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Abstract

Increased levels of renewable energy penetration have created new congestion patterns in recent years. Since the grid is not designed
for the new patterns, the operators may need to curtail renewable energy to maintain transmission flows within acceptable limits.
Transmission line impedance control, using flexible ac transmission system (FACTS) devices, has been proposed as an approach to
relieve congestion in transmission systems and enhance renewable energy utilization. In this paper, we conduct a comprehensive
study to provide insights on FACTS implementation’s impact on renewable energy integration and carbon emission reduction. The
study considers variations in renewable energy penetration level, system loading patterns, location of renewable generation, and
location of FACTS devices. Furthermore, generation mix data from prominent regional transmission organizations (RTO) are used
to achieve more realistic results. Simulations studies are carried out on a modified RTS-96 system with a two-stage stochastic
unit commitment model. The results show that, even though impedance control is effective in cost reduction, it has limitations in
facilitating renewable energy integration in systems with prominent cheap fossil fuel power plants.

Keywords: Carbon emissions, flexible ac transmission systems (FACTS), power flow control, renewable energy, solar energy,
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Nomenclature

Indices

g Generator

k Piece-wise linear cost function segment

l Transmission line

n Bus

r Renewable energy resource

s Scenario

t Time

Parameters

πst Scenario s probability at time t

b Transmission line susceptance

bmax Maximum susceptance for transmission line
equipped with FACTS

bmin Minimum susceptance for transmission line
equipped with FACTS

cnl
g Generator no-load cost
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csd
g Generator shut-down cost

csu
g Generator start-up cost

cUE
g Energy deployment cost

cRC
r Renewable energy curtailment cost

cseg
gk Piece-wise linear generation cost

DTg Generator minimum down time

G Total number of generators

K Total number of segments in piece-wise linear
cost function

L Total number of transmission lines

PD
nt Real power demand at bus n

PR
rts Renewable energy generation

Pmax
g Generator upper generation limit

Pmin
g Generator lower generation limit

PLmax Transmission line thermal rating

R Total number of renewable energy resources

RDg Generator per-minute ramp-down rate

RUg Generator per-minute ramp-up rate

S Total number of scenarios
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T Time horizon

UTg Generator minimum up time

Sets

NGn Set of generators located at bus n

NL+n Set of transmission lines flowing into bus n

NL−
n Set of transmission lines flowing from bus n

NRn Set of renewable energy resources located at bus
n

Variables

θR Voltage angle on receiving bus

θS Voltage angle on sending bus

F Transmission line flow direction

Pseg
gtk Real power generated in the kth segment of gen-

erator

Prd
gts Real power ramp-down

Pru
gts Real power ramp-up

Pgt Generator real power generation

PRC
rts renewable energy curtailment

PL Real power flow through line

ugt Generator up/down status

vgt Generator start-up variable

wgt Generator shut-down variable

x f
l FACTS allocation variable

1. Introduction

To battle climate change, renewable energy resources have
been deployed as cost-effective, emission-free alternatives to
fossil fuel power plants. The United States, for instance, has
increased its renewable energy supply by 50% during the past
decade [1] and has an ambitious goal of reaching a carbon-free
grid by 2035 [2]. This is an initial step towards a carbon-
free US economy by 2050. With the same approach, Cana-
dian government has developed the RETscreen software for
evaluating the financial viability and carbon emission reduc-
tion benefits of various energy projects with the main con-
cern of environmental impacts [3]. In contrast with conven-
tional fossil-fueled thermal units, renewable energy resources
are intermittent and more or less not dispatchable. Transmis-
sion networks, conventionally designed to handle dispatchable
generation, have faced difficulties handling the variability of
renewable energy generation. This has led to renewable en-
ergy curtailment due to transmission constraints. U.S. balanc-
ing authorities experienced an average of 1% to 4% of wind
curtailment between 2007 and 2013 [4]. Major Independent

System Operators (ISO) has adopted various approaches to ad-
dress this issue. The California ISO (CAISO), with 7,800 MW
of wind and 15,000 MW of solar generation capacity installed
as of 2022, has experienced large amounts of renewable en-
ergy curtailment, mainly due to congestion [5]. The Electric
Reliability Council of Texas (ERCOT), with a 25% share of
wind generation as of 2021, experienced an average of 8% of
wind curtailment, which peaked at 17% in 2009 [4, 6]. The
curtailment was reduced to about 1.6% in 2013 after ERCOT
carried out transmission expansion. It is important to note that
transmission expansion is a rather costly solution for the con-
gestion caused by renewable energy resources. The Midcon-
tinent Independent System Operator (MISO), with 28.9% of
wind energy penetration, adopted the Dispatchable Intermittent
Resource protocol in 2011 to address the recurring wind cur-
tailment problem [7, 8]. Pennsylvania-New Jersey-Maryland
(PJM) interconnection experienced about 80,000 MWh of wind
curtailment with the lost opportunity cost of $3 million during
September 2012 [4]. To increase efficiency and reduce the cur-
tailment, PJM changed its curtailment signaling and compensa-
tion process in 2013 and has lowered maximum wind curtail-
ment from 8% in 2014 to less than 4% in 2019 [9].

