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Abstract: We are witnessing the growth of microgrid technology and the development of electric ve-
hicles (EVs) in the world. These microgrids seek demand response (DR) and energy storage for better
management of their resources. In this research, microgrids, including wind turbines, photovoltaics,
battery charging/discharging, and compressed air energy storage (CAES), are considered. We will
consider two scenarios under uncertainty: (a) planning a microgrid and DR without considering
CAES, and (b) planning a microgrid and DR considering CAES. The cost of charging the battery
in the second study decreased by $0.66 compared to the first study. The battery is charged with a
difference of $0.7 compared to the case of the first study. We will also pay for unsupplied energy
and excess energy in this microgrid. Then, we test the scheduling of vehicles to the grid (V2G) in
the IEEE 33-bus network. The first framework for increasing network flexibility is the use of EVs
as active loads. The scheduling of vehicles in the IEEE 33-bus network is simulated. Every hour,
plug-in hybrid electric vehicle (PHEV) charging and discharging, active power loss, and cost will be
compared with IHS and PSO algorithms. The difference obtained using the IHS algorithm compared
to the PSO algorithm is 1.002 MW and the voltage difference is 9.14 pu.

Keywords: microgrid; energy management; V2G; compressed air energy storage; uncertainty
of resources

1. Introduction
1.1. General Perspective

If energy consumption and management are not planned, losses and costs will in-
crease [1,2]. Multiple-energy systems are the newest approach to planning energy sys-
tems [3,4]. These systems can meet different energy needs. The equipment required for
this energy includes converters, storage, heating and cooling units, CHP, and electric vehi-
cles [5]. The fields of energy planning, management, and optimization, have received more
attention [6,7]. We describe studies in the field of energy hubs, electric vehicles, compressed
air energy storage, and demand response.

1.2. Review of Recent Literature

In ref. [8], the authors provide power flow equations in multicarrier systems. The study
and modeling of the energy hub can be seen in ref. [9]. The goals raised in the discussions of
optimization in the field of energy have been to achieve economic exploitation. In addition,
cases such as [10,11] also lead to the reduction in environmental pollutants. In [12], the
design of the equipment used in the energy hub has been discussed. In [13], the authors
presented a nonlinear method for optimal performance analysis. In [14], modeling for
the use of multiple-energy carrier systems inside buildings is presented based on the
concept of an energy hub. In [15] and its supplement [16], the authors presented a two-level
control strategy for the on and off-time scheduling of units. The microgrid-based building
management system under hub energy can be found in [17].
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Uncertainty in the input data of the problem (load amount and energy price) is used
in [18] to exploit the robust optimization method. In [19], a real-time energy system for EVs
using prioritization is presented. In this system, energy optimization that integrates the
dynamic charging system of the electric vehicle is a priority.

EV charging and discharging management for the operation of photovoltaic systems
with grid coordination is discussed in [20]. In [21], EV charging stations are modeled
and planned using spatial information systems. A fuzzy model of electric vehicles and
optimal scheduling of distributed generation resources is proposed in [22]. In [23,24], solar
charging stations for grid-connected electric vehicles are introduced. In addition, the MPPT
technique is used to receive power from solar panels.

In [25], the management of electric vehicles in a smart grid for optimization and control
has been investigated. In [26], the amount of energy exchanged between the distribution
network and the electric vehicle is investigated. The concept of transferring electric energy
from vehicle-to-grid (V2G) is related to the storage capability of electric vehicles. (Figure 1)
shows the relationship between the factors of the smart grid model. The two-way flow of
power is provided between the vehicle and the power grid.

Processes 2023, 11, x FOR PEER REVIEW 3 of 19 
 

 

 
Figure 1. Transmission of electrical energy from vehicle-to-grid (V2G). 

DR is a set of measures that are implemented to change the pattern of electricity 
consumption to improve the reliability of the network and prevent price jumps, espe-
cially during peak hours of the network [39]. In [40], DR programs in smart grids have 
been introduced, and the effect of real-time pricing in smart grids has been studied. In 
[41], the effects of DR in the smart grid were investigated. In [42], intelligent energy 
management tools are reviewed, and noncritical load control programming in the resi-
dential sector is discussed. In [43], DR uses a standard function to improve the security of 
a microgrid and to provide a reservation system [44], and, finally, [45,46] focuses on re-
source uncertainty management. In summary, the previous works can be specified in 
Table 1. 

