermal generators. The second term in Eq. (3) is representing the operat-
ing cost of wind farms. The operating cost of wind farm has been calculated by direct cost 
multiplied by the output power of wind farms.

2.2  Constraints

The various operating constraints should be considered in the system to make the system 
more realistic (Roy et  al., 2017). The following constraints have been considered in this 
research work.

2.2.1  Thermal generator operating constraints

The output power from thermal and wind farms should be between boundary limits for 
reliable and continuous operation (Patel & Bhattacharjee, 2020):

(1)CT =

N∑
i=1

aiT + biTTiT + ciTT
2
iT
+ eiTsin[fiT (T

min
iT

− TiT )]

(2)ET =

N∑
i=1

�iT + �iTTiT + �iTT
2
iT
+ �iT exp(�iTTiT )

(3)Total cost = min[((w × CT ) + (1 − w) × PPF × ET ) +

Nw∑
j=1

Wp,j × Cw,j]

(4)Tmin
i

≤ Ti ≤ Tmax
i

; i = 1, 2, 3, ...,N
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Where wp,j is the rated output power by jth wind farms.Tmin
iT, Tmax

iT are the minimum and 
maximum power boundary of each generator. Equation (4) represents the boundary limit 
of output power for the thermal generators. If output power of thermal generators goes 
beyond their limit, the generator will go into out of synchronization. Equation (5) repre-
sents the boundary limit of the output power of the wind farms. If output power of wind 
farms go beyond their limit, the wind turbine will go into out of synchronization and will 
damage to connected other generators. Therefore, these constraints are very important for 
smooth operation of turbine and generators.

2.2.2  Power balance constraints

The total power generated by thermal and wind units should be equal to total load demand 
plus total transmission loss in the transmission lines (Bhattacharjee et al., 2021).

Where TD is total load demand; TL is total transmission loss. The total transmission losses 
can be calculated by using Kron’s loss formula as given below (Li et al., 2021). Equation 
(6) represents the power balance for the total network. If there is unbalance in power sys-
tem, the connected generators will be damaged. Therefore, it may occur total shutdown of 
the system:

Where Bmn, Bm0, and B00 are elements of the B matrix can be evaluated using methods as 
discussed in Li et al. (2021). Further, Tm and Tn are the power outputs of generators m and 
n in MW, respectively. The above equation has been formulated as shown below (Shouman 
et al., 2021). Equation (7) has been used to calculate total transmission loss when power 
is transferred from generation side to distribution side. The transmission losses have been 
calculated for 3-phase transmission line from supply side to substation side.

2.3  Modeling of wind plant

The output power of wind farms has been dependent on wind velocity. Therefore, the 
Weibull distribution has been used to randomly generate the wind velocity (Ghasemi et al., 
2019). The mathematical expression of wind velocity is given below:

where k and c are the shape factor and scale factor of the wind turbine; v is instantaneous 
wind velocity (Dasgupta et  al., 2021). The expression of wind output power is given as 
follows:

(5)0 ≤ wj ≤ wp,j; j = 1, 2, 3, ...,Nw

(6)
N∑
i=1

TiT +

Nw∑
j=1

Wp,j − (TD + TL) = 0

(7)TL =

N∑
m=1

N∑
n=1

TmBmnTn +

N∑
m=1

Bm0Tm + B00

(8)fv(v) =
k

c
(
v

c
)k−1 exp[1 − (

v

c
)k]; for 0 < v < ∞
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where vi and vr are instantaneous speed and rated velocity of wind unit; v is output speed 
from the PDF; vin and voutare cut in and cut out the velocity of wind unit; Wp and Wpt are 
output power and rated power of wind turbine.

