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Abstract

The concept of flexibility is defined as the power systems’ ability to effectively respond
to changes in power generation and demand profiles to maintain the supply–demand bal-
ance. However, the inherent flexibility margins required for successful operation have been
recently challenged by the unprecedented arrival of uncertainties, driven by constantly
changing demand, failure of conventional units, and the intermittent outputs of renew-
able energy sources (RES). Tackling these challenges, energy storage systems (ESS) as one
important player of the new power grids can enhance the system flexibility. It, therefore,
calls for an efficient planning procedure to ensure flexibility margins by considering ESS’s
role in modern power systems. This paper proposes a novel mixed integer linear program-
ming (MILP) model for transmission expansion planning (TEP) framework taking into
account the role of compressed air energy storage (CAES) integration on improvements
in system flexibility. The proposed framework is housed with a quantitative metric of grid-
scale system flexibility, while a new offline repetitive mechanism is suggested to account
for the N − 1 reliability criterion. The model is applied to different test systems, where the
numerical results demonstrate the impacts of CAES units on system flexibility, investment
plans, and the total costs.

1 INTRODUCTION

Widespread integration of renewable energy sources (RES),
wind and solar in particular, has recently resulted in the unprece-
dented presence of uncertainties in power grids, leading to
transmission lines congestion and load curtailments [1–3]. The
systems’ ability to effectively cope with and control such fast-
and slow-dynamic variations in generated power electricity and
load demand is called power grid flexibility [1,4]. In fact, the
system flexibility which captures both technical and economic
objectives should be effectively addressed in the planning and
operation decisions [1]. In order to techno-economically cope
with the intermittency in RES, transmission expansion plan-
ning (TEP) [5] paradigms have put forward new plans to
simultaneously ensure power grid economics, system flexibility,
and reliability requirements. In addition, new investment plans
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focused on various sources such as distributed energy resources,
switching operations, HVDC lines, aggregated electric vehicles,
demand-side management programs, and energy storage sys-
tems (ESS) have been investigated [2,4,6–9].

ESS, if planned and operated effectively, can unlock huge
advantages in large-scale power grids as they alleviate the
full reliance on the conventional generators, enhance the grid
economics, mitigate transmission lines congestion scenarios,
increase the usage of RES’s capacities, and enhance the grid
resilience during emergencies. Among the various ESS tech-
nologies, pumped hydro energy storage (PHES), compressed
air energy storage (CAES), and battery energy storage systems
(BESS) are the most implemented in large-scale generation/
transmission systems.

Among PHES and smaller-size ESS technologies such as
CAES and BESS, the latter alternatives are more practical owing
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to lower construction costs [10,11]. Although both PHES and
CAES technologies have geographical constraints, PHES would
need to be constructed in remote sites with two reservoirs and
pump units as compared to the CAES technology [12]. There-
fore, CAES can be considered as more installable technology
with lower geographical constraints. Furthermore, BESS tech-
nology reveals limitations in the number of charging or dis-
charging cycles [6], while CAES remains an efficient and eco-
nomic choice by providing additional required flexibility ser-
vices. Compared to BESS, CAES technology is a more reliable
source in large-scale power grids in terms of economic aspects.
Although CAES units’ installation depends on underground
geological voids, the need to install many CAES units at each
bus is relaxed due to CAES’s capacity that stores higher capacity
power for a long duration in comparison with BESS technol-
ogy. In addition, CAES technology is found to be more efficient
in power grids majorly composed of thermal generators—the
case that this paper examined—while the integration of other
ESS technologies may result in promising operational benefits
in RES-rich power grids. We have tried to focus on the role
of ESS technologies on the system flexibility as one important
player of modern power systems. In this vein, the analyses of
this paper are focused on ESS-integrated power systems with
conventional generating units despite the generality of the pro-
posed model. Considering the applications of CAES technol-
ogy, a project is currently in operation by the Iowa Association of

Municipal Utilities [11].
A stream of literature exists on the TEP planning and the

integration of ESS units in power grids. Reference [13] pro-
poses a mixed integer AC model for TEP by applying the
conic relaxation of the optimal power flow. In this research,
the disjunctive programming technique is extended to consider
the power flow and the voltage constraints. A non-linear TEP
model is presented in [14] with the impacts of ESS technolo-
gies on the investment and operation costs. In [15], an adap-
tive robust optimization model is suggested aiming to minimize
the ESS-integrated TEP investment and achieve an effective
operation under a wide range of uncertainties such as future
generation, peak loads, and operational conditions. Authors in
[9] present a long-term stochastic mixed integer linear pro-
gramming (MILP) model to incorporate flexible network tech-
nologies into the TEP problem, further solved by the Benders
decomposition scheme. In [16], a probabilistic TEP model is
presented including load and wind uncertainties solved by the
Benders decomposition and Monte Carlo simulation. To mini-
mize the expansion plan cost as well as the load curtailment, a
robust optimization TEP approach is proposed in [17] consider-
ing the uncertainties in the net injections. Reference [18] tries to
present a renovated MILP robust model of TEP to address the
uncertainties generated from the estimated transmission lines
investment cost and the forecasted loads. Authors in [19] try to
define a stochastic, multi-stage, co-planning model of TEP and
BESS to improve power grid flexibility in dealing with uncer-
tainties. A multi-stage MILP model is proposed in [20] including
transmission and ESS planning under long-term uncertainties
to improve a new metric of power system flexibility. Finally, ref-
erence [21] presents an MILP model for co-planning of trans-

mission networks and CAES units to defer transmission lines
investment through an online method capturing the N − 1 reli-
ability criterion. However, improvement in power grid flexibility
was not the primary concern in [21].

