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Wind is a variable and uncontrollable source of power with a low capacity factor. Using energy storage
facilities with a non-ﬁrm connection strategy is the key to maximum integration of distant wind farms
into a transmission-constrained power system. In this paper, we explore the application of energy
storage in optimal allocation of wind capacity to a power system from distant wind sites. Energy storage
decreases transmission connection requirements, smoothes the wind farm output and decreases the
wind energy curtailments in a non-ﬁrm wind capacity allocation strategy. Speciﬁcally, we examine the
use of compressed air energy storage (CAES) technology to supplement wind farms and downsize the
transmission connection requirements. Benders decomposition approach is applied to decompose this
computationally challenging and large-scale mixed-integer linear programming (MILP) into smaller
problems. The simulation results show that using energy storage systems can decrease the variation of
wind farms output as well as the total cost, including investment and operation costs, and increase the
wind energy penetration into the power system.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Wind power has been experiencing very rapid growth around
the world. However, there are some issues associated with the wind
power that should be considered when planning these resources.
One important issue is the variability of wind speed that leads to
partially dispatchable nature of wind farms [1]. Also, the remoteness of the wind-rich areas requires long transmission lines for
connection to the existing network. Furthermore, wind-rich sites
are in open areas with low population density. Transmission networks in these areas are not best designed to absorb all the power
from these new power producers [1].
To increase wind energy penetration in a power system, optimal
wind capacity allocation strategies should be used to cope with
above-mentioned problems. However, due to the ﬂuctuating
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output and site dependent characteristics, as well as the possibility
of wind speed proﬁle in a direction opposite to the load proﬁle, a
comprehensive analysis over an extended time is needed to ﬁnd the
optimal locations for wind farms [2]. In Refs. [2,3], the authors
proposed a model for wind capacity allocation to potential wind
sites to maximize ﬁrm wind connection to the transmission
network. However, they conclude that a ﬁrm connection is not the
best choice for connecting a wind farm to a power system. By
deﬁnition, a ﬁrm connection for a wind farm does not involve any
wind curtailments due to network capacity limitation. In contrast,
when a non-ﬁrm connection is assumed, the independent system
operator is allowed to curtail wind energy in some situations due to
power system security constraints. In Ref. [4], a model for optimal
non-ﬁrm wind capacity connection to the congested transmission
systems is presented. In this study, extensive wind proﬁle, load
demand proﬁle, fuel price and contingency management sensitivities are examined and their effects on the optimal wind capacity
allocation is shown. These studies do not consider the transmission
connection requirements for wind farms, which is a signiﬁcant cost
component of remote wind farms with capacity factor between 20
and 50%. In our previous work [5], a model for optimal wind power
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Nomenclature

Constants
ICW
annualized investment cost for 1 MW wind farm for
f
site f
ICTl
annualized investment cost for 1 MW transmission
f
line for site f
ICCf
annualized investment cost for 1 MW CAES
compressor for site f
ICEf
annualized investment cost for 1 MW CAES expander
for site f
ICSf
annualized investment cost for 1 MWh CAES storage
for site f
hC
CAES compressor efﬁciency
hE
CAES expander efﬁciency
vi
cut-in wind speed of wind turbine
vo
cut-out wind speed of wind turbine
rated wind speed of wind turbine
vr
CT
total wind farm capacity desired to be installed
v
wind speed
G(v)
nominal 1-MW wind power output function
wind farm power output function
PWF
distance of wind site f from grid
df

CfC

35

PfW
;w;h

CAES compressor capacity optimization variable for
site f (MW)
CAES expander capacity optimization variable for site f
(MW)
CAES storage capacity optimization variable for site f
(MWh)
wind power production of farm f in period (w, h)

Sf,w,h

amount of energy stored in CAES of site f in hour h

CfE
CfS

PfInj
;w;h
PfE;w;h
PfC;w;h
PfCur
;w;h

amount of power injected into grid from site f in period
(w, h)
CAES expander power production of site f in period (w,
h)
CAES compressor power consumption of site f in
period (w, h)
amount of wind curtailment of farm f in period (w, h)

pnW;f ðw; hÞ dual multiplier of wind farm capacity constraint of
site f in period (w, h) and iteration n

pnTl;f ðw; hÞ dual multiplier of transmission line capacity

constraint of site f in period (w, h) and iteration n

pnC;f ðw; hÞdual multiplier of CAES compressor capacity constraint
of site f in period (w, h) and iteration n

pnE;f ðw; hÞdual multiplier of CAES expander capacity constraint of
site f in period (w, h) and iteration n

pnS;f ðw; hÞdual multiplier of CAES storage capacity constraint of

Variables
Fk(w,h)
SDk(w,h)
SUk(w,h)
OCn
Cf,max
CfW

production cost of unit k in period (w, h)
shutdown cost of unit k in period (w, h)
startup cost of unit k in period (w, h)
total operation cost in iteration n
maximum wind farm capacity of site f
wind farm capacity optimization variable for site f

