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ABSTRACT The usage of renewable energy sources in the power sector has increased day by day to
preserve non-renewable resources from extinction. The growth of earnings in the electricity market has also
become a critical part as the electricity generated from the renewable integrated system is fluctuating in
nature. For a renewable-associated system, energy is abundant during low-demand hours. These excess
units are available due to the presence of renewable energy sources like solar, wind, etc. So, a better
way to manage this situation is to store the excess energy in the storage devices and use that energy in
high-demand hours to enhance the system’s economic profit. This paper presents a comparative study of
system economic parameters between regulated and deregulated renewable-associated systems. Solar power
has been considered here as a renewable energy source due to its high efficiency and easy availability nature.
This work also focused on maximizing the system profit in a deregulated system by the placement of a
Thyristor Controlled Series Compensator (TCSC) along with the fuel cell in the presence of a disequilibrium
price (DP). The disequilibrium price has occurred due to the disparity of real and expected renewable data
which controls the entire renewable-associated system. To achieve maximum profit, it is imperative to reduce
generation expenses to a minimum. A flexible alternating current transmission system (FACTS) is used to
enhance and increase the system’s power transfer capability and controllability. The system voltage profile
and the scenarios of location-based marginal price (LBMP) with and without consideration of TCSC have
also been deployed in this work. The study has been performed with different optimization techniques such
as Sequential Quadratic Programming (SQP) and Artificial Bee Colony Algorithms (ABC) to analyze the
economic risk of the system with a modified IEEE 14-bus system.

INDEX TERMS Deregulation, solar photovoltaic, fuel cell, disequilibrium price, system profit, revenue,
FACTS devices, TCSC.

The associate editor coordinating the review of this manuscript and
approving it for publication was Ozan Erdinç.

I. INTRODUCTION
Over recent years, the deregulated power system has replaced
the monopoly in the electricity market. The system creates
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competition among the market participants which give bene-
fit to the customers. The incorporation of renewable energy
encourages the power industry’s transition from a monopoly
to a competitive power system. Renewable sources have a
large potential to make an impact by adding energy sup-
ply, managing the demand & supply ratio, and preserving
the environment. Solar PV is preferred utmost for power
generation due to several significant advantages such as its
abundance, zero carbon footprint, and reliable nature. Solar
PV has an unpredictable nature like other renewable sources
which can cause risk in the system associated with power
system operation (e.g., frequency and voltage stability, etc.)
or liabilities associated with disequilibrium price. Further
additional renewable sources and storage devices are inte-
grated into the system to increase stability by providing power
supply and counteract the impacts of disequilibrium prices in
the system. The limitation on the installation of new trans-
mission lines allows the electric operators to improve their
techniques to maximize the flow of power through existing
transmission lines. The most adaptable and practical option
for controlling the movement of power along transmission
lines is FACTS equipment.

Many challenges are been observed in the area of oper-
ation of renewable sources, storage devices, and FACTS
devices in a deregulated system. Weber et al. [1] deliber-
ate the challenges and achievements faced in deregulating
the electricity industry and the negative outcomes that can
result from it. It provides a comprehensive literature review
of the problems experienced in various deregulation efforts
and advises countries to carefully consider these obstacles
before implementing deregulation. Reference [2] proposes a
strategy for the coordination of wind-based power resources
with energy storage systems to optimize their participation
in wholesale electricity markets. A bi-level programming
framework is proposed to maximize the expected profit of a
Virtual Power Plant (VPP) consisting of multiple Wind Pro-
ducers (WPs) and a Battery Energy Storage System (BESS).
Paper [3] includes a two-stage stochastic programmingmodel
for day-ahead scheduling and a predictive real-time dispatch
model for operationalmanagement. The framework is applied
to two distribution systems to investigate the DSO’s level of
risk exposure while minimizing its total cost. Gao and Ai [4]
proposed a modeling and optimization method for micro-
grids that considers the source, load, storage, and full-time
collaborative optimization within and outside the microgrid.
Reference [5] examines the impact of energy imbalances on
financial rewards in peer-to-peer electricity markets. It pro-
poses a new symmetric imbalance charge mechanism that
penalizes market participants irrespective of the direction of
their energy imbalance, providing a financial incentive for
them to reduce their energy imbalances. Reference [6] delib-
erates on the impact of renewable energy source integration
on the system economy in a deregulated power market.

Paper [7] depicts the challenges faced by utilities inmanag-
ing power quality, voltage stabilization, and efficient energy

utilization with the emerging use of renewable and distributed
energy sources. An Improved Frequency Regulation (IFR) for
an interconnected hybrid power system under a deregulated
scenario is proposed in [8]. Reference [9] discusses the pro-
cess of deregulation in the energy power market, which aims
to increase efficiency and competition among stakeholders.
It also explains how suppliers’ profits are maximized while
customers’ payments are reduced by adopting a bidding strat-
egy. A hybrid fuzzy-PSO prediction model for solar PV and
wind power generation in microgrid systems and distribution
networks is deliberated by Teferra et al. [10]. However, refer-
ence [11] aims to enhance the transfer capability of existing
power networks to satisfy the increased power demand by
using the Cuckoo Optimization Algorithm. Reference [12]
has anticipated the optimal power flow problemwith the opti-
mal integration of wind turbines, photovoltaic systems, and
TCSC in power systems. In [13], a multi-objective strategy
has been depicted for managing transmission congestion in
power systems by optimizing the capabilities of distributed
generators (DG) and rescheduling conventional generators.
Reference [14] discusses the optimization of hydro and wind
power portfolios in real-time market operations. It proposes
the use of internal balancing of complementary imbalances.
Zhu et al. [15] deliver an overview of the deregulated energy
market and the challenges faced by market participants in this
domain. It highlights the potential of reinforcement learning
techniques to address these challenges and improve the effi-
ciency of energymarket operations. A bidding strategymodel
for a Battery Energy Storage System (BESS) in a Joint Active
and Reactive Power Market (JARPM) in the Day-Ahead-
Market (DAM) and the Real-Time-Market (RTM) using a
robust framework is described in [16] to maximize the BESS
owner’s profit while facing price uncertainty.