Considering flexibility metrics and performance require-
ments, the authors in [6] provide a review on the concept, met-
rics, and implementation practices. Authors in [22–24] present
new flexibility metrics as well as flexibility dynamics to be quan-
tified in long-term system planning and real-time operation
decisions. In [25], a systematic approach is defined to incor-
porate flexibility measures in generation planning and market
operation. A robust optimization model is employed in [26]
to quantify the long-term planning and short-term operation
metrics of flexibility. Reference [1] suggests a novel techno-
economic flexibility metric in day-ahead electricity markets. This
paper has quantified the relative flexibility based on conven-
tional generation technologies compared to modern flexible
options such as ESS and demand response programs. To mea-
sure the power grid flexibility, authors in [27] try to present a
novel adaptive robust optimization model under a unit com-
mitment time-scale framework considering wind uncertainty.
Finally, a five-level MILP optimization model for TEP is pro-
posed in [28] under generation expansion uncertainty con-
sidering flexible network technologies and N − 1 security
criterion.

In many of the above-mentioned literature, authors have
employed non-linear and linear optimization models to assess
the impacts of ESS integration on TEP, in which some solu-
tion techniques have been offered such as the genetic algo-
rithm [14], the Benders decomposition scheme [9,16], and
direct optimization method [21]. However, none has concen-
trated on the joint TEP and ESS planning in order to pri-
marily improve metrics of system flexibility considering the
ESS impacts. Although the solutions proposed in some of
the existing literature indirectly and conceptually improve the
system flexibility, the state-of-the-art literature (i) has neither
defined nor measured any metric to demonstrate numerically
the improvements in system flexibility by the planning solutions,
and (ii) has not approached harnessing the available metrics of
flexibility in a co-planning framework. Note that the presented
design and formulations of CAES units have not been stud-
ied in the ESS-focused TEP problems. Finally, some references
presented online methods to consider N − 1 security criterion
[21], where the computationally-intensive optimization meth-
ods would not be efficient to solve the flexibility problem, which
further motivates defining a novel offline approach to account
for the N − 1 criterion.

To bridge the aforementioned gaps in the literature, an MILP
direct-solution optimization model is presented that simultane-
ously captures both Transmission and CAES units’ expansion in
order to enhance the grid-scale system flexibility via ESS inte-
gration. Relaxing the need to use decomposition approaches,
a novel techno-economic metric is suggested to quantify the
system flexibility. Moreover, to mitigate the computational bur-
den in solving the proposed problem, a novel offline mecha-
nism is suggested to assess the N − 1 reliability criterion and
ensure the power grid security in facing credible contingencies.
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Consequently, the main contributions of this paper can be sum-
marized as follows:

A novel techno-economic metric is suggested to numeri-
cally characterize the grid-scale system flexibility aided
by the large-scale integration of CAES units.

A new MILP co-optimization framework is suggested for
joint transmission and CAES expansion where accurate
CAES design characteristics are incorporated consider-
ing the details of cost and energy levels.

An efficient linearization method with a direct and
computationally-efficient solution technique is applied
to the proposed MILP optimization model capturing
the trade-offs between the TEP and the CAES units
planning in large-scale power systems, being generic to
accommodate other ESS technologies.

A novel and efficient offline mechanism is suggested to
continuously assess the N − 1 reliability criterion that
is independently calculated from the investment prob-
lem and enhances the solution feasibility.

The remainder of this paper is organized as follows. Section
2 introduces a big picture of the proposed algorithm. Problem
formulation including the linearized model of TEP and CAES
units, the grid-scale system flexibility assessment, and the N −
1 criterion is presented in Section 3. Sections 4 and 5 discuss
the case study analysis, numerical results and discussion on the
GARVER and the IEEE RTS test systems, respectively. Finally,
the concluding remarks are presented in Section 6.

2 PROPOSED ALGORITHM

The objective function in the proposed framework is defined
as a three-stage optimization model to minimize the investment
as well as the operation and maintenance costs of the installed
transmission lines and the integrated CAES units. According to
Figure 1, Step 1 presents a linearized optimization model for
TEP considering CAES units’ integration. In order to linearize
the non-linear TEP formulation, the well-known Big-M method
is applied; also, an innovative approach is presented to linearize
the non-linear CAES units’ formulations. Therefore, a two-stage
optimization model in which the Master problem focuses on
the planning and the sub-problem on the operation can be con-
verted to a single MILP optimization model to easily solved by
linearization approaches. In this regard, power balance, power
flow, power generation, and CAES units power and energy con-
straints are satisfied by decision variables based on the installed
transmission lines and the integrated CAES units; then, a new
flexibility metric is suggested to assess the grid-scale system flex-
ibility and investigate the CAES units’ positive influences on the
power grid flexibility concept.

