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Abstract—The wind power integration in power networks
impacts the operation of power systems economically and techni-
cally. The sites where wind power can be economically generated
are determined by environmental conditions, so transmission
congestion in the network may arise during certain periods. The
issue of transmission congestion can become more acute if the
network load is assumed to be rapidly growing at different sites
during different times. This paper proposes novel, comprehensive
methodology for realistic assessment of techno-economic merits of
placement of thyristor-controlled series capacitors (TCSCs) and
static VAr compensators (SVCs) in a transmission network to fa-
cilitate wind power integration. Economic considerations take into
account the cost of generated active and reactive power, the cost of
wind power integrationm and the cost of allocated FACTS devices
for a range of operating conditions for several probabilistically
modeled load growth profiles and over the lifetime of FACTS de-
vices. The identification of congested areas and assessment of the
financial benefits are carried out using optimal power flow-based
algorithms. The placement of the TCSCs and SVCs is performed
using novel genetic algorithms-based optimization with the net
present value calculation integrated into the objective function.

Index Terms—FACTS devices, genetic algorithms (GAs),
Kalman filter, optimal power flow, spot prices, wind power.

I. INTRODUCTION

T HE capacity of the installed wind power is continually
growing in today’s power systems. An increasing number

of countries around the world are taking significant steps to-
wards accelerating integration of wind power. The current rate
of growth in the installation of wind farms could lead wind
power to account for half of the total power production capacity
in some countries in the foreseeable future.

Though environmental benefits clearly arise from such large-
scale wind integration, new technical challenges are created for
transmission system operators. Maintaining a balance between
demand and production in the grid is handled with relative ease
while the level of wind power penetration is small. In such cases,
the wind power is generally treated as a negative load, as it re-
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duces the overall demand; thus, the impact on system opera-
tion is small. The approach to power system operation however,
needs to be reevaluated when faced with large wind power pen-
etration due to uncertainties associated with wind power gener-
ation (it cannot be scheduled with the same certainty as conven-
tional power plants and it is not really dispatchable).

Large-scale wind power integration could negatively impact
system stability. Some studies, such as [1] and [2], have shown
reduction in damping under a high level of wind power pene-
tration. In addition, locations of wind farms (WFs) are usually
far from load centers as opposed to conventional power plants.
This could easily lead to long-distance power transmission and
line congestion which may significantly influence the genera-
tion profile and power flows and cause considerable impact on
small disturbance stability.

The transmission-line congestion and the reduction in system
damping can be alleviated by the use of FACTS devices (if
present in the system). Past research conducted on conven-
tional systems (without renewable energy sources) explored
the benefits of installing FACTS devices for various purposes.
The aims sought varied, sometimes improving system security,
loadability, or transfer capability [3]–[6] while other times
the focus was shifted to the economical aspects of installing
FACTS devices [7]–[11]. When it comes to modern, and future,
power systems where WFs are an integral part of the network,
the number of studies devoted to the technical and economical
aspects of installing FACTS devices drops dramatically.

This paper presents a long-term techno-economic study of al-
locating TCSCs and SVCs (jointly referred to as FACTS devices
in this paper) in a system with high levels of wind power pene-
tration. The load in the chosen network is assumed to be rapidly
growing resulting in the load profile change every five years
during the 20-year span. The uncertainties in wind power pro-
duction combined with the changing load profile may cause the
transmission line congestions—among others—to change from
one profile to another and sometimes from one operating point
to another within the same profile. This would cause problems
on many levels; for one, the placement of TCSCs and SVCs to
relieve the network congestion is difficult since the location of
the congested lines keep changing as the network load grows
over the years. On another level, tuning the FACTS devices to
accommodate the uncertainties in wind power production in ad-
dition to the very large number of possible system operating
points would prove to be challenging. Nonetheless, in the sec-
tions to follow, solutions are presented to the challenges faced
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and justifications for investment decisions are made in order to
offer a comprehensive technical and economical view on the
benefits of installing FACTS devices and integrating wind farms
in a power system network.

The main contribution of this paper is in providing a com-
prehensive methodology for realistic assessment of techno-eco-
nomic merits of deployment of FACTS devices to facilitate wind
power integration in power networks. The methodology con-
siders the management of load growth, congestion shifting in the
network, and realistic wind power generation over the lifespan
of FACTS devices. It optimally places FACTS devices in the net-
work considering cost of generated active and reactive power of
conventional generators, the cost of wind power integration, and
the cost of allocated FACTS devices.