2.4  Modeling of solar power

The solar units have been modeled into mathematical form in this subsection. The output 
power of solar is dependent on solar irradiance and temperature. The beta PDF has been 
used to randomly generate solar irradiance in this study (Zamli et  al., 2021). The math-
ematical formula is given below:

where � and � are beta PDF parameters; Γ is the gamma function. The reactive power 
from the solar system is assumed to be zero. The output solar power is calculated using the 
below formula (Singh et al., 2022):

where Tcell is the temperature of the solar cell; Tcell,st is the temperature of solar cell in 
standard test condition; Srad(t) is solar radiation of cell at t; Srad,st(t) is solar radiation for 
the standard condition; Sp,st(t) is solar power for the standard condition; � is co-efficient of 
temperature in ◦C; Np and Ns are the numbers of the parallel and series solar cell. The tem-
perature of cell Tcell can be computed using the following formula:

where Tcell is the ambient temperature in ◦C and NTC is the normal temperature of the 
solar cell.

2.5  Modeling of EV

In V2G technology, there is controllable and bi-directional power flow between EV and 
grid. The charging, discharging, and operation of batteries depend upon the load demand. 
The owner of EVs can sell power in on-peak hours and absorb power in off-peak hours 
from the energy market (Abdelaziz et al., 2016). Therefore, the mode of batteries can be 
controlled by the management system. It requires communication and information technol-
ogy to monitor load demand, online price, and preference between EVs. The EVs have 
been considered as load and as energy sources depending upon the operation mode:

(9)Wp =

⎧
⎪⎨⎪⎩

0; ∶ v < vin, v > vout
Wpt(

v−vi

vr−vi
) ∶ vr < v < vout

Wpr; ∶ vr < v < vout

(10)PDF(ir) =

{ �+�

��
× ir�−1(1 − ir�−1) ∶ 0 ⩽ ir ⩽ 1,� ≥ 0,� ≥ 0

0 ∶ otherwise

(11)Sp(t) =

[
Sp,st ×

Srad(t)

Srad,st
×
{
1 − � × (Tcell − Tcell,st)

}]
× Ns × Np

(12)Tcell = Tamb +
Srad(t)

Srad,stc
× (NTC − 20)
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If the PEVs have been considered as loads, the mathematical expression is as follows:

3  Equilibrium optimizer (EO)

The EO method has been based on the physics law of controlling the balance between mass 
and volume. The particles (solutions) with concentration (position) are considered as the 
search agents. The search agents update their positions about the optimum solution. The 
generation rate term has been used in the methods to strengthen the exploration and exploi-
tation stage (Faramarzi et al., 2020). The expression of the mass balance has been formu-
lated as follows:

where V dC/dt is the rate of change in mass; Q is flow rate; V is control volume; Ceqs is 
concentration in equilibrium state; C is inside concentration; G is generation rate of mass. 
The equation (17) becomes zero when a steady position is reached. After the integration, 
the concentration has been formulated as follows:

where C0 is the initial concentration; �=Q/V is the turnover rate; t0 is the initial time. 
There is three-term in Eq. (18). The first term is randomly selected from the equilibrium 
pool. The second term represents the search mechanism called explorers. The third term is 
generation rate called exploiters. The positions of each search agent are initialized by the 
expression as given below:

where u is the random number between 0 to 1; Clow is lower concentration; Chigh is higher 
concentration; N is the total number of search agents. The fitness values of each search 
agent are stored to reach the equilibrium state. The equilibrium state is formulated as 
follows:

(13)
N∑
i=1

Pi(t) + Psolar(t) +

NPEV(t)∑
j=1

�PPEV
j

(t)(�pre − �dep) + Pwind(t) = D(t)

(14)
N∑
i=1

Pi(t) + Psolar(t) + Pwind(t) = D(t) +

NPEV(t)∑
j=1

�PPEV
j

(t)(�pre − �dep)

(15)
T∑
j=1

NPEV(t) = Nmax
PEV

(16)V
dC

dt
= (Ceqs − C) + G

(17)C = Ceqs + (C0 − Ceqs)e
�(t0−t) −

G

Q
[e�(t0−t) − 1]

(18)C0
i
= Clow + u ×

(
Chigh − Clow

)