In Step 2, to satisfy the proposed model under contingencies,
a practical and computationally-efficient offline mechanism is
measured to repetitively assess the N − 1 reliability criterion
which is independently calculated from the investment problem.
With the investment plans found, load curtailment powers are

FIGURE 1 Flowchart of the proposed algorithm

evaluated when removing each of the available or the installed
transmission lines in each corridor. Thus, if the load curtailment
power in one scenario is greater than the corresponding limits,
the system alerts as an emergency operating state and the critical
corridors, which are more vulnerable than the others, are recog-
nized. Then, a new constraint related to these corridors for the
corresponding TEP plan is then added to the formulations. As
a result, decision variables and then, the total cost are updated
according to the contingency scenarios. This process is repeated
to consider all contingencies and to satisfy the system security
under contingency scenarios. When the system security is eval-
uated, the process of finding the investment plans is repeated to
minimize the total cost.

The maximum number of transmission lines to be installed
in each corridor is supposed to be two. Although the sizing
of the integrated CAES units at each bus can be handled by
the proposed method, the maximum number of CAES units
to be integrated at each bus is assumed to be one due to the
geographical constraints and the mechanical limitations of ESS
(such as PHES and CAES) [11,29]. It should be noted that
installing more than one unit at each bus may not be feasible in



MAZAHERI ET AL. 211

practice. To consider the available transmission lines, one binary
parameter is defined; in addition, the linearization method man-
dates the decision variables of installable transmission lines to
be binary variables; as a result, we define another two binary
variables to consider the maximum number of installable
transmission lines in each corridor. Furthermore, two datasets
corresponding to sample winter/summer days are considered
in the operation sub-problem to simulate weather conditions
throughout one target year in the proposed static co-planning
structure [30]. This paper categorized investment plan variables,
CAES units charging and discharging statuses, and CAES units
linearizing variables as binary variables, while the output power
of generating units, power flows through transmission lines,
voltage phase angles, CAES units charging and discharging
powers as well as energy level, the flexibility index, and the load
curtailment power are categorized as continuous variables.

3 PROBLEM FORMULATION

3.1 Objective function

To structure the proposed MILP model considering the sys-
tem flexibility improvement in CAES-integrated power grids,
the objective function (OF) is comprised of two separate parts,
that is the investment cost and the operation cost (1):

OF = min
{

Cpl +C ws
op

}
(1)

Cpl =

L∑
l=1

𝛼tl
l
⋅ 𝜔
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l
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)
(2)
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g
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)
(3)

f dsc =

N∑
n=1

1

(1 + r dsc )n−1
(4)

The costs of the installed transmission lines, the integrated
CAES units, and the fixed maintenance cost are evaluated in (2).
Moreover, the system operation cost including the cost of the
generated power from generating units, the CAES units’ elec-
tricity consumption cost, variable maintenance cost, and nat-
ural gas consumption cost are presented in (3). Note that the
second and fourth parts of the operation cost are the special
terms in the CAES technology calculation, differentiated from
other types of ESS technologies. The heat rate parameter r h in
(3) is specifically defined for CAES technology as “the burned
fuel amount per generated peak electricity unit by the expander”
[31,32]. Finally, to match the scale of the operation sub-problem
with respect to the Master investment problem in one target
year, the discount factor f dsc is defined in (4).

3.2 DC optimal power flow

Power balance constraint for the generated power from gener-
ating units, load demand, and the CAES units charging and dis-
charging powers are presented in (5), where the power flow vari-
ables are distinguished for the available and the installed trans-
mission lines.

Subject to:
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(5)
The DCOPF formulation for the available transmission lines

is presented in (6). Note that the DCOPF formulation for the
installable transmission lines in the TEP problem formulation
is non-linear (7) due to decision variables 𝜔

𝜑1,2
l

. Therefore, the
Big-M method is accordingly applied to linearize this constraint
[33,34]. As a result, constraint (7) is replaced by (7a) to prove the
linearity in the DCOPF for the installed transmission lines. Note
that the parameter Ω in (7a) is set to be ten times of the max-
imum transmission lines capacity [35]. Finally, the power flow
limits for the available and the installed transmission lines and
the generated power limits for generating units at bus i are pre-
sented in (8)–(10).
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3.3 CAES units power and energy

The hourly charging and discharging statuses of CAES units is
defined in (11). This constraint is particularly related to CAES
units due to their efficiency; in other words, by utilizing other
ESS technologies with higher efficiency, we would not have
required to consider this constraint [36]. Note that the charging
and discharging statuses should be dependent on the CAES’s
integration variable (𝜓i ); that is, the binary status values will
be non-zero only when CAES units are integrated in the buses
(zero elsewhere). Therefore, the CAES units charging and dis-
charging powers capacity limits are non-linear due to the deci-
sion variable 𝜓i , resulted in non-linear constraints (12), (13).
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This paper proposes a novel as well as efficient method to lin-
earize these constraints. In this regard, two new binary vari-
ables 𝜗cws

t ,i = 𝜓i ⋅ 𝜐
cws

t ,i and 𝜗d ws

t ,i = 𝜓i ⋅ 𝜐
d ws

t ,i named CAES units
linearizing variables are defined to remove the non-linear terms
in (12), (13) and form the final proposed MILP optimization
problem. In detail, to connect charging and discharging statuses
variables and linearizing variables, two new linear inequalities are
suggested in (14), (15).