II. INVESTMENT ANALYSIS

FACTS devices, though undoubtedly beneficial to system op-
eration, are getting deployed at a reasonably slow pace due to
their high capital and annual maintenance costs. Therefore, the
final decision must be carefully drafted before committing to
a purchase. There are multiple financial analysis tools which
can be employed to help assess an investment decision. Payback
Year (PBY), Net Present Value (NPV), Life Cycle Cost (LCC),
and Internal Rate of Return (IRR) are some of the tools used
in the financial analysis process [12]. NPV has been the most
widely used method in the past and is chosen for the economic
calculations in this study.

NPV is a powerful yet a robust financial analysis tool which
can be defined as the initial investment value subtracted from
the total present value of a time series of cash flows starting at
the first year. Mathematically, NPV can be represented as

(1)

where is the saving incurred over the year (in this case due to
the installation of FACTS device), is the initial investment
cost, is the maintenance cost required each year during the
lifetime of the installed FACTS device, and is the discount
rate. [For more detailed assessment of investment decision, an-
nual operation costs, variable maintenance costs, and disposal
costs of the device at the end of the service life can be included
in (1).]

In this study, the maintenance cost is assumed to be 5% of
the FACTS device price, the discount rate is chosen to be 10%,
and FACTS lifetime is set to be 20 years. These are some typical
values used in similar studies in the past (e.g., [8], [12]).

III. TEST POWER SYSTEM

The test network used in this study is the IEEE 57-Bus Test
System. The network consists of 57 buses, seven generators,
and 17 transformers. The generators are located at buses 1, 2,
3, 6, 8, 9, and 12. The system description can be found in [13]
while the data used for the analysis is included in MATPOWER,
which can be downloaded from [14]. The synchronous genera-
tors were modeled using the sixth-order model [15]. Each gen-
erator is equipped with an automatic voltage regulator (AVR)
and a power system stabilizer (PSS).

The integrated WFs consisted of variable speed wind turbines
with doubly fed induction generators (DFIGs) and back-to-back
voltage source converters. DFIGs, rotor speed control, pitch
angle control, and voltage control are modeled as described
in [16].

A. WF Integration

Two WFs were introduced to the system and connected at
buses 17 and 31. The total size of the integrated WFs is 50% of
the total capacity of the system. The WF connected at bus 31
accounts for 20% of the total capacity of the system and the WF
connected at bus 31 accounts for 30% of the total capacity of
the system. Each WF site has a different wind speed data during
the proposed lifetime. Since the power generation of the WFs
depends on wind speed, the wind speed could become an essen-
tial parameter in a long-term economic study aimed at assessing
the benefits of wind integration. To account for this dependency,
two measures were taken into account during the financial anal-
ysis in this study. First, it was assumed that the WFs are oper-
ating at their capacity factor (CF). This means that the power
generation of each WF during the year depends on its CF (two
CFs annually since each of the two sites has its own wind data)
which is more realistic than assuming optimal wind speeds at all
times. The second measure limits variability in power produc-
tion at each considered operating point. The maximum power
production at each WF site is set at the respective CF value and
it can only decrease depending on the site’s wind data. The de-
cision to decrease the output at any particular operating point
is done systematically. The hourly wind data for both WF sites
is available throughout the twenty year span. For an operating
point, e.g., which has an uptime of 876h during the year, the
average of a randomly chosen 876 hourly-power outputs from
the available 20-year data (each from its own respective site), is
compared to its respective CF value. The value of this “random
average” if less than the CF value would replace it; otherwise
the “random average” is discarded.

By following this approach the financial analysis becomes
more realistic since it avoids the use of optimal WF power pro-
duction during the 20-year period. Furthermore, it highlights the
potential benefits of WF integration even when it operates below
the average of the actual capability.

In order to assure better overall system stability, the Gener-
ator Ranking Index (GRI) [16] was initially utilized to identify
the most influential generators in the system and subsequently
de-load them to facilitate integration of the WFs. The GRI aids
in the decision making regarding retiring or de-loading of con-
ventional generators to make way for renewable energy sources.

