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ABSTRACT The incorporation of renewable energy into the existing electrical system is vital in a
competitive electrical system. The unpredictable nature of renewable sources is the main obstacle to energy
source integration. Since wind energy is unpredictable, integrating it into an existing thermal system requires
some additional operating procedures to maintain the economic and functioning sustainability of the system.
In a competitive power network, renewable energy uncertainty creates an imbalance cost (IC) which directly
affects the system economy. This study investigates system generation costs, voltage profiles, and electric
losses in a deregulated power market incorporating wind farms (WF) & fuel cells (FC). The fuel cell has
been used here as a reserve generating unit to mitigate the deficit of power in the renewable incorporated
system. To check the efficacy of the presented method, two locations in India are chosen at random. To assess
the imbalance cost caused by the discrepancy between forecasted (FWS) and actual wind speeds (AWS),
several charge rates (i.e. surplus and deficit) were established. The electrical system has been restructured,
so consumers are continually looking for efficient and stable economic power which is only possible by
reducing the system risk. This paper outlines a strategy for the optimal operation of a Thyristor-Controlled
Series Compensator (TCSC) and fuel cell in a wind-integrated system to maximize system profit and
minimize the system risk. In this work, different algorithms like Sequential Quadratic Programming (SQP),
Artificial Bee Colony Algorithms (ABC), and Moth Flame Optimization Algorithms (MFO) are used to
analyze the economic and functional risk of the system. Additionally, it explains how the fuel cell system
is employed to offset the wind farm integration’s deviation in the real-time power market. Value-at-Risk
(VaR) and conditional Value-at-Risk (cVaR) have been used for risk analysis. A modified IEEE 14-bus test
system is considered to validate the entire study whereas any small, large as well as hybrid systems can be
considered to perform this methodology.

INDEX TERMS Deregulated system, TCSC, wind energy, fuel cell, system profit, VaR, CvaR.
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I. INTRODUCTION

Over the last few decades, deregulated power systems have
replaced the previous monopoly electricity arrangements.
After the energy market was deregulated, a competitive
ambiance between market participants was formed, and
customers benefited from this. The inclusion of renewable
resources assisted the power sector’s transformation from a
monopoly to a competitive one. Renewable energy has a sig-
nificant potential to contribute to the world’s energy supply
through its capacity addition, balancing supply and demand
ratio, and protecting the atmosphere. Wind power generators
became the most accepted choice due to their abundance, zero
carbon emissions, cleanliness, and lack of greenhouse gas
emissions. There are chances to create system security risks
related to power system functioning (i.e. voltage stability, fre-
quency stability, etc.) or financial risks linked with imbalance
costs owing to the unpredictable nature of renewable energy
sources. Additional energy sources and storage systems are
desirable to balance the power supply to combat the effects of
cost imbalance. Electric utilities must augment their methods
to maximize power flow over existing transmission lines due
to boundaries on the construction of new transmission lines.
FACTS devices are the most adaptable and practical choice
for regulating the flow of power across transmission lines.

Numerous issues have been obtained in this area of
research, including the use of renewable resources, different
storage technologies, and FACTS devices in a deregulated
system. According to Woo et al. [1], capacity constraint is
one of the main issues that deregulated systems face.

Due to the intrinsic variability of wind speed, the optimal
contribution of wind energy within energy markets confronts
significant hurdles. As a result, such units are usually forced
to sign take-or-pay contracts at prices below market clearing
values. Dadashi et al. [2] has shown the effect of combining
wind generators with energy storage devices to deal with
the issue. Reddy and Bijwe [3] presented a methodology for
renewable integrated systems to maximize system security
and financial gain. A bidding technique was predicted by
Matevosyan and Soder [4] to reduce the deregulated wind
power market’s price discrepancy. A method for evaluating
how unpredictable wind speed affects a electricity market was
proposed in [5].

In deregulated markets, Patil et al. [6] emphasized the
significance of integrating wind energy into the system econ-
omy. Gandoman et al. [7] analyzed and addressed FACTS
device uses in renewable integrated smart grids. The studies
in [8] and [9] provided risk reduction methods for a wind-
integrated competitive electricity market through the appli-
cation of FACTS technology. Among FACTS devices, TCSC
can effectively rebalance the flow of power which enhances
the system’s transfer efficiency. To maximize social welfare,
Tiwari and Sood [10] proposes an efficient, dependable, and
rapid optimization technique for the placement of TACTS
devices in the system. Long et al. [11] used the Cuckoo
Optimization Algorithm in his study. Nagalakshmi and
Kamaraj [12] has proposed the hybrid model of TCSC using
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the DE algorithm for improved pool load ability security.
Besharat et al. [13], [14] has presented an optimal method
for TCSC placement to reduce system reactive power losses
and real power performance index. Duong et al. [15] created
a way to achieve a secured OPF solution during regular
and contingency scenarios to increase system security under
normal and abnormal conditions. Sundar and Ravikumar [16]
focuses on finding the best possible solution for power
flow and improving system performance. Partha et al. [17]
attempts to find the best power flow by incorporating stochas-
tic wind generators with FACTS devices. Acharya and Mithu-
lananthan [18] assesses the effect of TCSC on congestion and
spot pricing. Elmitwally and Eladl [19] proposed a method
to optimally distribute FACTS devices to enhance the social
benefit and lower the charges paid by market participants in
a deregulated scenario.

The rising usage of renewable energy has led to the instal-
lation of an energy storage system (ESS) to reduce the erratic
nature of wind generation. Over a desired time horizon, the
energy storage device can change the wind energy genera-
tion pattern and smooth out its volatility. An energy stor-
age system based on fuel cells provides the separation of
power conversion and energy storage operations allowing
for independent optimization. Lee [20] has investigated the
implications of deregulation in the electricity energy market
on a variety of distributed generation technologies including
fuel cells. Smith [21] and Akinyele et al. [22] evaluated
the fuel cell as an energy storage system. A freestanding
hybrid solar/wind/FC power generation system was created
by Fathabadi [23] for the power distribution network. A
PV-solar-fuel cell-based energy system was suggested by
Singh et al. [24] to satisfy the electrical power requirements
of a modest community center in India. Shao et al. [25]
presented a combination sharing approach of fuel cells, wind
turbines, battery storage units, and demand response in a
microgrid to maximize the system benefits. Mariani et al. [26]
has proposed a model predictive control (MPC) method to
manage a fuel cell in a wind-based system. Utomo et al. [27]
discovered significant reductions in operational costs and
carbon emissions during times when renewable electricity
generation is high.