Reflecting the motivation for the new constraints (14), (15),
variables 𝜗cws

t ,i , 𝜗
d ws

t ,i are equal to zero when the buses are not
reinforced with any CAES units due to their binary structure.
Analogously, these variables are binary if CAES units exist on
buses. According to our novel linearization method, the coeffi-
cients defined and presented in (14), (15) are creatively set as
𝜎1 = −0.3, 𝜎2 = 0.2, 𝜎3 = 0.4, 𝜎4 = 0.5 to satisfy the above-
mentioned principal purpose of these constraints. A calculation
of charging status (14) is shown in (16) to quantify and prove
the purpose of the proposed coefficients for the linearization
approach. Note that the presented calculation (16) is completely
the same for the discharging status. Finally, the constraints (12),
(13) are replaced by (12a), (13a) to present the linear charging
and discharging powers capacity limits of CAES units.
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CAES’s energy level per hour and the value of initial energy
level in the first hour of the operation sub-problem are defined
in (17), (18), while the energy level limit for CAES units is cal-
culated in (19). CAES units’ efficiency is modelled based on the

heat rate parameter r h and the energy ratio parameter r e [31].
Therefore, different from other ESS technologies, r e multiplied
with the discharging power measures the energy level of CAES
units [37]. Note that the energy ratio is specifically defined for
CAES technology as “the consumed energy amount by the
compressor per the generated energy unit by the expander dur-
ing the peak hours” [31,32].

𝛿ecws

t ,i = pcws

t ,i − r e ⋅ pd ws

t ,i ∀t ∉ {1}, i, ws (17)

ecws

t ,i = pcws
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0 ≤ ecws
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3.4 Grid-scale system flexibility assessment

Based on [25] in which the authors present a metric for the
flexibility assessment, the grid-scale system flexibility metric is
obtained from the flexibility power (20) and the value of the
initial flexibility power in the first hour of the operation sub-
problem (21). The flexibility power is defined as power varia-
tions across the system to assess the network capacity to deal
with variations. To clarify, the flexibility power depends on two
factors: i) the capacity of the system generation, and ii) the dif-
ference at any given time (t) and (t − 1) as ramp rates in the
generated power from generating units and CAES units’ dis-
charging power subtracted from load demand and CAES units’
charging power. According to the flexibility concept, which is
the ability of the systems to effectively control the variations
to daily smooth the generated power and load demand in the
operation sub-problem, these two factors have equivalent influ-
ences on the grid-scale system flexibility measurement. In other
words, as the capacity of the system generation (i) can indepen-
dently improve the system flexibility from hourly time, the pro-
posed difference with generation essence (ii) can increase the
system flexibility each time of 24-h scale. Therefore, these fac-
tors should be multiplied by the same coefficients as the same
weight to be normalized and conceptualized the discussed phys-
ical meaning (𝜌1 = 𝜌2).

The flexibility index at bus i at time t in winter/summer
days (22) is measured by applying the flexibility power and the
maximum capacity of the system generation. The fundamental
definition of the system flexibility can be acknowledged by this
constraint, in which the effective two factors are cohesively
organized in assessing the flexibility index. To quantify the
coefficients of the factors in (20), (21), the presented flexibility
index (22) can be considered as a metaphor for the system
flexibility on the per-unit scale. As the desirable amount of the
grid-scale system flexibility is defined to be greater than 0.5 [25],
if we supposed there is no variation between given time (t) and
(t − 1) and the minimum power capacity of generating units is
zero, the amount of (22) would be 0.5. Therefore, constraints
(20), (21) are forced by the above discussion to consider (0.5)
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as the same coefficients for two factors.
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Finally, the grid-scale system flexibility metric (23), which is
the minimum of the flexibility index at time t in winter/summer
days, is defined by considering the weighted sum of the flexibil-
ity index (22) at bus i and the capacity of the system generation.
It should be noted that the minimum value of the grid-scale sys-
tem flexibility metric across different time periods and different
seasons is conservatively assessed to capture the worst-case sce-
nario in the system.
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3.5 Contingency scenarios analysis

In order to model the N − 1 contingency scenarios, a novel
efficient offline mechanism is proposed to repetitively measure
the system security under stressed contingency conditions. In
this vein, each of the available and the installed transmission
lines in each corridor is respectively removed and the load cur-
tailment powers are evaluated. The load curtailment powers are
then compared with the corresponding limits in (24); when the
load curtailment power in a particular contingency exceeds the
desirable limits, this contingency is recorded as a critical sce-
nario. Therefore, the system cannot allow the transmission line
to be offline in this particular corridor. Hence, a new constraint,
which should reinforce this corridor with another transmission
line, is added in order to prevent disconnecting this particu-
lar transmission line in the system. Accordingly, the investment
plans and the total cost values are updated. This process is
repeated independently from the investment problem until all
system contingencies are evaluated by considering all the avail-
able and the installed transmission lines.