Table 1. Summary of previous works. 

Reference Electric Vehicles CAES DR Energy Storage Uncertainty 
Resources 

[10]      
[19]      
[28]      
[29]      
[31]      
[40]      
[44]      

suggested 
method 

     

1.3. Motivation and Structure of the Paper 

Figure 1. Transmission of electrical energy from vehicle-to-grid (V2G).

Furthermore, it provides better management of renewable energy resources that have
high uncertainty. Using this feature improves flexibility and increases the reliability of the
network [27]. Using V2G, the state of charge (SOC) of each electric vehicle’s battery can be
increased or decreased based on customer demand, network load, and profit from vehicle
participation. Through the V2G feature, electric vehicles can earn money while their cars
are parked, which could be a good incentive to move toward this scheme. In addition,
by using V2G, network operators can overcome the uncertainty of sources (wind and
solar energy) and improve the operating conditions of the network. In [28], the economic
evaluation of CAES with wind turbines is considered. In the results of this reference, it can
be seen that CAES has filled this gap well and increased its reliability. In [29], CAES has
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been used as a compensator to increase the efficiency of the current passing through the
distribution lines in the presence of a wind turbine. Stabilizing the operation of wind power
plants in the event of a fault in the network is provided. The results show that the power
system has passed the grid faults with enough stability. In [30], the authors have addressed
the risk-limited strategy for building a CAES power plant. With the technical and economic
studies of this plan, CAES can reduce losses and increase efficiency. In [31], modeling and
experimental testing of a wind turbine system with CAES have been reviewed and analyzed.
When wind turbine power fluctuates, CAES is a supplement to this process and increases
reliability. Further, the results show that this design has reduced blackouts and increased
power system efficiency. In [32], an economic evaluation suggested that CAES can increase
energy efficiency by up to 90% with wind turbines, solar, and electric vehicles. In ref. [33],
the mathematical modeling of electric vehicle contributions to the voltage security of smart
distribution networks is carried out and the evaluation of the security of electrical energy
distribution networks in the presence of electric vehicles is performed in [34]. Hybrid
stochastic/robust flexible and reliable scheduling of secure networked microgrids with
electric springs and electric vehicles is discussed in [35]. Exploring potential storage-based
flexibility gains of electric vehicles is the topic of [36]. Storage-integrated virtual power
plants for the resiliency enhancement of smart distribution systems is explored in [37], and
network flexibility regulation by renewable energy hubs using flexibility pricing-based
energy management is studied in [38].

DR is a set of measures that are implemented to change the pattern of electricity
consumption to improve the reliability of the network and prevent price jumps, especially
during peak hours of the network [39]. In [40], DR programs in smart grids have been
introduced, and the effect of real-time pricing in smart grids has been studied. In [41], the
effects of DR in the smart grid were investigated. In [42], intelligent energy management
tools are reviewed, and noncritical load control programming in the residential sector is
discussed. In [43], DR uses a standard function to improve the security of a microgrid
and to provide a reservation system [44], and, finally, refs. [45,46] focuses on resource
uncertainty management. In summary, the previous works can be specified in Table 1.

Table 1. Summary of previous works.

Reference Electric Vehicles CAES DR Energy Storage Uncertainty
Resources

[10] 3 3

[19] 3 3

[28] 3 3 3

[29] 3 3

[31] 3 3

[40] 3 3

[44] 3 3 3

suggested
method 3 3 3 3 3

1.3. Motivation and Structure of the Paper

In this article, the uncertainty of energy production systems (photovoltaic and wind),
energy storage systems, and CAES communication links are used. The work of this
article includes:

• Energy storage in microgrids considering the uncertainty of resources.
• Scenarios with and without CAES.
• Comparison of operating costs.
• Management strategy to achieve economic goals (surplus energy).
• Power planning and coordination between participating units.
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• Selection of the IEEE 33-bus network for large systems and the examination of how
PHEVs are charged and discharged.

• Economic indicators and network users are compared using two algorithms, IHS
and PSO.

This paper is structured as follows: Section 2 describes the electric vehicle; Section 3
formulates the problem; Section 4 describes the studied system; Section 5 presents the
simulation results; finally, conclusions are made.

2. Electric Vehicle and CAES

From a technical point of view, energy storage systems can be divided based on the
technology used in Figure 2.
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Figure 2. Types of energy storage systems.