The use of metaheuristic algorithms to solve the optimal
power flow problem with the presence of FACTS devices
in the power system is discussed by [17]. Zhang et al. [18]
explore a bi-level multi-mode power management strategy
to improve the efficiency, remaining life, and life-cycle
cost of multi-stack fuel cell battery hybrid power systems.
Peng et al. [19] propose an approach to a hierarchical energy
management strategy for fuel cell-based heavy-duty hybrid
power systems to enhance fuel economy and durability. Ref-
erence [20] highlights the involvement of the system operator
(SO) in the balancing market (BM) for renewable energy
generation and suggests that intermittent-renewable genera-
tors will have to actively participate in the balancing market
and be part of the solution as well as the cause. Paper [21]
discusses the decreasing costs of renewable energies, particu-
larly wind power and photovoltaic, and their economic issues
from a system perspective. The uncertain and intermittent
nature of these technologies requires continuous compensa-
tion by other flexible/balancing resources, which may incur
significant balancing costs. Akinyele et al. [22] review the
potential of fuel cells (FCs) for microgrid systems, which are
decentralized energy systems and can help mitigate energy
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poverty in remote locations. Reference [23] presents a stan-
dalone hybrid solar/wind/fuel cell power generation system
for remote areas. It combines solar and wind energy with a
fuel cell system to produce electric energy.

Shamsi and Cuffe [24] have formulated a trading strategy
in a prediction market to compensate for the imbalance costs
in the electricity market by combining the payouts of two
venues. Considering the exposure of both wind power plants
(WPP) and conventional suppliers to imbalance prices and
achieving Nash equilibrium to determine the option contract
specifications. An optimal combined sharing strategy of fuel
cell/wind turbine/battery storage unit and demand response
as microgrids to improve all of their profit in market par-
ticipation is proposed in [25]. Paper [26] presents a model
predictive control algorithm that operates a Hydrogen-based
Energy Storage System paired with a wind farm to smooth
power injection into the grid. Reference [27] studies an inte-
grated energy system that includes hydrogen as an energy
vector and hydrogen storage.

The comprehensive literature survey indicates that rela-
tively limited works have been conducted by researchers on
the integration of solar PV and energy storage devices in a
deregulated system. A few concepts are examined yet in this
field which have been explored in a broad way in this work.

This paper discusses the incorporation of renewable energy
into the existing electrical system, which is vital in a compet-
itive electrical system. The inclusion of renewable resources
assisted the power sector’s transformation from a monopoly
to a competitive one. The paper aims to investigate system
generation costs, profit, voltage profiles, and LBMP in a
deregulated power market incorporating solar photovoltaics
& fuel cells along with the optimal placement of TCSC. The
fuel cell has been used here as a reserve generating unit to
mitigate the deficit of power in the renewable incorporated
system. A regulated power market is one where the govern-
ment sets the prices and regulates the supply and demand
of electricity. In contrast, a deregulated power market is one
where the prices are determined by the market forces of
supply and demand, and the government does not regulate
the prices. The key objectives of the work are as follows:

• In a solar-associated deregulated power market, gener-
ating companies (GENCOs) and distribution companies
(DISCOs) enter into a power supply agreement based on
solar irradiance and temperature estimation. However,
if the real solar radiation and temperature differ from
the expected data, there may be a shortfall or extra
in power delivery by the GENCOs, which can result
in a disequilibrium price (DP). The ISO (Independent
System Operator) may penalize or reward the GENCOs
for this disequilibrium price.

• Hence, GENCOs are trying to reduce the power differ-
ence between real and expected solar power to decrease
the negative consequences of disequilibrium price rice.

• The most efficient technique to deal with the present
power issue is with an energy storage system. In a
global power market, storage systems can reduce power

inconsistencies and the strain on thermal power plants,
allowing economic benefit to be achieved. In this sce-
nario, a fuel cell is used to mitigate the detrimental
impacts of cost inequalities in the hybrid thermal-solar
PV-fuel cell system.

• The study examines how the optimal placement of a
TCSC and fuel cell in the proposed hybrid system can
improve the system economy by curtailing the adverse
effect of disequilibrium prices.

• The effect of FACTS devices and fuel cell placement on
system voltage profiles and LBMP for the deregulated
system has also been discussed in this paper.

• The study uses different optimization techniques such as
Sequential Quadratic Programming (SQP) and Artificial
Bee Colony Algorithms (ABC) to analyze the economic
risk of the system.

This paper is categorized into different segments, eachwith
a specific focus:

• Segment I: Focus on the background studies and the
key features of this work.

• Segment II: Illustrates the mathematical approach
implemented to validate the work presented.

• Segment III: Displays the objective functions along
with the related constraints.

• Segment IV:Defines the preferred technique for evalu-
ating system socioeconomic benefit in the deregulated
power system.

• Segment V: Shows the results gained from the distinct
segments through and beyond the incorporation of solar
PV sources, fuel cells, and TCSC.

• Segment VI: Moreover, the study is carried out by
incorporating a thyristor-controlled Series Compen-
sator (TCSC)along with the fuel cell in the competitive
power market. The practical solution is provided for
power generators to increase their profits while simul-
taneously improving the stability and efficiency of the
power grid. The outcomes of this work are shown in the
last segment.

II. MATHEMATICAL MODELING
Systemmodeling is a crucial step in the process of developing
objectives, simulations, operations, and results. This paper
has presented a hybridmodel of solar-fuel cell-TCSC systems
to create an objective function. In this section, all possible
mathematical expressions of system parameters have been
displayed.

A. SOLAR POWER
The mathematical equation that calculates the power gener-
ated by a photovoltaic (PV) array is as follows:

P = Ipv × V (1)

where, V = Supply voltage, Ipv = Photovoltaic current.