The extensive literature reveals that research has been done
on several areas of a deregulated system with the incorpora-
tions of wind energy and energy-storing technologies. But a
few things are yet to be explored in this area which has been
discussed together in this work. The main highlights of this

work are as follows:
o This study examines systems that use wind energy in

both regulated and deregulated settings.

o In a wind-integrated deregulated power environment,
a method is developed to evaluate the effects on the
power system because of the unpredictable nature of the
wind speed.

« If the actual and forecasted wind speeds differ, once the
generating companies (GENCOs) & distribution com-
panies (DISCOs) enter into a power supply agreement
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based on a wind speed estimate, the ISO may penalize
or reward the GENCOs for the deficit or excess in power
delivery.

« So, to lessen the negative effects of cost imbalances,
GENCOs are working to close the power gap between
actual and forecasted wind speeds.

« An energy storage system is the most effective way to
solve this power crisis. Storage systems in a worldwide
energy market can lessen power discrepancies and the
burden on thermal power plants, enabling the financial
return to be realized.

« For two different sites in India, the impact of the sys-
tem’s imbalance cost on profit is explored with the fore-
casted and actual wind speed over a whole day.

« In this instance, the negative effects of cost imbalances
in the combination thermal-wind-fuel cell system are
addressed using a fuel cell.

« SQP, ABC, and MFO are used to judge how effective
the suggested method is. The proportional studies of
system risk before and after the deployment of fuel
cells are highlighted here using a variety of optimization
techniques.

o The impact of the cost imbalance is assessed. While
this research has never been done before, its originality
resides in the use of a fuel cell to maximize profit while
minimizing the effects of cost imbalances.

o The impact of the TCSC and fuel cell locations on the
system risk profile is also established by this analy-
sis. TCSC is the simplest form of FACTS device that
has been successfully included in the system, hence
advanced FACTS devices will also be successfully
incorporated into the proposed system.

This work is organized as follows: section I provides the
background study along with the literature and main high-
lights of the work. Section II describes the different math-
ematical formulations used to evaluate the performance of
the proposed configuration. Section III establishes the objec-
tive functions associated with the constraints for optimiza-
tion. Sections IV describe the proposed method for assessing
system risk and societal benefit of a deregulated system.
Section V combines the results obtained for the different sce-
narios without & with the integration of wind energy sources.
Further, the study is conducted after integrating the fuel cell
into the system and optimally placing the TCSC. Comparative
studies on system profit & system risk assessment using
ABC, MFO, and SQP algorithms were done & finally present
the conclusions of the work.

Il. MATHEMATICAL FORMULATION
An objective function has been presented in this paper using
a fuel cell and wind farm model.

A. DATA ON WIND SPEED
For the analysis, the actual and forecasted wind speeds for
two different locations in India (Siliguri and Kolkata) are
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TABLE 1. FWS & AWS at 10 m & 120 m height (in m/s) [28].

Siliguri Kolkata
5 Recorded Calculated Recorded Calculated
é wind speed at | wind speed at | wind speed at | wind speed at
10 m 120 m 10 m 120 m

FWS | AWS | FWS | AWS | FWS |AWS | FWS | AWS

1 222 | 250 | 3.17 | 3.57 | 250 1.94 | 357 | 277
2 222 | 250 | 3.17 | 3.57 2.50 194 | 3.57 | 2.77
3 222 | 250 | 3.17 | 3.57 | 222 | 250 | 3.17 | 3.57
4 222 | 222 | 3.17 | 3.17 222 | 250 | 3.17 | 3.57
5 222 | 222 | 317 | 3.17 | 222 194 | 317 | 2.77
6 222 | 222 | 3.17 | 3.17 222 | 250 | 3.17 | 3.57
7 194 | 222 | 277 | 317 | 222 | 250 | 3.17 | 3.57
8 1.94 194 | 277 | 277 2.50 194 | 3.57 | 2.77
9 1.94 194 | 277 | 277 | 250 | 250 | 3.57 | 3.57
10 | 194 | 222 | 277 | 3.17 | 2.78 | 2.50 | 3.96 | 3.57
11| 222 | 222 | 3.17 | 3.17 3.06 194 | 436 | 2.77
12 | 2.22 194 | 3.17 | 2.77 333 1.94 | 475 2.77
13 | 250 | 2.78 357 | 396 | 3.33 1.94 | 475 2.77
14 | 2.50 1.94 | 357 1.98 3.33 3.06 | 475 | 4.36
15 | 2.50 1.94 | 3.57 | 2.77 3.33 3.06 | 475 | 4.36
16 | 2.50 | 222 | 3.57 | 3.17 3.33 3.61 4.75 5.15
17 | 222 | 250 | 3.17 | 3.57 3.33 444 | 475 6.34
18 | 1.94 | 250 | 2.77 | 3.57 3.06 | 250 | 436 | 3.57
19 | 222 | 278 317 | 396 | 3.06 | 250 | 436 | 3.57
20 | 222 | 222 | 3.17 | 3.17 | 278 3.06 | 396 | 4.36
21 | 2.22 194 | 3.17 | 277 | 250 | 250 | 3.57 | 3.57
22 | 222 194 | 3.17 | 277 | 250 | 278 | 3.57 | 3.96
23 | 2.22 194 | 3.17 | 277 | 222 | 2.78 3.17 | 3.96
24 | 222 | 222 | 317 | 3.7 | 222 | 278 | 3.17 | 3.96

recorded. The FWS data for 11 November 2022 was gath-
ered on 10t November, while the AWS data for 11 Novem-
ber 2022 was collected on November 121 [28]. Data for
a height of 10 meters (h,) was acquired. In India, a wind
turbine’s hub height is typically 120 meters. Therefore, the
wind speed at that altitude (h) is determined [29]:

Wh_ h\? 1
Wo—(a) M

where, ‘W)’ is wind velocity at height ‘h, ‘W,’ is wind
velocity at a height ‘h,” and ‘o’ are co-efficient of Hellman.
The recorded wind speed as well as the estimated wind speeds
are displayed in Table 1.

B. WIND POWER AND GENERATION COST ESTIMATION
The power available from a wind turbine is given by [30]:

1
Py = Epanv3 ()

where a is the sweep-up area of the wind turbine, v is wind
velocity, p is the density of air, 5 is the efficiency of the
turbine. For this work, o = 1.225 kg/m3, the turbine rotor
radius is 40 m &7 = 0.49. According to Table 1, the database
offers a range of wind speeds in the select cities between
1.94 and 4.44 m/s. For the wind speeds mentioned above,
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TABLE 2. Calculated wind power cost for different wind velocity.