ACTES in Figure 2 means thermal energy storage in air conditioning systems. Energy
storage systems, PHS and CAES, have the highest energy storage capacity and can store
energy for hours. The opinion is that high storage volume is the best option for use in
network energy management or microgrids. One of the advantages of CAES is that you do
not need to have a specific geographic shape to use it; however, the equipment required
for this method must be installed in a large hollow space. One of the most important
disadvantages is the use of CAES to store energy mechanically and then convert it back
into electrical energy, because increasing the number of energy conversion cycles leads to a
decrease in the efficiency of the entire storage system.

Regarding batteries, electric vehicles are used as storage for the microgrid. The
working mechanism of these vehicles is that their batteries are charged during nonpeak
hours, and when the vehicles are in the parking lot, the batteries are discharged, and
power is injected back into the network during peak hours. Electric vehicles can operate
in two modes: vehicle-to-grid (V2G) or grid-to-vehicle (G2V). Electric vehicle owners are
encouraged to participate in the V2G program through certain incentives provided by
smart parking management. SOC (state of charge) of the previous period (SOCv − t ∆t)
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must be known to obtain the charge and discharge cycle of vehicles participating in the
microgrid, and SOC can be obtained based on Equation (1) [47].

SOCt
v = SOCt−∆t

v +

(
ηv

c Pt
v.c

Cv − Pt
v.d

ηv
dCv

)
× ∆t; ta

v < t ≤ td
v (1)

In this equation, Pt
v.c and Pt

v.d are the charging and discharging power of the vehicle
battery, respectively, ηv

c and ηv
d are the charging and discharging efficiency of the vehicle

battery, respectively, Cv is the vehicle’s battery capacity, and ta
v and td

v are the arrival
and departure times of the vehicles, respectively. For the case of CAES in [48], ambient
air is compressed using a set of electric motors and compressors. Since the ambient air
contains moisture and its amount is related to the climatic conditions and the temperature
in different parts of the world (and warmer air has more moisture), when the compressor
is working, moisture enters the device along with the air from its inlet, and the steam
turns into water droplets in the compressed air due to condensation, which then enters the
compressed air tank. When required, the compressed air enters the heat recovery tank, is
reheated using the heat in the tank received from the solar collector and the gas turbine
output, and then enters the gas combustion chamber. In this section, the compressed air is
heated by the combustion system and is finally prepared for the gas turbine. The structure
of solar CAES is shown in Figure 3.
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3. Formulation of the Problem
3.1. Photovoltaic System

At any time (t) on a sunny day, the output power of any photovoltaic system can
be obtained using the beta probability distribution function based on the relationship of
sunlight intensity [49]:

fb(si) =

{ Γ(αs+βs)

Γ(αs)Γ(βs)
× si(αs−1) × (1 − si)(βs−1) 0 ≤ Si ≤ 1, αs ≥ 0, βs ≥ 0

0 otherwise
(2)

βs = (1 − µs)×
(

µs × (1 + µs)

σ2
s

− 1
)

(3)
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αs =
µs × βs

(1 − µs)
(4)

where fb(si) is the beta density function, S is the random variable of solar radiation, Γ is the
gamma function, µ and σ are the mean and standard deviation of sunlight, β is the shape
factor, and α is the scale factor.

3.2. Wind Turbine

At moment t during 24 h when there is wind energy, the output power of each wind
turbine is equal to [50,51]:

Pw(v) =


0 0 ≤ v ≤ vct

Prated ×
(v−vct)
(v−vct)

vct ≤ v ≤ vr

Prated vr ≤ v ≤ vco
0 vco ≤ v

(5)

where v is the wind speed and Prated is the rated power of the wind turbine, vcut−in and
vcut−out is the speed of wind turbine, and vr is the rated speed of the wind turbine.

3.3. Operation of Electric Vehicles

The following limitations represent the constraints of PEVs during two common mech-
anisms, which include the charging mechanism or G2V and the discharging mechanism or
V2G [48].