Besides the abovementioned solutions, several other ap-
proaches have been suggested to reduce renewable energy cur-
tailment in the literature. Energy storage has been proposed
in [10], including battery storage [11], pumped hydro storage,
and compressed air storage to manage load-generation balance
and decrease renewable energy curtailment. While energy stor-
age can potentially solve many of today’s challenges, the high
cost is still a major obstacle to its adoption. Demand response
through flexible loads has been suggested as another approach
to matching the demand with the generation, but this method
is limited by the scarcity of flexible loads [12, 13, 14]. Since
the main reason for renewable energy curtailment is transmis-
sion system congestion, an alternative approach is to enhance
the transfer capability of the existing network by exploiting
transmission flexibilities. Such flexibility can be offered by
phase shifters [15], transmission switching [16, 17] or flexi-
ble ac transmission system (FACTS) devices [18, 19]. FACTS
devices can control various properties of power systems, such
as voltage phase and magnitude, shunt susceptance, or line
impedance [20, 21]. Variable-impedance FACTS devices can
be effectively utilized to control power flow. In [22], a stochas-
tic unit commitment (SUC) model is proposed to optimally ad-
just FACTS set-points and thermal units’ generation to mini-
mize wind curtailment. References [23, 24] propose a frame-
work to implement series FACTS devices in market environ-
ments to increase the transfer capability of the transmission
system. The interdependence of variable-impedance FACTS
devices and transmission switching in power flow control is
shown in [25]. Although mathematical models have been pre-
sented in the literature for optimal adjustment of FACTS de-
vices, their impact on cost savings, carbon emission, and renew-
able energy curtailment depends on several operational factors
that have not been considered. In our recent study [26], as a pre-
liminary analysis, we showed the impact of FACTS allocation
on carbon emission and renewable energy curtailment. Consid-
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ering the central role of grid-enhancing technologies in decar-
bonization, [26] conducted a study on the impact of FACTS
device deployments and showed that FACTS could cause in-
creased carbon emissions in some scenarios. However, a more
comprehensive study with more scenarios involving realistic
generation mix data is still in need.

This paper fills the research gaps by presenting a compre-
hensive study on the impact of variable-impedance power flow
control on cost savings, carbon emission, and renewable en-
ergy curtailment under several realistic operational conditions,
including spatial distribution of FACTS devices as well as re-
newable energy resources, representative load curves for daily
and seasonal demand variations, generation mix from major
ISO/RTOs including CAISO, MISO, ERCOT, ISO New Eng-
land (ISO-NE), and PJM. We use a two-stage SUC model to
study the impact of FACTS devices on power system operation
under increased levels of renewable energy penetration. Simu-
lation studies are carried out on the RTS-96 system. The results
show that the proximity of FACTS devices to coal-fired units
undermines the environmental merits of power flow control.
The generation mix and ramping flexibility of generation units
highly impact the effectiveness of FACTS implementation. Fi-
nally, the FACTS devices incur the highest cost saving during
peak-demand days by relieving congestion in the network but
can adversely increase carbon emissions by increasing coal-
fired units. The rest of this paper is organized as follows. The
rest of this paper is organized as follows. Section 2 details the
variable-impedance FACTS modeling and the stochastic unit
commitment model used in this paper to analyze the impact of
power flow controllers on grid operation. Section 3 presents
an overview of the current generation mix in major ISO/RTOs
and its impact on FACTS operation. Section 4 implements the
stochastic model presented in section 2 on the RTS-96 system
under several realistic operational conditions, including FACTS
and renewable farm locations, renewable penetration level, gen-
eration mix, and load curve. Finally, section 5 concludes the
paper with a brief overview of the main remarks from the re-
sults and future work. Overall, the main contributions of this
article can be summarized as follows:

• Development of an emission incorporated stochastic unit
commitment model, to analyze the impacts of power flow
controllers on carbon emission,

• Extensive analysis of carbon emission on real-life genera-
tion mix from major system operators in the United States,

• Pinpointing the adverse impact of FACTS power flow con-
troller allocation close to coal units or congested renew-
able areas in carbon-intensive grid,

• Analysing the effectiveness of power flow controllers for
alleviating renewable energy curtailment under a range of
renewable energy penetration levels and identifying the
critical point for grid expansion planning,

• Full study of various demand patterns and impact of
FACTS devices in each case.

2. Methodology

In this section, we first introduce the methodology we have
used to study the impact of FACTS devices on carbon emission
under different conditions. For our study we use a two-stage
SUC model with FACTS implementation, which is presented
in the paper. The SUC formulation uses scenarios to repre-
sent possible realizations of renewable generation uncertainty,
a widely adopted approach for uncertainty management. We
first introduce the FACTS modeling applied in this paper before
presenting the full problem formulation. Then, we implement
the model of FACTS devices in the two-stage stochastic unit
commitment model, later introduced in this section. Section 3
will introduce the specifications of various generation units and
their carbon emission properties with a comprehensive study.
Section 4 first feeds the base case model data into our stochastic
optimization model and derives the base case results for gener-
ation cost, renewable energy curtailment and carbon emission.
The section, then, studies the impact of renewable energy re-
sources location and penetration level to address the conditions
that power flow control can adversely impact carbon emissions
and renewable energy curtailments. This analysis is followed
by generation mix analysis for real-life generation mixes from
six major ISO/RTOs in the United States. Finally, to study the
impact of demand pattern, the operation of FACTS devices is
scrutinized for different load curve patterns to derive the effect
of ambient weather and consumer behaviour on operation of
FACTS devices and carbon emission. Overall, the methodol-
ogy used in this paper is summarized in Fig. 1.