Wind velocity at Wind velocity Power . Wind
. . generated with
10 m height at 120 m height . power cost
(m/sec) (m/sec) 30 wind ($/hr)
turbines (MW)
1.94 2.717 1.61 6.032
222 3.17 2.40 9.004
2.50 3.57 3.42 12.820
2.78 3.96 4.69 17.586
3.06 4.36 6.24 23.407
3.33 4.75 8.10 30.389
3.61 5.15 10.30 38.637
4.44 6.34 19.21 72.033
Bus -j _ - XTCSC -
ij =Tk +]xjk Bus -k
Vi == IB.n IByg, =——p— Vi

FIGURE 1. Static model of TCSC.

Table 2 shows the amount of power produced and the cost
of wind energy. The cost of investment for wind energy is
considered as 3.75 $/MWh [31]. The wind farm has 50 wind
turbines that are all running in parallel.

C. STATIC MODEL OF TCSC
The thyristors’ firing angle can change the inductor reactance,
which can alter the effective impedance of the TCSC [32].
It also lowers the line’s transfer reactance, maximizes power
transfer, and reduces VAR losses. In the current work, the
TCSC static model is considered (shown in Fig. 1).

The line reactance of the line where the TCSC is to be
located is affected by the reactance of the TCSC:

XLINE = Xjk + XTCSC 3
Xresc = Krese x XLINE @

Here ‘Xpve’ and ‘xj;’ is the line reactance between buses ‘j’
and ‘k’ after and before FACTS devices are placed respec-
tively. ‘Xtcsc’ is the reactance of TCSC. ‘Krcsc’ is the
compensation coefficient of TCSC. The TCSC compensation
level is estimated to be between —0.7 and 0.2.

D. CAPITAL COSTS FOR TCSC

The financial shape of the system depends deeply on the
equipment’s capital costs. In this paper, the life of TCSC
is taken 20 years. The TCSC investment cost is determined
by [10]:

COSTrcsc = 0.0015 x Op%ACTS —0.713 x OpgacTs
+153.75$/kVar  (5)
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FIGURE 2. Hydrogen based fuel cell.

where, COST rcsc is the TCSC investment cost, Oppscrs 1S
the TCSC operating point.

E. ENERGY STORAGE SYSTEM

The hydrogen-based energy-storing device has an elec-

trolyzer that produces hydrogen, and a fuel cell that converts

the chemical energy of hydrogen into electrical energy [33].
The equation that represents the reversible chemical reac-

tion 1s-

2H, + Oy — H,0 + Electrical Energy + Heat  (6)

Tanks are used to store generated hydrogen that can be used
as & when required (shown in Fig. 2). The storage system
works on the following principle [34], [35]:

The Electrolyzer generates hydrogen during periods of
low demand and is stored in a tank.

The energy consumed for producing hydrogen by the elec-
trolyzer is expressed as:

H2Prod o« LHV,

NElz

Eg1, = (N
where, H 2%2”[: Produced Hydrogen in the Electrolyzer

Eg;.: Energy used by the Electrolyzer

nEei;: Efficiency of the Electrolyzer

LHVy,: The Ilower heating
(240 MJ/kmol).

During high demand stored, Hydrogen will be used in the
Fuel cell to meet the demand

During peak hours, a fuel cell can be used to generate
electrical energy using hydrogen. The fuel cell’s ability to
produce power is directly correlated to how much hydrogen
it uses.

value of hydrogen

Erc = H25( *nrc * LHVi (®)

where, H Zf,rgd: Hydrogen utilized by the Fuel Cell
Erc: Energy generated by the Fuel cel
nrc: Efficiency of the Fuel Cell
LHVpg,: The lower heating value
(240 MJ/kmol).

of hydrogen

F. RISK ASSESSMENT

In today’s electricity market, risk assessment and manage-
ment are becoming more and more crucial. In the area of
risk management, the popular approaches are VaR and cVaR.
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FIGURE 3. Representation of cVaR and VaR.

Based on the probabilistic investigation and guaranteed confi-
dence levels, both estimation methods are built. For instance,
cVaR might be determined using the average of the 5% worst
losses if VaR is calculated at a 95% confidence level. cVaR
is the extra losses in the remaining 5%. VaR indicates the
smallest loss with a loss quantity of (1-w) percentile, while
cVaR displays the average loss components in the lower tail
of the loss distribution (shown in Fig. 3).

Here, w is the confidence level and g(x,y) is the loss asso-
ciated with the decision vector Q, to be chosen from a certain
subset x of R, and the random vector y in R. The probability
of g(x,y) is denoted by p(y) not exceeding a threshold ¢ is then
given by [9]:

v g) = / p(y)dy ©
g(x,y)<¢

Mathematically the assurance level based on VaR and cVaR
is measured by:

{w () = min{¢ e R: ¥ (x,0)} (10)
1 iw
Yo (X) = 77— [(ZJ P )aJa) + Z_j pJaJ]
(11)

where T is the number of trials composed under numerous

conditions and loss points are ordered as a; < ay <

G. OPTIMIZATION ALGORITHMS

To address the optimal power flow problem, the nature-
inspired Artificial Bee Colony algorithm (ABC) and the Moth
Flame Optimization (MFO) algorithm are taken into account.
Compared to the ABC algorithm, the MFO approach has
stronger or superior convergence capabilities, and both ABC
and MFO provide more optimal solutions than the SQP.

Artificial Bee Colony Algorithm (ABC)

A population-based search methodology called the ABC
algorithm which was developed in part as a result of honey-
bees’ clever behavior [36]. In this instance, there are three
types of bees present in the artificial colony: employed,
onlookers, and scouts. Only one bee is actively employed
for each food source. In other words, the quantity of bees
actively working is determined by the number of food sources
nearby. A scout is formed out of the employed bee whose
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food source has been left by the other bees. In the algorithm,
a food source’s position denotes a potential solution to the
optimization issue, and a food source’s nectar content denotes
the fitness of the solution it is linked with. The number of
employed bees or onlookers in the population is equal to the
number of solutions.

The main stages of the ABC algorithm are as follows-

. Initialization stage

. Repeat

. Employed bees stage

. Onlooker bees stage

. Scout bees stage

. Memorize the best food source so far

. Until cycle = Maximum cycle number
End

Moth Flame Optimization Algorithm

A novel metaheuristic optimization technique called the
MFO algorithm is focused on simulating moth activity
to understand their unique night-time navigational strate-
gies [36]. Here, a moth flies by maintaining a steady angle
to the moon, which is an incredibly efficient mechanism for
traveling great distances in a straight line because the moon
is far from the moth. However, frequently the moths get
entangled in a pointless or fatal spiral journey around artificial
lights. This is because the light is very close, hence keeping
the same angle to the light source enables the moths to fly in
a spiral pattern. To conduct optimization, the MFO method
simulates this behavior mathematically.