Ipv = npIph − npIsat

[
e

qF
AikT − 1

]
−

npF
rsh

(2)
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Here, the equations include several variables, including np,
ns, Iph, Isat, Ai, k, T, q, F, and rsh.

F =
Vpv

ns
+

Ipvrs
np

(3)

Iph =
S

1000
[Isc + ki {T−Tr}] (4)

Isat = Irr

[
T
Tr

]3
e
qEg
Aik

[
1
Tr

−
1
T

]
(5)

np represents the number of PV cells connected in parallel,
while ns represents the number of cells connected in series.
Iph is the photocurrent generated by the PV array, and Isat is
the reverse saturation current. Ai, k, T, and q are the ideality
factor, Boltzmann constant, cell absolute temperature, and
electron charge respectively. F is an intermediate variable
calculated using Vpv (photovoltaic voltage), ns, Ipv, rs (PV
internal resistance in series), and np.
Equation (4) calculates the photocurrent (Iph) of a solar cell

based on the incident solar power (S), short-circuit current
(Isc), and temperature (T) of the cell. The term (S/1000)
converts the incident solar power from watts per square meter
to kilowatts per squaremeter. The term (ki {T−Tr}) represents
the temperature coefficient of the solar cell, where ki is the
short-circuit current temperature coefficient and Tr is the
reference temperature. Equation (5) computes the saturation
current (Isat) of the solar cell based on the rated saturated
current (Irr), temperature (T), and energy band gap (Eg).

B. STATIC MODEL OF TCSC
ATCSC stands for Thyristor Controlled Series Compensator.
It consists of a capacitor and an inductor connected to a
couple of opposite-poled thyristors. By adjusting the firing
angle of the thyristors, the inductor reactance can be varied,
which changes the effective impedance of TCSC. Adding
TCSC in series with the transmission line reduces the transfer
reactance of that line connected between bus ‘i’ and bus
‘j’.This reduction in transfer reactance increases the max-
imum power that can be transferred on that line and also
reduces effective reactive power losses. The TCSC can be
operated as capacitive or inductive compensation by directly
modifying the reactance of the transmission line. The static
model of TCSC is considered in the current work, and a
variable reactance is connected in series to construct this
model. The reactance of TCSC is a function of the reactance
of the transmission line where TCSC is to be located as:

XLine = Xij + XTCSC (6)

XTCSC = KTCSC∗XLine (7)

XLine represents the total reactance of a transmission line.
It is calculated by adding the reactance of the line itself
(Xij) and the reactance of the connected TCSC to the line
(XTCSC). The equation also introduces the variable (KTCSC),
which represents the compensation level of the TCSC. The
reactance of the connected TCSC is calculated bymultiplying
the constant KTCSC with the reactance of the line (XLine).

The range of the compensation level of TCSC is limited
to −0.7 ≤ KTCSC ≤ 0.2. This means that the compensation
level cannot exceed 20% of the reactance of the line, and it
cannot be less than 70% of the reactance of the line.

C. FUEL CELL
The fuel cell model is a system that consists of an electrolyzer
and a fuel cell. The electrolyzer uses the reverse reaction
to electrolyze water and produce hydrogen. The fuel cell,
on the other hand, converts the chemical energy of hydrogen
into electrical energy. The reversible chemical interaction
between oxygen and hydrogen produces electrical energy,
heat, and water, as shown in the following equation:

2H2 + O2 → H2O + Electrical Energy + Heat

The generated hydrogen is stored in tanks for both short-
and long-term storage. The efficiency of hydrogen storage
is quite high compared to large-scale storage systems such
as batteries or pumped hydro storage. There are two dif-
ferent operating periods in the system: low-demand and
high-demand periods.

During the low-demand period, the electrolyzer produces
hydrogen which is stored in tanks for later use.

The energy consumed by the electrolyzer (Eelz) is repre-
sented by the equation:

Eelz =
hvlH2

× Ep
H2

ηelz
(8)

Here, Ep
H2

represents the hydrogen produced by the elec-
trolyzer, ηelz the efficiency of the electrolyzer, and hvlH2
represents the lower heating value of hydrogen.

During the high-demand period, the stored hydrogen is
used in the fuel cell to produce electricity. The energy pro-
duced by the fuel cell (Efc) is represented by the equation:

Efc = ηfc × fcconH2
× hvlH2

(9)

Here, fcconH2
represents the hydrogen consumption in the

fuel cell, and ηfc represents the efficiency of the fuel cell.

D. LOCATION-BASED MARGINAL PRICE (LBMP)
Location-based Marginal Price (LBMP) is a method used in
electricity markets to determine the price of electricity at spe-
cific locations in the grid. It considers the cost of transmitting
electricity from the generation source to the location where
it is consumed, as well as other factors such as demand and
available generation capacity. With this method, the market
clearing price for several nodes, or locations on a transmission
grid is established. The marginal price at a node is essentially
the sum of the variable cost of supply, transmission losses,
and system congestion. In a typical LBMP system, the price
of electricity is determined separately for each location in
the grid, based on the cost of delivering electricity to that
location. This can lead to different prices for electricity in
different parts of the grid, even if they are supplied by the
same power plant.
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LMP is used in many electricity markets around the world,
including in the United States, Europe, and Australia. It is
an effective way to promote efficient use of the grid and to
encourage investment in new transmission infrastructure.

E. SEQUENTIAL QUADRATIC PROGRAMMING (SQP)
The sequential quadratic programming (SQP) iterative
approach has been used for solving the constrained non-linear
problem. The mathematical issues where objective function
and limitations are twice continuously differentiable can be
resolved using SQP techniques. The SQP techniques are uti-
lized in well-known numerical settings such asMATLAB and
GNU Octave. The algorithm known as Sequential Quadratic
Programming (SQP) is among the most used ones. It has
strong theoretical underpinnings and a wide range of algo-
rithmic capabilities.