B. System Load

The load growth in the network is assumed to be rapid and
that substantial change occurs every five years. Three systematic
steps were employed in the determination of the location and the
amount of load growth. First was the identification of all viable
locations for the growth to occur. The second step combines the
locations into four groups which will be known, collectively,
as a “family” while each individual group will be called a “lo-
cation set.” The last step determines the loading level (loading
factor “LF”) of each “family.” Multiple location combinations
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Fig. 1. Load growth concept.

Fig. 2. Actual load growth concept.

and loading levels were assessed; ultimately choosing the family
of the location sets which reflected the most significant conges-
tion shifting and location diversity. Under the assumed life span
of 20 years, four load growth instances are expected, each of
which is assigned a location set from the chosen family.

To further simplify this notion, consider a hypothetical power
system with loads located in buses 1–12. The load growth could
be sliced in any which way; nonetheless, following the system-
atic steps outlined above, assume the best outcome is presented
in Fig. 1. Location set 1, in this example, is a super set com-
prising all of the load buses. Location set 2, on the other hand,
is composed of buses 1, 3, 4, 5, 7, 8, 10, 11, and 12; location
sets 3 and 4 can be found from the figure by matching patterns
to bus numbers. Now, suppose sets 1–4 are assigned respectively
to each subsequent quinquennium.

During the first quinquennium—based on the figure—the
demand increases 15% across all buses (location set 1). In the
second quinquennium, location set 2 experiences 10% load
growth, taking the previous quinquennium as the starting point.
Similarly, the last two quinquenniums incur 5% and 3% de-
mand growth, respectively, using the preceding quinquennium
as the base.

However, location set 1 does not necessarily have to encom-
pass the entire “loadable set” and demand growth is not condi-
tioned to always lean on the immediately preceding quinquen-
nium (i.e., load growth could skip one, two, or three quinquen-
niums). This type of location selection freedom adds to the com-
plexity of the problem, increases the combinatorial sets, as well
as mimics “real life cases”. The illustration of the concept is pre-
sented in Fig. 2.

To put this complexity into perspective, the 12-bus system
has a total of 4095 possible load growth scenarios
from which each quinquennium has a pick (this excludes the
universal no growth state as is apparent from starting value of
in the summation). Therefore, four quinquenniums have a total

of over 11 trillion possible combinations . Each one of
those “over 11 trillion combinations” constitutes a “family.”
Unfortunately, the four location sets in each family must be per-
mutated in order to find the best loading levels which maximize
the utilization of the available generation capacity. This leads to
an additional 24 permutations per available family. This step is
very important in deciding which location set (within a family)
gets assigned which quinquennium; and it also goes into the
very heart of achieving the desired congestion shifting.

It should be noted, though, that the power system physical
limits, security measures, and the pursued aim should reduce
drastically the total number of possible combinations.

IV. MODELING OF FACTS DEVICES

The Power Injection Model (PIM) [17], [18] of FACTS de-
vices is employed in this paper for the steady-state analysis part.
In this model, the FACTS device is described as an element that
injects a certain amount of active and reactive power to a node,
thus qualifying the FACTS device for a PQ element representa-
tion. The advantage of PIM lies in its nondestructive nature to
the symmetrical characteristic of the admittance matrix which
allows efficient and convenient integration of FACTS devices
into existing power system analytical tools.

A. TCSC Model

A suitable TCSC model for the simulation of steady-state op-
eration is a static reactance. The reactance is controllable
and directly used in the power flow equations as a control vari-
able. The real and reactive power injections due to a series ca-
pacitor (TCSC) are represented in this study by and ,
respectively, and can be calculated at buses and by the fol-
lowing equations [19]:

(2)

(3)

(4)

(5)

where

(6)

(7)

and

resistance of the line between buses and ;

reactance of the line between buses and ;

voltage angle between buses and ;

voltage at bus ;

voltage at bus .

The maximum compensation allowed for the TCSC in this study
is 80% of reactance of the uncompensated line at which the
TCSC is located.
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TABLE I
COST FUNCTION COEFFICIENTS

B. SVC Modeling

Unlike a TCSC, the SVC is shunt device and its reactance is
configured as a shunt. The SVC susceptance is control-
lable and directly used in the power flow equations as a con-
trol variable. At the connection bus, the SVC’s reactive power

can be calculated as follows:

(8)

The SVC, in this study, was permitted a maximum absorption of
80 MVAr in an inductive mode while its maximum generation
is 80 MVAr in a capacitive mode.

