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ABSTRACT The integration of variable renewable energy sources (RES) into power grids has resulted
in a more complex operating environment for power system operators (SO), necessitating the need for
increased grid flexibility. This is crucial for utilities, as the cost-effective utilization of existing infrastructure
is necessary, given the prolonged construction period and high investment costs associated with building
new power delivery facilities. Under the umbrella of smart grid, optimal transmission switching (OTS) is
a cost-effective transmission technology that can alleviate concerns related to network congestion, limited
transmission capacity, and high penetration of renewables. OTS is a concept that is integrated into the optimal
power flow (OPF) problem such that it provides SO the choice to temporarily switch one or more lines out of
service from the network. OTS is shown in the literature to have economic benefits, reduce operational cost,
relieve network congestion, serve as a corrective mechanism for reducing voltage violations, improve system
reliability, and minimize system loss. Despite the significant attention given to OTS by researchers over the
past decade, no extensive review paper exists on the topic in the literature. Therefore, this paper provides
a state-of-the-art overview of the OTS problem. The concept of OTS is explained by approximating the
alternating current OPF problem into a linear direct current OPF problem. Various alternative models of
the OTS problem proposed in the literature are discussed. The paper also analyzes the interaction between
OTS and other flexibility options such as Dynamic thermal rating (DTR), Energy storage systems (ESS),
and RES. Furthermore, the paper presents the general framework and impact of the short-term OTS problem
on long-term expansion planning problems. Finally, an extensive literature review on the impact of OTS on
system reliability is provided.

INDEX TERMS Dynamic thermal rating, energy storage systems, optimal transmission switching, power
system reliability, renewable energy sources, transmission expansion planning.

NOMENCLATURE
A. ABBREVIATIONS
OTS Optimal Transmission Switching.
SO Service Operator.
RES Renewable Energy Sources.
ESS Energy Storage System.
DTR Dynamic Thermal Rating.
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STR Static Thermal Rating.
TEP Transmission Expansion Planning.
MILP Mixed Integer Linear programming.
OPF Optimal Power Flow.

B. SETS/INDICES
�B Set of buses: i as an index.
�G Set of Generators: g as an index.
�L , �

+

L Set of existing and candidate lines: ij as an index.
�T Time period: t as an index.

VOLUME 11, 2023
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 32437

https://orcid.org/0000-0001-7069-144X
https://orcid.org/0000-0002-2294-0488
https://orcid.org/0000-0002-1285-7111
https://orcid.org/0000-0002-9387-1950
https://orcid.org/0000-0002-0512-6548
https://orcid.org/0000-0001-9942-2526
https://orcid.org/0000-0002-9899-0609


M. Numan et al.: Role of Optimal Transmission Switching in Enhancing Grid Flexibility: A Review

C. PARAMETERS
P̄,P_ Generating unit’s capacities.
f̄ij, f_ij Line capacities.
cg Generation cost.
Gij Line conductance.
Bij Line susceptance.
Di Demand at bus i.
Zmax Maximum line switching actions.
Cmax
ij Maximum investment cost.

δrec Angle reclosing rule.
δ̄, δ_ Limits of voltage angle.
Jc, Jr Convection and radiation terms in the heat bal-

ance equation.
Js, I2R Solar radiation and Joule Heating terms in the

heat balance equation.
Imax Maximum line ampacity.

D. VARIABLES
Pg Power dispatched by generator.
fij Line flow.
f 0ij , f

1
ij Line flow through existing and candidate lines.

ωij Binary variable for line investment indication.
δi Voltage angle at bus i.
N−1
ij N-1 binary variable for contingency analysis.

zij Binary variable for line status indication.

I. INTRODUCTION
Maintaining a balance between supply and demand is imper-
ative for the reliable operation of the power system since a
supply-demand mismatch can alter the system’s frequency.
Power system flexibility refers to the system’s ability to
respond to expected and unexpected supply and demand
changes. Traditional power systems are designed to deal
with changes only in the system demand, which includes
both seasonal and intra-day variability. However, the tran-
sition towards a system dominated by renewable energy
sources (RES) requires the current power system to harness
flexibility.

Power system flexibility can be achieved from all three
main elements of the power system: Generation, Distribution,
and Transmission. Harnessing grid flexibility from the gener-
ation, transmission, and demand sides will be more beneficial
for improving economic efficiency and creating amore robust
and reliable system. Generation flexibility can be obtained by
deploying more reserves into the system from conventional
generators to ensure that the power dispatched can withstand
RES uncertainty [1]. However, this approach is costly and
might reduce the benefits obtained from utilizing cheap and
environmentally friendly RES. On the demand side, energy
storage and demand response are the two prominent sources
that can increase grid flexibility [2], [3]. On the transmission
side, flexibility can be obtained from three different aspects
of the transmission system. Firstly, system operators (SO)
can change the network topology by switching on/off some
lines from the network. Another way to add flexibility from

FIGURE 1. Applications of transmission switching in literature.

the transmission side is to increase the capacity of lines to
allow power dispatch from low-cost generators to relieve RES
uncertainty [4]. Flexible AC transmission systems (FACTS)
devices can also help in controlling transmission assets by
changing line impedance [5].

Optimal power flow (OPF) is an optimization problem
governed by Kirchhoff’s law, which states that changing
the impedance of a transmission line alters the power flow
through the network. Traditionally, transmission assets in the
OPF problem are treated as fixed, and system operators have
no ability to control them. However, it is now recognized
that to improve transfer capacity, voltage profile, and sys-
tem reliability, system operators can alter the topology of
the grid.

Past research has focused on the use of transmission
switching as a control mechanism for different issues,
as shown in Figure 1. Transmission switching is mainly
used as a corrective mechanism for voltage violations and
line overloading [6], [7]. While this aspect of transmission
switching acknowledges the use of transmission as a con-
trol method providing different benefits, the co-optimization
of transmission assets with generation dispatch problems is
not explored. A common myth about switching lines off is
that it may increase system losses. However, the opposite
may be true, and in fact, system losses may reduce with
transmission switching. Previous literature has shown that
transmission switching can be used to reduce network losses.
Limited line capacity may result in network congestion,
which might lead to dispatch from expensive generators.
Transmission switching is also used as a tool to mitigate
congestion. In summary, transmission switching can pro-
vide flexibility to power systems and can be used as a tool
to co-optimize transmission assets with generation dispatch
problems.

A common practice in the industry is to take out lightly
loaded transmission lines from service. This is because, dur-
ing times of low loads, the capacitive part of the transmission
lines dominates, while at higher load levels, the reactive
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component takes over. This can lead to voltage violations.
To mitigate these violations, system operators use a common
protocol to switch off lines that are not necessary for main-
taining reliability [8]. These protocols are listed as possible
actions for alleviating voltage violations in PJM, Northeast
Power Coordinating Council, and Excelon, among others.
Another protocol is to identify transmission lines that can be
taken out of service to increase the transfer capability on other
lines.

Special protection schemes (SPSs) are integral to enhanc-
ing operational efficiency and system reliability. Ad-hoc pro-
cedures adopted as SPSs shift the industry from preventive to
corrective measures. PJM lists several such SPSs that recom-
mend transmission switching in post-contingency situations.
Although alternatives to transmission switching exist, such
as re-dispatching generation or choosing a pre-contingency
state to avoid overloading, these can increase operating and
capital costs as compared to when transmission switching
is applied. Load requirements may vary depending on the
region and seasonal variability. In one season, the load might
be low, and the probability of outages might be high due to
storms or rains, while in another season, the load might be
high, and the chances of line outages might be low. Therefore,
it is useful for utilities to leave some lines in service during
seasons when the chances of storms/rains are high, but these
lines might be taken out of service during times of low loads.
These lines provide system redundancy during line outages
and can be switched off from the network when the chances
of line outages are low.

Optimal transmission switching (OTS) is a concept that
is integrated into the OPF problem, giving system operators
the option to temporarily remove one or more transmis-
sion lines from the network. This enables co-optimization
of the grid topology with the generation dispatch prob-
lem, while maintaining system reliability. The notion of
OTS was introduced by [9]. The literature has shown
that OTS has economic benefits [10], [11], reduce oper-
ational cost [12], [13], [14], relieve network congestion
[15], [16], [17], [18], [19], [20], alleviate system over-
loads [21], serve as a corrective mechanism for reducing volt-
age violations [22], [23], [24], [25], [26], [27], and improve
system reliability [28], [29]. However, the problem of OTS
is a non-convex combinatorial problem, which is NP-hard
and difficult to solve [30], [31], [32], [33], [34]. DC approx-
imated OTS problems are typically solved using mixed
integer linear programming (MILP) [35], [36], [37], [38],
while AC based OTS problems utilize iterative relaxations
and heuristics. Some of these methods include Bender’s
decomposition [39], [40], [41], [42], [43], [44], genetic
algorithms [45], branch-and-bound (B&B) [9], semi-definite
programming [46], line ranking [47], interior point search
algorithms [48], particle swarm optimization [24], [49],
and cutting-plane methods [50], [51]. Stochastic optimiza-
tion [52], [53], and robust optimization [54], [55], [56] are
widely used approaches to address the uncertain variables in
the OTS problem combined with RES.

