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Abstract—As global concerns regarding climate change are
increasing worldwide, the transition towards clean energy sources
has accelerated. Accounting for a large share of energy con-
sumption, the electricity sector is experiencing a significant
shift towards renewable energy sources. To accommodate this
rapid shift, the transmission system requires major upgrades.
Although enhancing grid capacity through transmission system
expansion is always a solution, this solution is very costly and
requires a protracted permitting process. The concept of flexible
transmission encompasses a broad range of technologies and
market tools that enable effective reconfiguration and manip-
ulation of the power grid for leveraged dispatch of renewable
energy resources. The proliferation of such technologies allows
for enhanced transfer capability over the current transmission
network, thus reducing the need for grid expansion projects. This
paper comprehensively reviews flexible transmission technologies
and their role in achieving a net-zero carbon emission grid vision.
Flexible transmission definitions from different viewpoints are
discussed, and mathematical measures to quantify grid flexibility
are reviewed. An extensive range of technologies enhancing
flexibility across the grid is introduced and explored in detail.
The environmental impacts of flexible transmission, including
renewable energy utilization and carbon emission reduction,
are presented. Finally, market models required for creating
proper incentives for the deployment of flexible transmission and
regulatory barriers and challenges are discussed.

Index Terms—Flexible transmission, power system flexibility,
congestion management, transmission switching, phase shifting
transformers, electricity markets, FACTS devices, HVDC.

NOMENCLATURE

α Power transfer increment factor
γl Partial switching on line l
λn Locational marginal price at bus n

ΩAR Admissible region
ΩESSR Extended steady-state security region
ΩFR Grid flexibility region
θn Voltage angle at bus n
φl Phase shifter angle installed on line l
ATC Available Transfer Capability
bl Susceptance of line l
BuSFI Bulk System Flexibility Index
dn Demand at bus n
Fl Active power flow on line l
L Set of lines
Lik Load Shedding at bus i under outage scenario

k

N Set of buses
NF Network Flexibility index
Pn Active power injected into bus n
PTDF Power Transfer Distribution Factor
Qn Reactive power injected into bus n
Sl Apparent power flow on line l
sl Marginal value of susceptance on line l
TC Total generation cost
TF Transmission Flexibility index
TRM Transmission Reliability Margin
TTC Total Transfer Capability
Vn Voltage magnitude at bus n

I. INTRODUCTION

THE electricity sector has evolved rapidly over the past
two decades with steep growth of production from re-

newable energy sources (RES). The reduced cost of harvesting
renewable energy alongside the global push for a net-zero
carbon electric grid has made renewable energy resources the
prime alternative for electricity generation. Improvements in
technology and economies of scale have resulted in levelized
cost of energy (LCOE) from renewable energy resources to
levels below that of even cheap coal-fired power plants [1],
[2]. Many countries, including the United States, have adopted
targets for achieving a net-zero power grid [3]–[7], which
requires massive integration of renewable generation. The
transition from fossil fuels to renewable generation faces many
challenges, including intermittency, uncontrollability, and de-
pendence on weather. Another major challenge is the transfer
of renewable power, which requires substantial upgrades to the
transmission system [8], [9].

Increased levels of congestion cost on the U.S. national
grid are a clear indication of this necessity. Transmission
congestion incurred over $5 billion cost on the U.S. grid in
2020 [10]. Fig. 1 shows the reported annual congestion cost
for six major ISO/RTOs during 2016-2021 except for CAISO,
which does not publish any data on congestion cost [11]–
[16]. These ISO/RTOs represent 58% of the U.S. electricity
consumption; therefore, the congestion cost is a good indicator
of the increasing trend in congestion patterns across the U.S.
The linear trend shows an average annual increase of $507
million (17%) in total congestion cost in the U.S. During 2020.
The congestion cost dropped below the 2016 level due to the
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Fig. 1. Congestion cost in the U.S. by ISO/RTO 2016-2021

electricity consumption reduction influenced by the COVID-
19 pandemic, which later increased with a sharp surge during
2021 to an unprecedented level of $7.7 billion.

Studies by the National Renewable Energy Laboratory
(NREL) show that a factor of 100-200% should increase the
capacity of the transmission network to accommodate the
nation’s renewable energy targets [17]. Energy System Integra-
tion Group (ESIG) transmission planning study suggests that
the U.S. national grid requires doubling or tripling capacity
to reach the carbon-free network vision [18]. Transmission
expansion projects, as the primary solution for this problem,
require astronomical levels of investment above other prob-
lems, including siting and permitting barriers and lack of
incentive for private investors. Alternatively, flexible transmis-
sion technologies can effectively enhance transfer capability
over the grid and therefore enhance economic efficiency and
reliability besides streamlining the integration of renewable
energy resources. While building new transmission lines is
still necessary, flexible transmission can offer a fast and cost-
effective way of increasing transfer capability, which can
reduce or postpone the need for new transmission.

Despite its high potential, there is a serious lack of com-
prehensive reviews in this area. To the best of our knowl-
edge, the only review in this area is [19], which investigates
mathematical formulations and metrics for grid flexibility
and computational methods to solve operation and planning
problems in the presence of flexible transmission. Some re-
views have addressed flexible ac transmission system (FACTS)
technologies, including [20], [21]. However, their scope is
limited to FACTS technologies, while many options provide
flexibility for the transmission network. This paper seeks to fill
this gap by presenting an overview of available technologies
enabling flexibility in the transmission system and discussing
different aspects of flexible transmission, including financial
and environmental factors. The main contribution of this paper
is a detailed discussion of the following important items:

• A consensual definition of flexible transmission based on
the most recent developments,

• Mathematical tools for quantification and evaluation of
transmission flexibility,

• Comprehensive review of technologies to obtain grid
flexibility,

• Investigation of financial aspects of flexible transmission
addressing the impact on current electricity markets and
proper market tools for deployment,

• Environmental impacts of flexible transmission in renew-
able energy deployment and carbon emission,

• A comprehensive overview of current market and industry
adoption of flexible transmission technologies,

• Identification of current barriers and suggestions for fu-
ture research directions.

To this end, Section II reviews the concept of flexibility in
engineering and specifically in power systems. The section
further addresses the challenges leading to transmission system
flexibility and presents a definition of flexible transmission.
Section III introduces various technologies and methods en-
abling transmission system flexibility. Section IV discusses the
impact of grid adjustments on carbon emission and renewable
energy curtailment under different levels of renewable energy
penetration and generation mix. Section V discusses current
energy market structures and the impact of flexible transmis-
sion on both energy and financial transmission right (FTR)
markets. Section VII addresses current barriers and prospects
of flexible transmission. Finally, Section VIII summarizes the
paper and presents final remarks and future research directions.
The flow of this paper is conceptually visualized in Fig. 2.

II. TRANSMISSION FLEXIBILITY DEFINITION AND
METRICS

This section presents an overview of flexibility in engi-
neering systems, followed by the definition of power system
flexibility and necessity in response to electricity system trans-
formation. Accordingly, flexible transmission is introduced as
a central part of power system flexibility, and the mathemat-
ical metrics for indicating transmission system flexibility are
reviewed.