V. COST FUNCTION OF GENERATORS AND FACTS DEVICES

The cost of real power output of a conventional generator
is represented by a second order polynomial function and

given by

(9)

where is the generator’s real power output in MW.
The adopted values for the coefficients (taken from MAT-

POWER toolbox) are detailed in the Table I, where the first
column represent the generator number, the second column
shows the bus at which the generator is connected, and the rest
of the columns represent the coefficient values accordingly.

A power system may incur additional costs when integrating
wind power. The cost is dependent on the wind power-gener-
ating capacity. For only small amounts of wind generation to
meet the load, the variations in wind output can be absorbed
by the system’s existing buffer capacity. However, when a large
part of the system’s total generating capacity is constituted by
wind, such as in this case, the system must incur additional costs
to provide reliable backup for the wind turbines [20]. In this
study, $5.70 per megawatt-hour was established as the wind in-
tegration cost which is the same rate used by Bonneville Power
Administration in 2009. It is apparent that $5.70/h for every MW
drawn from a WF is still cheaper than the cheapest conventional
generator in the system, thus causing the system to consume all
it can from the WFs which eliminates them from the power pro-
duction minimization process. Though multiple methods can be
applied to account for the backup cost, the one applied in this
study is in line with the followed convention of the paper; a
backup cost function [ ($/h)] is created at each
WF (where the real power drawn in MW is assigned ).

The cost function of reactive power delivered by a generator
is given by

(10)

as provided in [21], where is the generator’s reactive power
output in MVAr, , and .

The FACTS devices cost function can be formulated to cap-
ture the operation and installation cost though other benefits be-
stowed on the network from such a device, be it enhancement
of the network reliability, improvement of the system dynamics,
blackout prevention enrichment, or decongestion of the trans-
mittable power which are very complex to quantify economi-
cally and effectively in a single study [22].

In this study, and represent the cost functions
associated with SVC and TCSC, respectively, as given in [9]

(11)

(12)

in the above equations represents the operating range of the
FACTS devices in MVAr.

VI. OPF FORMULATION

OPF is a tool which has many uses: sometimes it is used to
calculate generation dispatch and load schedules, while in other
instances it prices energy (local marginal price or nodal price)
that is, of course, in addition to other uses. OPF is based on the
market supply and demand. In general, the objective is mini-
mizing the generation cost (if the loads are inelastic) while sat-
isfying the operational and security related constraints. Mathe-
matically, it can be formulated as

(13)

subject to
• power balance equations (equality constraints)

(14)

(15)

• operational constraint

where

number of buses;

number of generator buses;

number of transmission lines;

real power demand;
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generator’s real power output;

generator’s reactive power output;

thermal limit;

th element of the Y-bus matrix

The Lagrange function of the objective function presented
in (13) including its constraints is formed as

(16)

where the Lagrange multipliers associated with the power bal-
ance equations are and while , , , and are
the Lagrange multipliers—regardless of the superscript desig-
nation—associated with the operational constraints, that is line
flow limits, generator real and reactive power limits, and bus
voltage limits, respectively. The OPF solution provides the dis-
patch results along with the value of each multiplier. The soft-
ware package used in this study was developed by the authors;
however, packages such as MATPOWER, MINOS, and Power-
World (with the OPF add-ins) can be used to replicate the results
(required modifications in OPF formulation for the system with
FACTS devices are detailed in the Appendix.).

Each Lagrange multiplier holds a specific economic signifi-
cance. This study focuses on since it provides the spot price,
known also as the local marginal price (LMP) or nodal price.
LMP decomposes into three components, namely a congestion
component, a marginal energy component and a marginal loss
component [23].

The examination of these components reveals that the spot
price at each bus is location specific and varies due to the con-
gestion and loss components since the marginal energy compo-
nent is the same for all buses. Therefore, the power price at a
bus would increase if it so happens that an injection, or for that
matter an extraction, of power in the same location increases the
total system loss. By the same token, an increase in the nodal
price at a bus is bound to occur should an injection/extraction
of power at that location increase the flow across the congested
lines. It should also be noted that the prices of power at all buses
will be affected when any limit becomes binding.