Since the introduction of the OTS concept, a consider-
able amount of research has been conducted to investigate
the operational flexibility that can be achieved through its
deployment. OTS has been incorporated into a variety of
problems ranging from short-term operating to long-term
planning problems. The literature also extensively discusses
the role of OTS in facilitating the large-scale integration of
renewables. While many papers have highlighted the benefits
of OTS, others have focused on the computational complexity
associated with solving the OTS problem and proposed dif-
ferent algorithms and heuristics to solve it within a reasonable
amount of time. However, no comprehensive overview of the
OTS problem has been written to date. Therefore, this paper
presents, for the first time, an extensive systematic review
of OTS, providing readers with a one-stop article covering
all aspects of the problems associated with OTS. The major
contributions of the paper are as follows:

• Firstly, a comprehensive state-of-the-art review of the
OTS problem is presented, with a primary focus on
incorporating the control of transmission elements into
the traditional network flow problem. The review paper
provides an extensive overview of the key concepts and
methodologies that have been developed in this area,
highlighting their strengths and limitations.

• Secondly, the paper explores the operational, economic,
and reliability implications of the OTS problem when
combined with other flexibility options such as DTR,
ESS, RES, and transmission expansion planning prob-
lem. The paper examines these implications in detail,
providing insights into the benefits and challenges of
each option.

• Finally, the paper emphasizes the importance of system
reliability in achieving optimal power system operation.
The study evaluates the impact of switching lines in/out
form the network using OTS on system reliability and
provides a general framework for system reliability eval-
uation using OTS, along with relevant literature.

We conducted a systematic search process to gather relevant
publications on OTS and its interaction with other smart grid
technologies. Figure 2 displays the number of research papers
published on this topic from 2008 to 2022. After screening
350 articles, we selected 251 publications for review, cate-
gorized in Figure 3 according to their relevance to operation,
planning, reliability, or renewables integration. Each category
is further subdivided, with the number of publications listed.
Finally, Figure 4 illustrates the distribution of journals (IEEE,
ELSEVIER, WILEY, IET, etc.) and conference publications
for the filtered articles.

The rest of the paper is structured as follows: In Sec-
tion II, the concept of OTS is explained and an example of
the OTS problem in OPF is provided. Section III presents
a unified mathematical formulation of the different modi-
fications made to the original OTS problem over the last
14 years. Section IV discusses the interaction between OTS
and other flexibility options, such as DTR, ESS, and RES,
and explains the impact of short-term OTS on long-term
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FIGURE 2. Annual publications on optimal transmission switching (OTS).

FIGURE 3. Classification and sub-categorization of reviewed articles on
OTS.

expansion planning. Section V provides a comprehensive
literature review of the impact of OTS on system reliability.
Finally, the paper concludes in Section VI.

II. CONCEPT OF OTS
A. TRADITIONAL OPF PROBLEM
Optimal power flow (OPF) is a problem of optimization used
to dispatch power generation to meet load demand, where the
electric energy flow is governed by Kirchhoff’s laws. The
Alternating Current OPF (AC-OPF) network flow problem
aims to optimally dispatch generation following network flow
and reliability constraints. However, the OPF problem based
on AC constraints is a non-convex optimization problem,
which becomes difficult to solve due to the presence of
trigonometric functions. The active and reactive power flow
equations for a transmission line connected between bus i
and j (i is from-bus and j is to-bus) is given by equation (1)
and (2). For the AC-OPF problem, additional constraints such
as voltage magnitudes, angle differences between connected
buses, line flow capacity, and generation limits constraints are
also required.

fij = V 2
i Gij − ViVj(Gij cos(δi − δj) + Bij sin(δi − δj)) (1)

FIGURE 4. Publication and publisher distribution of reviewed papers on
OTS.

f Qij = −ViVj(Gij sin(δi − δj) − Bij cos(δi − δj)) − BijV2
i (2)

To make the more complex AC-OPF problem easier to solve,
a linear approximation is typically used, known as Direct
Current OPF (DC-OPF). DC-OPF includes all constraints
in linear form and is simpler to solve than AC-OPF. The
following approximations are made when transitioning from
AC-OPF to DC-OPF formulation: i) voltage variables are
assumed to have a per-unit value of one, ii) the voltage angle
is assumed to be very small, making the cosine term one
and the sine terms negligible. This assumption cancels the
Bij sin(δi − δj) term in (1) and Gij sin(δi − δj) in (2), iii) the
reactive power term in (2) is ignored, iv) the resistance is
neglected due to its very small value, and v) a piece-wise
linear approximation is used for the generator’s cost function.
With these assumptions, equation (2) is disregarded and (1)
is reduced to the form shown in (3).

fij = Bij(δi − δj)∀ij (3)

The DC-based OPF problem is composed of linear con-
straints and is formulated as a linear programming (LP)
problem. This optimization problem minimizes the cost of
generationwhile taking network constraints into account. The
main objective of the OPF is to minimize the total dispatch
cost of generators, which is expressed in equation (4). Energy
balance at each node is represented by constraint (5), where
the total generation is equal to the demand. Constraint (6)
indicates the capacity limits of all generators at nodes i, while
constraint (7) specifies the phase angle limits of voltages at
node i. Constraint (8) represents the DC approximation of
Kirchhoff’s voltage laws. This approximation is often used
instead of AC because it linearizes the problem, reducing its
complexity and computational time. Constraint (9) signifies
the power flow capacity limits of transmission lines flowing
toward node i (positive) or out from node i (negative). This
optimization problem yields the optimal output of generators
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for fixed or variable loads.

min
∑
g∈�G

cgPg (4)

∑
g∈�G

Pg +

∑
ij∈�L

fij −
∑
ji∈�L

fji = Di ∀i ∈ �B (5)

P_g ≤ Pg ≤ P̄g∀g ∈ �G (6)

δ_i ≤ δi ≤ δ̄i ∀i ∈ �B (7)

Bij
(
δi − δj

)
− fij = 0∀ij ∈ �L (8)

f_ij ≤ fij ≤ f̄ij∀ij ∈ �L (9)

B. BASIC OTS MODEL
To incorporate OTS into the traditional DC-OPFmodel, mod-
ifications are made by introducing a binary variable, denoted
as zij, which represents the status of each transmission line.
A value of one signifies that the line is in service, and circuit
breakers are closed, while a zero value indicates that the line
from bus i to j is switched, and circuit breakers are opened.
When a line is switched, it must be electrically isolated from
other lines in the network to ensure that other lines’ flow is
not affected, and no power flows through that line. If the only
objective is to force line flow to zero, then the model will
treat this line as a line with very limited capacity, which can
severely impact the entire network’s flow.

To properly model OTS, certain constraints in the DC-OPF
need to be modified. Firstly, the line capacity limit in con-
straint (9) is multiplied by the binary variable zij, which forces
the flow to zero when a line is switched from the network;
otherwise, the flow is restricted by the line’s min/max limits.
However, this modification alone is not sufficient. When
zij =0 and fij =0, equation (8) will make the voltage angles of
the buses equal, which is not the desired outcome. To avoid
this, constraint (8) needs to bemodifiedwithwhat is known as
an indicator constraint, which can be achieved using various
methods. One way is to break the network flow relationship
constraint (8) into two parts using the big-M value constraint.
If zij =1, the product ofM in each inequality is zero and yields
the same equation as (8). However, if zij =0, the large value of
M allows the voltage angles of the two buses to be different,
resulting in the desired output. These modifications to the
basic DC-OPF problem result in the OTS problem, as shown
in equations (10)-(18).

min
∑
g∈�G

cgPg (10)

∑
g∈�G

Pg +

∑
ij∈�L

fij −
∑
ji∈�L

fji = Di ∀i ∈ �B (11)

P_g ≤ Pg ≤ P̄g∀g ∈ �G (12)

δ−i ≤ δi ≤ δ̄i ∀i ∈ �B (13)

Bij
(
δi − δj

)
− fij + (1 − zij)M ≥ 0∀ij ∈ �L (14)

Bij
(
δi − δj

)
− fij − (1 − zij)M ≤ 0∀ij ∈ �L (15)∣∣fij∣∣ ≤ zij f̄ij∀ij ∈ �L (16)

TABLE 1. Different Big-M values proposed in the literature.

∑
ij

(
1 − zij

)
≤ Zmax

∀ij ∈ �L (17)

zij ∈ {0, 1} (18)

C. BIG-M FORMULATION
The OTS formulation employs the big-M value to render the
constraints of voltage angles non-binding. However, select-
ing the appropriate big-M value can be a daunting task,
as it impacts both the optimal solution and computation
time. If the big-M value is excessively large, it can result in
longer solution times dominated by numerical calculations.
Conversely, selecting a small big-M value can exclude the
optimal solution from the feasible solution space, leading
to suboptimal outcomes. Therefore, choosing a big-M value
that ensures an optimal solution with reasonable computa-
tional complexity is crucial. Various authors propose dif-
ferent values of big-M in the literature. In particular, the
authors of [9], [57] suggested using a big-M value greater
than or equal to the product of the difference of the volt-
age angles and the susceptance of the line, i.e., Bij(δi −

δj). Table 1 provides detailed information on the differ-
ent values of big-M recommended by researchers in the
literature.

The authors of [58] employed a shortest path algorithm to
determine the disjunctive parameter for transmission expan-
sion planning. Their model considered existing lines as static
assets and candidate lines for expansion as binary variables.
The OTS framework allows modification of the grid topol-
ogy by switching off some lines, altering the previously
connected path between buses. To determine the shortest
path for the big-M value in OTS, this disjunctive parameter
needs to be modeled as a variable rather than a constant.
Therefore, the shortest path for big-M value determination
needs to be solved for each possible network configuration,
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making the problem more complex and increasing
computation time.