In this study, we use FACTS devices that provide variable-
impedance control, which can be implemented using sev-
eral different FACTS technologies, including the thyristor-
controlled series compensators (TCSC), static synchronous se-
ries compensators (SSSC), and the unified power flow con-
troller (UPFC). The light-weight and compactly distributed or
modular FACTS (D-FACTS or M-FACTS) devices, such as
SmartValveTM [27] by Smart Wires Inc., have recently been in-
troduced and implemented in the industry. In this paper, we use
the FACTS modeling, where devices directly alter the reactance
of transmission lines. This is suitable for prominent FACTS de-
vices, such as TCSC, which have effectively controlled power
flow and transmission system losses in the grid [28]. More-
over, [29, 30] proposed efficient linear models for integrating
FACTS devices into grid optimization models. Note that dif-
ferent types of FACTS devices employ different technologies
to alter the apparent impedance of transmission lines. SSSC
and UPFC devices, for instance, use a voltage injection to ef-
fectively emulate a reactance change [31]. However, the effect
is similar for different types of series FACTS devices. The re-
sults in this paper can be applied when other types of FACTS
technologies are employed in the system.

Variable-impedance FACTS devices can adjust line suscep-
tance within a range to increase the transfer capability. There-
fore, the real power flow constraint can be written as follows
for each line equipped with FACTS:

PL = b(θR − θS ). (1)
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Figure 1: Methodology of Current Study

This equation show the DC equation of line flow PL obtained
from multiplying bus angle θ difference by line susceptance bl.
It should be noted that the equation above is nonlinear since the
previously constant line susceptance b is now treated as a vari-
able with its limits of bmin ≤ b ≤ bmax. Based on the method
proposed in [32], this equation can be rewritten into two lin-
ear constraints with F(F ∈ {0, 1}) representing the power flow
direction:

bminF(θR − θS ) + bmax(1 − F)(θR − θS ) ≤ PL, (2)

bmaxF(θR − θS ) + bmin(1 − F)(θR − θS ) ≥ PL. (3)

By determining the value of flow direction F, the nonlinear
equation (1) can be reformulated to either of linear equations (2)
or (3) as they include the multiplication of a parameter (bmin or
bmax) by the fixed value of F and the variable angle difference.
The value of F can be fixed using the a base case solution with
no FACTS implementation [18, 22].

Wind generation can be modeled by the wind turbine model
described in [33, 34]. The wind energy is attained between cut-
in and cut-out wind speeds and is proportional to the cubic wind
speed. Solar generation depends on both intrinsic characteris-
tics of photovoltaic (PV) panels, which are usually reported by
current-voltage (I-V) and power-voltage (P-V) charts as well
as extrinsic irradiation conditions [35]. Wind speed and solar
radiation both change within continuous ranges, which creates

infinite scenarios and makes it impractical to optimize the dis-
patchable generation and FACTS set points for the continuous
uncertainty space. To overcome this challenge, a smaller num-
ber of scenarios are selected by choosing representative ranges
for wind speed and solar radiation and creating discrete scenar-
ios for solar and wind generation. Using scenarios for modeling
uncertainty, the SUC with FACTS adjustment co-optimization
model can be formulated as shown in (4a)-(4p). The follow-
ing mathematical model is fed into PYOMO, a powerful math-
ematical modeling package provided in python programming
language. This modeling environment can solve complex lin-
ear and nonlinear programming problem and is compatible with
commercial solvers such as Gurobi and CPLEX.

minimize
G∑

g=1

T∑
t=1

(cnl
g ugt + csu

g vgt + csd
g wgt)

+

G∑
g=1

T∑
t=1

K∑
k=1

cseg
gk Pseg

gtk +

G∑
g=1

T∑
t=1

S∑
s=1

πstcUE
g (Pru

gts + Prd
gts)

+

R∑
r=1

T∑
t=1

S∑
s=1

πstcRC
r PRC

rts

(4a)
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Pgt =

K∑
k=1

Pseg
gtk , ∀g, t; (4b)

Pgt + Pru
gts − Prd

gts ≤ Pmax
g ugt, ∀g, t, s; (4c)

Pgt + Pru
gts − Prd

gts ≥ Pmin
g ugt, ∀g, t, s; (4d)

vgt − wgt = ugt − ugt−1, ∀g, t; (4e)

vgt + wgt ≤ 1, ∀g, t; (4f)

t∑
τ=t−UTg−1

vgτ ≤ ugt, ∀g, t; (4g)

t∑
τ=t−DTg−1

wgτ ≤ 1 − ugt, ∀g, t; (4h)