CfTl

(MW)
transmission line capacity optimization variable for
site f (MW)

capacity allocation considering transmission connection requirements is presented. It simultaneously optimizes the wind
farms and their transmission connection requirements capacities.
Its results suggest that downsizing the transmission connection
would be beneﬁcial for remote wind farms. However, downsizing
the transmission connection would cause wind energy curtailment.
Storage technologies can provide a solution to wind farm integration problems. Energy storage systems have many beneﬁts for
remote wind farms; they increase the overall capacity factor of the
wind farm transmission connection, decrease wind curtailments,
provide ﬁrm capacity, provide ancillary services, and can be used to
shape wind farm output [6]. However, the joint planning of wind
farms and energy storage facilities has not been explored yet, which
is the subject of this paper.
There are different storage technologies, which are economical at
different scales. At present, few technologies such as pumped hydro
storage and CAES are economical and practical for storing large
amounts of wind energy [7]. Since the pumped-hydro storage units
are site-dependent, they cannot be used for supplementing wind
farms at their sites. In CAES the air can be compressed underground
in a solution-mined salt cavity, mined hard rock cavity or in a tank
above the ground. A typical CAES unit has electrical round-trip efﬁciency of %77 to %89 [7]. Remote CAES units also have the beneﬁts
of using alternatives to natural gases such as coal and biomass [6].

site f in period (w, h) and iteration n

Sets
W
K
F
H
N

set
set
set
set
set

of
of
of
of
of

index of
index of
index of
index of
index of

all
all
all
all
all

weeks
units
wind sites
hours in a week
iterations

The beneﬁts of using CAES to supplement the wind energy
from a remote wind farm are investigated in Ref. [7]. In this
study, two cases with different conditions are studied and
compared for supplementing the wind farms: CAES and gas
turbines. In Ref. [6], the importances of CAES units for supplementing wind farms in a transmission constrained power system
are studied. This study considers two options for locating CAES
units: near load centers and near wind farms, and investigates
the advantages and disadvantages of each choice. Several other
studies have explored the use of energy storages for a variety of
goals [6e10].
In this paper, we allocate a ﬁxed amount of wind power capacity
between candidate wind sites to minimize the investment cost and
the power system operation cost. The use of CAES units is explored
to supplement the wind farms and increase the transmission
connection lines capacity factor. We optimize the transmission
lines and CAES components capacities along with wind farms capacity simultaneously. The proposed model is applied to IEEE 24
bus test system and the results are presented and discussed. The
rest of the paper is organized as follows: the combined model of
wind farm and CAES is presented in Section 2. Section 3 describes
the problem and the proposed methodology to solve it. The simulation results and conclusion are given in Sections 4 And 5
respectively.
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2. Combined wind farm and CAES model
2.1. Wind farm model
The hourly power output of a wind farm is a function of its capacity, CfW and Nominal 1-MW wind power output function [11].
Nominal 1-MW wind power output function, G(v) can be obtained
from (1), where vi, vr, and vo are cut-in, rated, and cut-out wind
speeds, respectively [12].

9
8
0 0  v  vi
>
>
>
>
=
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a þ bv3 vi  v  vr
GðvÞ ¼
1
v

v

v
>
>
r
o
>
>
;
:
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(1)

In the above equation parameters a and b are deﬁned as below
[12].

a ¼

b ¼

v3i
v3i

v3r
1

v3r

v3i

(2)
Fig. 1. Combined wind farm and CAES model.

(3)
Inj

E
Pf ;w;h ¼ PfW
;w;h þ hE;f Pf ;w;h

PfC;w;h

hC;f

The total wind power output of the wind farm is then calculated
as following:

PWF ¼ CfW  GðvÞ

(4)

Sf ;w;hþ1 ¼ Sf ;w;h þ hC;f  PfC;h  t

PfCur
;w;h

1

hE;f

PfE;h  t

(5)

(6)

All wind turbine generators and consequently, all wind farms in
this paper are assumed to have cut-in, rated, and cut-out wind
speeds of 3.4, 12, and 25 m/s, respectively.