An approximate OTSmodel in [69] is used to find the value
of this disjunctive big-M parameter by using the Bij(δi − δj)
in their formulation, which is auto-tuned by the optimization
problem. The authors in [70] suggests a conservative value
for this big-M value as to be 2πBij. Reference [30] proved
that finding the suitable value for big-M is Non-polynomial
hard (NP-hard). The authors proposed a bound strengthen-
ing method for OTS reformulation and showed that it can
improve the runtime of the MILP problems significantly.
To improve the convergence performance of the network
expansion planning problem, [65] used a value of 2δ for
the big-M parameter. A constant value of 1.2radian is used
in [66] for OTS problem incorporated in investment decision
problem. The use of OTS along with dynamic thermal rating
(DTR) in an investment model is studied in [68], where the

authors suggested a value of max

{ ∑
ij∈�L

(
f̄ij + 1f +

ij

)}
for

the big-M value. The 1f +

ij term represents the additional
line capacity brough about by the DTR implementation. It is
shown that this value of big-M as compared to the value of
Bij(δi − δj) results in a faster convergence of the problem in
hand.

D. OTS ILLUSTRATIVE EXAMPLE
The flow of electricity in a network follows the path with the
lowest impedances, as dictated by Kirchhoff’s law of current.
By strategically switching certain lines, the impedance of the
network can be modified, potentially enabling the dispatch of
more cost-effective generating units and reducing operational
costs. This concept of optimal line switching to improve
economic dispatch is illustrated using a simple bus system
shown in Figure 5 [73]. The network comprises three buses
with three transmission corridors and two generating units
serving a single load at bus 3. The cost of the two generating
units is also provided in Figure 5, where G1 is the cheaper unit
compared to G2. Themaximum capacity of both units is set to
200MW, which is required to meet a load of 150MW at bus 3.
All three lines are assumed to be lossless and have the same
reactance. The line capacity of L1 is 30MW, while that of
L2 and L3 is 150MW each. The objective is to determine the
optimal schedule of the two generating units at minimum cost
while meeting the load requirement. The optimal schedule is
obtained for the following two scenarios:

a) Transmission lines are assumed to be fixed.
b) OTS is considered.

Given that G1 is more economical than G2, the least-cost
dispatch solution would be to deliver all 150MWof load from
G1 and leave G2 off. However, in case-a where all lines are
connected to the system, this solution is not feasible. To trans-
fer 100MW of the 150MW load, line L2 needs to carry
double the power compared to lines L1 and L3, as the series
impedance of L1 and L3 is double that of L2. This results in
the flow through line L1 exceeding its capacity, rendering the

FIGURE 5. System description for the OTS illustrative example.

FIGURE 6. Scheduling solution when only G1 is committed and all lines
are fixed.

FIGURE 7. Scheduling solution when both G1 and G2 is committed and
all lines are fixed.

solution infeasible as shown in Figure 6. To make the solution
feasible, G1’s power output is reduced, and G2 is turned
on to produce counterflow on line L1. The optimal solution
now involves generating 120MW of power from G1 and the
remaining 30MW from G2, resulting in a flow of 30MW on
L1, 90MW on L2, and 60MW on L3, as depicted in Figure 7.
The total operating cost in case-a is 120MW∗10/MWh +

30MW$120/MWh=$1560.
When OTS is applied in case-b, we can switch either

L1 or L3 to achieve a more economical schedule. In either
situation, power from G1 alone can satisfy the load through
a single path. The line between bus1 and bus2 (L2) shown
in Figure 8 is switched off, as it has enough capacity to
deliver the power. In this case, the total operating cost is
150∗$10/MWh=$1500. Incorporating OTS resulted in a cost
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FIGURE 8. Scheduling solution when only G1 is committed and OTS is
applied.

FIGURE 9. OTS classification based on market choice, model choice and
nature of the problem.

saving of 3.8% compared to the base case, where all trans-
mission lines are fixed.

III. EXTENDED OTS MODELS
The solution to the OTS problem involves the use of general
network techniques and the relaxed mathematical models
making use of the voltage angles and active/reactive power
of the network. Current network topology is required as
the needed data for the OTS problem. Classical simplified
OTS models mostly used by the researchers in the litera-
ture as shown in Figure 9, are the DC-OPF and AC-OPF
based model, deterministic and stochastic models. DC-OPF
neglects bus voltages and power losses in OTS model. On the
other hand, AC model of OTS considers reactive power and
voltage magnitudes, so when feasible solution is not found,
it means transmission switching isnot satisfying voltage secu-
rity requirements. The deterministic approach assumes fixed
values for the parameters associated with uncertainty, while
the stochastic approach considers the random nature of the
uncertainty to provide more realistic information about the
system. This section explores the different modifications
made to the OTS problem since its inception. To improve
readability, all extended models are presented using a con-
sistent mathematical representation for coherence.

A. ALTERNATIVE OTS MODEL
An alternative way to model OTS formulation in a DC-OPF
based framework is to introduce an additional variable to
allow the line flow fij be replaced by the term Bij(γij −

δi) where the voltage angle corresponds to the bus (from-
bus) [13]. If the line is in service, then equation (8) is modified
into constraints (23) and (24), which enforces γij to equal δj.
If the line is switched off from the network, then γij and δj
are not equal by (23) and (24). The inclusion of constraint
(22) will force γij equal δi. This means that when the line
is in service the variable γij will equal δj(to-bus) and when
the line is removed it will equal to δi(from-bus) angle. In this
alternative model, big-M value is replaced with the δrec.

min
∑
g∈�G

cgPg (19)

P_g ≤ Pg ≤ P̄g∀g ∈ �G (20)∑
g∈�G

Pg +

∑
j∈�L

Bij(γij − δi)−
∑
i∈�L

Bij(γij − δi) = Di ∀i

(21)

f̄ijzij ≤ Bij(γij − δi) ≤ fijzij∀ij (22)

δj − γij + (1 − zij)δrec ≥ 0∀ij (23)

δj − γij − (1 − zij)δrec ≤ 0∀ij (24)

and equations (13),(17),(18).

B. DC-OPF BASED OTS WITH N-1
The network is constructed to meet various conditions like
load, generation levels and contingencies. But all these situ-
ations do not co-exist simultaneously. A line which needs to
be in service for N-1 security in one situation might not be
needed to meet N-1 standard in another network condition.
Thus, transmission switching might be possible even meeting
the N-1 requirements. N-1 DCOPF means system will be
able to endure the loss of a single line or generator unit. The
objective function is to minimize total expected cost while
satisfying physical constraints of the system. In DC-OPF,
we consider a lossless system however, in AC system, losses
increase or decreases with use of transmission switching.
When losses increase, we must increase generation capacity.
In some cases, total system cost is reduced with increase in
losses which is one of the beneficial aspects of transmission
switching. The optimization problem for OTS with N-1 DC-
OPF formulation is presented by different authors consider-
ing different objective function and constraints. A generalized
form of the N-1 DC-OPF based OTS framework is given in
equations (25)-(31).

In order to represent element contingency and their states,
a binary variable N−1

ec is included for state c and element e,
where N−1

ij,c =0 represents the contingency of line ijwhile the
loss of generator unit is given by N−1

g,c =0. In case of trans-
mission line contingency, (29) will force the line flow to zero.
Similarly, power from generator in contingency state is forced
to zero by (28). To make the bus voltage angles irrelevant
from each other, constraints (30) and (31) are used, which
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make them unbinding. A transmission line is considered to
be switched off from the network when the binary variable
zij = 0, while a line is considered to be in state of contingency
when N−1

ij,c =0. So that these two terms cannot be confused
with each other. The N-1 DC-OPF solutions resulting from
the OTS implementation must satisfy the requirements of the
N-1 criteria.

min
∑
g∈�G

cgPg,0 (25)

∑
g∈�G

Pg,0 +

∑
ij∈�L

fij,c −

∑
ji∈�L

fji,c = Di ∀i,N
−1
ij,c (26)

δ−i ≤ δi,c ≤ δ̄i ∀i ∈ �B, c (27)

P−gN−1
g,c ≤ Pg,c ≤ P̄gN−1

g,c ∀g ∈ �G (28)

f −ij,czijN
−1
ij,c ≤ fij,c ≤ f̄ij,czijN

−1
ij,c∀ij,N

−1
ij,c (29)

Bij
(
δi,c − δj,c

)
− fij,c + (2 − zij − N−1

ij,c )M ≥ 0∀ij,N−1
ij,c
(30)

Bij
(
δi,c − δj,c

)
− fij,c − (2 − zij − N−1

ij,c )M ≤ 0∀ij,N−1
ij,c
(31)

and equations (17) and (18).