F. ARTIFICIAL BEE COLONY (ABC) ALGORITHM
The Artificial Bee Colony (ABC) algorithm is an intelligence
algorithm proposed by Karaboga in 2005, inspired by the
activities of honey bees [28].
The algorithm uses a swarm of three types of bees:

employed bees, onlooker bees, and scout bees. The employed
bees search for sources of food from a pre-specified food
source and share information about the foodwith the onlooker
bees. The onlooker bees select the best quality food source
based on the information shared by the employed bees. The
scout bees are part of the employed bees and search for new
quality food sources.

The step-by-step process of the Artificial Bee Colony
(ABC) algorithm is as follows:

• The ABC algorithm is a meta-heuristic optimization
algorithm inspired by the foraging behavior of honey-
bees.

• The algorithm starts with initializing the population and
other system variables.

• The employed bee phase is then defined and started,
where each employed bee searches for a food source in
the search space.

• The onlooker bee phase is then defined and started,
where each onlooker bee chooses a food source based
on the information shared by the employed bees.

• The source position of the best food is checked and
stored.

• The availability of scout bees in the colony is checked.
If there are scout bees, the scout bee phase is started,
where each scout bee searches for a new food source.

• The algorithm checks for the meeting of termination
criteria. If the criteria aremet, the algorithm proceeds to
the next step. Otherwise, it goes back to the employed
bee phase.

• Finally, the best solution is obtained.

III. OBJECTIVE FUNCTION
In a regulated power market, there was limited transparency
in economic aspects between GENCOS and customers. This

lack of transparency may benefit GENCOS, but customers
suffer. Deregulation was introduced to enhance customer
benefits by creating competition among market players such
as GENCOS, TRANSCOS (transmission companies), DIS-
COS (distribution companies), and retailers. Due to increased
transparency and competition, customers benefit from the
deregulated power market (i.e. social benefit). ISO (Inde-
pendent System Operator) plays an important role in this
scenario by controlling the electricity market. ISO collects
bids from GENCOS and DISCOS and performs optimiza-
tion to fix the location-based marginal price (LBMP). The
day-ahead market is an important aspect of the competitive
power market that provides economic benefits to society.
In the renewable associated day-ahead market, GENCOS
needs to submit details about future power generation to
the ISO. While thermal power plants do not face any issues
in this market, renewable power plants face problems due
to the uncertain nature of power generation. If there is a
mismatch between expected and real solar power generation,
ISO imposes penalties or rewards on the solar plant for their
shortfall or extra power supply. This is known as the disequi-
librium price.
This work aims to maximize the profit of the solar-

integrated deregulated electrical system, but the negative
impact of disequilibrium price can reduce this profit. To min-
imize the adverse effect of disequilibrium prices, a method-
ology has been proposed to optimize the operation of solar
PV systems along with the fuel cell and TCSC. The fuel cell
operates as a backup source to provide additional generated
energy to minimize the mismatch between expected and real
solar energy. The fuel cell compensates for the lower amount
of energy generated from the solar plant and tries to main-
tain the contracts signed between GENCOS and ISO. The
methodology proposed in this work has been implemented
using Sequential Quadratic Programming (SQP).
A test system is been considered with the number of

buses as ‘NBUS’, power transmission lines as ‘NPTL’, load
demands as ‘NLD’, and generators as ‘NG’. The study aims
to integrate TCSC and fuel cells into a renewable incor-
porated deregulated system efficiently to maximize social
benefit and revenue while reducing generation expenses and
system economic risk in the context of disequilibrium prices.
The disequilibrium prices must be considered for any oper-
ational study related to a renewable incorporated system.
The positive disequilibrium price provides enhanced profit
to the system while the adverse disequilibrium price delivers
minimal profit. This outcome is observed due to the grid oper-
ators’ simultaneous application of incentives and sanctions to
GENCOs. The main objective of this work is to enhance the
system’s profit and reduction of economic risk. The objective
functions are as follows:

PMAX (i, t) = RT (i, t) +DP (i, t) − GCT(i, t) (10)

Here, the objective is to maximize the overall profit at
a given time ‘t’ in the i-th unit, denoted by PMAX(i,t).
This profit is the generator company’s profit. So, after the
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implementation of renewable integration, these values will be
maximized but, this will reduce when the system is converted
from regulated to deregulated. The overall profit is a function
of three variables: total revenue denoted by RT(i,t), disequi-
librium price denoted by DP(i,t), and the overall generation
cost (including both thermal- and wind generation) denoted
by GCT(i,t).

RT (i, t) =

∑N

i=1
PR (i, t) .LBMP (i, t) (11)

DP (i, t) =

∑N

i=1
((EC (i, t) +SC (i, t)

PE (i, t)
PR (i, t)

).2)

· (PR (i, t) − PE(i, t) (12)

Equation (11) & (12) shows the total revenue and the
disequilibrium price calculation. Where PR is the real and PE
is the expected power generated from the solar power plant at
the given time ‘t’. The shortfall charge rate is denoted by SC
and the extracharge rate is shown by EC. The disequilibrium
price is calculated by summing up the product of the charge
rates and the difference between the real and expected power
output. The disequilibrium price is caused by the discrepancy
between expected and real solar irradiance and temperature in
a solar-integrated system. The disequilibrium price directly
affects the system economy in a competitive power network.

GCT (i, t) = GCTher (i, t) + GCsolar (i, t) + ICTCSC (13)

Equation (13) shows the total generation cost of the system
by adding the generation costs of conventional and solar
power sources at a specific bus and time, along with the cost
of the TCSC used in the system. Here GCT (i,t) represents the
total generation cost of the system at the bus-n and time ‘t’.
GCTher(i,t) represents the generation cost of the conventional
power sources (i.e. thermal). GCsolar(i,t) represents the gen-
eration cost of the solar power sources. ICTCSC represents the
investment cost of the TCSC used in the system.