The main stages of the MF O algorithm are-

® NN AW —

. Initialization stage

. Repeat

. Determination of error for each moth

. Sort & assign a flame

. Determination of the distance between flame & moth
. Memorize the best moth position

. Until cycle = Maximum cycle number

~N NN

Ill. OBJECTIVE FUNCTION

Considering a test system with ‘N’ buses, ‘N’ transmis-
sion lines, ‘Np’ demands, and ‘Ng’ generators. The goal
of this work is to place TCSC and fuel cells optimally in a
renewable integrated deregulated system to optimize societal
welfare and profit by minimizing the cost of generation and
improving system risk in the presence of imbalance costs.
Any performance analysis of an integrated renewable power
system must account for imbalance costs. The positive imbal-
ance cost provides greater system profit, whereas the negative
imbalance cost generates lower profit, which is a result due
to the simultaneous application of rewards and penalties to
GENCOs by the system operators. The two objective func-
tions used in this study are maximizing and minimizing prob-
lems respectively. The followings are the objective functions:

First component of the objective function:

Max. Py (t) = TR(t) 4 ICy(t) — TGCy(t) (12)
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‘ Set

Hour counter Hr=1 & total profit TP=0
¥

Read
bus data, branch data. generation data and generation co-efficient data

v
Read
actual wind speed (AWS) data -
forecasted wind speed (FWS) data
v
Calculate
wind speed at the desired height and find out the wind power investment cost

v

Run
optimal power flow after placement of wind farm

v

Read
value of power generation and LMP

v

Calculate
revenue cost and total generation cost including the wind power cost

Calculate Yes
Surplus Charge Rate, SCR

b

No

Calculate
Deficit Charge Rate. DCR

v

Calculate
> Imbalance cost, IMC
Profit for that hour, P

.

Calculate
Total profit TP=TP-+P

@ L Hr—Hr1 [

No

Print
Total profit, TP

FIGURE 4. Flow chart for calculating profit.

where, P,(t) is the n-th unit’s total profit at a time ‘t,” TR, (¢) TGC, (t) = GG, () + WGC,, (t) + COSTrcsc (15)
is the n-th unit’s total revenue, IC,(¢) is n-th unit’s imbalance

cost and TGC,(¢) is the n-th unit’s total cost (for both ther- where, Py;(#) and Pg;(t) are power generated at i-th generator
mal & wind generation). This is the maximizing problem. bus with actual and forecasted wind speeds. SR(¢) and DR(¢)
The three components of equation (12) are system revenue,  are surplus and deficit charge rates at a time ‘t". WGC, (¢) is
imbalance cost, and generating cost. The cost of imbalance =~ wind power generation cost. GC,, (¢) is the generation cost of
is crucial in a deregulated energy market consisting of wind- power from a thermal generating unit and COST rcsc is the
thermal power plants to get enhanced social welfare. investment cost of TCSC devices. The system generation cost

No is calculated by:
TRa() = >~ Pai(t) LMPi() (13) .
- _ . 2
_ )2 GCr(® = > (an +baPai®) + CPR®)  (16)

Pai(®) where, ‘a,, ‘b,’ and ‘C,’ are generation cost co-efficient.
- (Paj () — PERi() (14) Based on the anticipated wind speed, the wind-generated

ICy(t) = Zicl SR(t)+DR(t)~(
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Select
Load data, Wind energy, contract power,
PHES energy for 24 hr

v

Solve
Optimum power flow

A4

Calculate
hourly MVA values
LMP & loss for 24 hr

v

Calculate
VaR & CVaR for different confidence
level

All system level covered ?

FIGURE 5. Flowchart for risk assessment.

power is calculated and committed in a day-ahead electricity
market.

When AWS differs from FWS, the fuel cell can be used to
reduce the power disparity and make up for the discrepancy.
Equation (14) is used to calculate the cost of imbalance which
is measured by the charge rate for deficit and surplus of
power.

DR(t) = (1+ 1) -LMP; (t), SR(t) = 0 for Pri(t) > Pai(t)

SR(t) = (1 —A)-LMP; (t), DR(t) = 0 for Pgi(t) <Pai(t)

SR(t) = DR(t) = 0 for Pgi(t) = Pai(t) (17-19)

where ‘LMP; (1)’ is Locational marginal pricing at i gener-
ation bus at a time ‘t’. ‘A’ is the imbalance cost coefficient
(ratio between the imbalance charge rate (surplus charge rate
or deficit charge rate) and market clearing price). ‘A’ varies
from zero to one. Here it is taken 0.9.

Second component of the Objective Function:

Min.¢, (x) = min{¢ € R: ¢ (x, )} (20)
1 o T

Min.¢,, (x) = 1o [(Zj_l pj — a)) aj, + Zj:jm pjaji|

1)
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FIGURE 6. Revenue, generation cost & Profit for different systems without
wind generation.
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FIGURE 7. (a) Generation capacity (MW)& (b) LMP ($/MWh) at generator
buses for different systems without wind generation.

Equations (20-21) respectively illustrate the functions of
VaR and cVaR. VaR and cVaR have an inverse relationship
with system risk, which means depending on the lowest or
highest negative values of VaR and CvaR, the system risk
level is at its highest or lowest. Hence risk can be reduced
by moving from the left to the right tail of the system risk
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TABLE 3. Comparison of bus voltage (p.u) for different systems.

TABLE 4. Comparison of line losses for different systems.

Dereg. | Dereg. Dereg. | Dereg.
Sys. Sys. Sys. Sys.
Bus Reg. with with | Bus Reg. with with
no. Sys. single | double | no. Sys. single | double
bus bus bus bus
DSB DSB DSB DSB

1 1.060 1.060 1.060 8 1.060 1.060 1.060

1.042 1.041 1.040 9 1.047 1.044 1.060

1.013 1.016 1.014 10 1.042 1.039 1.052

1.022 1.015 1.018 11 1.047 1.046 1.053

1.022 1.017 1.019 12 1.045 1.045 1.046

1.060 1.060 1.060 13 1.040 1.040 1.042

R = N RO/ T I S RRVS I B )

1.050 1.046 1.055 14 1.026 1.024 1.034

characteristic (shown in Fig. 3) which means VaR and cVaR
value is to be increased in a positive direction. Reducing the
generation cost is one of the key objectives of the current
work. Now the generation cost is least when VaR and cVaR
values are at the rightmost tail of the curve, indicating social
welfare is maximized. Thus, social welfare and the VaR and
cVaR are directly related. The solution from optimal power
flow (OPF) was achieved through the different constraints
which have been taken from ref. [36].