C. AC-OPF BASED OTS
The AC-OPF based OTS formulation for cost minimization
objective function involves voltage magnitude (approximated
to one in DC-OPF) and reactive power in its constraints. DC-
OPF neglects bus voltages and power losses in OTS model.
Thus, it is vital to consider losses for cost minimization.
AC model of OTS considers voltage magnitudes and reactive
power of generators, so when feasible solution is not found,
it means transmission switching is not satisfying voltage
security requirements. DC-OTS provides total cost reduction
due to efficient switching decisions, but it requires more
research mainly due to the fact that DC-OTS may cause sys-
tem security to be threaten as switching decisions of DC-OTS
cannot ensure the AC feasibility. Secondly, when ACOPF
is performed before and after switching lines, DC-OTS will
not provide accurate results in some instances, it will either
causes increase in cost or underestimate cost savings. Thirdly,
DC-OTS is not applicable for illustrating some other benefits
of transmission switching like eliminating temporary voltage
violations. Thus, these issues can be resolved by performing
AC-OTS. In the literature, the problem of AC-OTS is also
extensively studied by different researchers from different
perspectives [23], [74], [75], [76], [77], [78], [79], [80].
A generalized form of the AC-OPF based OTS formulation
is presented in equations (32)-(39). The active and reactive
power balance is achieved using (33) and (34) respectively.
The active and reactive power flows are governed by con-
straints (35) and (36) respectively. The magnitude of the
apparent power flow considering both active and reactive
power is constrained by (38), while the voltage limits are

constrained by (39).

min
∑
g∈�G

cgPg (32)

∑
g∈�G

Pg − (1 − zij)fij = Di ∀g, ij (33)

∑
g∈�G

Qg − (1 − zij)f
Q
ij = Di∀g, ij (34)

fij = ViVj(Gij cos(δij) + Bij sin(δij)) − GijV 2
j ∀ij (35)

f Qij = ViVj(Gij sin(δij) − Bij cos(δij)) + V 2
j (Bij − bij)∀ij

(36)

((1 − zij)fij)2 + ((1 − zij)f
Q
ij )

2
≤ ((1 − zij)S̄ij)2∀ij (37)

Q_g ≤ Qg ≤ Q̄g∀g (38)

V_i ≤ Vi ≤ V̄i∀i (39)

and equations (12),(13),(17),(18).

D. APPROXIMATE OTS MODEL
Frequently switching off lines from the network may have
undesirable impact on system reliability and security. The
basic OTS model results in switching off too many lines for
big power system if there is no restriction on the number of
switchable actions. For example, in [81] a total of 24 lines
need to be switched for IEEE 118-bus system, when the
zij = ∞. This might pose a security risk for power system and
undermine the benefits obtained from OTS. An approximate
OTS model is presented in [69] that provides better solution
quality and less computational time. This approximate model
provides same cost of generation dispatch but reduces the
number of switching actions while maintaining the compu-
tation time almost the same. The approximate OTS model
is given in equations (40)-(42). An additional term is added
to the base case OTS model in the objective function where
the term ζij is a variable and C ′ is a constant number. The
optimal value of C ′ is found to be αP01 where α = 0.1%
and P01 is the dispatch solution for the base case DC-OPF
when no line is switched. It is concluded by the authors that
the number of switched transmission lines using approximate
OTSmodel is reduced to half and in some situations even less.
The computation time using approximate OTS model is also
reduced as compared to the base case OTS model.

min
∑
g∈�G

cgPg + C ′
∑
ij∈�L

ζij

Mij
(40)

− ζij ≤ fij − Bij(δi − δj) ≤ ζij∀ij (41)

0 ≤ ζij ≤ (1 − zij)Mij∀ij (42)

and equations (11),(12),(13),(16)-(18).

E. OTS MODEL THAT AVOIDS SWITCHING UNNECESSARY
LINES
Another modification to the basic OTS problem is made
in [82]. This model is used to only switch lines that produces
a profit greater than a certain threshold, thereby avoiding
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switching of unnecessary lines from the network. The model
is modified by introducing a new term in the objective func-
tion given in (43). The term Cprof in the objective function is
used to switch only those lines which produces a minimum
specified profit. In other words, only those lines need to be
switched from the system which provides profit greater than
or equal to Cprof . The value of Cprof can be defined by the
system operator according to the savings he is willing from
switching one line from the network. The introduction of the
new term in the objective function produces two changes
in the optimization process: i) lines which lead to a small
reduction in the operation cost should not be switched and ii)
the computational complexity of the problem for large power
system may be reduced significantly.

min
∑
g∈�G

cgPg + Cprof
∑
ij∈�L

(1 − zij) (43)

and equations (11)-(18).

F. OTS MODEL THAT AVOIDS ISLANDING
Switching lines in the network may result in islanding, which
occurs when some buses become disconnected from other
buses. This issue has been addressed in a modified OTS
model proposed by [82], which prevents islanding during
the switching process. This OTS model avoids unconnected
partial solutions that can cause convergence issues in the
solver. It does this by utilizing graph theory, which states
that if a bus is linked to each of the other buses, the graph is
connected. This concept is applied in the mathematical model
of the OTS that avoids islanding, as shown in the equations
(44)-(48).

Constraints (45)-(48) represent artificial flows in network
which consist of artificial generation bus and all other buses
will be demand bus, which will have a unity artificial power.
A reference bus is used to provide this unity artificial demand
to remaining buses of the system such that a path from
the reference bus is always provided to other buses in the
network, which makes the network connected.Hi represents
the artificial power produced at bus i, hij denotes the artificial
flow on line ij, and the cardinality of the buses is given
by |9b|. The energy balance equation (45) is used to make
sure the unity artificial demand is satisfied. Constraint (46)
ensures that if at least one line of branch ij is connected, then
the maximum artificial flow through this branch is limited
to |9b| − 1. The artificial generation is only limited to the
reference bus using the constraints (47) and (48). This model
provides same generation cost obtained by traditional OTS
model (DC-OPF).

min
∑
g∈�G

cgPg + Cprof
∑
ij∈�L

(1 − zij) (44)

∑
ij∈�L

hij−
∑
ji∈�L

hji + Hi = 1∀i ∈ �N (45)∣∣hji∣∣ ≤ (|9b| − 1)zij ∀ij ∈ �L (46)

Hi = 0∀i ∈ �b|i ̸= ref (47)

Href = |9b| (48)

and equations (12)-(18).

G. BILEVEL MODEL FOR OTS
The number of lines which are required to be switched is lim-
ited by constraint (17). If value of Zmax is too small then effect
of transmission switching is not apparent however, if value
of Zmax is too large then it involves too many switching
actions. To take this issue into consideration, authors in [83]
introduces a bilevel OTS model which consists of an outer
and inner optimization. Outer optimization aims to reduce the
number of switching actions to make generation cost less or
equal to the value specified by SO. The objective function
of the inner optimization is to reduce system generation
cost determined by outer optimization. This model is based
on DCOPF, however, AC-OPF formulation is also possible
with the expense of computational complexity. The objective
function and constraints of the bilevel model are presented in
equations (49)-(53).

min
∑
ij∈�L

∣∣∣zij − z0ij
∣∣∣ (49)

TC ≤ TCdesired (50)

TC = min
∑
g∈�G

cgPg (51)

fij = zijBij
∑
i∈�N

3ijδi∀ij (52)

∑
g∈�G

Pg +

∑
ij∈�L

3ij fij −
∑
ji∈�L

3ij fji = Di ∀i ∈ �B

(53)

and equations (12)-(18).
Where z0ij represents the initial status of line ij (open, zij =0;

closed, zij =1); TC denotes the objective value of the inner
optimization problem; TCdesired denotes the desired system
generation cost specified by system operators; 3ij denotes
the element of the network incidence matrix. The decision
variable of the outer optimization is the vector of zij. The
outer optimization of the model is given by (49) and (50),
while inner optimization is governed by equations (51)-(53).
The line flows are restricted by the constraints of bus voltage
angles and line operating status in (52). Power balance equa-
tion is given by the constraint (53). Rest of the constraints
on generation and voltage limits are similar to the basic OTS
model.

IV. OTS WITH OTHER FLEXIBILITY OPTIONS
World is moving towards renewable energy owing to the pop-
ulation growth, increasing demand, sustainable policies, and
greenhouse effect. Indeed, the deployment of hydropower,
solar, and wind power has been remarkable and it goes on
increasing. However, the integration of such massive amount
of RES into the grid imposes economical and technical chal-
lenges. The intermittent nature of these resources makes it
difficult to predict and deliver fluctuating power, which adds
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FIGURE 10. Need for flexibility in power system and sources to achieve
such flexibility.

variability and uncertainty to the operation and planning of
power system. These properties of RES make the power sys-
tems adequacy in terms of energy balance, voltage, and fre-
quency regulation. Therefore, to successfully integrate large-
scale RES into the grid, the operation and planning of the
power system ought to be more flexible than what is today.
Flexibility in power system can be provided through different
approaches as shown in Figure 10. Integrating both conven-
tional and flexible resources efficiently need new methods
and control schemes, which can cope with the uncertainty
in the power system operation and planning problem without
compromising the reliability of power system.

Power system flexibility can be achieved from all the three
sectors of the power system i.e., Generation, transmission,
and distribution [84], [85]. From the generation side, the
flexibility can be achieved by allottingmore reserves from the
conventional power plants to cope with the uncertainty posed
by the RES. From the load side, demand side management
and storage options can be deployed to make the system
more flexible. However, such technologies are expensive at
the current stage. The flexibility from transmission side can
be achieved by changing the network topology usingOTS, the
benefits of which are explained in the earlier sections. This
section focuses on the interaction of the OTS with such other
flexibility options to make the systemmore reliable, efficient,
and cost effective. Figure 11 demonstrates the classification
of articles based on the interaction of OTS with other such
technologies.

A. OTS WITH DYNAMIC THERMAL RATING
The thermal rating of transmission lines is an important
property in the power dispatch problem, which needs to be

FIGURE 11. Articles classification based on the interaction of OTS with
other flexibility options.

carefully considered. Conventional way of assigning ratings
to transmission lines is based on the worst case scenarios and
is known as static thermal rating (STR) [86]. Environmental
conditions, however, are not constant and continuously vary.
So, the actual capacity of a line in real time can be different
than STR. Dynamic thermal rating (DTR) enhances system
flexibility by increasing the capacity of transmission lines
and facilitates wind power integration [87], [88]. DTR system
uses sensors to record real time weather parameters from
which real-time ratings are determined. Different interna-
tional organizations have developed models for the determi-
nation of the line ratings according to the DTR. All these
models lead to almost the same result, the only difference
is in their calculation method. These standards include the
IEEE Standard 738 [89], CIGRE Technical Brochure 601
[90], and IEC TR61597 [91]. All these standards follow the
first law of thermodynamics in the form of heat balance
equation, a general formulation of which is given in Fig-
ure 12. For detailed understanding the reader is suggested to
consult these standards for in-depth knowledge of the DTR
calculation method.