TABLE II
OPERATING CONDITIONS AND THEIR CUMULATIVE PERCENTAGES

Fig. 3. Annual load duration curve with indicated operating points.

Combining the knowledge of the LMP dependence on the loss
and congestion components along with the fact that a meshed
system loss component is generally small raises the conclu-
sion that the LMP difference between two buses provides di-
rect information regarding the congestion level of that line. Even
though it is tempting to pick the line with the highest LMP dif-
ference (most congested line) for the allocation of series FACTS
devices, it is not always the best location [24].

VII. LOCATION IDENTIFICATION PROCEDURE

The system experiences load growth every quinquennium,
which requires the load duration curve (LDC) to be updated ac-
cordingly, resulting in four LDCs during the twenty-year span.
Eleven operating conditions were selected in each of the LDCs
to reflect different loading conditions and ensure robustness of
the solution. Thus, the total amount of forty four different op-
erating conditions is considered in this study. In each LDC, the
operating conditions will start at 100% of the system maximum
demand coming down to the minimum one as shown in Table II
and indicated in Fig. 3.

As aforementioned, it is not always best to allocate series
FACTS devices to the highest congested lines (highest LMP dif-
ference). Therefore, a search in the close vicinity of those lines
should capture a better alternative (if present) to where power
can be diverted in case of FACTS device installation.

To find the best location pool where FACTS can be placed in
the test system, the following steps are conducted.

1) For each operating condition run the OPF and calculate the
LMP for all the buses.

2) Calculate the absolute value of the LMP difference for all
the lines and arrange them in a descending order.

3) Record the ten highest LMP differences noting their line
number.

(Note: Multiple tests that have been carried out revealed that
the ten highest LMP differences cover excellently the congested
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TABLE III
LINE NUMBERS WITH HIGHEST LMP DIFFERENCES

area and its surroundings in the test system. Using a higher
number than 10 will add areas that are far from the affected re-
gion; thus defying the purpose of concentrating on the region of
interest only. If for some reason, which had not been the case
in the analysis conducted in this study but might arise in larger
power systems, the ten highest LMP differences fail to iden-
tify regions of interest, the number of LMP differences taken
under consideration can be easily increased without requiring
any change in the proposed approach).

The resulting unrevised pool of locations should contain 440
lines which should include a lot of repeated line numbers. Fil-
tering the repeats out, yields 14 unique lines (see Table III).

This final pool of line numbers (shown in Table III) covers
the congestion area which will be encountered throughout the
20 years. Therefore, the line numbers become a congestion
lookup table.

VIII. FACTS DEVICE ALLOCATION PROCEDURE

The placement of the chosen FACTS devices in the network
is aimed at alleviating the congestion and maximizing the profit
gained by the allocation. The use of OPF helps generate profit
by reducing the generation cost (while at the same time obeying
the limits imposed by the physical network, i.e., the thermal
limits of the lines and the voltage limits of the buses) which
introduces savings that will be compounded over the lifetime
of the devices [24]. However, the allocation decision cannot be
based solely on the “savings” achieved by the reduction in gen-
eration cost; simply because the initial investment cost, mainte-
nance cost, and discount rate will reduce, and in some instances
annihilate, the “savings” causing the return on investment to be
very unattractive. Hence, the NPV was applied as the objective
function since it incorporates all mentioned components in its
assessment.

The allocation assignment was performed as follows.
1) A total of six FACTS devices, i.e., three TCSCs and three

SVCs, are initially made available for placement.
2) GAs originally discussed in [25] are modified, i.e., made

more computationally efficient, and applied for the op-
timal placement of the FACTS devices. Each device has
two extra variables that need determination, rating and lo-
cation. TCSCs are allowed a rating from 0.8 to 0.2 of the
line reactance while SVCs allowed ratings were between

80 to 80 MVAr. The placement location is restricted to
those of Table III.

3) Use the NPV as the objective function where profits (sav-
ings) are to be maximized over the lifetime of the devices.
This was accomplished by apply the NPV as follows.
Let

(17)

TABLE IV
FACTS DEVICES ALLOCATION

(18)

(19)

Then

(20)

where

savings over the year;

cost of active and reactive power before
FACTS installation;

cost of active and reactive power after
FACTS installation;

investment cost;

maintenance cost;

constant;

hours of operation during the year;

operating condition;

life expectancy of FACTS devices.