A. Flexibility in Power Systems

Flexibility is a broad concept used in various systems
and applications from different points of view. Therefore,
presenting a single and general-purpose definition of flexibility
is not appropriate. Generally, flexibility is defined as the ability
of a system to respond to a range of uncertain future states
by taking an alternative course of action within an acceptable
cost threshold and time window [22]. The International Energy
Agency (IEA) defines flexibility as the general ability of a
system to react to changes in generation and demand over
time [23]. Considering the most general definitions presented
above, flexibility can be studied from different aspects, in-
cluding time horizon, type of variability, and sector. From
the time horizon perspective, flexibility can be studied over
short-term or long-term, ranging from milliseconds to months
or years. Short-term analyses are performed for operational
studies to ensure the system’s reliable operation within security
margins [24], [25]. On the other hand, long-term flexibility



3

Flexibility In Power Systems
(Section 2)

Generation Flexibility
(Section 2.A)

Flexible Transmission
(Section 2.B)

Demand Flexibility
Section (2.A)

Concept and Definition
(Section 2.B)

Technologies
(Section 3)

FACTS 
(Section 3.A)

TS 
(Section 3.B)

HVDC
(Section 3.C)

PST
(Section 3.D)

DLR
(Section 3.E) 

Mathematical 
Representations

(Section 2.C)

Environmental Impacts
Section (4)

Carbon Emission

Renewable Energy Curtailment

Financial Aspects
(Section 5)

Impacts on Current Markets

Market Tools for Flexible Transmission

Energy Markets

FTR

Current Outlook
(Section 6)

Potentials and Challenges
(Section 7)

Fig. 2. Topics covered in this review paper

analyses are performed in planning studies to ensure the
system is robust against uncertainties in fuel prices or resource
availability from an economic viewpoint [26]. Technical flex-
ibility studies focus on the system’s secure operation [27],
while economic flexibility studies seek to employ flexible
resources to maximize surplus [28]. Finally, the variability in
flexibility studies can be predictable or involve uncertainty.
Predicted variations include planned outage of transmission or
generation units for maintenance, which can be implemented
in the deterministic optimal power flow or unit commitment
models [29], [30]. However, for uncertain variation, including
renewable generation output variations and forced outages due
to contingencies, stochastic or robust models may be required
to ensure the secure operation of the grid [31], [32].

Considering this framework, we can now review various
definitions of power system flexibility in the literature. Ref-
erence [33] defines power system flexibility as the ability
of the system to deploy its resources to meet changes in
net load. This definition takes a technical approach toward
power system flexibility. The net load in this definition is
the difference between the electricity demand and variable
renewable generation, i.e., wind and solar. The steep growth in
the share of RES has led to increased volatility in net load and
subsequently increased demand for power system flexibility to
accommodate higher levels of uncertainty. Another technical
definition of power system flexibility focusing on generation
flexibility is presented in [34], which describes flexibility
as the ability of power systems to provide enough ramping
and capacity in response to demand variation on operational
timescale. From the economic point of view, flexibility can
be described as the system’s competency to provide ample
capacity in case of future uncertainties and variabilities at

marginal cost [35]. Risk management criteria determine the
compromise between the cost of extra capacity and flexibility
value in [10].

The most prevalent categorization of power system flexibil-
ity studies is by sector: generation, demand, and transmission
flexibility. Generation flexibility is the most conventional area
of power system flexibility studies. Fast response units are
commonly dispatched to provide ramping requirements on the
operational time horizons [36], [37]. The automatic generation
control (AGC) is further utilized to compensate for mismatches
between load and generation on shorter timescales [38], [39].
Demand flexibility, on the other hand, seeks to exploit flexible
loads to enhance the regulation capability of the power system
to cope with uncertainties in the operation of the power
system [40]. Demand Side Management (DSM) and Demand
Response (DR) are the two well-known frameworks that
make use of operational practices and guidelines, including
shifting load to off-peak periods and consequently reducing
generation cost and congestion in the network [41], [42].
Multiple practices have been proposed in the literature that
can be utilized to leverage flexibility on the demand side,
including time-of-use tariffs, critical peak pricing, demand
bidding and smart metering [43]–[47]. Fig. 3 summarizes the
various aspects of flexibility in power systems addressed in the
literature. Reference [48] presents a comprehensive review of
flexibility taxonomy and classification, considering the most
recent publications.

B. Flexible Transmission Concept

Although there is a vast body of literature on generation
and demand flexibility, transmission flexibility is more or
less absent from flexibility studies. The reason is that the
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transmission network has historically provided sufficient ca-
pacity to deliver energy and accommodate standard reserve
margins for reliability. Most of the existing literature in the
power system flexibility area are centered around generation
flexibility and transmission system is considered a constraint
in dispatching generation flexibility [49]. However, the steep
growth of renewable generation has pushed the legacy trans-
mission network to its limits by introducing extra levels of
uncertainty in the generation, new congestion patterns, and
the need for security enhancements, including reactive power
and voltage support requirements. Additionally, renewable
generation provides lower flexibility levels than conventional
thermal generation. Thus, higher penetration of renewable
energy resources demands for enhanced operation of flexible
transmission assets, i.e., FACTS devices, phase shifting trans-
formers (PST), and circuit breakers, in providing flexibility at
the grid level.

The current literature does not offer a consensual defini-
tion of transmission flexibility. A consensual definition with
quantifiable metrics is crucial for stakeholders to evaluate their
schedules and coordinate system-wide flexibility, ensuring
effective information flow. Reference [19] defines transmission
system (grid-side) flexibility as the ability of a power network
to deploy its flexible resources to cope with volatile changes in
the power system state in operation. However, this definition
is limited to operational flexibility and does not consider the
long-term flexibility requirements of the transmission network.
From the long-term perspective, [50] defines flexibility in
transmission investment as the ability of investors to choose
among an extended range of alternatives, including postpone-
ment, abandonment, and operational flexibility enhancement
under uncertain market environments. Enhancing operational
flexibility helps the investor handle the long-term uncertainties
and risks in the deregulated environment. It provides more
secure decision-making, which reduces the investment risk
for investors and provides more efficient assessment tools for
regulatory entities.

We define transmission system flexibility as the ability of
the network to reconfigure itself in response to expected or
unexpected variations over various time horizons to achieve
maximum transfer capability from generation to demand. Ac-
cordingly, flexible transmission refers to various technologies
and business practices that enable the transmission network
to adjust to generation and demand uncertainties. Flexible

transmission can alleviate congestion by enhancing transfer
capability over the current grid and postponing grid expansion
costs [51]. A recent study by the Brattle Group over the South-
west Power Pool (SPP) grid shows that flexible transmission
proliferation can leverage transfer capability by 100% [52]. A
recent case study by the U.S. Department of Energy on NYISO
shows that grid-enhancing technologies, namely dynamic line
rating and power flow controllers reduce renewable energy
curtailment by 43% and improve electricity rates for end-users,
by alleviating congestion in the 2030 New York state grid
vision with 70% renewable energy penetration [53]. Allocating
such savings to different stakeholders in different market
structures requires further research.

Considering the definition presented above, several aspects
of flexible transmission must be addressed. Flexible transmis-
sion can be studied over various time horizons, from seconds
to several years. Transmission networks can be considered
in stability studies in response to contingencies [54]. Several
studies have been conducted to deploy transmission network
flexibility sources on operational time horizons, hourly to day-
ahead operation [55], [56]. Planning studies have incorporated
flexible transmission to facilitate the integration of RER and
prevent congestion in the long term [57], [58]. We further
need mathematical metrics to quantify the flexibility of the
transmission network and the impacts of flexible transmission.
Generally, grid flexibility can be evaluated from two points of
view: technical and economic. From the technical point of
view, various mathematical indices and geometric represen-
tations have been proposed in the literature. An overview of
these metrics is provided in the following subsection. From the
economic point of view, a lack of flexibility in transmission
networks creates congestion in the grid, which results in an
out-of-merit generation schedule and therefore incurs extra
costs on consumers, which is formalized as congestion cost. A
detailed analysis of congestion cost and how it can represent
grid flexibility is provided in section V.