Previous research has shown that using DTR, the trans-
mission capacity can be increased from 15-50% and in some
cases it could be up to 150% of the STR ratings [92]. In liter-
ature, DTR is utilized to increase transmission line capacity,
which leads to improved RES integration [93], relieve net-
work congestion [94], enhance system reliability [88], and
can help postpone the need for building new transmission
infrastructure [61]. The cost of DTR deployment is compar-
atively less (approx. 2% of the cost for building new line),
which makes it a promising solution to add flexibility in
the current system. Therefore, it is natural that OTS along
with DTR, if implemented in coordination can help improve
system flexibility as compared to their implementation alone.

OTS along with DTR has been studied in the literature
from different perspectives ranging from power system dis-
patch problems to network expansion planning problems.
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FIGURE 12. Heat balance equation demonstration for the DTR
calculation [95].

OTS and DTR are simultaneously optimized in a two-stage
SUC framework to study their impact on system performance.
This model exploits changing network topology (OTS) along
with real time thermal ratings of lines (DTR) to observe
their impact on total system cost, utilization of wind power,
and network congestion [59]. The authors showed that co-
optimization of OTS and DTR can considerably reduce total
system dispatch cost by up to 23%, reduce congestion by
around 44%, and can utilize RES up to 97%. The congestion
mitigation property of the OTS and DTR are studied in a
day-aheadmodel in [96], where the authorsmodeledOTS and
DTR simultaneously in a network constrained UC problem to
show that the combined interaction of OTS and DTR can help
reduce wind power curtailment and system cost. To tackle
the uncertainty linked with the RES, a stochastic formula-
tion is presented in [4] to determine the optimal candidate
lines for transmission switching and at the same time decide
which line should adopt real-time ratings using DTR. Results
indicate that deploying network reconfiguration and DTR
simultaneously can have a significant impact on reducing
system cost and more wind power penetration.

A stochastic framework is used to combine OTS with
flexible line ratings, which will determine the lines to adopt
DTR ratings and lines for switching operations in the recourse
actions. It is showed that incorporating OTS and flexible
DTR ratings help improve the first stage decisions in the
optimization problem. The test results on the IEEE 118-bus
system and Central European system showed a cost reduc-
tion of 19% and 4.5% respectively. A more flexible model
incorporating OTS with DTR is presented in [97], where the
authors instead of using real time ratings for DTR, assumed
a predetermined increased capacity i.e., 10% of the normal
ratings. The combination of OTS with DTR in reducing
carbon dioxide emissions is presented in [98]. In addition
to the constraints on the system dispatch and transmission
constraints, emission reduction constraints are included in the
MILP. Numerical results proved effective in reducing CO2
emissions.

To maintain system reliability, the literature also showed
that only a small fraction of the total transmission lines
needs to switch and adopt real-time ratings. A congestion
management method is proposed in [99] where the authors
used a multi-objective probabilistic problem using transmis-
sion switching and deploying real-time ratings. The results
conducted on the RTS-96 proved that implementing DTR
with OTS can reduce system cost by 6.78% as compared
to when SLR ratings are used. The enforcement of OTS
along with DTR is shown to effective in improving system
reliability [100]. Transmission lines cover a long distance and
weather parameters along the route may not be the same,
which could affect the calculation of DTR accurately. This
issue is addressed in [101] by proposing a multi-regional
network constrained UC model utilizing both OTS and DTR.
The multi-regional model is shown to be effective in reducing
system cost and accommodating more wind power.

The combination of OTS with DTR is also studied in the
power system network expansion planning problems. The
main objective in including these short-term problems in
the long-term problem network expansion is to exploit the
operational flexibility of these two technologies, which could
help in efficient utilization of the transmission infrastructure
and could help in postpone/reduce additional investment in
these assets. A co-optimized expansion planning model is
proposed in [61] to add new generating units and transmission
lines in the current network for the next 20 years. Themodel is
used to decide the size, number, and location of the generating
plants and lines for the said planning horizon. OTS and DTR
are included in the operational constraints of the model to add
flexibility to the network.

B. OTS WITH ENERGY STORAGE SYSTEMS
Energy storage systems (ESS) offer a more intelligent solu-
tion for mitigating power output fluctuations, maintaining
frequency, providing voltage stability, and improving the
quality of power supply [102]. Typically, an ESS consists of
four components: a storage medium for converting electrical
energy into a specific form, a charging unit that allows the
flow of energy from the electrical system to the storage
medium, a discharging unit that releases the stored energy
for various applications, and a control system that manages
the entire charging and discharging processes. With the rapid
advancement in technology, various types of ESS technolo-
gies exist, which are further classified based on the storage
medium, response time, and their functions. The most widely
used classification is based on the stored energy, which can
be in the form of chemical, electrical, mechanical, ther-
mal, or electrochemical. The battery energy storage system
(BESS) is commonly used due to its quick response time,
geographical independence, and adjustable size. BESS facil-
itates the integration of renewable energy from wind farms
or photovoltaics into the power system, thus enhancing the
reliability and flexibility of the system [103].

The integration of renewable energy sources (RES) has
highlighted the importance of energy storage systems (ESS),
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which can help smooth the output power of RES or time-
shift generation. However, network congestion often leads
to a significant amount of wind power curtailment. To effi-
ciently utilize the benefits of optimal transmission switching
(OTS) for congestion mitigation and ESS for storing excess
generated wind power, a co-optimized model is proposed in
[104]. The authors suggest that implementingOTS effectively
can increase ESS capability, leading to less wind power cur-
tailment. In [105], the uncertainty associated with RES is
addressed in a security-constrained unit commitment (UC)
problem using the flexibility offered by OTS and energy stor-
age. A robust optimization problem based on the information
gap decision theory is used and solved using the benders
decomposition technique. The efficacy of the proposedmodel
in managing uncertainties in large-scale wind power inte-
gration is demonstrated using two test systems: IEEE 6-bus
and 118-bus. However, the benefits of ESS may not always
be fully utilized due to limited transmission capacity, and
network congestion hinders its full utilization. To address this
issue, [106] proposes a stochastic security-constrained unit
commitment (SCUC) problem in a day-ahead framework that
uses OTS as a corrective action for line flexibility to enhance
ESS utilization. Results show that network reconfiguration
using OTS can not only reduce system costs but also enhance
ESS utilization for better impact in both normal and post-
contingency scenarios.

To increase the realism of the model, rather than using
the traditional DC-OPF based problem, the authors in [107]
proposed an intelligent parallel scheduling AC-OPF based
OTS problem, combined with batteries, to alleviate net-
work congestion and reduce operational costs. To solve the
non-linear problem, they proposed a two-stage optimization
approach where the master and sub-problems are created
and solved in parallel. In [108], the authors also proposed a
multi-stage problem that combines OTS with battery energy
storage systems in an AC-OPF based formulation to mini-
mize system costs. During contingencies, it’s important to
reconfigure the network to minimize the impact of outages
in the distribution network such as power losses and network
overloads. The contingency assessment of a combined ESS
and RES integration is proposed in a stochastic program-
ming model to determine the optimal network topology by
switching the optimal set of lines during contingencies [109],
to demonstrate that wind penetration with ESS can improve
system reliability. Another concept of mobile BESS, which
involves transporting battery energy storage systems using
OTS, is presented in an NCUC model [110]. The model was
tested to evaluate the impact of ESS transportation followed
by network reconfiguration and compared with the traditional
static BESS model. Results showed that the model not only
reduces system operational costs but also enhances grid flex-
ibility by reducing wind curtailment.

The impact of OTS in energy storage investments is also
analyzed by [111]. A two-stage stochastic model is presented
in which the objective is to find the optimal location and size
of the ESS units subject to constraints on the wind curtailment

and loadshedding. OTS is incorporated in the operational
constraints of the model and it is found that including these
constraints the model can reduce the investment cost by
17% and reduce the investment in ESS capacity by 50%.
Another work that also considers OTS in the investment
decision model of ESS size and location is given in [112].
The authors consider the expansion of generation units, lines,
and bulk ESS units in their model subject to constraints on
the renewable portfolio standards (RPS) i.e., a limit on the
maximum amount of energy served fromRES. The stochastic
MILP problem also incorporates OTS in the second stage of
the model as operational constraints. The authors observed
that up to $180M/yr can be saved in cost by co-optimizing
OTS, ESS and RPS requirements. Major savings is achieved
by investment deferrals while only a small savings in the
operational cost. Another important result that is presented by
the authors is that if these investments are made sequentially
instead of co-optimizing all these assets will result in $3M/yr
more than the co-optimized case.

To maximum utilize the transmission infrastructure,
authors in [113] proposed a network topology optimization-
basedmodel which also incorporate ESS andDTR simultane-
ously. Battery energy storage is deployed to time-shift RES
power and reduce wind curtailment. OTS is used to relieve
network congestion while DTR is implemented to increase
the transmission capacity thus allowing more wind power
to be penetrated the system. It is validated that the bene-
fits obtained from coordinating these three technologies is
more than any other fewer combination of them or deploying
each method in isolation. Table 2 demonstrates a detailed
breakdown and brief explanation of the articles containing the
incorporation of OTS along with other flexibility options.