plcws

t ,i < plc
limit

∀t , i, ws (24)

4 THE GARVER CASE STUDY

4.1 Test system data and assumptions

The 6-bus GARVER test system, comprised of 3 generators and
6 transmission lines, is utilized to demonstrate the functional-

TABLE 1 Investment plans-GARVER test system

Lines (corridors) CAES units (buses)

G1 (2–3) (2–6) (3–5) (4–6) (4–6) –

G2 (2–6) (2–6) (3–5) (3–5) (4–6) (4–6) (2) (3) (4) (5) (6)

G3 (2–3) (3–5) (4–6) (4–6) (1)

TABLE 2 Costs and system flexibility-GARVER test system

Scenarios

G1 G2 G3

Lines number 5 6 4

CAES units number 0 5 1

Investment (M$) 130.0 531.5 211.5

Total cost (M$) 1114.8 1084.9 1090.0

System flexibility 0.457 0.668 0.494

ity of the proposed framework. In this system, the data on the
network buses and the available/candidate transmission lines
are presented in [21]. Moreover, the hourly profile of the load
demand for the daily peaks of two sample winter/summer days
is borrowed from [38]. The investment costs are assumed to be
425,000 $/MW and 53,000 $/MWh for the power and energy
investment costs of the CAES units, respectively [11]. The nat-
ural gas cost, heat rate, and energy ratio are considered to be
0.0035 $/MJ, 4,185 MJ/MWh, and 0.75, respectively [39]. The
maintenance costs are assumed to be 1,420 $/MW*yr and 0.1
$/MWh for the fixed and variable maintenance costs, respec-
tively [11]. In this case study, the maximum capacities for the
power and energy level of the CAES units are assumed 100
MW and 600 MWh, respectively. In addition, the hourly elec-
tricity price in electricity consumption is taken from [21]. The
limit on the load curtailment power is supposed to be 10 MW.
To evaluate the Master investment problem, the annual discount
rate is set to 0.12 in a 30-year planning horizon by considering
hourly scale of operation sub-problem in each day [40]. Finally,
the operation sub-problem is optimized for one target year via
the discount factor to determine the winter/summer days in the
proposed static co-planning structure.

4.2 Study results and analysis

All optimization simulations are carried out in the GAMS 24.1.3
environment and via the CPLEX solver on a server PC with a
5-core processor and 8 GB of RAM. Three scenarios are fully
analyzed in the studied test system: i) TEP studies without the
integration of CAES units (G1), ii) TEP studies with the integra-
tion of CAES units under N − 1 criterion (G2), and iii) Analo-
gous to G2 with 50% increase in CAES units’ investment costs
(G3). In this vein, investment plans are presented in Table 1,
while the investment, total cost, and the system flexibility are
calculated in Table 2.
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FIGURE 2 Total difference in CAES units charging and discharging
powers (p−

ws

t ,i )-GARVER test system

According to Table 1, new transmission lines are installed
in the vulnerable corridors such as 2–6, 3–5, and 4–6, but the
worst-case corridor in this system is found to be 4–6 owing to
the fact that the most number of possible transmission lines are
installed in this corridor. In G2 compared to G1, new trans-
mission lines are installed in corridors 2–6 and 3–5 to sat-
isfy the system load demand under N − 1 contingency sce-
narios. By investigating the effects of the CAES units’ invest-
ment costs in G3, the increase in investment costs decreases the
integration of CAES units in this scenario compared to that in
G2. Also, the integrated CAES units in G3 help the system to
satisfy load demand with lower transmission lines installation as
the installed transmission lines in corridor 2–6 are eliminated
in comparison with G1. Finally, the N − 1 contingency has
resulted in the increase of the transmission lines installation as
well as the CAES units’ integration in order to satisfy the system
reliability performance requirements.

To investigate the impacts of CAES units’ integration on the
system flexibility, we precisely analyse the results in Table 2. The
number of the installed transmission lines and the integrated
CAES units in G2 is greater than those in G1 due to the con-
tingency. Moreover, the number of the installed transmission
lines in G3 is lower than that in G1 due to the integration of
CAES units. As the CAES investment costs increase in G3, a
lower number of CAES units is found to be integrated in the
system. The system flexibility and the investment in G1 is lower
compared to other scenarios; also, the total cost is greater than
other scenarios since the CAES units are not integrated in this
scenario. By considering the integration of CAES units in G2,
the system flexibility and the investment increase up to ∼50%
and ∼402 M$ despite the contingency in this scenario, while
the total cost decreases down to ∼30 M$ compared to G1. Due
to the integration of expensive CAES units in G3, the system
load demand is smoothly satisfied by installing new transmission
lines rather than CAES units. As a result, the system flexibility
and the investment increase up to ∼10% and ∼82 M$, while the
total cost decreases down to ∼25 M$ compared to G1 because
of the CAES units’ integration in G3.