GC (i, t) =

∑N

i=1
(ai + biPR (i, t) + CiP2R(i, t)) (14)

Equation (14) presents GC(i,t) as the generation cost of the
n-th generator at time t. ai,bi, and Ci are the coefficients of
the quadratic cost function for the n-th generator. When real
solar power (RSP) differs from expected solar power (ESP),
the fuel cell can be used to reduce the power disparity and
make up for the discrepancy.

SC (i, t) = (1 + β) .LBMP (i, t) ,EC = 0;

if PE (i, t) > PR (i, t) (15)

EC (i, t) = (1 − β) .LBMP (i, t) ,SC = 0;

if PE (i, t) < PR (i, t) (16)

EC (i, t) = SC (i, t) = 0; if PE (i, t) = PR (i, t) (17)

where ‘λ ’ is the disequilibrium price coefficient.
Equation (15), (16), and (17) shows the relationship between
shortfall and extra charge rate while considering the expected
and real solar irradiance and temperature. It varies between
0 to 1. A value of 0.9 is considered in this work.

A. OPERATING CONSTRAINTS FOR FUEL CEL
A fuel cell is an energy storage device that utilizes the energy
obtained from hydrogen. It produces clean and efficient elec-
tricity. During low power demand time, the excess energy
is utilized by the electrolyzer for generating the molar of
hydrogen which can be stored in a hydrogen reservoir. And
during the deficit of power in the grid, the stored power can
be utilized to fulfill the need. The minimum and maximum
constraints for the electrolyzer’s power consumption are dis-
cussed below:

PCMin
ELZ ≤ PCELZ ≤ PCMax

ELZ (18)

Additionally, the following provides the electrolyzer’s
hydrogen production constraint:

HMin
2 ELZ ≤ H2.ELZ ≤ HMax

2 ELZ (19)

Moreover, the hydrogen that is being stored produces elec-
tricity to satisfy peak demand when the system is in fuel cell
mode. Therefore, the limitations are listed:

PFC_Min
Gen ≤ PFCGen ≤ PFC_Max

Gen (20)

HMin
2 FC_CONS ≤ H2.FC_CONS ≤ HMax

2 FC_CONS (21)

Therefore, The constraint ensures that the fuel cell operates
within a certain range of energy output, which is necessary for
the optimal operation of the hybrid system. The constraint
on the consumption of hydrogen in the fuel cell system is
important to ensure the optimal operation of the system and
to prevent any damage to the system components.

B. CONSTRAINTS FOR SOLVING OPTIMAL POWER FLOW
To solve the OPF problem, equality, and inequality con-
straints have been considered.

1) EQUALITY CONSTRAINTS
Equality Constraints refer to a set of nonlinear equations that
must be satisfied simultaneously in a system.

In this case, the equality constraints are used to ensure that
the real power is balanced in the system. The equation for real
power balance is given by:∑NG

i=1
Pgi − Ploss − PL = 0 (22)

where Pgi is the real power generated by the ith generator, Ploss
is the real power exported to the grid by the system, and PL
is the real power consumed by the loads in the system.

Ploss =

∑NPTL

j=1
GJ

[
|Vi|

2
+

∣∣Vj
∣∣2 − 2 |Vi|

∣∣Vj
∣∣ cos (

δi − δj
)]

(23)

Equation (23) is used to calculate the power losses in the
system. Where Ploss is the power loss in the system, GJ is the
conductance of the jth transmission line, and Vi and Vj are
the voltage magnitudes at the sending and receiving ends of
the jth transmission line. δi and δj are the voltage phase angles

VOLUME 11, 2023 111817



S. Dawn et al.: Profit Expansion of a Solar Integrated Day-Ahead System

at the sending and receiving ends of the jth transmission line,
respectively.

Pi
∑NBUS

K=1
|ViVKYik| cos (θiK − δi − δk) = 0 (24)

Qi +
∑NBUS

K=1
|ViVKYik| sin (θiK − δi − δk) = 0 (25)

Equation (24) calculates the active power flow from bus-i
to all other buses in the system. Vi is the voltage magnitude
at bus i, Vk is the voltage magnitude at bus k, Yik is the
admittance between buses i and k. θiK is the phase angle
difference between bus i and k. δi and δk are the voltage
phase angles at buses i and k respectively. The Cos function
calculates the cosine of the phase angle difference between
bus i and k, which determines the direction of active power
flow. Equation (25) calculates the reactive power flow at bus
i. Qi is the reactive power injection or absorption at bus-i. The
Sin function calculates the sine of the phase angle difference
between buses i and k plus the reactive power injection or
absorption at bus k, which determines the direction of reactive
power flow.

2) IN-EQUALITY CONSTRAINTS

Pmin
gi ≤ Pgi ≤ Pmax

gi i = 1, 2, 3 . . . . . .NBUS (26)

Qmin
gi ≤ Qgi ≤ Qmax

gi i = 1, 2, 3 . . . . . .NBUS (27)

Vmin
i ≤ Vi ≤ Vmax

i i = 1, 2, 3 . . . . . .NBUS (28)

φmin
i ≤ φi ≤ φmax

i i = 1, 2, 3 . . . . . .NBUS (29)

TLl ≤ TLmax
l i = 1, 2, 3 . . . . . .NPTL (30)

Here, Pmin
gi and Pmax

gi represent the minimum and maximum
real power respectively, that can be generated at the PV bus-
a. Qmin

gi and Qmax
gi represent the minimum and maximum

reactive power respectively. Pgi and Qgi represent the real
and reactive power. The inequalities present in (26) and (27)
ensure that the real and reactive power generated at the PV bus
remains within the specified limits. Vmin

i and Vmax
i represent

the minimum andmaximum voltagemagnitudes respectively.
The inequality Vmin

i ≤ Vi ≤ Vmax
i ensures that the voltage

magnitude at the PQ bus remains within the specified limits.
φmin
i and φmax

i represent the minimum and maximum phase
angles respectively, that can be maintained at the PQ bus.
TLmax

l represents the maximum transmission capacity of the
connected line that connects the line TLl.