Pmin
PEV,G2V

ηG2V
× WG2V(t)× Strip(t) ≤PPEV,G2V(t) ≤

Pmax
PEV,G2V

ηG2V
× WG2V(t)× Strip(t) (6)

Pmin
PEV,V2G × ηV2G × WV2G(t)× Strip(t) ≤PPEV,V2G(t) ≤ Pmax

PEV,V2G × ηV2G × WV2G(t)× Strip(t) (7)

where Pmin
PEV,G2V is the minimum power received from the network by vehicles, ηG2V is

the charging efficiency of PEVs, WG2V(t) is the energy of PEVs from the grid, Strip(t) is
the zero signal, PPEV,G2V(t) is the power of vehicles, Pmax

PEV,G2V(t) is the maximum power
received from the network by vehicles, Pmin

PEV,V2G(t) is minimum power injected into the
grid by vehicles, ηV2G is discharge efficiency of PEVs, WV2G(t) is energy injected by PVs
into the grid, PPEV,V2G(t) is power injected into the grid by vehicles, and Pmax

PEV,V2G(t) is
the maximum power injected into the network by vehicles. The zero signal (Strip(t)) has
already been announced by the owner of the electric vehicle to the operator of hub energy.
When PEVs are available, the signal is zero-one and when they are unavailable, the signal
is zero-zero. Electric vehicles in each interval t can only be in one of the G2V or V2G modes,
and Equation (8) makes this constraint [48]:

WG2V(t) + WV2G(t) ≤ 1 (8)

The upper and lower limits of the capacity of electric vehicles are equal:

qmin
PEV ≤ qPEV(t) ≤ qmax

PEV (9)

The amount of energy stored in electric vehicles for the time interval t ≥ 1 is determined
according to Equation (10).

qPEV(t) = qPEV(t − 1) + PPEV,G2V(t)× ηG2V × ∆t − PPEV,V2G(t)× ∆t
ηV2G

, t ≥ 1 (10)
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To ensure that the amount of energy stored in electric vehicles reaches its initial value
at the end of the planning period, the following constraint is defined [48]:

ηG2V × ∑
t=T

PPEV,G2V(t)× ∆t = ∑t=T PPEV,V2G(t)× ∆t + qarrival
ηV2G

(11)

To guarantee the maximum energy of electric vehicles when leaving the building, the
following constraint must be observed:

qPEV(td) = qmax
PEV (12)

3.4. Constraints of Energy Storage Systems

When the output power of photovoltaic panels and wind generators is more than the
load energy, the battery bank will be charging. The charge amount of the battery bank at
the moment t is also calculated as follows [4]:

EBat(t) = EBat(t − 1) ∗ (1 − σ) + [(EPV(t) + EWT(t))− (
Eload(t)
ηInv

)] (13)

EBat(t), EBat(t − 1) are the amounts of battery charge at moments t and t − 1, respec-
tively; σ is the hourly self-discharge rate; ηInv is inverter efficiency; and Eload is load demand.

EBat(t) = EBat(t − 1) ∗ (1 − σ) +

(
Eload(t)
ηInv

−EPV(t) + EWT(t)
)

(14)

3.5. Operation Costs

The operating cost of the storage battery in charging mode is calculated using
Equation (15) [5]:

CB,charge
t =


CB

in

LB,charge
t

+ CB
o&M

ηB
chargeη

B
dcharge

 ∗ Ucharge
t (15)

where CB
in and CB

o&M are the investment cost and maintenance cost of the storage battery,

and LB,charge
t is the useful life of the battery in charging mode (Ucharge

t is rated voltage). The
operating cost of the storage battery in discharge mode is calculated using Equation (16):

CB,discharge
t =

(
CB

in

LB,discharge
t

+ CB
o&M

)
∗ Udischarge

t (16)

3.6. PSO and IHS Algorithm

In this section, we briefly discuss these algorithms.
In the PSO algorithm [52,53], the population has n particles that represent candidate

responses.
Each particle is a real-valued m-dimensional vector, where m is the number of op-

timized parameters; therefore, each optimized parameter represents a dimension of the
problem space. The PSO technique can be described as the following steps:

Step 1: (Initialization): Set the timer to t = 0 and generate n random chromosomes.
[xj(0), j = 1, . . . , n], where xj(0) = [xj,1(0), xj,2(0), . . . , xj,m(0)]. xj,k(0) is generated in
each state space [xkmin, xkmax]. Vj(0) is generated to test the objective function.
For each particle, set xj*(0) = xj(0) and j*j = jj, j = 1, 2, . . . , n.

Step 2: (time update): update the time counter t = t + 1.
Step 3: (Weight Update): update the inertial weight.
Step 4: (velocity update): an update using the global best and the individual best, and the

particle velocity uses Eqs.
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Step 5: (update the position): Based on the updated speed, each particle has its own position.
If the particle exceeds its positional limits in any dimension, adjust its position to its
appropriate limits.