The reason for splitting the summation is the load growth which
occurs in discrete steps every five years forcing the value to
change. Thus, each of the summations represents a load pro-
file segment in the 20-year span (each with its own unique
value).

IX. FINANCIAL ANALYSIS OF THE ALLOCATION

Following the outlined procedure yielded a placement of two
FACTS devices—of the same type—which incurred maximum
NPV at end of the 20-year span. The total savings achieved over
those 20 years is $49.45 million. Table IV lists the location, type,
and compensation of the allocated FACTS devices along with
the system total savings during the life span.

The financial analysis can be extended to not only the overall
outcome of the proposed investment (as in Table IV), but also
to saving or losses incurred during each operating condition
and the annual impact they exert during the respective quin-
quennium they fall within. Noting that a year has 8760 h and
using Table II and Fig. 3, a summary of the loading factors of
each selected operating point and corresponding annual oper-
ating hours is listed in Table V.
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TABLE V
LOADING FACTORS

TABLE VI
SAVINGS PER LOADING FACTOR

TABLE VII
ANNUAL SAVINGS PER QUINQUENNIUM

Each loading factor lasts a limited number of hours based on
the LDC (see Table II). It can be easily seen that, except for the
first and second loading factors, which last 1% and 9% of the
time, respectively (i.e., 87.6 and 788.4 h), the rest operate with
equal intervals of 876 h (i.e., 10% of the time). Now, if we let

be the difference between the generation cost without TCSCs
and with TCSCs installed, we can calculate the savings per hour
per operating point as shown in Table VI.

A fast glance at Table VI affirms that the allocation did not ex-
hibit any negative impact, financially speaking, on any of the op-
erating points. One can also observe that the network maximum
loading does not always couple itself with maximum profit.
Even though the first three quinquenniums are to the contrary,
the fourth has its maximum profit occurring at operating point
4. The phenomenon is related to how the load growth in the last
quinquennium affects the congested area. If the added load di-
verts the power away from the congestion, it lowers the savings
incurred.

The total annual savings in each quinquennium is found by
multiplying each operating point’s saving with its respective op-
erating hours and then summing along each column [basically
apply (17)]. Table VII shows the annual savings in millions of

dollars and as expected they appear in ascending order. In each
of the first five years, the acquired savings due to the installa-
tion of the TCSCs is $4.47 M. This figure increases $1.03 M
during following five years (i.e., years 6 to 10) to constitute an
annual savings of $5.50 M. The years 11 to 15 see a yearly profit
of $9.27 M while the last five years of hypothetical lifetime of
TCSCs provide the highest annual profits at $10.77 M.

X. CONCLUSION

The paper presented a novel, comprehensive methodology for
realistic assessment of techno-economic merits of deployment
of FACTS devices to facilitate wind power integration in power
networks.

The methodology is based on optimal placement of thyristor-
controlled series capacitors and static VAr compensators in the
network with significant wind power penetration based on their
ability to alleviate transmission line congestion, their econom-
ical benefits, and life expectancy.

GA-based optimization is used to determine the type, rat-
ings, and location of devices in the network for the purpose of
maximizing the NPV of the investment. The deployment of the
NPV as the objective function eased the inclusion of multiple,
probabilistically modeled, loading profiles, each with its own
loading factors, and a large number of operating conditions se-
lected from the load duration curve.

The case study demonstrated that the optimally placed FACTS
devices could significantly contribute both, economically and
technically, to power systems with large penetration of wind
generation. The economical aspect is seen through the reduction
in generation cost of conventional generators in the system while
the technical aspect is demonstrated through alleviation of
congestion in the network and increase in power transfer.

Additional technical benefits from FACTS deployment ob-
served in this study (though not discussed in the paper) include
enhanced system stability and improved damping of system os-
cillations (after installation of suitable damping controllers).

APPENDIX

A. Modifications in OPF Formulation for the System With
FACTS Devices

The OPF formulation experiences a slight modification in the
presence of FACTS devices. To demonstrate this, assume that
an SVC is located at bus while a TCSC is located in the line
between buses and . Then the power balance equations at
nodes and will be

while the following will be added to the operational constraints:

Lastly, the following terms gets added to the Lagrange function:
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