Pgt − Pgt−1 ≤ 60RUgugt−1 + 10RUvgt, ∀g, t ≥ 2; (4i)

Pgt−1 − Pgt ≤ 60RDgugt + 10RDgwgt, ∀g, t ≥ 2; (4j)

0 ≤ Pru
gts ≤ 10RUg, ∀g, t, s; (4k)

0 ≤ Prd
gts ≤ 10RDg, ∀g, t, s; (4l)

−PLmax ≤ PL ≤ PLmax, ∀l, t, s; (4m)

x f
l (Flbmin

l + (1 − Fl)bmax
l )(θSlts − θ

R
lts)

+ ((1 − x f
l )bl(θSlts − θ

R
lts) ≤ PLlts, ∀l, t, s;

(4n)

x f
l (Flbmax

l + (1 − Fl)bmin
l )(θSlts − θ

R
lts)

+ ((1 − x f
l )bl(θSlts − θ

R
lts) ≥ PLlts ∀l, t, s

(4o)

∑
g∈NGn

(Pgt + Pru
gts − Prd

gts) +
∑

r∈NRn

(PR
rts − PRC

rts )

+
∑

l∈NL+n

PLlts −
∑

l∈NL−
n

PLlts = PD
nt ∀n, t, s

(4p)

The model seeks to minimize the summation of total ex-
pected generation cost, start-up cost, and shut-down cost of
generators (4a), while considering generator capacity con-
straints (4b)-(4d), start-up and shut-down constraints (4e)-(4h),
and ramping constraints (4i)-(4l). The generation cost is de-
termined based on generation unit fixed cost cnl and variable

costs cseg and is usually a nonlinear curve. However, it is trans-
formed to piece-wise linear cost model for different generation
levels. The start-up cost csu and shut-down csd represent the
fuel and labor costs incurred by starting a unit during peak
demand hours and shutting down afterwards. The energy de-
ployment cost CUE represents the cost of a generator to change
its genration because of load or renewable generation forecast
inaccuracies and needs to be considered in real-time for safe
operation of the system. Finally, the renewable energy curtail-
ment cost cRC represents the cost of lost opportunity incurred by
out of merit scheduling of generation units due to congestion
in transmission system or contingencies. The constraint (4b)
ensures that generators output Pgt equals the total generation
on each segment of piec-wise linear model Pseg

gtk . Constraints
(4c) and (4e) ensure that generator scheduled output Pgt and
real-time ramping Pru, Prd do not exceed the generation unit’s
capacity limits. Equation (4e) determines the generation units
start-up or shut-down status (vg,t,wg,t based on generators op-
erating mode ugt at specific period and previous period. Equa-
tion (4f) ensures that the generator cannot simultaneously start
up and shut down. Equations (4g) and (4h) impose the min-
imum up and down time limits (UTg,DTg) of the generator,
which are required for reliable operation of generators based on
their technology. Similarly equations (4i)-(4l) impose the 10-
minute and 60-minute ramping limits (RU,RD) for each gener-
ator based on their ramping capabilities. Line maximum flow
constraint is given in (4m), and the line flow equation in the
presence of FACTS devices is presented in (4n)-(4o) with the
linearized formulation proposed in equations (2) and (3). The
nodal power balance equation is given in (4p), ensuring that en-
ergy consumption at each node is adequate for the demand at
the same node. This model can be considered from two dif-
ferent viewpoints. Suppose x f

l is taken as a decision variable.
In that case, the model describes a FACTS allocation problem
which is a mixed-integer non-linear program (MINLP) due to
the existence of the products of two decision variables, which
is extremely computationally expensive. One way to reduce the
computational cost is to linearize the problem, using the big-
M technique described for this problem in [18]. However, in
this study, as we intend to evaluate the impact of FACTS device
locations on dispatch outcomes, the FACTS devices are allo-
cated to candidate lines chosen based on engineering judgment.
Therefore, x f

l is treated as a parameter, making the formulation
a mixed-integer linear program (MILP) that can be solved rea-
sonably with existing commercial optimization packages, such
as CPLEX and Gurobi. These packages use many methods for
solving MILP problems, including barrier, branch-and-bound,
and interior point methods [36]. Beside these methods, efficient
methods have been proposed for solving optimization problems
in energy systems, including the Levenberg–Marquardt method
(LM) combined with genetic algorithm proposed by [37] for
parameter estimation in inverse fouling heat exchanger.
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3. The Importance of Generation Mix on FACTS Imple-
mentation Study

Generation mix directly impacts the operation of the power
grid as well as carbon emissions. Power flow control can im-
pact the power grid differently based on the generation units’
economic specifications, technical specifications, fuel type, and
emission specifications. Especially in a congested network, the
operation of FACTS devices may replace renewable generation
with inexpensive yet carbon-intensive generation units. There-
fore, sufficient knowledge of generation unit technical and en-
vironmental specifications is required to study FACTS impact
on carbon emissions. Fig. 2 shows the current status of the
generation mix for five major ISO/RTOs in the United States,
excluding non-hydro renewable generation. This section briefly
overviews current prevalent fuel types and their share of the
generation mix in the ISO/RTOs.