C. CONSTRAINTS FOR TCSC

Kmin
TCSC ≤ KTCSC ≤ Kmax

TCSC (31)

Equation (31) refers to a constraint on the value of a
variable called KTCSC. This variable represents the con-
trol parameter of a TCSC. The symbols ‘min’ and ‘max’
denote the minimum and maximum values of KTCSC respec-
tively. Therefore, the constraint states that the value of This
constraint is part of an optimization approach proposed in
the paper to optimally allocate TCSC and other devices in
a power system with a solar generator under deregulated
conditions.

FIGURE 1. Flow-chart for disequilibrium price calculation.

IV. FLOW CHART OF THE PROPOSED TECHNIQUES
This section displays the flow charts of the proposed method.
Fig. 1 shows the process involved in calculations of the
system disequilibrium price and system profit.

TCSC is a device used in power systems to control the flow
of power by adjusting the impedance of transmission lines.
Fig. 2 displays the method to optimally allocate TCSCs in
a power system. The algorithm places a TCSC in every line
of the system and calculates the objective for each case. The
objective function is a mathematical expression representing
the optimization problem’s goal. In this case, the objective
function is to minimize the generation cost of the power
system. Finally, the algorithm selects the lines with minimum
objective function and places the TCSCs in those lines.

V. RESULTS AND DISCUSSIONS
A modified IEEE 14-bus test system has been chosen to
validate the presented approach. The IEEE 14-bus system
consists of 14 interconnected buses using 20 transmission
lines, 5 generator buses, and 9 load buses. Bus no. 1 was
designated as the slack bus and the system MVA limit was
set to 100 MVA. The modified IEEE 14-bus test system
was adapted from references [29] and is shown in Fig. 3.
The step-by-step process for implementing the presented

work is as:
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FIGURE 2. Flow-chart for optimal placement of TCSC.

• Step 1:Data Collection-Read all system information for
the considered test system. This step involves gathering
all the necessary information about the power system
being considered for the study.

• Step 2: Scenario Generation-Generate different sce-
narios for verifying the applicability of the proposed
method. These scenarios are created on a random basis.

• Step 3: Economic Parameter Measurement with Ran-
dom Data-This step involves calculating the system
generation cost, revenue, and profit for both with and
without considering solar generation in the system.
A comparative study of system economic parameters has
been performed for regulated and deregulated systems.

• Step 4: Economic Parameter Measurement with Real-
time Data- The process of step- 3 is repeated here by
considering the real-time solar power data.

• Step 5: Optimal TCSC Placement- Checking for the
optimal placement of TCSC. After that, place the

FIGURE 3. Single line diagram of IEEE 14 bus system.

TCSC in the optimal location and perform all
the economy-related comparative studies.

• Step 6: Calculation of Disequilibrium Price- Calculate
the disequilibrium price considering real and expected
solar radiation and temperature data and compare the
system profit with and without the disequilibrium price
for the deregulated system.

• Step 7: Fuel Cell Placement- Place the fuel cell in the
considered system and check the system’s profit.

• Step 8: Comparison of Profit with Different Optimiza-
tion Techniques- Compare the system economy with
different optimization techniques.

A. STEP 1: DATA COLLECTION
The basic system parameters of the selected system are shown
in Table 1. In Table 1, Pd represents active power demand,
Qd represents reactive power demand, Vm represents voltage
magnitude and Va represents voltage angle. Vmax and Vmin
are maximum and minimum voltages respectively.

The system profit depends on the revenue earned by the
generation stations and the cost involved in generating the
power. Due to the limited availability of coal, the electrical
sectors are moving towards the renewable-dominated grid.
The regulated to deregulated power system transformation
has only been performed to benefit the consumer in terms
of the electrical economy as well as for the quality of the
electricity. In this work, the optimal power flow has been
solved for all the considered cases to get the system revenue,
system generation cost, and profit in a regulated and deregu-
lated environment.

B. STEP 2: SCENARIO GENERATION
Solar power generation depends on two environmen-
tal parameters: solar radiation/irradiance and temperature.
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TABLE 1. Basic parameters of IEEE 14-bus system.

TABLE 2. Considered case details.

Considering the variable nature of solar irradiance and solar
cell temperature, several scenarios have been developed in
this part of the work to check the efficacy of the modeled
methods. The details about the considered cases are shown in
Table 2. The investment cost of solar energy is approximately
7.625 $/MWh, which was collected from different works of
literature and case studies.

For the first considered case (i.e. base case), the solar PV
has not been placed whereas for the other cases, solar PV has
been installed at busno. 4, 9, 11, and 14 with a generating
capacity of 3MW and 5MW respectively. The placement
of solar PV and the capacity of the solar power have been
considered as random selection.

C. STEP 3: ECONOMIC PARAMETER MEASUREMENT
WITH RANDOM DATA
Referring to the equation of the profit in equation 10, gen-
eration cost and revenue for both thermal and solar are

TABLE 3. Profit for the regulated system (In $/h).

TABLE 4. Profit for the deregulated system(In $/h).

calculated. The total system profit is calculated from the total
generation cost and total revenue. The system profit is calcu-
lated for both regulated and deregulated systems. Converting
from a regulated to a deregulated environment, the demand
bus bidding is provided from bus no. 5. Table 3 and Table 4
refer to the profit for the regulated and deregulated system
respectively. From Table 3 and Table 4, it is seen that the
system profit is maximized with the placement of solar PV
in the system. The maximum amount of solar PV placement
maximizes the electricity producers’ profit.