C. Technical Metrics for Transmission System Flexibility

Available Transfer Capability (ATC) is one the most estab-
lished metrics to evaluate the transmission network’s ability
to dispatch generated power to demand [59]. ATC measures
the transmission system’s capability to transfer extra power
from the source to the sink. It is used for transmission expan-
sion studies and operational constraints for day-ahead market
scheduling [60]. In the U.S., FERC requires all ISO/RTOs
to regularly calculate and report ATC to Open Access Same-
time Information System (OASIS) for system upgrades and
planning [61]. ATC is calculated based on Total Transfer
Capability (TTC), Transmission Reliability Margin (TRM),
and Capacity Benefit Margin (CBM) as follows [62]:

ATC = TTC − TRM − CBM. (1)

TTC is the summation of maximum transfers allowable
above base case power flow considering thermal, security, and
contingency constraints. The calculation of TTC is the core
of ATC calculation. This is a very important step, since over-
estimation of TTC puts the system at security risks and can
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lead to instability, while underestimation results in inefficient
utilization of the transmission infrastructure and misleading
signals for expansion [63]. TTC calculation can be formulated
using continuation power flow [64]:

maximize α (2)

s.t.: Pi =

n∑
j=1

ViVjYij cos(θj − θi + φij), ∀I; (3)

Qi =

n∑
j=1

ViVjYij sin(θj − θi + φij), ∀i ∈ N ; (4)

V min
i ≤ Vi ≤ V max

i , ∀i ∈ N ; (5)
|Sij | ≤ Smax

ij , ∀(i, j) ∈ L; (6)

Pi = P 0
i (1 + αki), ∀i ∈ N ; (7)

Qi = Q0
i (1 + αki), ∀i ∈ N ; (8)

TTC =
∑
i∈sink

Pi(α
max)−

∑
i∈sink

P 0
i , (9)

The mathematical problem seeks to maximize the additional
increment in power transfer, α, for each sink node subject to
the network’s physical constraints (3)-(6). The total transfer
capability is calculated as the total transfer amount above the
base case power flow (9). TRM is the transfer capability
margin ISO reserves for coping with prevailing uncertainties,
including renewable generation volatility, load forecast inaccu-
racies, and transmission contingencies. Maintaining sufficient
TRM is necessary for reliable system operation and preventing
curtailments [65]. CBM is allocated to ensure generation
reserve deliverability in an interconnected system in case of
a generation unit outage. The required amount of CBM is
determined based on the historical value of loss of load expec-
tation (LOLE) for each area. The areas with higher amounts
of annual LOLE should maintain higher CBM margins for
ensuring external reserve deliverability in case of generation
outage [66].

To visualize grid-side flexibility, [19] defines grid flexibility
region ΩFR as the difference between admissible region ΩAR

before and after implementing grid flexibility.

ΩFR = ΩAR − ΩAR0. (10)

Admissible region ΩAR used in the literature is defined as
the area where all the flexibility resources can accommodate
every uncertain power injection without violating feasibility
constraints [67], [68].

ΩAR = {(PU , QU )|∀(PU , QU ) ∈ ΩAR∃(PC , QC) ∈ ΩESSR},
(11)

where (PU , Qu) is the level of admissible uncertain active and
reactive power injection that the grid can handle under the
condition that ample flexibility from controllable power in-
jection, e.g., generation control or FACTS devices, (PC , QC),
is available, such that there exists a feasible solution under
network physical constraints (3)-(6) described as extended
steady-state security region (ΩESSR).

To evaluate the flexibility of the network on the planning
horizon, deterministic indices have been proposed in the lit-
erature. Reference [69] evaluates the network flexibility under

generation expansion scenarios based on the network capacity
utilized by generation expansion.

NF (Smax
ij ) =

∑
ij∈Nl

Smax
ij (

∑
k∈Nb

PTDF ij
k )∑

ij∈Nl
Smax
ij

. (12)

Network flexibility (NF ) metric for each transmission
capacity level (Smax

ij is determined by the average usage
of transmission capacity based on the total power transfer
distribution factor (PTDF) for each injection, divided by total
network capacity. The smaller value of NF means lower
utilization of the network and, therefore, higher grid flexibility.

A similar metric for transmission expansion planning has
been proposed in [70], based on the expected load shedding
due to line outage for peak load under high and low demand
scenarios.

TF = E(
∑
i∈Nb

∑
k∈Nl

LikPk). (13)

The transmission flexibility index (TF ) is derived by cal-
culating the expected value of load shedding at bus i due to
line k outage for high and low peak demand scenarios. The
smaller value of TF shows smaller load shedding and, thus,
higher flexibility of the transmission grid against line outage
contingencies.

Reference [71] proposes bulk system flexibility index
(BuSFI) as the maximum allowable variation in the generation
at a node that minimizes power margin on the transmission
system.

minimize
∑
ij∈Nl

Pmax
ij − |

∑
k∈Nb

PTDF ij
k (P 0

k +∆Pk)| (14)

s.t.: (3)-(6)

BuSFIk = ∆Pk BuSFItot =
∑

k∈Ngb

BuSFIk. (15)

This formulation allows for calculating the local flexibility
index, BuSFIk for each generation bus that allows generation
expansion without violating transmission system security mar-
gins and total system flexibility index BuSFItot. This index
offers a signal to generation owners about the ability of the
transmission network to accommodate generation expansion
at each area. The overview of various transmission system
flexibility evaluation measures is summarized in Table I.

III. SOURCES OF TRANSMISSION FLEXIBILITY

Transmission flexibility can be harnessed through vari-
ous technologies and procedures. Prominent methods in-
clude power flow control through discrete adjustment in grid
topology [72] or continuous control of transmission line
impedance [73] or voltage phase [74]. This section presents
an overview of each of the aforementioned technologies.

A. Flexible AC Transmission System (FACTS)

FACTS technology intends to provide more efficient and
reliable dispatch of electricity by providing tighter control
over power flows in the transmission network [75]. FACTS
devices can be deployed to enhance transient stability, voltage
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TABLE I
TRANSMISSION FLEXIBILITY METRICS

Flexibility Metric Ref. No. Time Horizon Application Computational Burden
Available Transfer Capabil-
ity (ATC)

[62] Operation/Planning Day-ahead Sched-
ule/Maintenance
Schedule/Expansion Studies

Medium-High

Admissible Region (AR) [19] Operation Visualization High
Network Flexibility (NF) [69] Planning Generation Expansion Medium
Transmission Flexibility
(TF)

[70] Planning Transmission Expansion Low-Medium

Bulk System Flexibility In-
dex (BuSFI)

[71] Planning Generation/Transmission
Expansion

Medium-High

regulation, and mitigate system oscillations [76]–[78]. The first
studies regarding the application of FACTS technology for
enhancing transmission system flexibility and stability were
carried out by Electric Power Research Institute (EPRI) in
the U.S. [79]. FACTS devices can control different proper-
ties of transmission elements, including line impedance, bus
voltage magnitude, and voltage phase angle. FACTS devices
can be categorized based on the controller technology. The
older FACTS devices use thyristor switches to control line
impedance or shunt capacitors. Thyristor-Controlled Series
Compensator (TCSC) and Static VAR Compensators (SVC)
are FACTS devices using thyristor controllers. In contrast, the
more recent technology uses self-commutated Voltage Source
Converters (VSC). Static Synchronous Series Compensators
(SSSC) and Unified Power Flow Controllers (UPFC) are VSC-
based FACTS devices. Based on their functionality, FACTS
devices can be connected in series configuration (e.g., TCSC
and SSSC) or shunt configuration (e.g., SVC), or a combina-
tion of both (e.g., UPFC). Generally, series compensators are
used for line impedance and active power flow control [73],
and shunt devices provide reactive power compensation. The
UPFC is a more versatile device providing both shunt and
series compensations [20]. The recently developed distributed
FACTS (D-FACTS) or modular FACTS (M-FACTS) provide
the same functionality with the merit of modularity [80], [81].
Figure 4 summarizes FACTS classification based on controller,
configuration, and functionalities.

In this paper, we focus on the power flow control function-
alities of FACTS devices. Series FACTS devices can provide
power flow control capabilities through line impedance adjust-
ments, thus increasing the loading capability of the transmis-
sion system and alleviating congestion. FACTS technologies
that can enhance transfer capability include TCSC, SSSC, and
UPFC. Various types of FACTS devices use different tech-
niques to alter the line reactance. TCSC devices can directly
alter the line reactance, whereas UPFC and SSSC devices use
a voltage injection to emulate reactance adjustments [82], [83].
The first implementation of TCSC in Kayenta, Arizona, has
shown a promising 30% improvement in ATC [84]. Unlike
TCSC, there has been few implementations of UPFC due to
its high investment cost. The first practical UPFC implemented
in Kentucky, U.S., consisted of two 160 MVA VSC-based
units, which provided voltage and reactive power support and
enhanced power flow capability across the region [85].