0%
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20%
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40%

50%

60%

70%

80%

90%

100%

PJM MISO ISO-NE ERCOT CAISO

Gas Hydro Coal Nuclear Oil

Figure 2: Dispatchable Generation Mix for Major ISOs in the U.S.

Coal is an inexpensive and abundant source of energy. Mak-
ing 37% of the electricity generation, coal is the second largest
source of energy in the United States and still the main source
of CO2 emissions in the power grid. Coal reserves are mainly
available in four different types. The largest portion of coal
resources is lignite, which has the lowest energy level. Sub-
bituminous coal, with a higher level of stored energy, is the sec-
ond prevalent type of coal. Bituminous, also known as soft coal,
has the second thermal energy density in coal types. Finally,
anthracite is the rarest type of coal, although it has the highest
level of stored energy. Coal combustion produces other green-
house gases such as sulfur dioxide (S O2) and nitrogen oxides
(NOx) as well as CO2. Furthermore, coal mining is a source of
methane emission (CH4). The coal industry has adopted several
methods to reduce emissions from coal-fired electricity gener-
ation, including desulfurization and carbon capture equipment
development [38].

Heavy oil fuel, with the smallest share in the generation mix,
produces similar levels of greenhouse gases per unit of en-
ergy generation and is considered a polluting energy source.

Roughly 70% of oil-fired generators were constructed before
1980. Oil-fired plants are generally committed during times
of peak demand. These units have low capacity factors, mainly
due to the high oil price. Since oil-fired generators are generally
used to meet peak demand, they are designed to have low ca-
pacity factors and higher heat rates. Some plants can switch be-
tween oil and natural gas [39]. They burn natural gas to supply
baseline demand and oil to meet peak demand. Natural gas has
surpassed coal and is currently the leading generation source in
the US. Natural gas-fired combined cycle plants are currently
the most popular technology to supply base-load demand in the
US. Other natural gas-fired plants, including combustion and
steam turbines, are committed during higher demand periods.
Natural gas emits less greenhouse gases than oil and coal and is
a cleaner energy source, although it still produces similar levels
of greenhouse gases. Natural gas-fired plants have experienced
an upward trend during recent years as the capacity factor for
gas-fired generation in the US has increased from 43% in 2011
to 56% in 2016 [40].

Hydropower, the largest renewable energy resource in the US
until recent years, is surpassed by wind generation in 2019 [41].
In 2020, hydroelectricity comprised 6.6% of total electricity
generation across the US and 31% of renewable energy gen-
eration [42]. Hydropower, unlike fossil fuels, is an emission-
free and cheap energy source. However, hydropower expan-
sion is limited by the availability of water. Conventional hy-
droelectric plants includes run-of-the-river systems, where the
energy is supplied by the force of river’s current, and reser-
voir systems, where the water is accumulated behind a dam
and released through a turbine to generate electricity. Reser-
voir systems can be further upgraded to pumped-hydro storage
that can pump water to a higher elevation during times of lower
electricity price and release the power during peak load, when
the electricity prices are high [43]. Unfortunately, geographi-
cal locations allowing pumped-hydro storage development are
already used [44].

Nuclear power plants have generated around 20% of annual
electricity consumption in the US since 1990 [45]. Nuclear
power plants produce heat by nuclear fission to generate steam.
The steam goes through a turbine and then cooled back into wa-
ter in a cooling tower or the water is supplied from the ocean
or river close to the facility. Like natural gas-fired plants, nu-
clear plants are used to supply baseline demand. Nuclear power
plants produce no carbon emissions [46]. However, the nuclear
waste produced in the electricity generation process in this type
of plants is a major environmental concern. The radioactive ra-
diation from the waste can remain dangerous for humans and
the environment for thousands of years. Therefore, it needs to
be disposed under special regulations [47].

Average operational generation cost and carbon emission for
different types of plants is provided in Table 1, based on the data
from Environmental Protection Agency’s Emissions & Gener-
ation Resource Integrated Database (eGRID) [48, 49]. Using
ISO/RTO’s generation mix data, the results can more realisti-
cally reflect the impact of power flow control implementation
on carbon emission and renewable generation curtailment.
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Table 1: Average Carbon Emission and Generation Cost for Plant Types

Emission Rate
(lb/MWh)

Generation Cost
($/MWh)

Coal-fired 2027 22

Oil-fired 1671 121

Gas-fired 1169 14

Nuclear 0 2

Hydropower 0 0

4. Simulation Studies

To evaluate the impact of FACTS devices on generation cost,
renewable energy curtailment, and carbon emission, the co-
optimization SUC model described in (4a)-(4p) is implemented
on a modified RTS-96 system with specifications presented in
the following over a 24-hour time horizon. Renewable energy
resources based on their type and location and the topology of
the grid can create different congestion patterns and, therefore
different cost savings by FACTS installation. To study the im-
pacts of FACTS devices, simulations were carried out under a
wide range of scenarios. In each part of the simulation studies,
the two-stage SUC model is solved using CPLEX 20.1.