Operational constraints of Fuel Cell Energy is stored
using a hydrogen storage system made up of a fuel cell,
an electrolyzer, and hydrogen tanks. During off-peak hours,
energy is used by the electrolyzer for the production of hydro-
gen molar which is stored in hydrogen tanks. The hydrogen
that was saved during peak hours is utilized in a fuel cell
for power production. The electrolyzer’s minimum and max-
imum power consumption constraints are as follows [37]:

ENy < Emi < Epp" (22)
Also, the constraint for hydrogen production by elec-
trolyzer is given by:

prod_min prod prod_max
H2Elz = H2Elz = H2Elz (23)

Additionally, when operating in fuel cell mode, the hydro-
gen that has been stored generates power to meet peak
demand. Thus, the constraints are given:

ER" < Erc < Ef¢* (24)
Hzi::(():ns_min < HZ%%HS < HZ;(():ns_max (25)

IV. PROPOSED METHODOLOGY

This study proposes a method for assessing system risk
and societal benefit in a deregulated wind-fuel cell-based
electrical system. Fig. 4 and 5 represent the methodology
for the system parameters improvement in terms of econ-
omy and risk respectively. The optimal economic approach
calculates the profit for GENCOs based on the forecasted
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Dereg.| Dereg. Dereg.| Dereg.
Sys. Sys. Sys. Sys.
Line Reg. with with | Line Reg. with with
no. Sys. single | double| no. Sys. single | double
bus bus bus bus
DSB DSB DSB DSB
1 2.899 29 2.865 11 0.05 0.048 0.015
2 2.045 2.051 1.949 12 0.072 0.068 0.064
3 1.351 1.343 1.453 13 0.208 | 0.207 | 0.171
4 1.276 1.28 1.204 14 0 0 0
5 0.734 | 0.735 | 0.664 15 0 0 0
6 0.104 0.094 0.164 16 0.015 0.015 0.031
7 0.327 0.33 0.347 17 0.13 0.132 0.182
8 0 0 0 18 0.01 0.01 0
9 0 0 0 19 0.006 | 0.006 | 0.003
10 0 0 0 20 0.048 | 0.047 | 0.018
4000
3600
=
é 3200
S 2800
o
2400
2000

194 222 250 278 3.06 333 361 444

Wind speed (m/s)
BRegulated System
@Deregulated System - Single Bus DSB
Deregulated System - Double Bus DSB

FIGURE 8. System profit vs. wind speed.

wind speed. The OPF is solved to reduce the cost of genera-
tion by rescheduling the generation and utilizing the system
constraints. The imbalance cost as well as system profit is
calculated once wind resources are added to the system. From
the flow diagram ‘H;’ represents the hour number, ‘Pt is the
total profit, and ‘P’ is the profit for a given hour.

In Fig. 5, it is shown how to evaluate the risk and minimize
it by employing fuel cells. MVA flows for each operational
hour, locational marginal pricing (LMP), and system losses
are gathered following each stage’s solution of the optimal
power flow issue. These are used to calculate cVaR and VaR
while taking 95% confidence intervals into account. The sys-
tem was examined throughout a 24-hour scheduling window.
In this case, it is thought that the FC will help to even out
the disparity between wind energy production and contractual
power. Furthermore, it is believed that FC’s initial capacity
will be adequate to counteract any severe imbalances that may
occur throughout its 24-hour operation.
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TABLE 5. Revenue, generation cost for the different systems with wind generator.

Wind speed Regulated System Deregulated System with single bus DSB Double Bus Deregulated System
sk (m/s) Revenue ($/h) | Generation cost ($/h) | Revenue ($/h) Generation cost ($/h) | Revenue ($/h) | Generation cost ($/h)
1 1.94 10,048.98 8,022.87 9,421.03 7,112.79 9,342.55 6,539.80
2 222 10,047.09 7,994.11 9,427.39 7,084.23 9,358.79 6,511.30
3 2.50 10,043.72 7,956.98 9,436.04 7,047.37 9,379.51 6,474.50
4 2.78 10,041.54 7,910.78 9,446.05 7,001.52 9,405.46 6,428.72
5 3.06 10,037.93 7,854.43 9,458.94 6,945.62 9,437.10 6,372.88
6 3.33 10,033.38 7,786.85 9,474.12 6,878.61 9,475.10 6,305.92
7 3.61 10,028.17 7,706.98 9,492.26 6,799.47 9,519.34 6,226.79
8 4.44 9,987.09 7,384.50 9,562.95 6,480.20 9,699.09 5,907.05
1.07 TABLE 6. Hourly profit (in $/h) for Siliguri considering the imbalance cost.
3
o 106 Deregulated Deregulated
E] FWS AWS | Regulated | System with System with
':ém 1.05 Hour (m/s) (m/s) System Single Bus Double Bus
g 104 DSB DSB
N 1 2.22 2.50 | 2,090.398 2,392.290 2,906.908
S 103 2 222 | 2.50 | 2,090.398 | 2,392.290 2,906.908
> 1.02 3 2.22 2.50 | 2,090.398 2,392.290 2,906.908
101 1 I I 4 2.22 2.22 | 2,049.603 2,343.154 2,847.654
1 2 3 456 7 8 9 1011 12 13 14 50| 222 | 222 | 2,049.603 | 2,343.154 2,847.654
Bus No. 6 2.22 2.22 | 2,049.603 2,343.154 2,847.654
= Regulated System 7 194 | 222 | 2,052.540 | 2,346.120 2,848.970
Deregulated System with single bus demand side bidding. 8 1.94 1.94 | 2,020.845 2,308.238 2,802.873
Deregulated System with double bus demand side bidding. 9 1.94 1.94 | 2,020.845 2,308.238 2,802.873
FIGURE 9. Bus voltage profile at maximum wind speed. 10 1.94 2.22 | 2,052.540 2,346.120 2,848.970
11 2.22 2.22 | 2,049.603 2,343.154 2,847.654
12 2.22 1.94 1,960.234 2,246.865 2,777.464
3.0 13 2.50 2.78 | 2,137.291 2,448.858 2,979.073
25 14 2.50 1.94 1,882.227 2,169.555 2,744.565
g 20 15 2.50 1.94 1,882.227 2,169.555 2,744.565
by 16 2.50 2.22 1,971.610 2,265.859 2,814.760
% 15 17 2.22 2.50 | 2,090.398 2,392.290 2,906.908
% 10 18 1.94 2.50 | 2,092.758 2,394.668 2,908.169
5 19 2.22 2.78 | 2,140.015 2,451.550 2,980.682
0.5 I 20 222 | 222 | 2,049.603 2,343.154 2,847.654
0.0 N I | o _ 21 | 222 | 194 | 1960234 | 2,246.865 2,777.464
1234567 8 91011121314151617181920 22 222 1.94 | 1,960.234 2,246.865 2,777.464
Line No. 23 222 1.94 1,960.234 2,246.865 2,777.464
24 2.22 2.22 | 2,049.603 2,343.154 2,847.654

H Line Losses (MW) Regulated System
H Line Losses (MW) Deregulated System with single bus DSB
Line Losses (MW) Deregulated System with double bus DSB

FIGURE 10. Line loss profile at maximum wind speed.