C. OTS AND RES INTEGRATION
Renewable energy sources such as wind, solar, and hydro
power are rapidly growing technologies that contribute sig-
nificantly to the world’s electricity portfolio. However, their
uncertain characteristics pose economic and technical chal-
lenges for system operators. A large amount of renewable
energy is curtailed to maintain system security, while ample
reserves must be available to cover the uncertainty of RES
generation in real time. To ensure safe and reliable system
operation, these resources must be distributed carefully and
efficiently utilizing existing infrastructure. The flexibility
offered by OTS in reconfiguring network topology and
enabling a more feasible dispatch solution can help optimize
the use of these resources. Extensive research has been
conducted in the literature [114], [115], [116], [117], [118]
to address the challenges posed by wind uncertainties using
OTS.

A dynamic dispatch model incorporating OTS is pro-
posed by [119] to reduce system operation cost as well
as improve wind power penetration. To accommodate more
wind power into the network, a high performance computing
framework using a parallel implementation of stochastic UC
and Lagrangian relaxion is given in [120]. Another parallel
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TABLE 2. Summary of articles containing combination of OTS with other flexibility options.

implementation of OTS along with ESS in an intelligent
scheduling method using AC-OPF to reduce network conges-
tion for power system with large RES integration is presented

in [107]. TheMINLP is solved using a two-stage optimization
method. OTS is included in a SCUC model to manage the
RES uncertainty while taking into account line/unit failures
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in [121]. The authors in [35] presented a stochastic model
using OTS to mobilize grid flexibility for power system with
large share of RES integration. Network topology recon-
figuration is used in [122] with focus on maximizing RES
injection. TheMINLP problem is solved using binary particle
swarm optimization (PSO) algorithm. The optimal topology
obtained from OTS is used to assess its impact on high shares
of renewables as well as grid flexibility for reducing total
system cost is proposed in [123].

Renewable energy sources, such as wind and solar power,
are often located far from areas of high electricity demand,
which can cause network congestion due to limited trans-
mission capacity. Poorly scheduled generation may result
in high curtailments of wind power, making it difficult to
integrate renewable energy into the grid. To address this issue,
researchers have proposed several approaches usingOTS. For
instance, a DC-OPF based formulation in [124] enforces line
switching to reduce network congestion and improve wind
power integration. In [125], a linearized AC-OPF formulation
is used with OTS to consider the impact of network losses and
reactive power consideration. The linearized model is solved
using a benders decomposition technique. In a day-ahead
scheduling, [126] suggests using OTS as a corrective action
to reduce wind curtailments and network congestion, leading
to a more economical schedule and less emissions. OTS can
also be used in post-contingency situations to reduce network
congestion and wind power curtailments [127]. A two-stage
stochastic security-constrained unit commitmentmodel using
OTS is proposed in [128] to facilitate wind power utiliza-
tion. The role of OTS in accommodating renewable energy
and considering deep peak regulation is presented in [129].
In [130], the steady-state security region model using OTS is
proposed and solved by a decomposition approach. Addition-
ally, [131] discusses the impact of OTS on a hybrid wind/PV
generation, where the AC-OPF model is solved using a com-
bination of a genetic algorithm and a non-linear primal-dual
interior point algorithm. Lastly, [132] proposes a stochastic
OTS model that considers the uncertainty associated with
both wind and PV to minimize grid vulnerability and reduce
generation cost. Table 3 summarizes the articles utilizingOTS
for improved wind power integration.

D. OTS AND TRANSMISSION EXPANSION PLANNING
In the coming years, significant changes are expected in the
power sector as renewable energy resources become more
prevalent in the power system network. This shift will likely
lead to the shutdown of some conventional power plants and
the establishment of newmarket structures to balance flexible
demand requirements. As a result, the flow in transmission
lines will be altered, and there will be a need to increase trans-
mission line capacity. The primary objective of transmission
expansion planning (TEP) is to determine the optimal plan for
expanding the existing infrastructure in the network to enable
more feasible system operation at the lowest possible cost.
TEP involves identifying the timing, location, and number of
new circuits to be installed in the network.

The literature has extensively explored TEP from differ-
ent angles [140], with most studies proposing new planning
models or optimization methods to address the complex TEP
problem. Optimizationmethods can be broadly classified into
three groups: exact, approximate, andmathematical program-
ming. Exact methods rely on branch-and-bound, dynamic
programming, game theory, and benders decomposition algo-
rithms. Approximate methods, on the other hand, employ
heuristic and metaheuristic techniques such as genetic algo-
rithms, ant colony optimization, differential evolution, fuzzy
logic, and artificial neural networks. An alternative approach
is to combine mathematical formulations with optimization
procedures, which formulate the TEN as a mathematical
optimization problem to determine the optimal location and
number of new transmission lines while minimizing cost.
While ideally, TEP should use an AC-OPF model, using the
AC equations leads to a MINLP model that can be difficult to
solve and may not guarantee the optimized solution. Hence,
linearized and relaxed models that utilize the active power
and phase angle of the system are often used to solve the TEP
problem [141].

Transmission lines are typically viewed as fixed assets and
the possibility of switching some lines is often disregarded
because all lines are assumed to be necessary for proper
system operation. However, there is a possibility that some
of the existing lines can lead to network congestion that
may be not eliminated by simply expanding the network.
This arise the need that base system topology needs to be
modified while the system is being upgraded. Besides, even
candidate transmission lines may result in congestion, which
also need modification of the network topology in each sce-
nario. This will lead to decrease in investment costs signif-
icantly, allowing greater efficiency. It should be noted that
the decrease in investment cost by integrating transmission
switching does not mean that the existing network was not
optimally planned. This can be explained by the fact that the
generation and demand of the base year may be different
from the one that is considered in the expansion planning
problem. Also, the redundancy in the current network is
incorporated to maintain the reliability of the system in case
of contingencies. While TEP is a long-term problem that is
solved over an extended duration, the problem of OTS is
a short-term problem related to operating conditions. The
challenge lies in how to link these two problems to assess the
impact of OTS on the expansion plan. A general formulation
for incorporating OTS into a TEP problem is presented in
equations (54)-(66).

min
∑
ij∈�L

cijωij (54)

∑
g∈�G

Pg,t −

∑
ij

(
f 0ij,t + f 1ij,t

)
= Di,t − Li,t∀i ∈ �B (55)

∑
ij∈�+

L

ωij ≤ 0max
∀ij ∈ �+

L (56)
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TABLE 3. Summary of articles incorporating OTS for improved RES integration.
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TABLE 3. (Continued.) Summary of articles incorporating OTS for improved RES integration.

∑
ij∈�+

L

cijωij ≤ Cmax
ij ∀ij ∈ �+

L (57)

P−g ≤ Pg,t ≤ P̄g∀g, t (58)

f 0ij,t −Bij(δ
0
i,t − δ0j,t ) +M (1 − zij,t ) ≥ 0∀ij ∈ �L , t (59)

f 0ij,t −Bij(δ
0
i,t − δ0j,t ) −M (1 − zij,t ) ≤ 0∀ij ∈ �L , t (60)

f −ijzij ≤ f 0ij,t ≤ f̄ijzij∀ij ∈ �L , t (61)∣∣∣f 1ij,t −Bij(δ1i,t − δ1j,t )
∣∣∣ ≤ M (1 − ωij,t )∀ij ∈ �+

L , t (62)∣∣∣f 1ij,t ∣∣∣ ≤ f̄ijωij∀ij ∈ �+

L , t (63)

δ ≤ δi ≤ δ̄∀i ∈ �B (64)

∑
ij

(
1 − zij,t

)
≤ Zmax

∀ij ∈ �L , t (65)

zij ∈ {0, 1} , ωij ∈ {0, 1} (66)

The objective function of the TEP is to minimize total invest-
ment cost of building new lines into the network satisfying
both planning and operational constraints. Energy balance is
guaranteed in (55) by taking both the existing and candidate
lines into account. The number of maximum candidate lines
that can be built is imposed by (56) while the capital budget
constraint is given by (57). The power from generating units
is limited to min/max amounts by constraint (58). Network
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flow constraints for the existing lines and candidate lines
along with the option of switching existing lines is enforced
in constraints (59)-(63). Voltage angle limits is given by (64)
and the maximum number of switchable lines is restricted by
constraint (65). The solution of the TEP planning problem
will identify the installation of candidate lines in the planning
horizon, and identification of lines to be switched off from the
network in the operating scenarios.

While considering OTS in TEP, the role of uncertain out-
ages can be more prominent. In order to fully utilize the
network, TS change the topology by switching one or more
lines from the network, which enhances system utilization,
prevents overloading transmission line, and decrease total
system cost [63]. The reliability and investment plan of the
power system can be affected during the contingency states
by changing the network topology. For power system hav-
ing flexible generators, when a line or generating unit fails,
corrective actions can be taken by changing the network
topology using OTS and flexible generators. This will help
in avoiding over investment (building additional generating
units or lines) by fully utilizing the existing infrastructure.
This issue is addressed in [70], where the authors proposed
a contingency based TS concept in a two-stage stochastic
formulation. A scenario-based reduction technique is pro-
posed which utilizes a filtering technique is used to reduce
the computational burden of solving the problem. The model
is tested on three different networks including the IEEE relia-
bility test system, IEEE 11-bus System, and a 380-KV Turk-
ish transmission network. The authors showed that altering
network topology using OTS can change the expansion plans
significantly and can reduce the system cost up to 10.13%.
Table 4 presents summary of the publications considering
the problem of OTS in the expansion planning problem for
adding flexibility into the grid. The optimal placement of
phaser measurement units (PMS) using OTS in a two-stage
process is presented in [142], wherein the first stage the PMU
are installed to check the observability while the second stage
ensures the compliance with N-1 security criteria.