FACTS

Thyristor-based

VSC-based

TCSC

SVC

SSSC

UPFC

Series

Shunt

Series

Series/Shunt

-Impedance Control
-Transient Stability
-Damping Oscillations

-VAR Compensation
-Transient Stability
-Damping Oscillations

Fig. 4. FACTS Technology Overview

The immediate economic benefit of series FACTS deploy-
ment in the transmission system is reducing the operational
cost, as power flow control can enhance transfer capability
and accommodate more generation from more cost-efficient
units. Various existing literature has investigated the economic
benefits of deploying FACTS devices and different levels of
savings after solving power system operation problems with
FACTS incorporated. In [73] the two-stage linear optimal
power flow with variable-impedance FACTS devices on IEEE
118-bus system shows up to 30% cost saving compared to the
base case when 40 lines are equipped with FACTS devices
and 90% of line reactance control is assumed.

Similarly, FACTS deployment can be an effective way of
enhancing the integration of renewable generation. In [86], an
optimal allocation problem for series FACTS devices and PSTs
is solved. The results on the IEEE 118-bus system show that a
6.80% increase in renewable generation can be accommodated
with the deployment of TCSC and PST devices. Similarly,
D-FACTS and FACTS deployment can lead to cost savings
and help reduce renewable energy curtailment in most cases,
according to the results in [87]. It is worth noting that, as the
results show in [87], the objective of power system operation
models is to minimize the total operation cost; thus, FACTS
deployment can lead to increased renewable curtailment in
some cases. The effectiveness can be affected by the locations
of FACTS devices and renewable generation, among other
factors [88].

B. Transmission Switching

Transmission switching, also known as topology control,
is an effective solution to enhance transfer capability. Trans-
mission switching can be used for economic purposes or
to enhance system reliability as a preventive or corrective
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action [89]. Northeast Power Coordinating Council has listed
corrective transmission switching among Remedial Action
Scheme (RAS) for avoiding abnormal voltage conditions [90].
Corrective transmission switching has been used for loss
reduction, transmission line overloading relief, and improving
power system reliability in the literature [91], [92]. Although
corrective transmission switching has been considered by
ISO/RTOs for ad-hoc reconfiguration of the grid in response
to contingencies, as in PJM’s Special Protection Scheme
(SPS) [93], it is not yet integrated into energy or market
management systems.

Transmission topology is traditionally assumed to be fixed,
with the exception of planned or unplanned outages. Given
that existing circuit breakers can open a line or transformer,
network topology can be adjusted to deliver economic or
reliability benefits under normal and contingency operation.
Although the redundancy built into the transmission system
ensures reliable power system operation in the long-term, it
can lead to congestion in short-term operations. It is shown that
reconfiguring the network by switching out specific lines under
certain operational conditions will increase transfer capability.
it is also well-known that switching out lightly loaded lines
can alleviate voltage issues caused by such lines’ capacitive
components and enhance grid security.

With the main goal of increasing the economic efficiency of
power dispatch, optimal transmission switching has been used
to enhance operational efficiency under normal operating con-
ditions and decrease losses in the system through discrete ad-
justments in network topology [94]. The cost saving achieved
by optimal transmission switching has shown up to 25% [95]
in IEEE 118-bus system. However, the optimality of the
solution is not guaranteed. Although transmission switching
may seem to compromise network reliability by switching out
transmission lines under normal operation, previous research
has shown that co-optimizing transmission switching and gen-
eration dispatch saves cost while maintaining system reliability
margins [96]. Co-optimizing network topology alongside N-
1 optimal power flow shows that transmission switching can
be implemented without endangering N-1 reliability criteria
(system operation continuation under a single element out-
age) [97]. Despite the advantages that transmission switching
introduces, its deployment has been rather limited. This is
due to a number of reasons, including the computational bur-
den of topology control problems, unpredictable distributional
impacts on Locational Marginal Prices (LMP), and potential
revenue inadequacy in FTR markets [98].

C. Grid Interconnection and HVDC

Traditionally, high-voltage AC (HVAC) systems have dom-
inated the bulk power transmission grid, benefiting from the
early development of high-voltage transformers that allow ef-
ficient power transmission over longer distances with minimal
loss. However, with recent developments in DC technologies,
including insulated-gate bipolar transistor (IGBT) valves into
the power industry, high-voltage DC (HVDC) transmission in-
creased its share of the transmission market. Although thyristor
valves benefit from higher voltage and current ratings, IGBT

valves due to self-commutation ability and controllability, are
the primary option for VSC-HVDC applications [99]. After
the first IGBT-based HVDC link project in 1997 [100], most
VSC-HVDC projects relied on IGBT valves [101] and with
expected 65% share of VSC from HVDC market the IGBT
is to become more prevalent [102], [103]. HVDC benefits
from several technical and economic advantages, which makes
it the superior alternative in many cases and even the sole
option in particular applications. Currently, HVDC lines can
deliver power over 3000 km while the maximum point-to-
point distance for AC links is reported to be 1049 km [104]–
[106]. This is due to the absence of reactive power components
in HVDC links which minimizes the losses to resistive loss
and allows full utilization of the line’s capacity up to its
thermal limits [107]. Further, HVDC offers complete power
flow controllability, making it the prime option for delivering
renewable generation over long distances, e.g., offshore wind
generation [108], [109]. The controllability of power flow in
HVDC link is crucial for smooth integration of intermittent
renewable generation as it enables bidirectional power ex-
change between remote renewable resources and the AC grid
while maintaining grid’s stability and balance [110]. HVDC
further provides grid flexibility by interconnecting regional
transmission networks that are not synchronized. This will
increase power supply security and enable interregional energy
trading [111]. The EU has set the target of 15% capacity
allocated for interconnection with neighboring markets by
2030 [112]. HVDC links are the only option for connecting
asynchronous neighboring systems [113]. Finally, HVDC links
can provide ancillary services, including power quality control
and reactive power support [114].

HVDC systems consist of two main blocks: interface to
AC system and HVDC transmission. HVDC systems can be
categorized based on the technologies and methods used in
each block. AC system interface consists of ac-to-dc and dc-to-
ac converters and transformers adjusting converter input/output
level to AC transmission voltage level. The converter station,
as the backbone of HVDC system, is designed based on either
of two major technologies: line commutated converter (LCC)
or voltage source converter (VSC). As the older technology,
LCC stations operate based on the AC network configuration;
therefore, they cannot participate in system cold start after
blackouts [115]. LCC further entails technical challenges,
including excessive reactive power consumption and voltage
reversal requirement at the DC terminal, which makes it the
lesser attractive choice for the prospect of DC grids [38].
The more recent technology, VSC is gradually dominating
the HVDC links with its superior capabilities in providing
ancillary service and power quality [116]. VSC offers en-
hanced controllability over peripheral in hybrid grids and
multi-terminal DC (MTDC) networks [117].

Despite HVDC’s advantages in power transmission, there
are still challenges against deploying HVDC. The first chal-
lenge is the high cost of converter stations, especially the
VSC technology [118]. Second is the lack of cost-efficient
DC circuit breakers, which has slowed the pace of DC grid
deployment. DC cables’ high cost and limited voltage ratings
are other barriers to developing HVDC [119]. Currently, the
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TABLE II
HVAC, LCC-HVDC, VSC-HVDC COMPARISON [121]

HVAC HVDC
Conductor Cost Higher (∼$1.5 Billion

for 6000 MW, 765 kV,
2000 km)

Lower (∼$700 Mil-
lion for 6000 MW,
800 kV, 2000 km)

Substation Cost Lower (∼$600 Mil-
lion for 6000 MW,
765 kV, 2000 km)

Higher (∼$1 Billion
for 6000 MW, 800 kV,
2000 km)

Losses Higher (∼$1 Billion
for 6000 MW, 765 kV,
2000 km)

Lower (∼$500 Mil-
lion for 6000 MW,
800 kV, 2000 km)

Right of Way Higher (∼240 m for
6000 MW, 765 kV,
2000 km)

Lower (∼90 m for
6000 MW, 800 kV,
2000 km)

Maximum Span Lower (∼ 1049 km) Higher (∼ 3000 km)
Protection Scheme Mature and Cost-

efficient
Developing and Ex-
pensive

Power Flow Control Lower Higher
Asynchronous
Interconnection
Capability

No Yes

LCC-HVDC VSC-HVDC
Cold-Start Capability No Yes
Reactive Power Con-
sumption

Higher Lower

Ancillary Service Pro-
curement

Lower Higher

Converter Cost Lower Higher

commercial rating for DC cables ranges from 200 to 1100 KV
[120]. Regulatory hurdles and operational challenges further
add to the complexity of operating HVDC lines, especially in
the case of MTDC, where multiple ISO/RTOs are engaged.
The issues regarding multiple ownership, MTDC control and
management, and technical standardization of DC grids are the
subject of future research. Table II provides a techno-economic
comparison of HVDC versus HVAC transmission and HVDC
technologies comparison.