The LMP plays a vital role in the deregulated environ-
ment because LMP is the selling price of the generated
power. So, minimum values of LMP can provide economic
benefits to the customer which can enhance the profit of
society.
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V. RESULTS AND DISCUSSION

In this work, the impact of the suggested approach is exam-
ined using a modified IEEE 14-bus test system [38]. The
presented approach may be performed in any small, large
as well as hybrid electrical system also. The main objec-
tive of the work is to maximization of system profit which
is directly linked with the minimization of system genera-
tion cost. Here, different optimization techniques have been
used to get the most optimal value of generation cost by
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Calculation of
individual generation
and LMP for all
generator buses

After placing the wind generator at bus no. 4, OFF has
been solved for every wind speed data considering all the
constraints discussed in the equation (22) - (30) using the
sequential quadratic programming method.

The thermal power generation and LMP is recorded as
wind power increases

Calculation of
imbalance cost

e | i

The imbalance cost 1s ca:npl;tm! Llsing the formula rom
Equations (14), (17}-(19) for anv variation in the predicted
and actual wind speeds

For AWS = FWS - We receive a deficit charge rate

For AWS < FW5 : We receive a surplus charge rate

For AWS=FWS : the imbalance cost 15 zero

Calenlation of overall
system profit.

The profit is caleulated using the following formula
Profit = Revenue + Imbalance cost - Generation cost

FIGURE 11. Estimation of profit considering imbalance cost.

Hour

1234567 8 9101112131415161718192021222324

n ki
-20
-40
-60

-100

Imbalance cost ($/h)
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-160

m Regulated System
m Deregulated System - Single Bus DSB
Deregulated System - Double Bus DSB

FIGURE 12. Hourly Imbalance cost (in $/h) for the considered location
Siliguri.

considering different power system constraints. Similarly, the
second objective of the work (i.e. system risk mitigation) also
depends on the optimal power flow. The role of metaheuristic
algorithms is to find the most optimal scheduling parameters
after performing the optimal power flow problem. Here,
three optimization techniques have been used for checking
the effectiveness of the proposed approach. The OPF was
initially solved using SQP, and afterward, meta-heuristic opti-
mization techniques were applied for comparative studies.
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FIGURE 13. Hourly Imbalance cost (in $/h) for the considered location
Kolkata.

The following scenarios have been considered during the
study:
o Regulated System
o Deregulated System with single bus demand side
bidding
o Deregulated System with double bus demand side
bidding
Without and with the integration of wind power, the sys-
tem performance under the aforementioned conditions is
observed.
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FIGURE 14. Profit/day and average profit for the selected places.

A. SYSTEM PERFORMANCE WITHOUT WIND PLACEMENT
At first, the OPF has been solved without the integration of a
wind generator using SQP. Fig. 6 shows the generation cost,
revenue, and profit for different considered systems. Whereas
the generation capacity for all generators and LMP at the
generator buses are shown in Fig. 7. Demand-side bidding
has been found lower system generation costs which benefits
power users directly.

The result from the demand-side bidding indicates that
there is a potential for further deregulation of the current
power system. Table 3 & 4 indicates a comparison of bus
voltages & line losses in regulated and deregulated power sys-
tems conditions. Demand-side bidding (DSB) is conducted
at bus no. 5 for single bus DSB and at buses no. 5 & 9 for
double bus DSB to make the power system environment a
deregulated system.

To provide flexibility bidding, both generation side and
demand side bidding are considered in this work. Looking
at the results shown in Fig. 7, it is observed that the cost of
generation goes down and LMP improves with increasing
the no. of buses for DSB. After the double demand side
bidding, results show more improvement in terms of system
voltage and transmission line losses. Both demand-side and
generator-side bidding have succeeded in the deregulated
power economy. As a result, compared to the regulated
system, the power scheduling procedure has also changed.
Because of the intense competition in the electricity market,
customers always benefit economically. The system now
contains more than one generation company, which has
also enhanced the quality of the power. For these reasons,
after the system was switched over to a deregulated system,
improvements were noted in the bus voltage and transmission
line losses.

VOLUME 11, 2023

cost

Average profit/h for Siliguri

DSB with DSB with DSB DSB with  DSB with

wind wind and System wind wind and

without  Imbalance  without without  Imbalance
Imbalance cost wind Imbalance cost

cost

Average profit/h for Kolkata

B. SYSTEM PERFORMANCE AFTER PLACEMENT OF WIND
BUT NEGLECTING IMBALANCE COST

The wind energy source is placed in bus no. 4 as this bus
has the highest load connected to the system. Connecting the
wind energy on this bus is going to reduce the line losses
& reduce the congestion throughout the system. At first,
SQP has been used to determine the optimum power flow.
The overall generation cost is computed along with thermal
generation and wind investment costs.

Eq. (13) has been used to compute the overall revenue
cost. The revenue and generating cost for several systems
with various considered wind speeds are compared in Table 5.
As the system moves closer to deregulation, a decrease in
total generation costs and an increase in profit may obtain.
The comparison analysis of system profit with various wind
speeds is shown in Fig. 8.

It has been shown that adding the most wind power to
the system results in the most profit for both regulated and
deregulated environments. Augmentation is evident in bus
voltage and line losses after the introduction of wind power
in deregulated electricity networks. Fig. 9 shows the bus
voltages when the integrated wind power is maximum (at a
wind speed of 4.44 m/s). Fig. 10 shows the line losses for the
same condition. The cost of system generation is inversely
proportional to social welfare. So, social welfare will be
maximized while minimizing generation costs. In this case,
including wind farms in the system results in lower generating
costs, reflecting the improvement in social welfare.

C. SYSTEM PERFORMANCE WITH IMBALANCE COST

The imbalance cost offsets the effect of uncertainties of wind
speed on profit. Fig. 11 describes how profit is estimated
considering imbalance cost. The thermal generation & LMP
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TABLE 7. Hourly profit (in $/h) for Kolkata considering imbalance cost.