To add flexibility in the generation and transmission expan-
sion planning, [72] introduced OTS in the NEP problem. The
proposed model is decomposed into a master and two sub-
problems. The investment plan is executed in themaster prob-
lem to find optimal candidate units and lines for the expansion
horizon. The sub-problems then use this investment plan
and apply OTS to mitigate any violations in transmission
flows and execute optimal dispatch of generation units. OTS
along with network repowering is introduced in [65] as a
non-conventional candidate solutions in the TEP problem.
The model is linearized into a MILP so that commercial
solvers can be used to solve the problem. The inclusion of
network reconfiguration and repowering allows for a more
wider search space and can find better solution than the
conventional candidates only. Garver, IEEE 24-Bus and a
reduced Columbian test systems are utilized to demonstrate
that the non-conventional solution can reduce the overall cost
of investment in the TEP problem significantly.

To solve the stochastic TEP problem for large power
system, [66] presented a decomposition method that
involves transmission switching. The authors proposed a
Dantzig-Wolfe reformulation of the problem which is solved
using a column-generation technique. Computational perfor-
mance of the model is tested in the IEEE 73-Bus and 118-Bus
systems. The authors in [71] showed that the incorporation
of OTS in TEP is an NP-hard problem, and switching some
lines from the network may lead to a more efficient expansion
planning. The emphasis is on finding the optimal value of
the big-M formulation. It is showed that minimum value for
big-M can be computed by finding the shortest and longest
route between two buses. The authors in [61] presented a
co-optimized network expansion planning model to simul-
taneously incorporate OTS and dynamic line rating to exploit
the transmission network inherent flexibility. The model is
formulated as a MILP and solved using CPLEX. In addition
to the investment plan, themodel determinewhich line should
be switched off from the network and which line should adapt
real-time ratings in the operation stage of the problem. Their
results demonstrate that the practice of DLR and OTS in
the NEP is complementary and can reduce the investment
cost up to 20%. The modification of network topology using
OTS in an expansion planning is also studied by [64] where
the switching of lines is considered in the operation stage
of the problem. Only those lines are switched which can
degrade the system performance. This helps in relieving
the network congestion thereby enhancing existing network
performance along with the candidate lines and results in
a lower investment cost. The model is tested on the IEEE
reliability test system and IEEE 46-Bus networks.

Almost all countries have set renewable portfolio stan-
dards target for the next 30 years. In this context the authors
in [124] considers the case of Denmark and propose a
TEP problem to integrate 50% of the RES in the system,
while reducing the investment cost for generating units and
lines. A two-stage stochastic formulation is presented using
Dantzig-Wolfe reformulation, which is solved using column-
generation approach. OTS is utilized in the problem to relieve
network congestion caused by the Kirchhoff’s voltage law.
It is showed that the incorporation of OTS in the TEP problem
results in better utilization of the systemwith large-scale wind
power integration. The results also demonstrate that optimal
investment plan is affected by the OTS approach, which can
help reduce the wind curtailment. The increased penetration
of RES into the grid imposes further challenges to the TEP
problem. To cater the intermittence and randomness of the
RES, the authors in [143] proposed a novel combines GEP
and TEP problem with mixed integer second order cone pro-
gramming framework. Their results demonstrate that the pro-
posed mode not only accommodate wind power efficiently
but also reduce the total investment cost.

Generally, wind power and load demands have negative
correlation i.e., the production of wind power is high when
the load demand is low and vice versa. This results in cur-
tailment of the extra generated wind power. A proficient way
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TABLE 4. Summary of the articles combining the problem of OTS in the expansion planning.

to mitigate wind power curtailment is to utilize utility scale
energy storage systems (ESS). The synergistic impact of OTS
in combined ESS and TEP expansion is studied in [136],
where the authors proposed a two-stage stochastic min-max-
min problem to characterize the variability related to wind
power production and load demands. A decomposition algo-
rithm is presented to solve the min-max-min problem. A co-
planning model of transmission, energy storage and wind
farm is proposed in [2]. To facilitate wind power integra-
tion into the network, OTS and unit commitment model are
also integrated into the model. A decomposition algorithm
using analytical target cascading (ATC) approach is used to
solve the problem. The results show that in the co-planning
model OTS helps in congestion mitigation, UC improves
conventional generators flexibility, and ESS assist in sat-
isfying RPS targets. The impact of incorporating OTS in
the expansion planning considering contingencies along with
renewables uncertainty is studied in [144]. The authors pre-
sented a three level N-1 contingency compliant expansion
planning problem, which is solved using benders decom-
position. Their work demonstrated that the optimal plan is
affected by the uncertainty sets, OTS can help reduce overall
cost, and the decomposition method can solve the problem
efficiently.

V. OTS AND SYSTEM RELIABILITY
There is often amisconception that taking a line out of service
may result in degrading reliability of power system. The
concept of OTS does not ignore the importance of system
reliability standards and that the co-optimization of gener-
ation dispatch along with network topology is not done at
the expense of system reliability [36]. In fact, there is no
guarantee that switching a line out of service may lead to
a less reliable system because network topology is not the
sole factor which affects system reliability but it also depends
on the load and optimal generation dispatch solutions. Power
system is a complex network and taking one element out of
it one cannot judge that the said topology is best regarding
reliability for every possible operational scenario that may
exist. On the contrary, it is also possible that switching lines
out of service can improve the system reliability under certain
conditions. System reliability depends on the flexibility of the
load, generation dispatch, ramping capabilities of generators,
available power capacity, and network topology etc. In prac-
tice all these conditions are constantly changing and there is
no guarantee that a single network topology is more reliable
for all the possible conditions [13].

Proper system reliability is determined in two stages: micro
and macro stages. The engineering feasibility viewpoint is
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FIGURE 13. OTS evaluation in relation to security and reliability
constraints.

studied in micro stage while the macro stage studies the
strategic point of view. Usually, micro stage is linked to the
technical analysis of the system, whereas the macro stage
includes the reliability analysis, security, and adequacy as
is shown in Figure 13. The security and reliability of the
network under consideration can be included in the problem
formulation as part of the objective function or as constraints.
Commonly used reliability indices are expected energy not
served (EENS), expected demand not supplied (EDNS), loss
of load probability (LOLP), loss of load expectation (LOLE),
load level expectation (LDLE), and expected duration of
load curtailment (EDLC) etc. In the problem formulation, the
security aspect considers the planned outages and contingen-
cies as part of the performance requirements.

Although OTS have economic benefits, current system
states might change by switching off some lines with different
reliability levels. In the literature, reliability of OTS is studied
from two broader perspectives i.e., N-1 criteria and reliability
indicators [146], [147], [148], [149], [150], [151], [152]. The
N-1 contingency analysis is carried out to assess whether
a system is capable of withstanding failure of every single
element in the network or not. This approach mostly neglects
the probability of failure of different components and does
not take into consideration the possible multiple contingen-
cies, which might result in cascaded contingencies leading
to blackout [153]. The more general probabilistic reliability
analysis is the use of reliability indices which are evaluated
for different OTS solutions to provide service operator with
the support information that is needed for the implementation
of OTS actions. These analyses help the operator to decide
whether the optimized network topology can be adopted and
to decide which amongst the different possible switching
solutions can be implemented, which will help in maintaining
a balance between the technical system reliability and eco-
nomic savings obtained from the OTS. The general frame-
work of the OTS reliability evaluation using probabilistic
method is given in Figure 14 and the flowchart is explained
using the Algorithm 1.

FIGURE 14. Flowchart for reliability evaluation of OTS.

The authors in [63] demonstrated that including OTS in
the system dispatch problem can still satisfy the N-1 criteria
while switching off some lines from the network. The savings
obtained from the N-1 DC-OPF problem using OTS is about
15%. An important point in the results is that the percent
saving obtained from the N-1 DC-OPF is more than that
in the standard DC-OPF formulation. The co-optimization
of generation unit commitment and OTS with contingency
analysis is studied in [62] where it is shown that including
OTS can change the optimal generator schedule. The authors
in [154] studied OTS in both pre and post-contingency in a
SCUC model in the context of electricity market applications
and showed that power imbalance and system cost can be
reducedwith the proposedmodel. The impact of OTS in terms
of voltage angles and loadability is carried out in [155] where
the authors modeled OTS in a DC-OPF framework alongwith
contingency requirements. The authors concluded that OTS
is beneficial both in terms of voltage angles and loadabil-
ity even in case of contingencies. Security-constrained OTS
problem considering network connectedness is addressed in
[156], where the authors propose two criteria for maintain
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the network connectedness in reasonable amount of time.
To further analyze the impact of OTS in cascaded events,
the authors in [22] presented an N-1-1 reliability model in a
day-ahead market structure to use OTS as a corrective action.
Results demonstrated that OTS could help obtain a reliable
N-1-1 solution without making the system to return to N-1
reliability. The use of OTS as a remedial action to improve
system resilience in case of extreme weather impacts is stud-
ied in [157] to reduce the amount of loadshedding by opti-
mally switching lines to counter any contingency caused by
the extreme weather conditions. Another work [158] relates
the use of corrective OTS in cases of terrorist actions to
reduce loadshedding after the attack. To improve power sys-
tem resilience, a controlled islanding using OTS is provided
in [159] to reduce the amount of loadshedding in case of
islanding.