On the other side, it is also found that the system profit is
reduced when converting from a regulated to a deregulated
environment. The main objective of the deregulated system
is to maximize the social benefit which indicates less benefit
to the power producer. So, the profit measurement in the
regulated and deregulated environment proves the main aim
of the conversion of the power system. Like a regulated
system, here also it is observed that the profit is maximized
with the placement of solar power in the system.
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FIGURE 4. Generation cost for the placement of 3MW solar power
capacity (In $/h).

FIGURE 5. Generation cost for the placement of 5 MW solar power
capacity (In $/h).

D. COMPARATIVE STUDIES
As part of this work, the generation cost is calculated and
compared for both regulated and deregulated systems with
four considered cases considering the placement of 3MWand
5MW of solar PV in the solar integrated system.

Table 5 and Fig. 4 display the comparison of generation
cost for both regulated and deregulated systems with the
incorporation of 3 MW solar power in the thermal power
plant. In this section, only the first 4 scenarios along with the
base case have been chosen to check the effect of the pre-
sented model. From the results, it is seen that the generation
cost is reduced for every case when the system is converted
to deregulation. It happens due to the huge competition in
the electrical system regarding power generation. Table 6 and
Fig. 5 show the comparative studies of system generation cost
for different case studies with 5 MW solar energy integration
in the system.

From the detailed study, it is observed that the system
generation cost is reduced for both regulated and deregulated
systems after the placement of solar power in the system.
Like system generation cost, the same process is followed

TABLE 5. Generation cost for 3MW (In $/h).

TABLE 6. Generation cost for 5MW (In $/h).

FIGURE 6. Revenue for the placement of 3 MW solar power capacity
(In $/h).

TABLE 7. Revenue for 3MW(In $/h).

for the system revenue calculation and comparison has been
performed for both regulated and deregulated systems with
the four considered cases for 3MW and 5MW of solar energy
installation. Table 7, Fig. 6, Table 8, and Fig. 7 depict the
comparative studies of system revenue (earned by the power
producer) for different case studies with different amounts of
solar energy integration in the system.

Solar power placement is crucial in a regulated and dereg-
ulated system, as shown in Table 3 and Table 4. Integrating
the maximum amount of solar power in the system leads to
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FIGURE 7. Revenue for the placement of 5 MW solar power capacity
(In $/h).

TABLE 8. Revenue for 5 MW (In $/h).

FIGURE 8. Profit for the placement of 3 MW solar power capacity(In $/h).

minimum system generation costs. Solar PV placement also
affects the supplier’s profit, withmaximum profit achieved by
placing high-value solar power and minimum profit without
implementing a solar power integration in the system. From
the system revenue and system generation cost, the system
profit has been measured. This system’s profit is displayed
as the profit of the power producers. So, it is obvious that
the value of system profit will reduce after the conversion of
the system to a deregulated environment. The highest amount
of solar power integration leads to the most economic result
for the solar-associated deregulated power system. Table 9,
Fig. 8, Table 10, and Fig. 9 depict the comparative studies of
system profit for different case studies with different amounts
of solar energy integration in the system.

FIGURE 9. Profit for the placement of 5 MW solar power capacity(In $/h).

TABLE 9. Profit for 3 MW(In $/h).

TABLE 10. Profit for 5 MW(In $/h).

The profit comparison with and without placement of solar
power at bus no. 4, 9, 11, and 14 are plotted for both regulated
and deregulated systems and are shown in Fig. 10. From the
results it can be concluded that the solar power integration
provides the maximum profit to the power producer as com-
pared to the without solar installation scenarios.

However, the profit is changing with changing the position
of the solar PV installation. It is seen that the system profit
gets maximum when the solar power is installed at bus no.
14 of the considered system. So, it can be said that the optimal
position of solar placement is at bus no. 14 of the selected
IEEE 14-bus system. Considering the flexible nature of solar
power generation, here two different quantities of solar power
have been applied to check the feasibility of the presented
method.

E. STEP 4:ECONOMIC PARAMETER MEASUREMENT WITH
REAL-TIME DATA
Solar irradiance varies in every period throughout the world,
making it a flexible energy source. The study considers one
place in India, Vijayawada, for real-time problem-solving.
The solar irradiance and temperature have been collected for
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FIGURE 10. Profit comparison at Bus 4, 9, 11, 14(In $/h).

TABLE 11. Real-time solar power data (In MW).

24-hour cases for considered places. Using equations 1-5, the
solar power generation capacity has been measured for every
hour of the selected day, shown in Table 11.

The running cost or generation cost of solar power is zero,
only the investment cost is present for the solar plant. The
approximate solar power investment cost is 7.625 $/MWh
which has been considered here for the economic perfor-
mance of the solar plant. Table 12 depicts the considered case
details for real-time data in an electrical system. The table

consists of solar power data generated by a renewable energy
source for every hour of the day. A total of 13 cases alongwith
base cases have been considered here because other periods
not generating any solar power. For the first considered case
(i.e. base case), the solar PV has not been placed whereas, for
the other cases, solar PV has been installed at bus no. 4 with
the generating capacity of 0.09 MW, 0.44 MW, 0.68 MW,
0.67 MW, 1.01 MW, 1.68 MW, 1.63 MW, 1.53 MW,
1.84 MW, 1.70 MW, 0.45 MW, 0.29 MW, and 0.02 MW
respectively (neglecting the night time data).

The placement of solar PV has been considered a random
selection. Referring to the equation of the system profit;
generation cost and Revenue for both thermal and solar power
are calculated. The total profit is calculated from the total
generation cost and total revenue. Here, the total economic
parameter is considered with the combination of thermal
and solar power. Similar to the previous section, profit is
calculated here for the regulated and deregulated systems by
considering the real-time scenarios. Table 13 and Table 14
refer to the profit for the regulated and deregulated sys-
tem based on real-time data respectively. From the Tables,
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TABLE 12. Considered case details for real-time data.