(19)Cep = Ceqs1 + Ceqs2 + Ceqs3 + Ceqs4 + Ceqsav
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where Ceqs1, Ceqs2, Ceqs3, Ceqs4, and Ceqsav are the equilibrium search agents; Ceqsav is the 
average of equilibrium search agents for the exploitation. The search agents will update 
their position in each iteration by making a balance between exploitation and exploration.

where � is between 0 to 1. The function of the iteration number is expressed as follows:

where iter is the number of iterations; itermax is the highest number of iterations; w1 is a 
constant factor to strengthen the ability of exploitation. The initial time is calculated using 
the formula as follows:

where  w2 is constant for the ability in the exploration stage.

4  Results and discussion

The EO technique has been applied to ten and twenty thermal generating units DEED 
model integrated with RES and EVs. The results attained by the EO method are compared 
with other recently developed methods. The simulations have been done on the MATLAB 
2021a software in 1.7GHz intel core and 4 GB RAM personal computer.

The pollutants gases like  CO2,  SO2,  CH4, and  NOX emitted from thermal generating 
units. However, the amount of  CO2 gas is much more than other gases. Thus, the only 
amount of  CO2 gas is considered in this research work. The approximate method for cal-
culating number of EVs is given in Abdelaziz et  al. (2016). The 50,000 EVs have been 
considered. The rated output power of wind and solar is 30 MW and 40 MW, respectively. 
The average distance traversed and needed energy by EVs are 12,000 miles and 8.22 kWh 
per day, respectively. The input data of wind and solar are given in Basu (2011). The solar 
isolation and wind speed for 24 h are shown in Fig. 1.The wind speed for 24 h is shown 
in Fig. 2.The different four cases for ten and twenty thermal generating unit test system 
have been considered: 1. Without EVs and RES 2. With EVs as load leveling 3. With EVs 
as energy source 4. With EVs and RES. The ten-thermal generating units have been inte-
grated with 50,000 EVs and RES like wind and solar energy. The input data of thermal 
generating units are given in Basu (2008). The transmission losses have been neglected in 
this test system. The average amount of pollutant gases emitted by conventional vehicles is 
0.276 kilo tons per year.

4.1  Ten‑unit system

4.1.1  Case 1: ten‑unit system without EVs and RES

The EO technique has been applied to ten-unit system without considering EVs and RES 
for an 24  h time interval to get optimal power dispatch of DEED function. The output 
results obtained by EO are given in Table 2.The values of weights w1 and w2 have been 

(20)F = e�(t0−t)

(21)t =

(
1 −

iter

itermax

)w1×
iter

itermax

(22)t0 =
1

�
ln(−w2sign(r − 0.5)[1 − e−�t]) + t
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changed from 0 to 1 for getting minimum and maximum values of fuel cost and emission. 
At w1 = 1, w2 =0, the minimum fuel cost obtained by EO is $ 643875.1211. At w1 = 0, w2 
=1, the minimum emission obtained by EO is $ 19458.6954. The obtained minimum fuel 
cost, minimum emission, and best compromise solution are shown in Table 3.

4.1.2  Case 2: ten‑unit system with considering EVs as load leveling

In the load-leveling scheme, the EVs are in charging mode during off-peak hours like 
10 PM to 10 AM. Therefore, these EVs will impose extra load of 50,000 $$ \times $$ 
8.22 kWh = 411 MWh. The extra load has been divided during off-peak hours which will 
increase load demand around 34.3 MW. Therefore, the load management system is required 
to schedule load of EVs. In this research work, it is assumed that all EVs will associate 
with load-leveling program. The load profile for 24 h time interval before and after load 