D. Voltage Phase Control

Voltage phase control over the transmission line allows
active power flow rerouting throughout the AC transmission
grid and can enhance the transfer capability. Two major
technologies that allow voltage phase control over transmission
lines include FACTS devices and phase-shifting transformers
(PST). FACTS technology can provide voltage phase shift
alongside other ancillary services. The most notable FACTS
devices used for phase shift include thyristor-controlled phase
shifters (TCPS), variable series capacitors (VSC), and unified
power flow controllers (UPFC). FACTS phase shifters can
provide dynamic response for transient stability and inter-
regional oscillation mitigation [122], [123]. While FACTS
devices can offer more versatile control over transmission
grid parameters, their investment cost is much higher than
ordinary PST. PST can increase the transfer capability of
the transmission system to provide power flow control by
controlling the relative voltage phase angle difference between
different areas of the grid and preventing parallel and loop
flows relatively inexpensively [124], [125]. PST can further

be utilized to interconnect asynchronous systems and provide
voltage regulation for enhancing supply security by adjusting
the phase angle deviations at the point of interconnection
that can be incurred by the frequency difference between the
two systems [126]. PST, however, lacks the dynamic response
for providing stability control for the grid. Reference [127]
proposes an optimization framework for minimizing the risk of
congestion by deploying PST on pivotal lines in the grid. This
framework can further be utilized in broader planning studies
where the requirements of transmission systems over longer
time horizons need to be evaluated. Reference [128] proposes
an index for prioritizing active power flow through lines using
TCPS in a bilateral energy market. Reference [129] proposes
an optimization model for coordinated congestion manage-
ment over interconnected RTOs using PST and introduces
indices for cross-border PST site selection. Reference [130]
proposes an optimal location framework for PST to maximize
wind energy penetration in the network. The impact of pivotal
PSTs (close to interconnection) on cross-border power transac-
tions and flexibility provision in each TSO is further discussed
in [131]. PST has also been considered for enhancing the
demand-side flexibility of plug-in electric vehicles (PEVs) in
conjunction with tap-changing transformers [132]. The 24-
hour optimal power flow simulation on a modified IEEE
118-bus system with 5 wind farms, 4000 PEV fleet with
stochastic availability and on-line tap-changing transformers
and phase shifting transformers show that coordinating the
PEV flexibility with transmission flexibility resources through
linearized ac optimal power flow can achieve 11% dispatch
cost saving and 45% reduction of wind spillage.

E. Dynamic Line Rating
Transmission line ratings were initially defined as reliability

measures to ensure that power flow on the lines does not
incur security risk over the grid [133]. Line ratings are often
based on the thermal limits of conductors to prevent line over-
heating. However, these ratings are conventionally set rather
conservatively by line owners, based on nameplate ratings
with limited consideration of ambient temperature or wires
condition. Nameplate rating is based on worst-case ambient
assumptions and is not updated during the transmission line
lifetime. Improving the methods for setting line ratings can
increase efficiency in the transmission network and the entire
power system on a larger scale [134]. With the growth of
communication infrastructure and smart grid technology, it is
now possible to set thermal limits using real-time weather data
rather than the conservative ratings, the system operators use.
This would allow more effective use of the current network
capacity and enhance the transfer capacity of the grid [135].
To consider more realistic assumptions regarding the ambient
temperature, some utilities update line ratings for summer
and winter temperatures. Some independent system operators,
including PJM and ERCOT, use ambient adjusted ratings
(AAR), which use online weather monitoring service data
(including National Oceanic and Atmospheric Administration)
to update line ratings based on atmospheric conditions [136].
This method calculates line ratings by step functions based on
ambient data.
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Fig. 5. DLR implementation in ERCOT’s real-time EMS [138]

Dynamic Line Rating (DLR) considers the largest infor-
mation set, including local weather conditions, wind speed
and direction, solar irradiance, and line condition. Wind speed
plays the most influential role among these factors as it can
enhance line thermal capacity by 10%-40% through convective
cooling [137]. This potential can be best achieved by coupling
line loading and cooling in areas with high penetration of
wind generation [133]. Accordingly, DLR requires the most
extensive equipment upgrades as well. This equipment in-
cludes sensors for measuring ambient conditions as well as
line conditions. These sensors can be installed on the lines
or use remote sensing (LIDAR). Line-based sensors provide
more direct and accurate information compared to ground-
based sensors. However, installing and maintaining these sen-
sors require line outages, and they are more vulnerable to
tampering. The next upgrade must be implemented on the
communication infrastructure to transfer data to the energy
management system (EMS). The communication medium can
be cellular, satellite, microwave, or radio network. The choice
of the communication medium depends on the location of
sensors, the data’s size, and the data transmission rate. Fig. 5
shows one of the suggested DLR implementation schemes
within ERCOT’s EMS.

To effectively implement DLR, first, congested lines need
to be identified based on the data provided by the system
operator. Sensor placement depends on several factors, includ-
ing line span and land diversity. Data communication must be
implemented carefully since it is most susceptible to breaches
and cybersecurity threats. The computational methods and
coordination between DLR and more conventional line rating
methods are important steps toward implementing DLR. Con-
sidering the intermittent nature of renewable energy resources
and their interrelation with congestion in transmission systems,
efficient forecasting methods need to be considered in rating
calculation methods [135].

Implementing DLR entails economic benefits, which in-
clude avoided transmission expansion investment cost on con-
gested lines, reduced generation cost by alleviating congestion
and out-of-merit dispatch of units, increased renewable gen-
eration utilization and reduced renewable energy spillage, and
finally, increased system reliability, improved reserve deliv-
erability and system disturbance management during summer.
In [139] DLR has been implemented in the day-ahead stochas-
tic unit commitment model alongside transmission switching.

The results on the RTS-79 system show that DLR can incur up
to 20% dispatch cost saving and 72% wind energy curtailment
reduction when co-optimized alongside network topology.
DLR enhances market competitiveness by enhancing market
participants’ access to the transmission system. DLR also im-
proves transmission system reliability by increasing flexibility
in line ratings compared to static line rating and providing
more informed decision-making for operators and line owners
rather than ad-hoc uprating. A New York Power Authority
(NYPA) study shows that dynamic line rating can increase
line carrying capacity by 50% compared to static rating [140].
Another study by Oncor indicates that incorporating DLR
into ERCOT’s energy management system (EMS) increased
wind utilization by 30-70% compared to static rating and
6-14% compared to AAR. Potomac Economics estimates a
$128 million saving in 2020 accrued by implementing AAR
in MISO [141].

Currently, most system operators in the U.S., including
CAISO, ISO-NE, MISO, NYISO, and SPP, use seasonal rating
in compliance with FERC order 881, which is closest to
static rating, and line ratings are rarely updated in contingency
situations upon system operator request [142]–[145]. Although
DLR and AAR can effectively increase the operational ef-
ficiency of the grid, they are still not considered in the
planning and long-term scheduling of the grid. Federal Energy
Regulatory Commission (FERC) Order 1000 requires trans-
mission planning models incorporating advanced technologies,
including dynamic line rating [146]. Table III reviews various
sources of flexibility presented in this section.