4.1. Test System Specifications

The studies are carried out on a modified single-area RTS-96
system with 24 buses [48]. 480 MW of load on buses 14, 15,
19, 20 ere shifted to bus 13 and then loads on every bus in the
system is increased by 5% yielding a total electricity demand of
59.660 GWh daily, considering the load curve data. To create
congestion, the ratings of lines A25-1 and A25-2 are reduced to
175 MW, and ratings of lines A21 and A22 are reduced to 220
MW. Three pairs of candidate buses (4,5) as representative for
buses close to demand, (17,18) as buses close to low-cost en-
ergy resources and (3,24) as typical buses in the system are con-
sidered for renewable energy resources. Three lines for FACTS
device allocation are considered based on engineering judge-
ment. Equipping highly utilized lines, lines with large capacity
and lines with large reactance with FACTS devices are shown
in the literature to be most effective for congestion relief [22].
A21 and A25-1 lines are taken as highly utilized lines and A26
is considered as a large-capacity line for FACTS allocation.

To study the impact of FACTS based on integrating differ-
ent renewable energy resources, two wind farms and two so-
lar farms are considered for each pair of candidate locations
for renewables. The wind farms have rated wind speed of 14
m/s, a cut-in wind speed of 4 m/s, and cut-out wind speed of
25 m/s. The hourly solar irradiation and wind speed histor-
ical data obtained from national renewable energy laboratory
(NREL) [50, 51] are used to create hourly figures for wind and
solar generation, respectively. TCSC is used in simulation stud-
ies for power flow control in transmission lines. We consider
FACTS devices operating in capacitive and inductive modes

with the maximum adjustment range of -80% to +40% of line
reactance [52]. To study the impact of FACTS devices on car-
bon emission, the generation mix is created based on generator
specifications available in RTS-96 data and eGRID emission
data. The generation mix for RTS-96 system is shown in Fig.3,
while Table 1 shows the emission data for each unit type.

Coal

37%

Oil
30%

Hydropower

10% Nuclear

23%

Figure 3: RTS-96 Generation mix

4.2. Base Case: Impacts of FACTS Implementation without Re-
newable Integration

Optimizing transmission impedance with variable-
impedance FACTS devices saves cost and impacts carbon
emissions, even without renewable energy integration. To
evaluate the impact of FACTS on a system with conventional
generation units, FACTS devices are installed in RTS-96
system without any renewable integration. The results shown
in Table 2 provide a baseline for total generation cost and
carbon emission. This baseline helps analyzing the impacts
of FACTS setpoint adjustment on generation cost and carbon
emissions under different renewable energy penetration levels
and generation mixes in the later subsections. Maximum
generation cost saving for a single FACTS device is achieved
when installed on line 21, near inexpensive coal-fired units.
Yet, it increases carbon emissions by replacing less polluting
and more expensive units with coal-fired generation. This
shows that adjusting FACTS setpoints with the mere objective
of cost minimization (social welfare maximization) may lead
to increased levels of carbon emissions in the power grid with
considerable share of cheap yet carbon-intensive generation
units, such as coal-fired power plants. The impact of FACTS
devices on carbon emissions needs to be considered in FACTS
allocation problem to make operation of FACTS devices
environmental-friendly. The congestion rent is reduced in all
cases.

4.3. Impacts of FACTS Implementation Under Varying Renew-
able Energy Locations

To study the impacts of FACTS devices on renewable en-
ergy integration, wind and solar farms with a capacity of 400
MW were located on different buses with 4891.71 MWh total
daily solar generation and 6412.42 MWh total daily wind gen-
eration, using solar and wind scenarios obtained from historical
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Table 2: Simulation Results for RTS-96 Without Renewable Energy Resources

Number
of
FACTS

FACTS
Location
(Line)

Total
Gen-
eration
Cost(M$)

Congestion
Rent
(M$)

Carbon
Emission
(Mlb)

0 N/A 1.988 0.248 66.551
1 21 1.714 0.195 67.351
2 25,26 1.885 0.247 63.662
3 21,25,26 1.659 0.186 64.398

data. Twenty-four simulations were carried out, with a sim-
ulation for each location of FACTS implementation and wind
and solar farm siting. generation cost, carbon emission and
curtailment level for wind and solar integration are shown in
Tables 3 and 4, respectively. Implementing power flow control
when wind and solar farms are located at (3,24) increases wind
curtailment by 259.12 MWh and solar curtailment by 262.85
MWh. This is because the objective is to minimize cost. In
this case, it is cheaper to dispatch coal units than to utilize zero
marginal cost renewable generation due to the congestion in the
network. Therefore, it is important to note that FACTS devices
may increase renewable energy curtailment in networks with
existing inexpensive generation mix. However, when wind and
solar farms are located in congested areas, such as the proxim-
ity of load centers (4,5) or inexpensive generation units (17,18),
renewable energy curtailment decreases with the power flow
control. When wind and solar farms are near cheap energy re-
sources, implementing FACTS in proximity of coal-fired units
can increase curtailment, as shown for wind units in Table 3.