Fig. 1  Solar isolation for 24 h

Fig. 2  Wind speed for 24 h
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leveling is given in Fig. 3. The output results obtained by EO for the case 2 has been given 
in Table 4. By comparing Table 2 and Table 4, The total emission has been increased by 
627.88 tons (20365.54 - 20993.42 tons) in load leveling. These additional emission emit-
ted by thermal units is to supply load demand of 50,000 EVs during 24 h. Therefore, the 
total extra emission per year is 627.88 $$ \times $$ 365= 2,29,176.2 tons. However, these 
extra emission is still positive as compared to conventional vehicles by 2,67,000 $$ - $$ 
2,29,176.2 = 37,823.8 tons. Therefore, the load leveling by EVs will increase the total 
emission of pollutant gases. At  w1 = 1,  w2 =0, the minimum fuel cost obtained by EO is 
$ 649142.2361. At  w1=0,  w2=1, the minimum emission obtained by EO is $ 19875.6549. 
The obtained minimum fuel cost, minimum emission, and best compromise solution are 
shown in Table 5.

4.1.3  Case 3: ten‑unit system with considering EVs as energy source

The EVs are charged or discharged in a smart way. The generation scheduling, total 
fuel cost, and emission obtained by EO for this case are shown in Table 6. The EVs can 
be charged during off-peak hours during 1–7 AM, 4–6 PM, and 10 PM–midnight. The 
EVs can be discharged during on-peak hours during 8 AM–3 PM and 7–9 PM. There-
fore, the EVs can be worked as loads from 10 PM–7 AM. The EVs can be worked as 
energy sources from 8 AM–3 PM. The highest quantity of power like 73.10 MW has 

Table 3  Minimum fuel cost, minimum emission, and best compromise solution for ten-unit without PEV 
and RES

Only economic dispatch method Only emission dispatch method Best compromise solution

TC in $ TE in Ton TC in $ TE in Ton TC in $ TE in Ton

643875.1211 22459.1244 646078.9865 19458.6954 644552.0779 20365.5357

Fig. 3  Load demand for 24 h in 
case 1 and case 2
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been discharged to grid in on-peak hours. At w1 = 1, w2 =0, the minimum fuel cost 
obtained by EO is $ 645785.3874. At w1 = 0, w2 =1, the minimum emission obtained 
by EO is $ 19041.6578. The obtained minimum fuel cost, minimum emission, and best 
compromise solution are shown in Table 7.

4.1.4  Case 4: ten‑unit system with PEVs and RES

The RES like wind farms and solar plants and large-scale EVs has been integrated with 
the ten-thermal generating unit in this case. The EVs can be charged in off-peak hours 
like 1–7 AM, 4–6 PM, and 10 PM–midnight. In the on-peak hours like 8 AM–PM and 
7–9 PM, the EVs have been discharged into the grid. The 11,466 number of EVs are dis-
charged to grid in peak hours. The generation scheduling, total fuel cost, and emission 
obtained by EO method are shown in Table 8. Therefore, the EVs reduce 20993.4215 $$ 
- $$ 19771.94 = 1,221.4815 tons emissions per day.

At w1 = 1, w2 =0, the minimum fuel cost obtained by EO is $ 624875.6. At w1 = 0, 
w2 =1, the minimum emission obtained by EO is $ 18784.98. The obtained minimum 
fuel cost, minimum emission, and best compromise solution are shown in Table 9. The 
comparison of fuel cost and emission of ten-unit system in all cases are shown in Fig. 4. 
The results obtained by EO algorithm have been compared with other recently devel-
oped algorithm as shown in Table 10.

4.2  Twenty‑unit system

The twenty-unit system has been simulated by EO method to check effect of network 
topology on the emission value. The transmission loss has been considered in this test 
system. The input thermal data, B matrix data, and load data have been given in Behera 
et  al. (2021). The 120,000 PEVs have been connected in this test system. The rated 
capacity of the wind and solar plants is 61.5 MW and 100 MW, respectively.

4.2.1  Fuel cost and emission for twenty‑unit system without PEVs and RES

The output of each generating unit, fuel cost, and emission for 24 h obtained by EO is 
shown in Table 11.