IV. ENVIRONMENTAL IMPACTS

Besides the economic benefits, flexible transmission can
offer environmental advantages by contributing to the tran-
sition toward a carbon-free grid. Flexible transmission can
accommodate intermittent renewable generation by adjusting
the transfer capability accordingly and allow for higher levels
of renewable energy penetration [132]. Accordingly, carbon
emissions decline as fossil-fueled generation units are replaced
by clean energy resources. Further considering transmission
flexibility in the planning horizon leads to better genera-
tion and transmission expansion decisions. Various flexible
transmission technologies have been studied for emission re-
duction. Reference [55] proposes variable-impedance FACTS
devices co-optimization alongside a stochastic day-ahead unit
commitment model to minimize wind energy curtailment.
Transmission switching has been investigated in several stud-
ies to reduce carbon emissions. Reference [147] proposes a
minimum-emission optimal dispatch by adding emission cost
to the dispatch cost function. This approach has been applied
to transmission planning and joint generation and transmission
expansion to minimize renewable energy spillage in the long
term [148], [149]. However, including emission costs in the
objective function is not favored by current industry practices
since it artificially increases total dispatch cost in the system
and leads to inefficient economic signals for investment.
Multi-objective optimization has been used to address this
shortcoming [150]. Although this approach introduces better
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TABLE III
FLEXIBLE TRANSMISSION TECHNOLOGIES

Flexibility Source Control Parameter Adjustment Mode Implementation Cost Operation Cost Saving
FACTS Line Impedance/Voltage

Phase and Magnitude
Continuous Medium-High up to 30% [73]

TS Grid Topology Discrete Low up to 25% [95]
HVDC Capacity/Full Power Flow

Control
Continuous High up to 50% (loss reduc-

tion) [114]
PST Voltage Phase Continuous Medium ∼12% [132]
DLR Capacity Continuous Low ∼20% [139]

economic signals, it is computationally burdensome for large
networks, especially for transmission switching scheduling,
which already introduces binary variables to the problem.
Another challenge with multi-objective optimization is the
challenges of picking a solution from the set of Pareto optimal
solution.

The literature has also addressed dynamic line rating to
enhance renewable energy utilization [133]. The concerns
regarding the power system reliability trade-off have been
investigated in [151], where the authors introduce an optimiza-
tion framework to minimize wind spillage through dynamic
line rating while maintaining reliability criteria within the
acceptable limit. Joint optimization of multiple sources of
transmission flexibility can help leverage the environmental
benefits while covering the shortcomings of each source with
the other one. Reference [152] co-optimizes transmission
switching and energy storage, leading to reduced wind cur-
tailment and reduced load shedding. Dynamic line rating and
transmission switching have also been utilized to minimize
the dispatch cost while constraining carbon emissions within
certain limits [153].

Although the literature suggests that flexible transmission
leads to emission reduction and higher renewable energy
utilization, under current market scheduling models with
the primary objective of maximizing social welfare, flexible
transmission optimization may lead to adverse environmen-
tal impacts under certain operational conditions. This hap-
pens when the flexible transmission co-optimization model
finds accommodating cheap thermal units such as coal more
economical compared to congested renewable resources and
chooses to curtail renewable energy and dispatch thermal
generation. Such condition has been studied for variable-
impedance FACTS devices [88], [154]. Similar studies for
transmission switching show similar results under current
market structures [152], [153].

V. FINANCIAL CHALLENGES AND MARKET IMPLICATIONS

The electricity sector was heavily regulated before the
1970s. However, deregulation starting with the generation side,
showed that market-based operation brings higher efficiency
to the electricity sector [155]. The distribution system has
also evolved to some level of competition since then [156].
The financial aspects of flexible transmission can be addressed
from two points of view. The first aspect is the cost savings
offered by flexible transmission through enhancing congestion
management programs. The second perspective is the impact

each technology has on the stakeholders in the deregulated
environment and the practical market tools for compensating
flexible transmission owners based on their performance. Un-
der the US’s prevailing wholesale energy market structure,
the generation units’ payments are based on nodal LMPs.
Transmission switching creates discrete adjustments to the
transmission system topology, resulting in abrupt changes
to LMPs. This impact conflicts with the competitive energy
market and creates market power for specific stakeholders.
The LMP alterations further disrupt FTR markets based on
nodal price differences. The other issue regarding flexible
transmission is that, unlike generation and demand, there
is no competitive structure for flexible transmission owners
which creates a lack of incentive for investors to participate in
this sector. FTRs originally introduced to hedge transmission
owner revenues against prevailing uncertainties. FTRs can
be considered as congestion payments based on the LMP
difference between the point of injection and the point of
withdrawal as long as it passes the simultaneous feasibility
test (SFT). SFT ensures that power flows resulting from
these financial contracts do not violate network constraints.
In this paradigm, each flexible transmission action including
transmission switching, impedance control, or phase control
can be modeled as a pair of injections. The owners receive
FTRs based on the additional power flow they provide. [157]
proposes a framework to incorporate merchant power flow
controllers in a competitive market based on FTR allocation.
FTRs are calculated as:

FTRl = Fl(λl,to − λl,fr) (16)

where λ is the locational marginal price at each end of the
line and Fl is the line flow obtained from the market economic
dispatch solution. Total congestion revenue can be accordingly
obtained:

CR =
∑
n

λn(dn −
∑

g∈G(n)

P ∗
g ) (17)

where dn is the demand at each bus and P ∗
g is the optimal

output of generating unit at the bus. This paper suggests that
compensating power flow controller (PFC) owners through
FTR allocation proportional to additional congestion revenues
they provide is adequate as long as the feasibility region is
convex.

Another compensation method proposed in the literature
is based on the marginal value of flexible transmission op-
eration [158]–[161]. Calculating the flexible transmission’s
marginal value depends on the power flow controller type
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used. The marginal payments can be derived directly from the
associated dual variables for flexible transmission technologies
incurring continuous adjustments to power flow variables,
including variable impedance FACTS devices and voltage
phase controllers. Considering the power flow equation and
its associated dual variable in DCOPF problem:

Fl − bl(θl,to − θl,fr) = bl(φl) [sl] (18)

the marginal value of susceptance adjustment can be calculated
as:

∂TC

∂bl
= sl(θl,to − θl,fr − φl) (19)

and similarly, the marginal value of voltage phase control can
be calculated as:

∂TC

∂φl
= blsl. (20)

Calculating the marginal value for switching action is com-
plicated due to the presence of integer variables in the power
flow equation. [162] proposes a fictitious continuous variable
to account for the partial switching of each line:

Fl − bl(1− γl)(θl,to − θl,fr) = bl(φl) [sl] (21)

Adding the constraint γl = 0 the DCOPF model yields
the same results as the original DCOPF. However, the dual
variable associated with the latter constraint can be used as an
estimation of the marginal value of switching a specific line.
However, since switching is discrete, this estimation brings
large inaccuracies in calculating the value of switching actions.

To set up an efficient market structure, first, the different
payment structures should be compared by profitability, wel-
fare improvement, and computational tractability.

VI. INDUSTRY ADOPTION OF FLEXIBLE TRANSMISSION
TECHNOLOGIES

ISO/RTOs have adopted flexible transmission technologies,
to a limited extent, to improve the efficiency, reliability, and
security of the power system. Moreover, the benefits and po-
tentials of flexible transmission technologies are acknowledged
by multiple ISO/RTOs, and flexible transmission adoption is
expected to grow in the near future. For example, PJM antic-
ipates that deploying emerging technologies such as FACTS
and DLR to utilize the existing grid is an important part of
the solution to facilitate power system decarbonization [163].
However, the current implementation of flexible transmission
is limited due to the challenges mentioned previously in
this paper. Meanwhile, FERC has considered pushing for
the adoption of flexible transmission technologies through
regulation, with efforts in this direction including Order No.
1000 [146], Order No. 881 [164], and the workshop discussing
performance-based ratemaking approaches to facilitate the
adoption of transmission technologies [165]. Therefore, vari-
ous discussions and proposals have been made to increase flex-
ible transmission implementation by ISO/RTOs [166], [167].
Additionally, developments have been made by the industry in
recent years for flexible transmission devices and solutions to
allow more efficient deployments and operations. For example,
the recently introduced distributed or modular FACTS devices

(D-FACTS or M-FACTS) which are cheaper, smaller, and
more flexible than conventional FACTS devices [168], [169],
as well as tools for optimizing DLR and transmission switch-
ing. In this section, we present a review of the current and
planned implementation of flexible transmission technologies
by ISO/RTOs, and related technology development in the
industry.