Table 3: Simulation Results for RTS-96 With Wind Integration

Wind
Farm
Loca-
tion
(Bus)

Number
of
FACTS

FACTS
Loca-
tion
(Line)

Total
Gener-
ation
Cost(M$)

Carbon
Emis-
sion
(Mlb)

Wind
Cur-
tail-
ment
(MWh)

3,24

0 N/A 1.613 54.549 1390.43
1 21 1.401 55.798 1560.95
2 25,26 1.536 52.347 1527.21
3 21,25,26 1.332 53.208 1649.85

4,5

0 N/A 1.525 54.391 447.45
1 21 1.327 55.018 366.81
2 25,26 1.447 51.576 454.07
3 21,25,26 1.267 52.278 364.65

17,18

0 N/A 1.885 62.946 600.49
1 21 1.645 64.170 627.26
2 25,26 1.797 60.819 452.96
3 21,25,26 1.556 61.193 452.96

Table 4: Simulation Results for RTS-96 With Solar Integration

Solar
Farm
Loca-
tion
(Bus)

Number
of
FACTS

FACTS
Loca-
tion
(Line)

Total
Gener-
ation
Cost(M$)

Carbon
Emis-
sion
(Mlb)

Solar
Cur-
tail-
ment
(MWh)

3,24

0 N/A 1.697 59.463 1434.28
1 21 1.453 60.677 1632.01
2 25,26 1.614 56.970 1460.31
3 21,25,26 1.396 58.216 1697.13

4,5

0 N/A 1.594 58.667 512.59
1 21 1.384 59.297 508.03
2 25,26 1.508 55.471 449.94
3 21,25,26 1.311 56.397 453.73

17,18

0 N/A 1.914 64.262 229.47
1 21 1.651 65.329 210.80
2 25,26 1.826 61.454 383.44
3 21,25,26 1.579 62.396 383.44

4.4. Impacts of FACTS Implementation Under Varying Renew-
able Energy Penetration Levels

As discussed in section 1, one of the main purposes of trans-
mission line impedance control is to provide flexibility in the
transmission system for increased levels of renewable energy
penetration. Therefore, in this section, we study the impact of
FACTS devices on different levels of renewable energy pene-
tration. To simulate different penetration levels of renewable
energy resources, wind and solar units are distributed over all
candidate buses with equal distribution of wind and solar ca-
pacity on each bus. Then, the capacities of wind and solar units
are increased in increments of 100 MW each. For each level of
renewable capacity increment, the renewable penetration level
is represented as the total capacity of variable generation (wind
and solar) divided by the total generation capacity. Fig. 4 shows
the total generation cost concerning renewable energy penetra-
tion for each allocation of FACTS devices. The maximum cost
saving incurred by FACTS implementation declines from $0.33
M to $0.23 M as the renewable energy penetration approaches
50%. This shows that although FACTS devices lead to cost
savings by alleviating congestion in the network, transmission
expansion is also required for higher penetration levels (above
50%). This decline can also be observed in FACTS device im-
pact on emission reduction as shown in Fig. 5. The maximum
reduction in carbon emissions drops from 2.6 Mlb at 0% renew-
able penetration to 2.3 Mlb at 50% penetration level. Finally,
Fig. 6 shows renewable energy curtailment for each penetra-
tion level. For penetration levels below 30%, FACTS adjust-
ment helps reduce curtailment by relieving congestion in the
network. However, as renewable energy penetration surpasses
30%, FACTS devices adversely increase renewable energy cur-
tailment. This is due to the feature illustrated in the previous
subsection. With increased levels of renewable energy pene-
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tration, dispatching cheap fossil fuel plants may become more
economical than utilizing zero marginal cost RERs contribut-
ing to expensive transmission constraints. With other inexpen-
sive generation resources, the optimal solution curtails a part
of renewable generation to reduce congestion and total genera-
tion cost in the network. This further underlines the necessity
of transmission expansion for high renewable penetration lev-
els. All figures 3, 4 and five indicate the incremental benefit
of renewable energy integration, including economic cost sav-
ing, carbon emission reduction and renewable energy utiliza-
tion drop for penetration levels above 38% even with flexibility
procured by FACTS devices. This saturation state is caused by
lack of transmission capacity, and grid expansion is critical.
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Figure 4: Cost Saving for Renewable Energy Penetration Levels
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Figure 5: Emission Reduction for Renewable Energy Penetration Levels