As can be seen in Figure 2, CAES units are charged in off-
peak hours compared to discharging in peak hours. Due to inte-
grating more CAES units in G2, the charging and discharging

FIGURE 3 The average of the available and the installed transmission
lines congestion (%)-GARVER test system

FIGURE 4 Power outputs of generating units-GARVER test system

power of CAES units is significantly more than that in G3.
Based on Figure 3, transmission lines congestion is declined in
G2 in peak hours by CAES units discharging compared to off-
peak hours in which this item is increased by CAES units charg-
ing (contrary to G1 and G3 with lower CAES units’ integration).
As a result, integrating CAES units can decline the transmis-
sion lines congestion in critical hours to support transmission
lines to be not congested in peak hours. Despite the removal
of corridor 2–3 in G2, transmission lines congestion decreases
in comparison with G1 due to the integration of CAES units
as another positive impact of this technology. Finally, power
outputs of generating units shown in Figure 4 are decreased in
peak hours in G2 compared to off-peak hours. As a vital conclu-
sion extracted from Figure 4, the integration of CAES units can
decrease the generated power of conventional generators and
as a result, the operation cost of these generators is decreased
by CAES units discharging in critical hours when the cost is
huge, while CAES units can be fully charged with more gen-
erated power in off-peak hours. To recapitulate, the integration
of CAES units can significantly improve the system flexibility,
alleviate the need for the installation of new transmission lines,
control the transmission lines congestion, decrease the usage of
conventional generators, and decline the total cost in both nor-
mal as well as contingency states.
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TABLE 3 Investment plans-RTS test system

Lines (corridors) CAES units (buses)

R1 (6-10) (8-9) (11-14) (14-16) (14-16)
(16-17) (16-17) (17-18)

–

R2 (6-10) (7-8) (8-9) (11-14) (14-16)
(14-16) (16-17) (17-18)

(1) (2) (5) (7) (9) (13) (14)
(15) (18) (19) (20)

R3 (6-10) (7-8) (8-9) (11-14) (11-14)
(14-16) (14-16) (15-16) (15-24)
(16-17) (17-18)

(2) (3) (7) (9) (10) (14) (16)
(19) (20) (21) (24)

R4 (6-10) (8-9) (11-14) (14-16) (14-16)
(16-17) (16-17) (17-18)

(8)

TABLE 4 Costs and system flexibility-RTS test system

Scenarios

R1 R2 R3 R4

Lines number 8 8 11 8

CAES units number 0 11 11 1

Investment (M$) 74.8 1703.2 1741.7 268.0

Total cost (M$) 3293.3 3017.4 3074.3 3287.8

System flexibility 0.398 0.638 0.567 0.419

5 IEEE RTS CASE STUDY

5.1 Test system data and assumptions

Commonly applied to evaluate the TEP formulations and
reliability evaluation of the transmission systems [41–44], the
RTS 24-bus test system—including 10 generators and 38 trans-
mission lines—is utilized to demonstrate the flexibility benefits
achieved from the proposed framework. In this system, the data
on the network buses and the transmission lines are available
in [21], [38]. The investment cost of the transmission lines is
assumed to be 1,000 $/MVA*mile, while the maximum capac-
ities for the power and energy level of the CAES units are set
to 200 MW and 1,200 MWh, respectively. Note that the original
test system is very reliable and hence, the maximum power
capacity of generating units and load demand are increased
to 2.2 times of the original values [21] in order to investigate
the performance of the proposed framework on the system
flexibility.

5.2 Study results and analysis

Four scenarios are fully analyzed in the RTS test system: i) TEP
studies without the integration of CAES units (R1), ii) TEP
studies with the integration of CAES units (R2), iii) TEP stud-
ies with the integration of CAES units under N − 1 criterion
(R3), and iv) Analogous to R3 with 30% increase in the CAES
units’ investment costs (R4). The result of the investment plans
is shown in Table 3, while Table 4 presents the investment, total
cost, and the system flexibility.

According to Table 3, the vulnerable corridors can be easily
detected in all four scenarios where new transmission lines
are installed; for instance, corridors 6–10, 8–9, 11–14, 14–16,
16–17, and 17–18 are critical in the studied system. Also, the
maximum number of transmission lines are installed in corridor
14–16 in all scenarios, which highlights it as the most vulner-
able corridor in the system. The removal of one transmission
line in corridor 16–17 in R1 is compensated by installing one
transmission line in corridor 7–8 in R2. The number of the
installed transmission lines in R3 is greater than that in R1 and
R2 to fulfil the system load demand under contingency. In this
vein, corridors 11–14, 15–16, and 15–24 play a vital role to keep
the operation of the system safe under contingencies compared
to previous scenarios. The removal of one transmission line
in corridor 16–17 in R3 is compensated by installing one new
transmission line in corridor 7–8 similar to that in R2. Finally,
due to the expensive CAES units integrated in R4, the location
of new transmission lines is found similar to that in R1; in other
words, the system cannot use the expensive CAES units. In
addition, buses 2, 7, 9, 14, 19, and 20 are more critical than oth-
ers, where CAES units are found to be integrated under both
normal and contingency states. Changing the location of the
integrated CAES units in R2 and R3 indicates that the critical
buses in the system can change when focusing on a normal or
contingency state. Moreover, the integration of CAES units in
R4 has declined in comparison with that in R2 and R3.