Table 5  Minimum fuel cost, minimum emission, and best compromise solution for ten unit with load lev-
eling

Only economic dispatch method Only emission dispatch method Best compromise solution

TC in $ TE in Ton TC in $ TE in Ton TC in $ TE in Ton

649142.2361 21512.3215 651012.6598 19875.6549 650521.8175 20993.4215
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4.2.2  Fuel cost and emission for twenty‑unit system considering load leveling

PEVs are charged in off-peak hours to smooth load profile in this case. Therefore, there 
will be extra load of PEVs around 111.43 MW. The results obtained by EO are shown in 
Table 12.The emission of pollutant gases have been increased to 60080.84 tons. There-
fore, the emission level has been increased significantly in this case.

4.2.3  Fuel cost and emission for twenty‑unit system with PEVs and RES

The PEVs and RES have been connected with twenty thermal generating units in this 
case. The results are shown in Table 13. The results show that the total fuel cost and 
emission level have been decreased significantly.

4.3  Tuning of parameter and Wilcoxon signed‑rank test

To find the best solution with less iterations, the different EO algorithm parameters like 
G, Q, and u should be tweaked. For each test system, the minimal fuel cost and emis-
sion level have been determined using various parameter settings (Melzi et al., 2014). 
Through the selection of a single value for one parameter, the other parameters have 
been altered (Özgülşen et al., 1992). For instance, G has been adjusted from 3 to 7 in 
the appropriate stages. Q and u have also been altered, with ranges of 1–4.2 and 0–1, 
respectively. In order to determine the minimal fuel cost and emission for each test sys-
tem, a 50 trail run was performed and obtained results are given in Table 14. Therefore, 
the tuning of parameter is required to get better solution in less convergence time.

A statistical tool to examine outcomes from any algorithm is the Wilcoxon signed-
rank test. The Wilcoxon signed-rank test is a nonparametric hypothesis test that, at a 5% 
level of significance, can show that there are significant differences in continuous vari-
ables between two groups (Hamdi et al., 2019). It was utilized to compare other algo-
rithms side by side in each benchmark function. A nonparametric statistical test called 
the Friedman test may be used to track changes in a number of linked data. It was used 
to determine how each algorithm performed in each benchmark function.It has been 
said that an algorithm is resilient if it can demonstrate its statistical validity (Narang 
et al., 2017). To sufficiently refute the null hypothesis, the algorithm must thus provide 
adequate evidence. A sample size of 50 (n=50) was used for the suggested algorithm’s 
test run. Below are the procedures for doing the Wilcoxon signed-rank test (Yang et al., 
2022).

Table 7  Minimum fuel cost, minimum emission, and best compromise solution for the ten-unit system with 
considering PEVs as energy storage

Only economic dispatch method Only emission dispatch method Best compromise solution

TC in $ TE in Ton TC in $ TE in Ton TC in $ TE in Ton

645785.3874 20198.2651 646954.1256 19041.6578 646107.0103 19588.5685
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• The null-hypothesis  H0 has been removed from the 50 trail run findings. Each trail 
run result has been given a marked rank, from the lowest to highest.

• Pick the proper test statistic. Calculate T+ and T−. where T+ is the summation of 
positive signed rank, and T− is the summation of negative signed rank. Calculate T, 
which is the minimum of T+ and T−.

• Determine the Wilcoxon test statistics T by summing the positive and negative 
signed ranks individually. Calculate mean T, � , and z. 

• The probability value (p-value) should be considered strong evidence against the null 
hypothesis. The p-value of T under the null hypothesis may be calculated using the 
probability distribution of T.

The Wilcoxon signed-rank test p-values at the 5% level of significance for all test sys-
tems has been calculated for all the test system. However, considering the length of 
this manuscript, we have shown final p values for all the test system in Table 15. The 
p values are significantly lower than the target value of 0.05 in each of the test sys-
tems. Therefore, from the standpoint of statistical analysis, the suggested method may 
be regarded as reliable and significant.