4.5. Impact of FACTS Implementation with Different ISO Gen-
eration Mixes

In section 3, we discussed the influence of the generation
mix on power flow control impacts and presented an overview
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Figure 6: Renewable Energy Curtailment for Renewable Energy Penetration
Levels

of the current generation status for major balancing authori-
ties in the U.S. In this subsection, we illustrate this impact by
implementing the generation mix for six major ISOs shown
in Fig. 2 on the RTS network with 50% penetration of wind
and solar energy and evaluate the benefits of impedance con-
trol based on cost savings, carbon emission reductions, and re-
newable energy curtailment reductions. This penetration level
represents the increased renewable energy integration goals en-
visioned in [2, 53]. Fig. 7 shows the impact of power flow
control on generation cost for major ISOs. ISO-NE shows the
highest level of cost savings from impedance control (6.8% re-
duction in generation cost). This is because ISO-NE incorpo-
rates the largest share of expensive oil-fired units (17%), and
by relieving congestion, these units can be replaced by cheap
renewable or gas-fired units. Fig. 8 shows carbon emissions
for each ISO with power flow control. The emission reduction
achieved by FACTS devices is small for high levels of renew-
able energy penetration, especially in ISOs such as MISO and
ERCOT, where there is not enough flexibility in the generation
mix to handle the variability of renewable generation. Still, for
PJM, a maximum emission reduction of 1.25 Mlb (4%) can be
achieved when FACTS devices are allocated optimally. The im-
pact of FACTS on renewable energy curtailment is also small
due to the lack of flexibility on the generation side, which re-
sults in renewable energy spillage. Similarly, FACTS devices
are most effective in reducing renewable energy curtailment for
PJM. This shows the importance of generation-side flexibility
for better utilizing flexible transmission technologies. It should
be noted that the influence of generation mix can be better stud-
ied with the transmission system proprietary data for each ISO.
However, the impact of the generation mix shown in this section
provides a baseline for more detailed grid studies.

4.6. Impacts of FACTS Implementation Under Varying Load
Levels

With increased levels of distributed renewable energy inte-
gration during the past decade, the net demand curve has be-
come more weather-driven, and meteorological variations’ im-
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Figure 7: Generation Cost for Major ISOs Equipped with Impedance Control
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Figure 8: Carbon Emission for Major ISOs Equipped with Impedance Control
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Figure 9: Renewable Energy Curtailment for Major ISOs Equipped with
Impedance Cotrol

pact on the net load can be seen more distinctively than before

[54]. Different load levels and peak hours create different con-
gestion patterns, thus affecting the impacts of impedance con-
trol. To study the impacts of impedance control on cost sav-
ing, carbon emissions, and renewable energy curtailment un-
der different load curves, 100 MW wind and solar units are
placed at each candidate bus for renewables. Six representative
load curves are considered for weekdays and weekends during
mild, cold, and hot seasons to illustrate better load variations
with seasonal changes based on the data from [55] and scaled
to the RTS-96 system. Fig. 10 shows load variations for the
six representative days. The distinct difference between week-
end and weekday demand and the number of peak hours dur-
ing hot and cold seasons are used to better study the effective-
ness of impedance control on reducing generation cost, carbon
emissions and renewable energy curtailment. The impact of
impedance control on generation cost is shown in Fig. 11. The
highest cost saving by impedance control is achieved during
hot weekdays ($0.17 M) with the highest congestion pattern
due to high demand levels and higher concentration of peak-
ing hours. However, the largest reduction in emissions is not
necessarily achieved during the peak of demand. With the con-
gestion relieved, cheaper generating units with higher emission
rates, such as coal-fired units, generate more power. Fig. 12
shows that the highest emission reduction by impedance control
occurs during hot weekend days. Fig. 13 shows that the high-
est level of renewable energy curtailment happens during mild
weekends when the electricity demand is at its lowest level.
FACTS implementation helps reduce renewable energy curtail-
ment by up to 3.77% (204 MWh out 5,410 MWh) by enhancing
transfer capability.

Figure 10: Hourly Demand Distribution For Representative Days

5. Conclusion

Implementing variable impedance FACTS devices are re-
garded as an effective approach for reducing the congestion
in the power grid and improving the integration of renewable
energy. However, various factors affect FACTS technology’s
effectiveness, which lead to different operation conditions. A
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Figure 13: Renewable Energy Curtailment for Representative Days

comprehensive study was carried out in this paper to analyze
the impacts of FACTS implementation with a two-stage SUC
model. The key findings of this study are presented as follows:

• The location of FACTS installation near inexpensive
carbon-intensive units such as coal-fired units may in-
crease carbon emission and undermine the expected en-
vironmental benefits of power flow control.

• In some cases, renewable energy curtailment may increase
for wind and solar units close to cheap fossil-fired units
(gas or coal). In such cases, the renewable energy gen-
eration is often on a bus, contributing to expensive trans-
mission constraints. In contrast, the fossil fuel plant either
does the opposite (relieves the constraint) or has a much
less weight in the constraint.

• For high levels of renewable energy penetration (above
50%), cost saving and emission reduction by FACTS de-
vices declines and renewable energy curtailment increases.
This shows that transmission expansion is required along-
side topology control for FACTS implementation to be ef-
fective.

• ISO/RTO’s generation mix highly influences the effective-
ness of power flow control. This shows that generation
unit analysis is required for transmission system upgrades.

• Weather-driven properties of load can change congestion
patterns and, thus, influence the savings obtained from
FACTS devices. The highest cost saving and emission
level is achieved during hot seasons when the highest con-
gestion level is achieved.

Future work will include co-optimizing FACTS implementa-
tion with transmission planning. In addition, studies on carbon-
emission reduction policies that help harness the potential envi-
ronmental benefits of power flow control will be beneficial.
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