We precisely scrutinize Table 4 in order to investigate the
impacts of CAES units’ integration on the system flexibility in
the RTS test system. In this regard, the total installed trans-
mission lines in R2 is equal to that in R1, while the integration
of CAES units has decreased the transmission lines congestion
that will be precisely discussed in Figure 6. The total number of
the installed transmission lines and the integrated CAES units
in R3 are greater than those in R1 in order to satisfy the N −
1 reliability criterion; also, the number of the installed transmis-
sion lines has increased in R3 compared to that in R2. Finally,
the increase of the CAES units’ investment costs in R4 confirms
that the expensive CAES units may not significantly affect the
system and as a result, the number of the installed transmission
lines in this scenario is similar to that in R1, while the number
of the integrated CAES units has decreased in comparison with
that in R2 and R3.

To investigate the CAES units’ integration in the system, we
here present the effectiveness of the CAES units on the total
cost and the system flexibility. The investment and system flex-
ibility are in their lowest level in R1, while the total cost is in
its highest value compared to other scenarios. In R2, where
CAES units are integrated, the system flexibility and the invest-
ment increase up to ∼60% and ∼1628 M$, while the total cost
decreases down to ∼276 M$ in comparison with that in R1. By
considering the CAES units’ integration and the N − 1 reliabil-
ity criterion in R3, the system flexibility as well as the investment
increase, while the total cost decreases in comparison with R1.
However, the system flexibility decreases down to ∼10% and
the investment as well as the total cost increase up to 39 M$
and 57 M$ compared to R2, primarily in response to the con-
tingency. In R4, similar to the GARVER test system results,
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FIGURE 5 Total difference in CAES units charging and discharging
powers (p−

ws

t ,i )-RTS test system

FIGURE 6 The average of the available and the installed transmission
lines congestion (%)-RTS test system

the load demand is smoothly satisfied by installing the trans-
mission lines rather than integrating the CAES units. Therefore,
in comparison with R1, the system flexibility and the investment
increase up to ∼5% and ∼193 M$, while the total cost decreases
down to ∼6 M$. Furthermore, the system flexibility (decreasing
down to ∼26%), the investment (decreasing down to 1474 M$),
and the total cost (increasing up to ∼214 M$) in R4 are differ-
ent than those in R3, demonstrating the lower integration of the
expensive CAES units in R4.

According to Figure 5, CAES units are charged in off-peak
hours, while discharging in peak hours. In detail, the charging
and discharging powers of CAES units in R3 are slightly more
than R2 due to the contingencies. Because of integrating more
CAES units in R2 and R3, the powers of CAES units are signifi-
cantly more than those in R4. Considering Figure 6, by discharg-
ing in peak hours, transmission lines congestion is declined in R2

and R3 compared to off-peak hours that transmission lines con-
gestion is increased by CAES units charging. Conversely, with
lower CAES units’ integration in R1 and R4, transmission lines
congestion is increased in peak hours, while being decreased
in off-peak hours. As a result, the transmission lines conges-
tion can be efficiently managed in peak hours by CAES units’
integration. On the other hand, the placement of the installed
transmission lines in R2 is approximately similar to that in R1

(Table 3), but the transmission lines congestion in peak hours
has decreased in R2 compared to R1 primarily due to the inte-
gration of CAES units.

FIGURE 7 Power outputs of generating units-RTS test system

Based on Figure 7, power outputs of generating units in
R2 and R3 are decreased in peak hours, while these items are
increased in R1 and R4 due to lower CAES units’ integration.
Therefore, the generated power of conventional generators and
thus, the operation cost of the generators can be bounded by
the integration of CAES units which are discharged in criti-
cal hours. Moreover, all the integrated CAES units in the sys-
tem can be fully charged by more conventional generators in
off-peak hours. To summarize, the integration of CAES units
in TEP studies can considerably improve the system flexibil-
ity, while it can reduce the need for installing new transmission
lines, transmission lines congestion, the usage of conventional
generators, and the total cost in both normal and contingency
states. In this vein, although initial investment on CAES units
would be costly, the investments can be economically justified
considering the significant benefits (cost reduction) achieved in
both case studies. Since TEP studies are inevitable in power sys-
tems planning, part of the earned income from cost reduction in
CAES-integrated power grids can be granted to investors as one
of the incentive options. As a result, this technology can play a
substantial role in the future of the modern power systems when
planning to expand the network with modern technologies.