A. FACTS Technologies

Prominent shunt FACTS devices such as the SVC and the
STATCOM are widely deployed in ISO/RTOs to provide a
variety of functionalities [170], [171]. However, the adoption
of series FACTS devices providing reactance adjustments,
which is the focus of this paper, has been rather limited. Series
reactors are deployed in ISO-NE, with some of them serving
the purpose of power flow control for certain transmission
lines [172]. Series compensation and other technologies are
considered to alleviate thermal overloading in the area of
CAISO with project proposals submitted by entities such as
Smart Wires Inc. [173]. Similarly, series capacitors are de-
ployed by PJM to maintain reliability and provide operational
flexibility during outages [174]. However, there is no specific
mention from the ISO/RTOs regarding whether the operation
of these series compensation devices is optimized in oper-
ation models such as security-constrained unit commitment
(SCUC). Additionally, it is unclear how and to what extent
these resources are being utilized to alleviate congestion,
reduce operation costs, and facilitate renewable generation
integration. There have been deployments of series FACTS
devices intended to solve transmission bottlenecks and help
the integration of RES. An example of such deployments is
the Marcy South series compensation project in NYISO, which
was completed by the New York Power Authority (NYPA) and
New York State Electric & Gas (NYSEG) in 2016 [175]. Series
capacitors installed in this project can help enhance the transfer
capability and facilitate delivery of power generated by wind
and hydro units [175], [176]. However, whether the installed
series capacitors are being dynamically controlled and adjusted
in the operation models is unclear.

General Electric (GE) currently offers series compensation
systems that can increase the power transfer capability of
existing or newly built transmission lines and have been
installed in different locations worldwide, such as Texas and
Vietnam, to increase transmission systems’ reliability, stability,
and power transfer capability [177]. Hitachi Energy produces
TCSC devices that can enable rapid dynamic modulation of the
inserted reactance [178]. Siemens also manufactures a variety
of FACTS devices, including the fixed series capacitor and
UPFC [179]. The UPFC Plus devices by Siemens provide
fast power flow control capabilities that can improve the uti-
lization of existing transmission capacities [180]. Additionally,
modular or distributed FACTS (M-FACTS or D-FACTS) have
also emerged in the industry. The SmartValve manufactured
by Smart Wires Inc. is a modular SSSC (M-SSSC) device
that provides both inductive and capacitive transmission line
reactance adjustments while providing more flexibility and
scalability in deployments with its modular design [181].
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B. Transmission switching

ISO/RTOs have participated in multiple studies to explore
the potential benefits of implementing transmission switching.
A pilot project, in partnership with PJM, used historical PJM
market data to study the cost savings achieved and implications
on FTR by implementing transmission switching [182], [183].
Case studies in SPP and ERCOT systems also have been
carried out to demonstrate the effectiveness of transmission
switching to reroute power flow to alleviate congestion and
overloading [184]. The studies also revealed that transmission
switching can allow higher utilization of newly built high-
capacity transmission lines. Regarding the actual implementa-
tion of transmission switching, PJM provides a list of potential
transmission switching solutions that may be utilized for
solving congestion issues [185]. However, PJM states that the
displayed transmission switching solutions are not guaranteed
to be taken into action in market operations.

The industry has developed software tools for implementing
transmission switching. The topology optimization software
by NewGrid can help system operators reroute power flows
through transmission switching to reduce congestion [186].
Results from the studies conducted between NewGrid and
SPP show that topology control can achieve $18-44 million in
market cost savings annually [187]. NewGrid has conducted
case studies with SPP, NewGrid has identified ISO/RTOs,
market participants, and transmission owners as their potential
partners [186].

C. Dynamic Line Rating

Intending to improve power system efficiency, FERC Order
No. 881 requires that organized market operators provide
and maintain systems and procedures allowing transmission
owners to implement DLR [164]. In response to the FERC
order, ISO/RTOs have prepared compliances incorporating
DLR in their transmission systems. Testing and implementa-
tion of DLR started before the issuing of the FERC order.
NYPA demonstrated DLR technologies through the Smart
Grid Demonstration Project and the results showed that up
to 25% additional capacity can be provided for system oper-
ations [188]. PJM conducted studies with American Electric
Power (AEP) from 2016 to 2018 on two transmission lines
to better understand the impact and potential benefits of DLR
technology [170], [189]. Pilot projects to test DLR have also
been conducted by ERCOT and NYISO [190]. Additionally,
ISO-NE achieved significant consumer savings to alleviate
heavy congestion by increasing line ratings on transmission
ties with New York in response to extreme weather conditions
in 2018 [191]. FERC Order No. 881 specifies requirements
and definitions that are different from historical ISO practices,
which involve AAR periods and temperature settings [192].

The industry has also developed numerous DLR technolo-
gies. For example, the LineRate Suite by LineVision is said
to provide up to 40% increase in transmission line capacity
with accurate DLR calculations [193]. Additionally, Operato’s
software SUMO provides DLR algorithms and helps system
operators optimize system operation [194], [195].

D. PST

PSTs are deployed by ISO/RTOs in various locations for
power flow control. ISO-NE currently has PSTs at seven
locations to control active (real) power flows on the trans-
mission system within operating limits [172]. An example of
PST deployment by CAISO is the installation of two parallel
PSTs at Imperial Valley [196]. The operation of PSTs, along
with other controllable transmission devices, are integrated
into CAISO’s security-constrained economic dispatch (SCED)
and security-constrained unit commitment (SCUC), meaning
that the optimal positions of the PSTs are determined by
CAISO’s market systems [197]. Similarly, the operation of
PSTs in NYISO operation is optimized by SCUC, thus adjust-
ing the PST schedules to help power delivery into congested
areas [198]. The Market Management System (MMS) of
ERCOT is enhanced so that the tap settings of PSTs are
automatically determined in the day-ahead market and the
reliability unit commitment (RUC) to achieve efficient market
solutions [199].

PSTs are manufactured by companies such as GE, Hitachi
Energy, and Siemens to provide power flow control solutions.
The products can be used for applications including stability
enhancement, overloading prevention, and increasing transmis-
sion capacity.

E. HVDC

ISO/RTOs plan multiple transmission projects that involve
HVDC. CAISO currently has two HVDC projects planned for
reliability purposes and four others to facilitate access to wind
generation, with examples being the TransWest Express Trans-
mission Project and the SunZia transmission [200]. Prominent
HVDC projects for NYISO include the Clean Path New York
(CPNY) and Champlain Hudson Power Express [201]. Both
projects involve underground and underwater HVDC lines,
thus providing benefits such as resilience enhancement and
landscape protection [202], [203]. NYISO is also developing
market rules for internal controllable lines as the CPNY project
is internal to the New York Control Area (NYCA) [201]. A
prominent HVDC project involving PJM is the SOO Green
Project carried out by Direct Connect Development Company,
which can deliver low-cost renewable generation from MISO
areas to customers in PJM [204]. PJM also established the
High Voltage Direct Current Senior Task Force (HVDCSTF),
which studied the potential of allowing HVDC converters to
participate in PJM’s capacity market [205].

Prominent companies in the industry have made advances
in HVDC technologies. GE manufactures both LLC and VSC,
which have been deployed across the world [206]. Hitachi
Energy also provides VSC, LLC, and HVDC control systems
that can be utilized for various applications [207].

F. Summary

Overall, flexible transmission technologies have experienced
different deployment patterns. They have been adopted or
planned to enhance transmission capacity and facilitate access
to renewable generation. However, incorporating the operation
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of flexible transmission devices in the existing power system
operation models and changing the market structure to allow
merchant flexible transmission market participation is essential
to fully harness the benefits of flexible transmission technolo-
gies. It appears that state-of-the-art operation models can only
optimize PST setpoints, although developments to model other
flexible transmission technologies are currently underway.