Step 6: Each particle is evaluated according to its updated position.
Step 7: Now find the minimum value.
Step 8: If one of the stop conditions is met, then stop; otherwise, go to step 2.

Improved harmony search (IHS) [54] is a powerful search algorithm to find optimal
solutions. In the production of a piece of music, several musicians collaborate with different
instruments. Their goal is to produce beautiful music. In this process, everyone tries to
choose more suitable notes every time they play music so that better music can be created.
In fact, the beauty of music gets better with its production. In general, the process of music
production attempts to make the music evolve more in each stage of the performance if
in the end there is proper harmony between the musicians. Over time, these musicians
produce a piece of music by playing different harmonies. After playing several pieces,
these musicians remember the pieces played (the harmonies of that piece). Suppose that k
harmonies are composed by n musicians, it is assumed that the musicians’ memory size, or
(HMS), is equal to k harmonies.

So according to the following relationship, a matrix with k rows (the number of
harmonies that the musicians remember) and n + 1 columns where n is the number of
musicians (the number of influencing variables in the problem = n) and one column for the
value of that harmony (f(x)) is considered.

This algorithm consists of five steps:

1. Initialization of the optimization problem and initial parameters.
2. Setting the harmonious memory.
3. Creating a new and improved harmony.
4. Updating the harmonious memory.
5. Repeating steps 3 and 4 until the final condition is satisfied or the repetitions are finished.

4. The System under Test

For the effectiveness of the proposed method in this section, energy management
includes wind turbines, solar cells, storage batteries, and CAES. The simulation was
performed using MATLAB software. Two studies are considered:

1. Planning a microgrid DR without considering CAES;
2. Planning a microgrid and DR considering CAES.

After the above two studies, we tested the design on the IEEE 33-bus system. The
costs from the power company, active power losses, and bus voltage deviations at different
hours of the day and night are shown on different buses. The information on the studied
system can be seen in Tables 2–5.

Table 2. Wind turbine parameters.

Wind Turbine

Parameter Value

Prated (kW) 3

vr (m/s) 14

vco (m/s) 25

vct (m/s) 2
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Table 3. Solar cell parameters.

Solar Cell

Parameter Value

Prated (w) 220

ηpv 18.1

Open circuit voltage 22.9

The maximum power voltage 26.3

Short circuit current 8.21

Table 4. Storage battery parameters.

Storage Battery

Parameter Value

Prated (w) 12
Rated capacity (Ah) 240
Number of batteries 32

SOCmax 90%
SOCmin 60%

SOCinitial 80%
Pcharge(max) 180
Pcharge(min) 0

ηB
charge 82%

ηB
diccharge 90%

Table 5. CAES parameters.

CAES

Parameter Value

Prated (w) (max) 6.2 kW
Prated (w) (min) 1.5 kW

ηH 50%
ηFC 40%
PFC

max 6 kW
PFC

min 0.5 kW

5. Simulation Results

In this section, we examine the simulation results of the proposed model. The base
load curve of the system is shown in Figure 4. This curve is divided into three separate
periods: low load from 1 to 8, medium load from 9 to 14 and 22 to 24, and peak load from
15 to 19.

The power produced by the wind turbine and the solar cell over 24 h is shown in
Figures 5 and 6, respectively. Figure 7 shows the microgrid load considering the DR for
the two studied systems. We obtain the operation cost of the entire microgrid through
this graph. These results are given in Table 6. The comparative results for different costs
including battery cost, CAES, unsupplied energy, surplus energy, and total operating
cost are presented. In the second study, it can be seen that the total operating cost of the
microgrid has decreased significantly with the presence of the CAES. Figures 8 and 9 show
the unsupplied energy and surplus energy for different hours of the day and night in the
studied mode, respectively (the energy surplus occurs after passing through the peak load
after 22:00).

According to the table and figures, it can be seen that CAES leads to a significant
reduction in excess cost and energy supply.
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Table 6. Comparison of operating costs.