Deregulated Deregulated

Hour FWS AWS | Regulated Sy_stem with System with

(m/s) (m/s) System Single Bus Double Bus

DSB DSB

1 222 2.50 | 1,887.487 2,169.555 2,744.565
2 2.22 2.50 | 1,882.227 2,169.555 2,744.565
3 222 2.50 | 2,090.398 2,392.290 2,906.528
4 2.22 2.22 | 2,090.398 2,392.290 2,906.528
5 2.22 2.22 | 1,960.234 2,246.865 2,777.464
6 2.22 222 | 2,090.398 2,392.290 2,906.528
7 1.94 222 | 2,090.398 2,392.290 2,906.528
8 1.94 1.94 | 1,882.227 2,169.555 2,744.565
9 1.94 1.94 | 2,086.737 2,388.667 2,905.213
10 1.94 222 | 1,989.778 2,292.470 2,864.143
11 222 222 | 1,667.028 1,954.356 2,653.401
12 2.22 1.94 | 1,524.588 1,811.916 2,593.675
13 2.50 2.78 | 1,524.588 1,811.916 2,593.675
14 2.50 1.94 | 2,047.015 2,371.045 3,004.746
15 2.50 1.94 | 2,047.015 2,371.045 3,004.746
16 2.50 222 | 2,342.136 2,696.666 3,296.055
17 222 2.50 | 2211.475 2535.567 3079.062
18 1.94 2.50 | 1,871.637 2,173.565 2,814.079
19 222 2.78 | 1,871.637 2,173.565 2,814.079
20 222 222 | 2,194.295 2,518.337 3,066.970
21 222 1.94 | 2,086.737 2,388.667 2,905.213
22 2.22 1.94 | 2,137.291 2,448.858 2,979.073
23 2.22 1.94 | 2,140.015 2,451.550 2,980.682
24 2.22 2.22 | 2,140.015 2,451.550 2,980.682

decreases as the wind power increases, resulting reduction in
system generation cost. Fig. 12 and 13 display the imbalance
cost for the chosen locations for 24 hours. The ISO penalizes
GENCO:s for failing to supply committed power, and then
the imbalance cost is negative. While ISO rewards GENCOs
for excess power represented by positive imbalance cost.
The system profit depends on revenue cost and the cost of
generation at any time. The imbalance cost and subsequently
system’s profit is evaluated based on the FWS & AWS. The
profit values for the chosen areas are shown in Tables 6 and 7
under the regulated and deregulated electricity market sce-
nario. To maximize the system’s profit, the cost of the imbal-
ance must be reduced. The appropriate or efficient renewable
forecasting method can reduce the chances of creating an
imbalance in cost for a power system.

The outcomes and conclusions drawn from the system
having wind generators and taking care of the effect due to
uncertainty of wind generation are summarized in Fig. 14.
The comparison study for the profit while accounting for var-
ious cases for the selected locations is shown in Tables 6 & 7.
The findings demonstrate that profit is maximized for every
location under ““‘Deregulated System - Double Bus DSB with
the wind without Imbalance Cost,” while it reduces for every
place with imbalance cost. Due to the unpredictable nature of
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wind flow, it is essential to calculate the wind speed before
entering into any agreements in a deregulated power market.
If there is a difference between FWS and AWS, profit may
be affected; nonetheless, wind speed prediction improves
the security and adaptability of the system that uses wind
resources. Fig. 14 compares the daily profit for each of the
chosen locations. The negative influence on profit due to
imbalance cost is amply demonstrated.

In the modified IEEE 14-bus system, Fig. 14 also com-
pares the average profit for various situations after taking
imbalance costs into account. Due to the highest instances
where the actual wind speed is higher than the predicted one,
Kolkata was able to obtain the maximum average profit (with
2879.102 $/h) under the “‘Deregulated System - Double Bus
DSB with the wind with Imbalance Cost” condition. For
Siliguri, the average profit is 2845.788 dollars per hour under
identical circumstances. It results from the discrepancy in
wind speed predictions.

D. OPTIMAL PLACEMENT OF TCSC

All the power system constraints are taken into consideration
as the optimization technique determines the best placement,
cost, and minimal value of the objective function for the
TCSC. The optimum location will be selected at which the
objective function has the lowest value after the OPF has
been run several times for every possible location for the
TCSC.

Fig. 15 shows the flow chart for the optimal placement
of TCSC. Where Ntcsc is the number of TCSC, krcsc is
the compensation level of TCSC, WGC is wind generation
cost, Aktcsc is an increment in ktcsc, I is a variable which
increases by 1 for every Akrcsc increase in TCSC compensa-
tion level, k?énsc is the minimum value andkr %5~ is the maxi-
mum value of krcsc. In every case, OPF is solved to optimize
the result. The study is carried out to judge the impacts of
wind generators & TCSC in the system. Thus, each system
(regulated, deregulated-single bus DSB &deregulated-double
bus DSB) is investigated considering the following cases:

Case 1: System act without wind generator and TCSC.

Case 2: System act with wind generator but without TCSC.

Case 3: System act with wind generator and optimal loca-
tion of TCSC.

The reactance value of the TCSC for each case is shown
in Table 8 along with its optimum location. The comparative
study of bus voltage & LMP for the case of a deregulated
system with double DSB without & with TCSC is listed in
Table 9. Fig. 16 shows the average system profit for various
cases considering TCSC. It is observed that the Installation of
TCSC improves the system profit for every case along with
stable bus voltage.

E. SYSTEM ACT WITH THE PLACEMENT OF WIND FARM
AND FUEL CELL SYSTEM

In this part, the economic evaluations that followed the inte-
gration of a Fuel Cell (FC) system into a wind-incorporated
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FIGURE 15. Flow-chart for optimum location of TCSC.

deregulated electrical system are provided. It is evident from
the preceding section that the negative consequences of
imbalance costs decrease system profit. Thus system is imple-
mented to address this issue. When there is more wind power
available and during off-peak load hours, the FC system uses
an electrolyzer to make hydrogen. During other times, the FC
system generates electrical energy using hydrogen. An extra
amount of power is provided in this circumstance by the FC
system, which will help to close the gap between the actual
and predicted wind power schedules. At bus number 9, a fixed
energy capacity with a 3 MW FC system has been installed.
Based on the reasoning of the highest load linked to that
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specific bus, the bus is chosen for the FC system installation.
Different optimization techniques, such as ABC and MFO,
have been employed alongside SQP to test the capabilities
and applicability of the given method. The MFO and ABC
algorithms’ parameters were taken from [36]. The average
hourly profit using various optimization strategies for Siliguri
and Kolkata is shown in Fig. 17.

According to the findings, establishing a wind farm with an
FC system resulted in better system profitability than doing
so without one. The primary innovation of this work is the
application of the MFO & ABC optimization technique to
a wind farm-FC hybrid system to mitigate the imbalance of
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FIGURE 16. Profit comparisonfor the selected places for different conditions.

TABLE 8. Optimal location of TCSC.

TABLE 9. Bus voltage & LMP for deregulated system-double bus DSB.