6 CONCLUSION

This paper presented a novel mathematical linearized model to
capture the impacts of CAES units’ integration on the system
flexibility considering the co-planning of this modern technol-
ogy and the TEP analysis. The Big-M method and an inno-
vative approach were effectively implemented to translate the
non-linear model into a MILP optimization formulation for
TEP and CAES units. Also, a new metric of the grid-scale
system flexibility was introduced to numerically evaluate the
system performance when integrating the optimized plans. In
order to satisfy the system security under contingency scenar-
ios, a new repetitive computationally attractive offline mecha-
nism was investigated to evaluate the N − 1 reliability crite-
rion. The proposed model was applied to the GARVER 6-bus
test system and the RTS 24-bus test system. Techno-economic
evaluation of the proposed analytics demonstrated the effective-
ness: it was shown that the CAES units can improve the system
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flexibility, relax or postpone the need for construction and
installation of new transmission lines, control the transmission
lines congestion, decrease the usage of conventional generators,
and reduce down the system total cost. Future research could be
focused on the application of the proposed framework to RES-
integrated power systems considering different ESS technolo-
gies (e.g. BESS units) and capturing the prevailing uncertainties
in RES.
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NOMENCLATURE

Indices and Sets

i, I Index and number of buses.
l, L Index and number of transmission lines.
t, T Index of time in daily scale{1, … , 24}.
𝜑0 Index of the available transmission lines.
𝜑1,2 Index of first and second candidate transmission lines.

ws, Y Index and number of winter/summer days.
n, N Index and number of defined periods to match the oper-

ation scale with the investment in one target year.

Parameters

𝛼tl
l

Investment cost of transmission line l

($/MVA*mile).
𝛼p, 𝛼e Investment power ($/MW) and energy ($/MWh)

costs of CAES units, respectively.
𝛼 f , 𝛼v Fixed ($/MW*yr) and variable ($/MWh) mainte-

nance costs.
𝛼

g

i Operation cost of generating units at bus i

($/MWh).
𝛼el

t Electricity price at time t ($/MWh).
𝛼ng Natural gas cost ($/MJ).
𝜔
𝜑0
l

Binary parameter of the available transmission line
l{0, 1}.

𝜁ws Number of winter/summer days in one target year.
𝛽
𝜑0
i,l
, 𝛽

𝜑1,2
i,l

Matrices for connecting the available and the candi-
date transmission line l to bus i, respectively.

pl ws

t ,i Load demand at bus i at time t in winter/summer
days (MW).

𝜒l Transmission line l reactance (P.U.)
𝓁l Maximum power flow capacity of transmission line

l (MVA).

p
g

i , p
g

i Minimum and maximum power capacity of gener-

ating units at bus i, respectively (MW).
pc

i
, ec

i
Maximum power (MW) and energy (MWh) capacity
limits for CAES units at bus i, respectively.

r h, r e Heat rate (MJ/MWh) and energy ratio of CAES
units, respectively.

r dsc , f dsc Discount rate and discount factor, respectively.
Ω Big number in Big-M method.

plc
limit

Load curtailment power limit (MW).

Continuous Variables

Cpl Investment cost of the installed transmission
lines and the integrated CAES units ($).

C ws
op Operation cost of generating units and the

integrated CAES units in winter/summer
days ($).

p
gws

t ,i Output power of generating units at bus i at time
t in winter/summer days (MW).

pcws

t ,i , pd ws

t ,i CAES units charging and discharging powers at
bus i at time t in winter/summer days, respec-
tively (MW).

p+
ws

t ,i Total summation of CAES units charging and

discharging powers {pcws

t ,i + pd ws

t ,i } at bus i at time t

in winter/summer days (MW).
p−

ws

t ,i Total difference in CAES units charging and dis-

charging powers {pcws

t ,i − pd ws

t ,i } at bus i at time t in
winter/summer days (MW).

p
f xws

t ,i Flexibility power at bus i at time t in win-
ter/summer days (MW).

𝛿(∙) The subtraction of a parameter/variable at time

t and t − 1. e.g. 𝛿p
gws

t ,i = p
gws

t ,i − p
gws

t−1,i

pl cws

t ,i Load curtailment power at bus i at time t in win-
ter/summer days (MW).

𝓁
𝜑0

ws

t ,l
, 𝓁

𝜑1,2
ws

t ,l
Power flow of the available and the installed
transmission line l at time t in winter/summer
days (MW), respectively.

𝜃
𝜑0

ws

t ,l
, 𝜃

𝜑1,2
ws

t ,l
Voltage phase angle difference between two
buses, connecting the available and the installed
transmission line l at time t, respectively.

ecws

t ,i The energy level of CAES units at bus i at time t

in winter/summer days (MWh).
𝜀ws

t ,i Flexibility index at bus i at time t in win-
ter/summer days.

𝔽system Grid-scale system flexibility metric.

Binar y Variables

𝜔
𝜑1,2
l

Binary variables of first and second installed trans-
mission line l.

𝜓i Binary variable of the integrated CAES units at
bus i.

𝜐cws

t ,i , 𝜐
d ws

t ,i Binary variables to define CAES units charging
and discharging statuses at bus i at time t in win-
ter/summer days, respectively.

𝜗cws

t ,i , 𝜗
d ws

t ,i CAES units linearizing binary variables in the pro-
posed linearization method for charging and dis-
charging statuses at bus i at time t in winter/summer
days, respectively.
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