Costs ($) The First Study The Second Study

The cost of charging the battery 6.30 5.64

The cost of discharging the battery 5.81 5.11

The cost of charging CAES 0 76.20

The cost of discharging CAES 0 7.52

Unsupplied energy costs 176.14 161.24

Surplus energy cost 142.25 9.21

Total cost of operation 330.50 264.92
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The charge and discharge curves of the battery are shown in Figure 10 and the amount
of energy stored in the storage battery is shown in Figure 11. Figure 12 shows the amount
of pressure stored in the CAES, according to which, the second system has more storage
than the first. The total operating cost in the first study is $330.50 and in the second study,
this amount is reduced to $264.92. The cost of charging the battery in the second study
decreased by $0.66 compared to the first study. In the second study, the battery is charged
with a difference of $0.7 compared to the first case.
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Figure 12. The amount of pressure stored in the CAES.

In this section, IEEE 33-bus system (Figure 13) is used for electric vehicles (V2G). In
this paper, it is assumed that the capacity of each PHEV vehicle is equal to 1.8 kW, and
100 vehicles are considered on each bus. The cost of the power company, active power
losses, and bus voltage deviations at different hours of the day and night are given in
Table 7. These results have been compared using two algorithms, HIS and PSO. In the
following, it can be seen that the difference is 1.002 MW and the voltage difference is
9.14 pu, which has a better result than the IHS algorithm. Table 8 shows the charging and
discharging of vehicles connected to different buses of the network at different hours of the
day and night.
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Table 7. Economic indicators and network operation.

The Cost of the Electricity Company
(Dollars)

Daily Losses
(MW)

Daily Voltage Deviation
(PU)

IHS 1,448,985 5.216 40.88

PSO −1,274,026 6.214 50.02

Table 8. Charging and discharging rate of PHEVs.

Hour Bus 2 Bus 3 Bus 4 Bus 5 Bus 6 Bus 7 Bus 8 Bus 9

1 −0.203949 −0.04937 0.207117 0.072334 0.401745 0.163183 0.149927 0.124387

2 −0.24253 0.0729 −0.04012 0.263437 0.363042 0.173938 −0.01371 0.08419

3 0.01042 0.14861 −0.4001 0.110689 0.361972 −0.01498 0.0480303 0.042121

4 0.340911 0.484103 −0.18485 −0.30222 0.325129 0.16081 0.004849 −0.06615

5 0.065834 −0.49816 −0.39088 0.398001 0.2640030 0.107689 0.21215 0.079658

6 −0.07177 −0.21295 −0.06469 −0.3547 0 0.125458 0.016507 −0.19675

7 0.265884 0.191692 −0.16909 −0.40229 0 −0.03688 0.0335905 0.579884

8 −0.22318 0 −0.32062 0 0.419039 0 0 0

9 −0.37506 0 0.037676 0.13145 0.243154 0.17718 0.229969 −0.23253

10 0.371754 0.174604 −0.04403 −0.21709 0.554874 0.266126 0.090625 0

11 0.332572 0.409071 −0.23287 0.325205 0.32205 0.143872 0.391532 0.256686

12 0.176556 0 −0.31477 0.295431 0.295431 0.444412 0.107212 0.117152

13 0 0 0.18944 0.607727 0.607727 0 0.253204 0.30385

14 0.437693 −0.08883 −0.5498 0.44691 0.471066 0 0.460542 0.011372

15 −0.06834 0.268593 0 0.1408 0 0.345404 0.332172 −0.45478

16 −0.0.286554 −0.06765 −0.06849 0.190355 0 0.031948 0 0.460968

17 −0.22902 0.031767 0 0.0187853 0.338051 0.174974 0.362333 0

18 −0.37536 0.152148 0.008893 0 0.283249 0.073157 0.254523 0

19 −0.00954 0 −0.10208 −0.26847 0.20972 0 0.238312 0.128627

20 0.287311 0 0.005446 −0.04548 0.370011 0.074291 −0.13023 −0.31137

21 0.090822 −0.19068 0.199705 −0.17544 0.341616 0 0.298338 0.263416

22 0.279221 0.045887 0.007725 −0.015 0.581751 0.01244 0.264084 0.016971

23 0.0460825 0.054172 0.250793 0.061933 0.501601 0.354406 0.359602 0.05852

24 −0.10182 −0.27968 0.145563 0.281277 0.340406 0.517129 0.372365 0.13524
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Table 8. Cont.