Where the parameter t represents the duration of the operation
that is 1 h in this paper.
The constraints of the model are:

2.2. CAES model

Sf ;w;h  CfS

(7)

PfE;w;h  CfE

(8)

PfC;w;h  CfC

(9)

CAES systems couple conventional gas turbine technology and
energy storage in the form of compressed air. The compressed air is
stored underground in a cavern or aboveground in a tank. To
extract the stored energy, the compressed air is drawn from a
storage reservoir, heated by burning a fuel in it and the combustion
products are expanded in the turbine to produce electricity [7].
Recently a new type of above-ground CAES technology is developed
which has lower capital cost, longer life time, and higher efﬁciency
than traditional under-ground CAES technologies [13,14]. In
contrast to classical underground CAES, this technology need not be
paired with a secondary heat source and generates electricity
directly from the expansion of the compressed air. Therefore, there
is no need for external fuel [15]. Pistons are used instead of turbine
in this new technology that have better compression ability and
consequently can store more energy. The CAES model can be
deﬁned by its storage capacity, compressing efﬁciency, expanding
efﬁciency, compressor capacity, and expander capacity.
2.3. Combined wind farm/CAES model
A combined wind farm/CAES model is shown in Fig. 1 where
the wind farm and CAES can be viewed as a single power producer. The total power injected into the grid is the sum of available
wind power and net power produced by CAES expander minus the
sum of power consumed by CAES compressor and wind power
curtailment. The total power injected into the power system and
the energy stored in the CAES in each hour are formulated as
following:



hC;f PfC;w;h  t  CfS
1

PfE;w;h  t  Sf ;w;h

Sf ;w;h

1



(10)

1

(11)

W
0  PfW
;w;h  Cf Gw;h ðvÞ

(12)

 CfTl
PfInj
;w;h

(13)

hE;f

Equations (7)e(9) are due to capacity constraints of storage
reservoir, expander, and compressor capacities, respectively. Constraints (10) deﬁne the maximum energy that the CAES can store
and is equal to the total CAES storage capacity minus available
energy stored in it. Equation (11) represents the maximum energy
that can be released in each hour from CAES that is trivially less
than available energy stored in the CAES. Constraints (12) deﬁne
the maximum wind power that the wind farm can produces which
is less than its capacity multiplied by Gw,h(v), and (13) deﬁnes the
maximum power that can be injected into the grid which must be
less than the transmission connection line capacity.
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installed near wind farms in order to prevent wind curtailments,
smooth wind farms output, and increase the transmission
connection capacity factor. Therefore, the goal of the optimization
program is to determine the wind farm capacity for each site, its
transmission line capacity and the capacity of the CAES components such that the total cost, including investment and operation
costs, over a speciﬁc time interval is minimized. Thus, the objective
function can be formulated as below:

Min Cost ¼

F 
X

f ¼1

Fig. 2. Benders decomposition master and subproblem.

 
 

C
W
Tl
C
ICW
þ ICTl
f ,Cf
f ,Cf ,df þ ICf ,Cf

W X
H X
K
 
 X

þ
ðFk ðw; hÞ
þ ICEf ,CfE þ ICSf ,CfS
w¼1 h¼1 k¼1

3. Problem formulation
The objective of the problem is to optimally allocate a ﬁxed
amount of wind capacity to candidate sites. The wind sites are far
from the grid and long transmission lines are needed to connect
them to the transmission network. CAES system is available to be

þ SUk ðw; hÞ þ SDk ðw; hÞÞ
(14)
The ﬁrst term of the above function is associated with the
investment cost of wind farms, transmission lines and CAES

Fig. 3. IEEE 24 bus test system.
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components. The total wind capacity to be installed is ﬁxed.
Therefore, the investment cost of wind farms will not have any
effect on the solution as far as it is considered a constant for all
sites; as assumed in this paper. The second term represents the
operation cost of the power system. This includes the production,
start-up, and shut-down cost of power system units. We assume
zero shutdown cost for the units.
The constraints of the objective function are as follows:
F
X

f ¼1

CfW ¼ CT

CfW  Cf ;max

(15)

ðc f ¼ 1; 2; .; FÞ

(16)