5  Conclusion

The RES and PEVs integration with thermal generating units have been described in 
terms of total generation cost and total emission. The DEED model has been employed 
for getting optimal power dispatch among generating units in a day. The EO optimi-
zation technique has been applied in ten and twenty thermal generating units of four 
special cases. The results show that the total fuel cost and emission level have been 
decreased significantly after integration of RES and PEVs. The main outcomes of this 
research work have been listed as follows:

• The conventional thermal generators are expensive in terms of economically and 
environmentally for electrical transportation. Therefore, the thermal generators 
should be operated economically and environmental friendly while satisfying con-
tinues increasing load demand. Thus, In this research, the renewable sources and 
EVs integration with the thermal generators model have been proposed to smooth 
operation of system.

• The Weibull distribution and beta distribution have been successfully implemented 
to get random wind velocity and solar irradiance in this study. The output power of 
RES has been calculated to integrate it in microgrid to further reduce fuel cost and 

(23)meanT =
n(n + 1)

4

(24)� =

√
n(n + 1)(2n + 1)

24

(25)z =
T −mean T

�
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emission level. However, The integration of PEVs with thermal generators is not so 
much useful in reducing the emission of pollutants.

• The strong and effective EO optimization method has been successfully applied in 
the highly complex and multi-objective DEELD model to get solution. The high 

Table 9  Minimum fuel cost, minimum emission, and best compromise solution for the ten-unit system with 
PEVs and RES

Only economic dispatch method Only emission dispatch method Best compromise solution

TC in $ TE in Ton TC in $ TE in Ton TC in $ TE in Ton

624875.6 22985.69 642598.7 18784.98 633011.8632 19410.929

Table 10  Comparison of total 
fuel cost and emission obtained 
by EO and other recently 
developed techniques

Methods Total cost Total emission

EO 633011.9 19410.93
PSO 634357.4 19771.93
CFBPSO 635041 19552.31
BBO 636112.1 19782.36
CQGA 636541.9 19985.11
TLBO 636958.1 20158.69
MOEA 637223.6 20748.69

Fig. 4  Comparison of all cases in ten-unit system
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penetrated RES and PEVs minimize the total cost and emission exceptionally in 
both single and multi-objective DEED problems.

• The integration of PEVs with ten-thermal generators increases the emission of pol-
lutants in the load-leveling strategy. The various operating constraints of RES and 
EVs have also been considered in all test system to make system more realistic and 
practical.

• The efficient EO optimization technique has been tested in the four-cased of ten-
thermal generating units to reduce total cost and total emission. The results obtained 
by the EO optimization technique have been compared with results obtained by 
other recently developed optimization techniques.

• The results confirm that the proposed method is better in terms of performance and 
effectiveness compared to other recently developed methods.

• The proposed model and optimization method can be used for solving other com-
plicated engineering problems and make system more sustainable. Further, the 
researchers can include more other constraints of RES and EVs in this test system to 
verify the effectiveness of the proposed model and algorithm.

Table 14  Best compromise 
solution for various values of EO 
parameter

G Q u Result (Best fuel 
cost in $)

Result (Best 
emission in 
lb)

7 4.2 1 1256932.60 59635.41
6.5 3.8 0.9 1289684.45 58555.89
6 3.4 0.8 1293652.65 59748.69
5.5 3 0.7 1234202.70 53658.80
5 2.6 0.6 1229848.36 583621.47
4.5 2.2 0.5 1225968.69 596341.21
4 1.8 0.4 1276253.52 57653.51
3.5 1.4 0.3 1264421.78 55123.36
3 1 0.2 1246978.45 57142.22

Table 15  Wilcoxon signed-rank test across all testing platforms

Test systems Fuel cost Emission No. of trail run Standard deviation p value

1 1 644552.07 20365.53 50 61.05 1.45E-05
2 650521.81 20993.42 50 46.25 1.12E-05
3 646107.01 19588.56 50 94.50 1.10E-05
4 633011.86 19410.92 50 103.59 1.15E-05

2 1 1261945.82 5851.29 50 52.59 1.32E-05
2 49783.37 60080.84 50 45.89 1.21E-05
3 1234202.70 53658.80 50 59.74 1.41E-05
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