Optimal location of | Optimal Value Deregulated System-Double Bus Der%gu lﬁ%stz\f.tte}In -D(:iuble
System . DSB Without wind generation us 1th win
TCSC at Line No of TCSC generation
Regulated S ithout wind Bus
egulate ystem.wn out win 2 -0.10 No.| Bus Voltage LMP Bus Voltage LMP
generatlon
Regulated System with wind Before | After | Before | After | Before | After | Before | After
generation 3 -0.25 TCSC | TCSC | TCSC | TCSC | TCSC | TCSC | TCSC [TCSC
Deregulqted Syst'em—Single Bus 4 0.20 1 1.06 1.06 36.53 | 36.54 1.06 1.06 36.34 |36.37
DSB Without wind generation
Dercgulated System-Single Bus X 025 2 | 1.04 [1.042 | 3814 | 3814 | 1.04 | 1.04 | 37.94 [37.98
DSB With wind generation ' 3| 1.014 [ 1015 | 4045 | 40.45 | 1.014 | 1.013 | 40.34 [4031
Deregulated System-Double Bus 1 020
DSB Without wind generation : 4 | 1.018 |1.019 | 39.87 | 39.86 | 1.018 | 1.019 | 39.56 [39.59
Deregulated System-Double Bus 3 025 5 1019 | 1.02 | 3936 | 39.35 | 1.019 | 1.02 | 39.09 [39.12
DSB With wind generation ’
6 1.06 1.06 39.50 | 39.49 1.06 1.06 39.14 |39.18
7 1.054 | 1.055 39.79 | 39.79 | 1.054 | 1.054 | 39.55 [39.56
cost and diminish the system risk. In terms of system profit 8 | 1.06 | 1.06 | 39.79 | 39.79 | 1.06 | 1.06 | 39.55 [39.56
maxn@zatmn, MFO outper'forms the oth.er two optimization o | 1059 | 1.06 | 3976 | 3975 | 1.059 | 1.058 | 39.54 |39.55
algorithms for all the considered scenarios. As a result, the
installation of the FC system and the use of MFO processes 10 | 1053 |1.052 | 3992 | 3992 | 1.053 | 1.051 | 39.68 39.70
boost the system to profit in the presence of an imbalance in 11 | 1.053 |1.053 | 39.84 | 39.83 | 1.053 |1.052 | 39.54 39.57
cost. 12 | 1.046 |1.046 | 40.14 | 40.12 | 1.046 |1.046 | 39.77 [39.81
13 | 1.042 | 1.042 40.30 | 40.29 | 1.042 [1.042 | 39.96 [40.00
F. SYSTEM RISK ANALYSIS WITH THE PLACEMENT OF
WIND FARM AND FC SYSTEM 14 | 1.034 |1.034 40.81 40.80 | 1.034 | 1.033 | 40.54 [40.56

System risk analysis is very crucial to the safe operation of
an electrical system. If a fault has occurred in the system,
it must be fixed right away to prevent system failure. Here,
depending on the LMP of each bus in the system, the system
risk has been computed using the risk analysis tools i.e.
VaR and cVaR. Utilizing various optimization techniques,
Table 10 and Fig. 18 exhibit the system risk for Kolkata
under various system settings. The uncertainty of renewable
energy creates more system risk which can be minimized by
providing additional power to the grid. After detailed studies
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of the results, it has been seen that the MFO algorithms
provide the least degree of system risk when operating a large
number of wind farms. Once the FC system is implemented,
the system risk was significantly reduced in a deregulated
setting. This is taking place because more power is being
produced locally, which lessens the burden on the grid. The
optimum placement of TCSC has reduced the system risk for
all considered scenarios.
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FIGURE 17. Average hourly profit with different optimization techniques for Siliguri and Kolkata.

TABLE 10. System risk with different system conditions for Kolkata with different optimization techniques.

VaR cVaR
SL. .
N Wind Power With WF With WF-FC -|With WF-FC -|With WF-FC - With WF usin With WF-FC -|With WF-FC -|With WF-FC -
0- using SQP TCSC using | TCSC using | TCSC using S QPu g TCSc using | TCSC using | TCSC using
& SQP ABC MFO SQP ABC MFO
1 19.21 MW -0.3924 -0.3837 -0.3721 -0.3632 -0.5621 -0.5502 -0.5389 -0.5275
2 8.1 MW -0.3624 -0.3505 -0.3401 -0.3324 -0.5428 -0.5313 -0.5201 -0.5192
3 342 MW -0.3562 -0.3451 -0.3362 -0.3271 -0.5392 -0.5283 -0.5168 -0.5098
VaR CVaR
With WF-FC - With WF-FC - With WF-FC - With WF-FC - With WF-FC - With WF-FC -
With WF using TCSCusing TCSCusing  TCSCusing |With WF using TCSCusing TCSCusing  TCSC using
SQP SQP ABC MFO SQP SQP ABC MFO
0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
21921 MW ®=81MW =342 MW

FIGURE 18. System risk with different optimization techniques for Kolkata with different system conditions.

VI. CONCLUSION

This work examines the method developed to evaluate the
effects on a fuel cell — wind farm hybrid power system due
to the unpredictable nature of the wind speed. It also displays
how optimal placement of TCSC in the proposed system
can improve the system efficiency, generation costs, voltage
profiles, and electric losses in both regulated and deregulated
environments. The outcome demonstrates that the suggested
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approach is successful in generating the highest revenues
in the locations under consideration. As the GENCOs and
DISCOs enter into a power supply agreement based on a
wind speed estimate, any variation in actual and predicted
wind speeds results deficit or excess in power delivery by
the GENCOs. In such a situation the ISO may penalize or
reward the GENCOs also termed the power market imbalance
cost. It is observed in the study that the addition of a fuel cell
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enhanced the system’s LMP and hence minimized the impact
of imbalance cost. The impact of the system’s imbalance
cost on profit is explored with the predicted and actual wind
speed over a whole day for two different sites in India. The
optimal power flow solution was determined, and the profit
was calculated, using the ABC, MFO, and SQP optimization
techniques. The use of MFO, which is the novelty of this
work, performs better in terms of average yield value. The
proposed hybrid system together with TCSC was also sub-
jected to a risk analysis study in the final section employing
the analysis tools (i.e., VaR and CVaR). The ABC, MFO, and
SQP algorithms were used to calculate the system risk based
on the LMP of each bus in the system. It has been noted that
the TCSC’s optimal placement lowers system risk. Regarding
risk coefficient value, MFO surpasses all other optimization
techniques. System risk is seen to decrease as wind generation
rises. This occurs as a result of a decrease in the load demand
on the grid as a result of the wind farm meeting a portion of
the local load requirement.
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