Constraints (5)e(13).
Unit commitment (UC) and DC optimal power ﬂow (DC-OPF)
constraints.
Constraint (15) is associated with the total amount of wind farm
capacity that is desired to be installed and constraint (16) limits
total amount of wind capacity that can be installed in a speciﬁc site
due to non-technical constraints. The UC and DC-OPF constraints
represent the power system constraints. In this paper, we apply UC
and economic dispatch (ED) model proposed in Refs. [16], because
they require fewer binary variables than other models; thus
yielding signiﬁcant computational saving. The transmission
network ﬂow limits are also added to the model. The DC load ﬂow
analysis is used which is sufﬁcient for long-term planning purposes
[4]. However, in reality, the security constraints such as voltage
limits, voltage stability, and generator operation limits are important. A graphical method to determine the capability of power
system for wind power integration regarding security constraints is
proposed in Ref. [17] which can be used for post-optimal feasibility
analysis of our model. Uncertainties associated with short-term

ICT 

F 
X

f ¼1

þ

decomposition approach is used which is a popular technique for
solving large-scale problems [21,22]. By using benders decomposition, the original problem is decomposed into a master
problem and a subproblem. The master problem deals with the
investment plans for wind farms, transmission lines, and CAES
components. Once the master problem is solved, its solution
which is a lower bound of the original problem will be imposed
on the subproblem. After solving the subproblem, which gives an
upper-bound on the optimal cost function value, a set of dual
values indicating the change in the total cost, resulting from
marginal changes in the wind farms, transmission lines, and
CAES components capacities will be returned to the master
problem. Benders cut will be generated from these dual values
that will govern the determination of the solution of the master
problem. An iterative process is used between master problem
and subproblem to ﬁnd the optimal solution and will continue
until a converged optimal solution is found. The methodology
proposed in Ref. [23] is used here to solve UC and DC-OPF. In this
methodology the DC-OPF is decoupled from UC and therefore it
does not have any integer variables. The wind farms don’t have
any binary variables associated with their on-off states. The cuts
and the operation cost are derived from the DC-OPF optimization
problem. The benders decomposition method applied to this
problem is shown in Fig. 2.
The power system used as the test case is already adequate and
feasible for every week UC and DC-OPF. Therefore, there is no need
for feasibility cut in this case study and we only model the optimally cut. It is assumed that the operation planning time horizon of
the CAES is weekly. Thus, the annual UC and DC-OPF are performed
weekly, neglecting the link between the individual weeks, without
signiﬁcantly impacting the modeling accuracy. Duals of constraints
(7)e(9), (12), (13) affect the master problem solution. The appropriate cut based on the duals of the mentioned constraints is
formulated as follows:

 
 
 
 

C
W
Tl
C
ICW
þ ICTl
þ ICEf ,CfE þ ICSf ,CfS
þ OCn
f ,Cf
f ,Cf ,df þ ICf ,Cf

W X
H X
F h
X

w¼1 h¼1 f ¼1



pnW;f ðw; hÞ  Gw ðvðw; hÞÞ  CfW



þ pnC;f ðw; hÞ  CfC

CfC;n





þ pnE;f ðw; hÞ  CfE


 
CfW;n þ pnTl;f ðw; hÞ  CfTl
CfE;n



wind forecast errors are not addressed here. However, the UC and
SCUC models that consider these uncertainties of the wind in dayahead market can be found in Refs. [18,19].
Therefore, the real time beneﬁts of a CAES such as compensating
the wind farm power output forecast errors are not considered
here. In Ref. [20] it is shown that when the uncertainties of the
wind power are considered in real-time, the storage facilities
become more attractive and the main beneﬁt of the storage technologies is a decrease in wind energy curtailment.
3.1. Methodology
To optimally allocate wind capacity to wind sites, a comprehensive analysis is required. At least a year-long UC and DC-OPF
is needed to solve the optimal wind capacity allocation problem.
This problem is computationally challenging and decomposition
methods are required to break it down. To do so, benders

CfC;n



þ pnS;f ðw; hÞ  CfS

The

dual

pnE;f ðw; hÞ,

and

(17)



CfS;n

i

multipliers

pnS;f ðw; hÞ

n ¼ 1; .; N

pnW;f ðw; hÞ,

pnTl;f ðw; hÞ,

pnC;f ðw; hÞ,

represent the change in operational cost

due to one unit increase in the power generation of the wind
farm, transmission line capacity, CAES compressor capacity,
CAES expander capacity, and CAES storage capacity, respectively.
The parameters CfW;n , CfTl;n , CfC;n , CfE;n , CfS;n are the value of the
wind farms capacity, transmission connection lines capacity,
CAES compressor capacity, CAES expander capacity, and CAES
storage capacity respectively, which are obtained in the iteration
n and are used to generate the appropriate cut for the next
iteration. It should be noted that the dual multiplier of wind
farms capacity are multiplied by Gw(v(w,h)), the nominal 1-MW
power production function of the wind farm, representing the
power production dependency on the speed and the time that
wind blows. For example, when the wind speed is out of range
for power production, the coefﬁcient will be zero and the dual