To achieve maximum probabilistic reliability and mini-
mum cost using OTS, [29] proposed a multi-objective opti-
mization approach and solved the problem using Monte
Carlo simulations and evolutionary algorithm. It is noted that
model can provide insights into the trade-off between the
system reliability and cost using OTS. The role of OTS in
sub-transmission lines on system reliability is modeled using
a multi-objective optimization problem in terms of energy
loss, in addition to using load and generation information
[160]. The multi-objective optimization is solved using a
non-dominated genetic classification algorithm (NSGA-II) in
the first phase while for the second phase a simulation-based
method is adopted for reliability evaluation. The model is
tested on an Ecuadorian power utility and it is concluded
that the concept of sub-transmission meshed networks can
help in decision for policy makers. Short and medium-term
reliability assessment of OTS using time variant reliabil-
ity models is studied in [161]. The probabilistic security
assessment of OTS considering both socio-economic disrup-
tions and generation cost is presented in [40]. Results from
the test cases demonstrate that it is important to perform
the probabilistic security analysis before OTS solution is
implemented. An emergency damping control strategy adopt-
ing the concept of OTS to reduce inter-area oscillations is
presented in [162].

The impact of OTS on power system reliability with AC-
OPF based formulation considering N-1 criteria is also stud-
ied by different authors [163], [164]. An AC-OPF based
OTS reliability assessment with N-1 standards is studied on
the Tennessee Valley Authority (TVA) network in [165] to
show that OTS can help relive voltage and thermal violations
in post-contingency situations. A dynamic programming
approach is used to model OTS in an AC-OPF based formula-
tion considering the N-1 security analysis to reduce the com-
putational time of solving the problem [166]. On the contrary,
the authors in [100] argue that system reliability using AC-
OPF based formulation remains unchanged while DC based
model can help improve system reliability. This may not be
regarded as a general conclusion though as network topol-
ogy may vary by switching different lines from service. The

Algorithm 1 Reliability Evaluation of OTS
Input: Load profile, generation data, weather data, wind
turbine data and transmission line ratings
Output: Reliability indices EENS, LOLE & LOLP
Step 1: Initialize weather data and network parameters
related to load profile, generation data, wind farm data and
lines capacities.
Step 2:Apply SMC simulations to randomly sample system’s
component states and run DCOPF to evaluate these sampled
states.
Step 3: If load curtailment or line congestion exists, switch-
off some lines to relieve network congestion so as to enhance
power transfer capacity, otherwise go to step 5.
Step 4: Evaluate sampled states based on OTS and record
load curtailment results for OTS.
Step 5: If No load curtailment exists after applying OTS,
proceed to step 6.
Step 6:Calculate Reliability indices if convergence criteria
is satisfied otherwise again sample system states by SMC
simulations and repeat step 3-4.

composite reliability of OTSwith AC-OPF based formulation
considering failure mitigation and disturbances reduction is
presented in [167]. The impact of OTS on system reliability
using reliability indices is studied in [67] for both DC and
AC-OPF based formations. The reliability indices calculated
are expected energy not served (EENS), loss of load prob-
ability (LOLP), and customer interruption costs (CIC). The
two-part paper from [168] developed an AC-OPF based OTS
model with real time contingency analysis, which can handle
large practical power system with tractable computational
time. The model is tested on the Tennessee Valley Authority
(TVA) and snapshots from an actual EMS system from Penn-
sylvania New Jersey Maryland (PJM) and ERCOT. Results
indicated that OTS as a corrective action can reduce the post-
contingency violations significantly. The power engineering
letter in [169] also studied real-time contingency analysis
using an AC-OPF based framework on the networks of TVA,
PJM, and ERCOT. The impact of geomagnetically induced
currents (GIC) is reduced in an AC-OPF based formulation
using correcting switching of lines using OTS and generation
redispatch [170].

Following a contingency, the concept of corrective trans-
mission switching may be used to regain system security
without rescheduling generation or loadshedding. This issue
is addressed in [171] where a DC-OPF based model is
used to check the feasibility of OTS in an N-1 and N-2
criteria. The model is solved using constraint programming
to reduce the computational time of solving. To counter
cascaded failures, a corrective OTS concept is utilized to
block the cascading of failures considering the correction
time [172]. A two-part paper in [173] and [174] incorporates
corrective-OTS in the energy management system by propos-
ing a real-time SCUC formulation for the economic dispatch

32456 VOLUME 11, 2023



M. Numan et al.: Role of Optimal Transmission Switching in Enhancing Grid Flexibility: A Review

problem while the second part aims at real-time contin-
gency analysis. The proposed method with EMS is shown to
improve system reliability with significant cost savings eco-
nomic dispatch, reduce network congestion, and can leverage
pos-contingency violations. The corrective switching actions
of OTS is further discussed in [175], where a robust correc-
tive OTS model is presented, which can be solved offline
to indicate line switching actions that can be enforced in
assessment tools in real-time. The corrective action of OTS
considering N-k contingency assessment is proposed in [176]
using a robust model. The authors argue that this model may
result in conservative findings because the optimal solution
that is obtained need to satisfy all the N-k contingencies. The
security and economic benefits of OTS is discussed in [177],
which presents a joint reserve and energy scheduling model
that uses OTS as a corrective action to improve system ability
to circumvent post-contingency events. The authors noticed
that with only fewer corrective OTS actions, the system oper-
ator can control different contingencies resulting in lower
operation and reserve costs. The reliability impact of OTS
as a remedial action is modeled in a MILP formulation to
minimize damage caused by loadshedding [178]. Reliability
indices are calculated and it is found that system reliability
is enhanced when OTS is incorporated as remedial actions.
The benefits of OTS in reducing overload in post-contingency
situation using a real time contingency analysis is performed
in [179] to identify the vulnerable overloads. Another work
in [180] presented OTS as a congestion management tool to
find potential candidate lines for line switching actions to
relieve network congestion without violating constraints on
the voltage angles. The problem ismodeled as aMINLP prob-
lem and Bender’s decomposition is applied to solve it. The
authors concluded that DC-OPF based OTS may jeopardize
system security and in some instances can result in voltage
collapse, while the AC-OPF based OTS can help ensure the
voltage security.

The increasing integration of RES along with the trans-
mission aging and load growth pose excessive stress on the
reliable operation of the grid. Utilities are in dire need of
alternatives that can efficiently utilize existing infrastructure.
Smart grid technologies like dynamic thermal rating (DTR),
energy storage systems (ESS), and demand side management
(DSM) have the potential to leverage capacity of transmission
network and provide flexibility to the power system operation
reliability. The impact of incorporating OTS with other flex-
ible smart grid technologies is also studied from reliability
perspectives. In [100], the authors proved that the enforce-
ment of OTS with dynamic thermal rating can help improve
power system reliability as compared to the case when none
or only one of these technologies is implemented. In [101],
OTS and DTR are incorporated in a network-constrained
UC formulation considering multi-area information. Their
results demonstrated that the combined effect of OTS and
DTR can help reduce wind curtailment and generation cost.
The coordinated impact of OTS and DTR are incorporated

into power system reliability assessment in [181], where it
shown showed that the combination of these two smart grid
technologies can improve system reliability, especially for
network which have low transmission capacities. To tackle
the uncertainties associated with wind/solar and load, [132]
proposes a stochastic OTS model to minimize the grid vul-
nerability. A scenario-reduction technique is adapted which
helps reduce the computational complexity of the model.
Another paper also discusses the stochastic nature of wind
farms, which is modeled as a two-level multi-scenario based
stochastic model [182]. It also includes the N-1 security
constraints and is solved using the affinity propagation (AP)
clustering algorithm.

VI. CONCLUSION
OTS has been shown in the literature to have economic
benefits, reduce operational costs, relieve network conges-
tion, serve as a corrective mechanism for reducing voltage
violations, improve system reliability, and minimize system
loss. This paper presents, for the very first time, a com-
prehensive overview of the OTS problem in the traditional
network flow problem. The basic formulation of the OTS
problem in the traditional OPF is explained in detail. Since
the introduction of the OTS, different variations of the basic
OTS models have become available. These models are dis-
cussed in detail with consistent mathematical formulations
to make the readers’ flow easy to understand. The different
alternative models of OTS explained are the alternative model
of OTS, the N-1 DC-OPF based model, the AC-OPF based
OTS model, the approximate OTS model, the OTS model
that avoids islanding and switching unnecessary lines, and
the bi-level OTS model. The basic OTS formulation involves
a disjunctive parameter called the big-M value, which is
used to make the voltage angle constraints non-binding. The
proper selection of the big-M value is a challenging task
regarding both the optimal solution and computation time.
This paper provides detailed information on the different
values of the big-M value suggested by researchers in the
literature.

The interaction of OTS with other flexibility options such
as dynamic thermal rating (DTR), energy storage systems
(ESS), and renewable energy sources (RES) are discussed
in detail. It is shown that the coordination of OTS with
these technologies further improves system flexibility while
maintaining system reliability with minimum operation cost.
Later, the paper provides the impact of the short-term OTS
problem on the long-term expansion planning problems.
Although both problems differ in nature, the operational
flexibility of OTS can help utilize the existing infrastructure
more efficiently and, in some cases, can postpone the need for
adding new transmission elements. The concept of OTS does
not ignore the importance of system reliability standards, and
the co-optimization of generation dispatch along with net-
work topology is not done at the expense of system reliability.
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It is observed that the incorporation of OTS into the dispatch
problem can further increase the system reliability.
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