Hour Bus 10 Bus 11 Bus 12 Bus 13 Bus 14 Bus 15 Bus 16 Bus 17

1 −0.2172 −0.1151 0.340538 −0.28858 0.13397 0.215 0.509886 0.0296391

2 −0.48069 −0.29731 0.261252 0.228911 0.291982 −0.07889 0.747164 −0.1629

3 −0.30994 −0.11412 0.42172 0.082115 −0.05983 0.262531 0.433044 −0.19196

4 −0.02283 −0.38287 0.251726 0.025115 0.060952 0.000117 0.470921 0.592725

5 −0.04582 0.232496 0.266468 0.212757 0.242039 0.057211 0.636258 0.0373539

6 0.206411 −0.13927 0.162261 −0.28581 −0.2199 0.109305 0.494137 −0.1691

7 0 0 0 −0.05847 −0.29067 0.023746 0.564915 0.138637

8 0 0.499138 0.214762 −0.41379 0 −0.46763 0 −0.14096

9 0.41909 −0.1038 −0.15531 −0.01952 0.256453 0.219961 0 −0.00244

10 0.080388 0.030835 −0.03662 0.347494 −0.30092 −0.04624 0.343626 0

11 0.23086 −0.24074 0.574301 −0.10117 0 −0.22682 0.513629 −0.07183

12 −0.40219 0.019415 0.216366 0.179 0 0 0 −0.15631

13 −0.47158 −0.57507 0.143105 −0.01213 0.187238 0 0 0

14 −0.1416 0.033491 0.170398 0 0 0.135393 0.43174 0.420412

15 −0.19975 −0.14902 0 0 0.140293 −0.03003 0.523137 0.123951

16 −0.43673 −0.01715 0.031523 0 0.0323822 0 0.354602 0

17 −0.28284 0 0 0.007066 −0.10133 0 0.51713 0

18 0 0 0.225536 −0.30457 0 0 0 0

19 −0.25187 0.051541 0.022455 0.180663 0 0.192109 0.673497 0.33373

20 −0.07334 −0.41833 0.586493 0.151788 0.357167 0.392503 0.404807 −0.25816

21 −0.03598 0.002444 0.171143 −0.20991 0.245613 0.119169 0.55136 −0.09427

22 −0.10944 −0.13339 0.34417 −0.11676 −0.01339 0.056928 0.512181 −0.45705

23 −0.178767 0.067427 0.357452 0.185385 0.121004 0.048119 0.723733 0.531025

24 −0.02946 0.211197 0.08026 −0.08251 −0.00704 0.30513 −0.08473 0.402817

Hour Bus 18 Bus 19 Bus 20 Bus 21 Bus 22 Bus 23 Bus 24 Bus 25

1 0.651439 −0.05569 0.38926 0.261946 0.375847 −0.33155 −0.53184 −0.34245

2 0.586311 0.107974 −0.20054 −0.00791 0.258296 −0.23722 −0.37175 −0.36514

3 0.491395 −0.04992 −0.30449 0.09066 0.407295 0.046916 −0.40595 −0.28248

4 0.312905 −0.21274 −0.2545 0.168318 0.383174 −0.08508 −0.48565 −0.43131

5 0.358369 −0.35149 −0.37688 −0.0402 0.288562 −0.14052 −0.28618 −0.32766

6 0.444779 −0.31761 −0.31283 0 0 0 −0.43382 −0.57932

7 0.282577 0.151033 0 0.262387 0 −0.27239 −0.48589 −0.44734

8 0 −0.26157 0 0.037639 0 0 −0.27377 −0.44177

9 0.369557 −0.24129 −0.17753 0.165351 0.512028 −0.34309 −0.41525 0

10 0.469584 0 −0.56927 −0.08343 0.63421 −0.13411 −0.40694 −0.34227

11 0.330625 0 −0.18361 −0.14442 0.155257 −0.340301 −0.489 −0.59589

12 0.353939 0.340993 −0.3735 0 0.492698 −0.23288 −0.47008 0

13 0.651421 −0.36893 −0.36278 0.0901198 0.44566 0 0 −0.037478

14 0.401976 −0.36893 −0.31686 −0.11612 0.247802 0 −0.50581 0

15 0.466945 0.156724 −0.19768 0.164742 0.040224 −0.35577 −0.62309 −0.36613
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Table 8. Cont.