Author's personal copy

F. Fallahi et al. / Renewable Energy 64 (2014) 34e42
Table 1
Wind sites characteristics.

Mean wind speed (m/s)
Capacity factor
Distance (km)

39

Table 3
Optimal solution with CAES.
Farm A

Farm B

Farm C

Farm D

7.66
0.3444
150

8.58
0.4278
300

9.72
0.4838
400

6.89
0.2746
100

multiplier will not have any effect on the cut and master
problem.

Total cost ($)

Farm
Farm
Farm
Farm

A
B
C
D

1.2972  108 Total energy injected
into the grid (MWh)

2,391,500

Line capacity
Wind
capacity (MW)
(MW)

CAES storage
CAES compressor CAES
capacity (MW)
expander capacity
(MWh)
capacity
(MW)

155.1
225.1
300
19.8

0
67.8
152.1
0

130.7
151.1
202.4
19.8

0
55.2
137.7
0

0
3425
6183
0

4. Simulation and results
The IEEE 24-bus test system is used to illustrate the presented
methodology [24], as depicted in Fig. 3. It is assumed that there are
four sites with good wind regime for constructing a wind farm.
These sites are near busses 9, 17, 22, and 3 named A, B, C, and D,
respectively. The wind site distances to nearest bus, annual capacity
factor, and mean wind speed of each site is shown in Table 1. Data
for four wind sites are driven from HOMER ENERGY [25]. The yearlong sequential time series of nodal load and wind speed proﬁle of
wind sites are available as input to our model.
The total wind capacity target is 700 MW and there is no capacity limit on any particular wind site. The wind farm annualized
investment cost is the same for all sites and depends on the wind
farm capacity. Therefore, it will not have any effect on the optimal
solution. The annualized investment cost for transmission line is
assumed to be linear with the value of 36 $/MW/km/year. For
simplicity, the cost of a new transmission line is assumed to be
linear; although in practice it is not linear and has many uncertainties, especially those related to terrain and regulatory delay
[26]. In addition, a transmission line has different ratings during a
year varying with the change in the ambient temperature, wind
speed, solar radiation, etc. [27]. The annualized investment cost and
the efﬁciency of CAES components are shown in Table 2 [7].
A year-long UC with DC-OPF have been implemented on a
desktop PC with core 2 due 3 GHz processor and 2 GB RAM using
MATLAB/GAMS interface to solve both master problem and subproblem. The optimum capacities of components for two cases,
with and without CAES, are presented in Tables 3 and 4
respectively.
It is clear from Table 3 that the better the wind regime, the more
the wind farm capacity. The wind capacity is distributed between
the candidate sites proportional to their capacity factor because of
two reasons. First, transmission congestion in the existing transmission network prevents absorbing large amount of energy from a
new wind farm and, second, when the wind capacity is distributed
between different sites, the total wind energy output is smoother
than the case when total capacity is allocated to just one site.
Comparing two cases (with and without CAES), it is obvious that
with CAES the richer wind sites have more capacities because the
CAES is able to store energy and decreases the wind energy
curtailments.
No CAES system is allocated to wind farm A and its transmission
line capacity is %84 of its wind farm capacity. About %1.5 of its total
available wind energy is curtailed because of its own transmission