VII. POTENTIALS AND CHALLENGES

Implementing flexible transmission technologies is currently
limited due to technical challenges and regulatory barriers.
This section summarizes these challenges.

A. Regulatory Barriers and Lack of Incentive

The transmission system is considered a natural monopoly
and, thus, is tightly regulated. Under such presumptions,
the joint generation and expansion planning by a non-profit
regulatory body, ensuring that transmission expansion projects
procure technical requirements of the grid and is aligned
towards welfare improvement for all stakeholders, has shown
to be the superior solution by the literature [208]. Flexible
transmission, however, does not pose the characteristics of
bulk transmission. Since the investment is smaller for these
assets than transmission lines, a competitive environment can
be created by incorporating small investors in the ancillary
service market or auction revenue rights market [209]. The
regulatory barriers discourage flexible transmission deploy-
ment, although the technology is already available and mature.
Currently, the regulated rate of return payment scheme does
not provide sufficient incentive for small investors to deploy
flexible transmission since the owner’s economic benefits of
flexible transmission operation are not fully received [210].
Efficient market design can provide the opportunity for the
proliferation of flexible transmission and reduce the need for
costly and time-consuming transmission expansion projects.
Market mechanisms further provide the environment for ac-
tive participation of flexible transmission in power system
operation and result in the efficient operation of transmission
network [211]. This will ultimately lead to the transition to a
more reliable grid and streamline renewable energy resource
integration.

The proposed models should follow the market theories
to deregulate the transmission grid similar to generation and
demand effectively. For this purpose, economically-efficient
price signals should be introduced to ensure market efficiency
through satisfying revenue adequacy for investment, social
welfare improvement, and computational tractability. Three
market designs are proposed to incorporate flexible transmis-
sion into current electricity markets. First is the Financial
Transmission Rights (FTR) market. This market mechanism
only works for market desings with nodal market designs as
it requires spacial distribution of locational marginal prices
to compensate FTR owners based on congestion rent. The
congestion rent cannot be calculated in single market price
mechanisms as the spacial price data is unavailable. For
such cases as in European market design a market-based

compensation has been proposed using the cost-based re-
dispatch signal prices [212]. The strength of this method
compared to the FTR based markets is that the investor profit
is aligned with total welfare maximization. This means that
any investment that increases the social welfare of the system
will receive positive compensation from market clearing. This
means that the cost-based redispatch compensation mechanism
intrinsically overcomes the revenue adequacy problem in FTR
markets [213], [214]. The third compensation method is the
marginal value compensation of each transmission project.
The main obstacle against this method is that it provides
no hedging for the investor against the probable risks in
system operation and might lead to negative revenue in some
cases. Some research have also introduced mixed regulated and
merchant transmission investment that can be fit into current
market mechanisms [215].

B. EMS Integration and Computational Challenges

Implementing flexible transmission technologies in the EMS
and coordination with current procedures and emerging tech-
nologies, including energy storage systems, in a computa-
tionally efficient manner, is another aspect of future grid
vision [216]. Power system equations are nonlinear and non-
convex, making short-term and long-term optimization models
computationally demanding, especially for large-scale sys-
tems [217], [218]. Co-optimizing the power flow controller’s
placement and operation further adds to this complexity [55].
Considering these complexities and the limited computational
power available, current markets use simplified models with
linearized equations for power flow. To ensure the reliable
operation of the electricity market, the impact of intrinsic
nonlinearities and power flow controllers on market efficiency
should be identified. In case of a large mismatch, out-of-
market corrections should be introduced.

A prominent example of the increased computational burden
caused by optimizing flexible transmission operation is the
nonlinearity of the DC power flow equation resulting from
considering the operation of variable-impedance FACTS de-
vices such as TCSC. Previous studies have proposed algo-
rithms and models to efficiently co-optimize FACTS operation
with power system operation and planning [73], [82], [219].
Optimal transmission switching adds to the computational
burden by introducing integer variables that yield a mixed-
integer problem with higher computational demand. Efficient
methods for solving AC and DC formulated co-optimization of
transmission switching and optimal power flow are available in
the literature [220], [221]. Efficient formulations and solution
methods that are capable of addressing the nonlinearities of
flexible transmission and acceptable solution time are inter-
esting subjects of future studies.

C. Technical Challenges

Although flexible transmission technologies have developed
significantly during the past two decades, some technical is-
sues still hinder their deployment. In HVDC interconnections,
the DC circuit breaker technology is not mature and cost-
effective compared to its AC counterpart. The LCC converter
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stations, the more dominant converter technology, lacks the
capability for weak AC grid support. Some of the studies in
the research have proposed hybrid LCC/VSC-based links that
benefit both VSC controllability and LCC cost-effectiveness.
On the other hand, the VSC technology suitable for multi-
peripheral DC networks is not cost-effective. Active circuit
breakers are gaining attention for grid reconfiguration and
HVDC link fault currents. Flexible converters and novel con-
figurations are necessary to provide flexibility in AC and DC
networks.

D. Communication Infrastructure and Smart Grid

Effective scheduling and optimization of flexible transmis-
sion assets require enhanced data flow and information ex-
change systems for proper coordination. Smart grid infrastruc-
ture is essential for effectively controlling flexible transmis-
sion, which requires upgrades in the power system’s current
communication schemes. The role of the smart grid is also
significant in long-term decision-making and flexibility plan-
ning. The recent FLEXITRANSTORE pilot project has been
developed to enhance smart grid requirements for leveraging
efficient flexibility to achieve low carbon power systems across
Europe [222]. The importance of Information and Communi-
cation Technologies (ICT) becomes more significant as the
decentralization trends increase in electricity markets increase
and cross-border transactions are required to ensure supply
security. Managing a multitude of uncertainties and sources
of flexibility requires state-of-the-art communication schemes.
The role of the smart grid in managing demand-side flexibility
in a competitive market environment has been shown in [223].
A similar scheme is missing in flexible transmission literature
and should be addressed in future research. The final aspect
of the smart grid’s importance in flexibility is flexibility
coordination between different sectors, especially demand-side
and transmission flexibility schedules. As more distributed
generation units are deployed in the distribution system, and
demand response programs are increasing, scheduling these
sources of flexibility with the transmission system is crucial
and needs efficient information exchange between ISO/TSOs
and Distribution System Operators (DSO) [224].

VIII. CONCLUSION

This paper offers a comprehensive review of flexible trans-
mission, including the concept, mathematical representations,
technologies, environmental issues, and market prospects. The
concept of flexibility in transmission networks was conceptu-
ally explained and further illustrated with mathematical indices
and visualization. The technologies that can be utilized to en-
hance the flexibility of the grid are listed and deeply reviewed,
addressing both merits and shortcomings of each technology.
The role of flexible transmission in the electricity sector de-
carbonization is addressed by each technology and operational
condition that can lead to the adverse impact of flexible
asset adjustments on carbon emission and renewable energy
curtailment described. The integration of flexible transmission
into current electricity markets is studied, addressing both
impacts of flexible transmission on energy and FTR markets

and market tools for incentivizing flexible transmission in-
vestment. Finally, current barriers against flexible transmission
deployment and future research roadmap are envisioned. The
main conclusions drawn from this study are listed below:

• flexible transmission can offer considerable cost savings
and reliability enhancement

• Although flexible transmission leverages the environmen-
tal benefits of renewables in most cases, under certain
market conditions, it can lead to increased levels of
carbon emission

• there are still some technical challenges in various areas
of flexible transmission that need to be addressed, includ-
ing DC circuit breakers and VSC technology

• under the current market environment, the flexible trans-
mission investment is not compensated on a competitive
basis, and the distributional impacts of flexible transmis-
sion on LMP and FTR markets need to be addressed

• Development of computational tools that can balance the
computational time and optimal solution for the nonlinear
flexible transmission co-optimization is required
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