16 0.214875 0.357695 −0.06306 0.104369 0 0 0 −0.46353

17 0 0.372549 0 0.118784 0 −0.31297 −0.46577 −0.530547

18 0.448936 0.373463 0 0 0.351668 −0.11008 −0.39909 0

19 0.378952 −0.20447 −0.22115 0 −0.0009 −0.33243 −0.32844 0.38857

20 0.60299 −0.08439 −0.35351 −0.28189 0.434581 −0.385 −0.73094 −0.6762

21 0.151932 −0.04669 −0.47751 0.002604 0.537381 −0.00567 −0.16216 −0.182205

22 0.31492 0.18192 −0.3046 −0.37766 0.008083 −0.20462 −0.19482 −0.23413

23 0.421401 0.18192 −0.17169 0.144835 0.260384 −0.15718 −0.35868 −0.46065

24 0.35647 −0.15452 0.226561 0.255988 0.023404 −0.46672 −0.3653 0.270348

Hour Bus 26 Bus 27 Bus 28 Bus 29 Bus 30 Bus 31 Bus 32 Bus 33

1 0.428738 −0.01673 −0.2551 0.502791 0.237749 0.0241 0.16671 0.110723

2 0.313738 0.048147 −0.28766 0.440024 −0.08471 −0.0522 0.032277 −0.21656

3 0.394222 0.268914 −0.51718 0.043121 0.096542 0.274971 −0.08428 0.180439

4 0.438966 0.036082 −0.44733 0.153678 −0.46993 −0.30151 −0.2651 0.047526

5 0.443398 −0.13357 −0.54546 −0.01295 0.197977 0.103994 −0.17329 0.320062

6 0.38228 −0.42829 −0.53531 −0.0517 −0.27115 0.158869 −0.04302 0.11763

7 0.490751 0.177673 0 −0.1409 −0.01322 00 −0.26453 0.117637

8 0.350049 0 0 0.109954 0 0.169267 0 0.401753

9 0.408608 0 −0.52508 0.085141 0 −0.02846 −0.1121 −0.56215

10 0.386839 0 −0.2563 −0.0905 0 0.177404 −0.10418 −0.1031

11 0.227575 0.161259 −0.17463 0.090592 −0.17413 −0.10196 −0.09633 0.218871

12 0 −0.07162 −0.48442 0 −0.19635 −0.11147 0.340564 −0.05679

13 0 −0.42522 −0.67722 0.228503 −0.21542 −0.31411 0.131029 0.094435

14 0.547113 −0.03325 −0.29095 0.201797 0 0.330721 −0.099 −0.03332

15 0.127924 0 −0.19762 −0.03345 0 0.136872 0.13808 −0.31831

16 0.467619 0 −0.31258 −0.31073 0.056218 0 −0.36914 −0.07377

17 0.377401 −0.14891 0 −0.02462 0.207091 0 0 −0.08038

18 0.35931 0.006437 0 −0.19014 0.270689 −0.05019 0.406462 0

19 0.365355 −0.16547 −0.54107 0.248037 0 −0.29154 −0.02945 −0.22178

20 0.56139 0.060062 −0.35307 −0.16436 0 0.0627286 0.078289 0.1006

21 0.327704 0.055049 −0.67088 0.401693 −0.26853 0.05126 0.21737 0.023826

22 0.695965 −0.2506 −0.56763 0.053874 −0.34784 0.022541 0.161653 0.209788

23 0.449066 0.012106 −0.55343 0.206588 0 0.05905 −0.32029 0.064532

24 0.111256 −0.59539 −0.05267 0.392084 −0.30073 0.072399 −0.10285 −0.08514

6. Conclusions

One solution is to use distributed energy sources using existing infrastructure to meet
electricity demand. In fact, the integration of energy operations may save energy resources
as much as possible by optimally distributing energy between different consumers. An
integrated energy system should be considered in different areas of management, planning,
consumption, and optimization. In order to integrate the transmission, saving, and conver-
sion of energy, a system called an energy hub is used, which applies to all carriers. Due
to the use of different technologies of distributed generation sources and energy storage
devices in the microgrid based on an energy hub, energy management can create many
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challenges for the microgrid in the coming times. For this reason, a framework is presented
to overcome some of these challenges in this study. In this research, we first focused on
microgrid planning with the presence of wind and solar sources, energy storage, and CAES.
As shown, the total operating cost is reduced compared to the first case with the presence
of the CAES. Then we tested the scenario in the big IEEE 33-bus system. The results of
charging and discharging vehicles cause the network load to change. PHEV charging and
discharging planning has been performed in such a way that the vehicles are charged
during off-peak hours and discharged during busy hours.

Future work includes:

1. Strategy and concurrent management of ACES load response, with new algorithms.
2. Using resources such as diesel generators in the model.
3. Power system models with many buses.
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