Table 2
Cost and efﬁciency of CAES components.
CAES component

Annualized investment cost

Efﬁciency

Compressor
Expander
Storage

8.5 $/MW/year
9.25 $/MW/year
0.1 $/MWh/year

0.85%
0.85%
100%

limit. This is advantageous since a great deal of capital investment
is saved from the reduction of transmission line capacity by %15.8.
According to the results, a CAES system is allocated to both farms B
and C. Capacity of farm B is 225.1 MW with a 151.1 MW transmission connection. Although its transmission connection is %67 of
its wind farm capacity, its wind energy is not curtailed during the
year. This is because of CAES system that is able to store excessive
energy. A period of combined wind farm and CAES system operation of site B is shown in Fig. 4.
CAES in site B has a reservoir capacity of 3425 MWh and a
compressor and expander capacity of 67.8 MW and 55.2 MW
respectively. Fig. 4 shows that when the available wind energy is
greater than transmission line capacity, the excessive energy is
stored in CAES and when the available wind energy decreases, the
stored energy is released. In this way, not only the wind energy
curtailments are decreased, but also the net output into the grid is
smoother. Furthermore, the transmission line capacity is
decreased and consequently a great amount of investment cost
related to transmission line connection is saved. Similarly, for farm
C, it can be seen that despite a great amount of saving in the investment cost due to its transmission line capacity of %67 of the
wind farm capacity, its wind energy is not subject to curtailment
because the CAES is able to store excessive wind energy. A period
of combined wind farm and CAES operation of site C is shown in
Fig. 5.
The standard deviation and the mean hourly power injection
into the power system for the two cases are shown in Table 5. It
shows that when a CAES system is used, not only the mean power
injection into the power system is increased, but also its variation is
decreased.
Fig. 6 shows the total cost which is the sum of the annualized
investment and yearly operational costs. It is obvious from Fig. 6
that the optimal solution has the minimum cost because of
optimal capacity allocation and consequently having the maximum
wind energy penetration along with minimum investment cost.
The total cost without CAES is 8.3% greater than the case with CAES
which is equal to 1.2972  108 $.
The transmission connection cost is considered to be linear,
however, in reality it is not linear. The cost of a new transmission
connection, consist of the transmission line and the required
Table 4
Optimal solution without CAES.
Total cost ($)

1.4049  108

Total wind energy injected into the grid (MWh)

2,142,800

Farm
Farm
Farm
Farm

A
B
C
D

Wind capacity (MW)

Line capacity (MW)

206.2
208
241.4
44.4

164.2
176.8
214
44.4
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Fig. 4. A period of combined wind farm and CAES system operation of site B. a) wind farm and CAES Compressor and expander output. b)Energy stored in CAES.

substations. A good future work could be incorporating the accurate transmission cost function into the problem. A sensitivity
analysis for the case of without CAESs is done with respect to the
transmission connection cost and with the cost of 19.3 $/MW/km/
year their capacities will be the same as the wind farm capacities
without CAESs.
These results show that using a CAES for supplementing wind
power from distance sites is feasible and economical. However in
some other research papers like [28], it is shown that using CAESs is
not feasible for future power systems. They consider the revenue
that can be earned by the CAES owners to justify the investment
cost of CAESs. However, there is a basic and signiﬁcant difference
between this paper and [28]. In this paper the system operator to
better manage the network and decrease the operation cost uses
the CAESs. Their revenues are not considered as the amount of
money that they can make for their owners. Their revenues are how
much they can decrease the operation cost of the whole system and
also investment cost of the transmission connection for distant
wind farms. This method is more suitable for traditional vertically
integrated systems while the analysis in Ref. [28] is suitable for
private investors in liberized power systems.
5. Conclusion
This paper presents a methodology to optimally allocate wind
capacity to distant wind sites using energy storage technology.
Benders decomposition approach is applied to decompose the

original problem into a master problem and a subproblem. Wind
speed and load proﬁles are accurately modeled using hourly data.
The methodology simultaneously optimizes the wind farms,
transmission lines, and CAES components capacities. In UC, wind
farms are considered to be dispatchable, namely, wind farms
output can be curtailed. A non-ﬁrm strategy for optimal wind
capacity allocation is necessary to maximize the wind energy
penetration into a power system. The CAES is used to decrease
the wind energy curtailments, downsize the transmission
connection lines, and smooth the wind farms output. The wind
speed proﬁle variations over different years and uncertainties of
other parameters such as load proﬁle, fuel price, and changes in
the network topology are not considered in this paper. Future
research could be conducted to include these uncertainties into
the problem and perform a stochastic model. The IEEE 24-bus
test system is used to analyze the proposed methodology.
Simulation results show that the proposed method results in
minimum total cost. Using CAES system, not only the total wind
penetration into the power system will increase, but also total
cost and wind farms output variation will decrease. The results
also show that the CAES system is more beneﬁcial to wind sites
which are far from the grid and are connected to a weak point of
the transmission network. CAES system also has beneﬁts in real
time system operation. They can be used to compensate the wind
speed forecast errors. Advanced communication and control
schemes can be used in real time operation to manage the
combined wind farm and CAES system.
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Fig. 5. A period of combined wind farm and CAES system operation of site C a) wind farm and CAES Compressor and expander output. b)Energy stored in CAES.
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