TABLE 13. Profit for the regulated system based on real-time data(In $/h).

it has been seen that the system profit is maximized with the
placement of solar PV in the system. The maximum amount
of solar PV placement maximizes the electricity producers’
profit. i From the data, it has been seen that maximum solar
power occurred at hour-15 (i.e. case-9) and minimum solar
power occurred at hour-19 (i.e. case-13) which also indicates
the economic sustainability of the solar-integrated system.
When the entire world is thinking about the conversion to

TABLE 14. Profit for the deregulated system based on real-time
data(In $/h).

FIGURE 11. Revenue comparison for regulated system (In $/h).

renewable-associated systems, this result encourages electri-
cal energy providers to invest their money in solar farms. All
the economic parameters i.e. revenue, generation cost, and
profit comparison with and without placement of solar power
in regulated systems are shown in Fig. 11, Fig. 12, and Fig. 13
respectively. All the results depict the economic advancement
of the system with solar power installation.

Location-based Marginal Pricing (LBMP) for the IEEE
14-bus system in a regulated system is calculated to measure
the cost of delivering electricity at different locations in the
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FIGURE 12. Generation cost comparison for regulated system (In $/h).

power system. LBMP is a market-based mechanism used in
electricity markets to determine the price of electricity at
different locations in the power system. LBMP is calculated
by taking into account the costs of generating, transmitting,
and distributing electricity to different locations in the power
system. The LBMP at a specific location reflects the marginal
cost of supplying an additional unit of electricity at that loca-
tion. By calculating LBMP at different locations in the power
system, market participants can make decisions about where
to buy or sell electricity based on the relative costs of delivery.
This can lead to more efficient use of the power system and
lower costs for consumers. LBMP is an important tool for
ensuring the efficient operation of regulated power systems
and providing market signals for investment decisions.

The comparative study of LBMP considering all 14 sce-
narios in the regulated system is shown in Fig. 14. It is seen
that after the solar placement in the system the overall LBMP
is improved and the quantity of the LBMP improvement is
much more considering the higher amount placement of solar
power. The impact of solar placement on system economic
risk has been studied for the deregulated environment also,
similar to the previous case in regulation. The optimal loca-
tion of solar power can provide additional power generation
and extra protection to the electrical system. The revenue,
generation cost, and profit comparison with and without
placement of solar power in deregulated systems are shown
in Fig. 15, Fig. 16, and Fig. 17.
The figures depict the economic progression of the system

with solar power installation. The results show that after the
placement of maximum quantities of solar power in the sys-
tem, the system’s economic risk is minimized and economic
sustainability is maximized. The same scenario is observed
for system generation costs, where maximum quantities of
solar power provide a minimum generation cost-based sys-
tem. These results support the incorporation of solar farms
with high capacity in a deregulated power system to mitigate
system economic risks and maximize system profit.

FIGURE 13. Profit comparison for regulated system (In $/h).

FIGURE 14. LBMP for IEEE14 bus system for regulated system (In $/MWh).

The comparative study of LBMP considering all 14 scenar-
ios for the deregulated system is shown in Fig. 18. It is seen
that after the solar placement in the system the overall LBMP
is improved and the quantity of the LBMP improvement
is much more considering the higher amount placement of
solar power. The deregulated system provides better eco-
nomic profit to society without considering any renewable
energy which further gives much more stability and more
economic advancement with the placement of solar plants in
the electrical network.

F. STEP 5: OPTIMAL TCSC PLACEMENT
Profit maximization for a regulated system by placement
of TCSC (Thyristor Controlled Series Capacitor) is used to
improve the efficiency and economic performance of the

VOLUME 11, 2023 111825



S. Dawn et al.: Profit Expansion of a Solar Integrated Day-Ahead System

FIGURE 15. Revenue comparison for deregulated system (In $/h).

FIGURE 16. Generation cost comparison for deregulated system (In $/h).

power system. TCSCs are devices used for power flow control
in the power system. They can be used to regulate the voltage
and power flow in the transmission network and optimize the
use of existing transmission infrastructure. The placement of
TCSC involves determining the most cost-effective location
and capacity of these devices in the power system. This
can be done using various optimization techniques, such as
mathematical programming, and genetic algorithms. By the
placement of TCSC, the regulated system can reduce trans-
mission losses, increase transmission capacity, and improve
voltage stability. This can result in lower operating costs
and increased profitability for market participants, such as
generators and transmission companies. Furthermore, the
placement of TCSC can also help to reduce congestion in
the transmission network, which can lead to more efficient
use of existing infrastructure and lower costs for consumers.
Overall, profit maximization for a regulated system by

FIGURE 17. Profit comparison for deregulated system (In $/h).

FIGURE 18. LBMP for IEEE14 bus system for deregulated system
(In $/MWh).

placement of TCSC is used to improve the economic perfor-
mance and efficiency of the power system, benefiting both
market participants and consumers.

The optimization technique takes into consideration the
best placement and minimal value of the objective function
for the TCSC. The objective function is measured several
times for every possible location for the TCSC to select the
optimum location at which the objective function has the low-
est value. The placement of the TCSC in the system has been
performed based on the techniques stated in Fig. 2. It is found
that the TCSC placement will provide the best economic
result when the TCSC has been placed at the line connected
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TABLE 15. Profit for the regulated system by the placement of
TCSC(In $/h).

TABLE 16. Profit for the deregulated system by the placement of TCSC
(In $/h).

between buses 10 and 11. The profit for the regulated system
with and without placement of TCSC has been depicted in
Table 15. It has been seen that the system profit is maximized
after the placement of TCSC in the system with the operation
of solar power.

Profit maximization for a deregulated system by the place-
ment of TCSC is used to improve the economic performance
and competitiveness of the power system. In a deregulated
system, market participants such as generators and trans-
mission companies operate in a competitive environment.
Therefore, profit maximization for these market participants
is an important objective. The placement of TCSC can help
to achieve this objective by reducing transmission losses,
improving transmission capacity, and increasing the effi-
ciency of the power system.

With the placement of TCSC, the deregulated system can
improve the economic performance and competitiveness of
the power system. The profit for the deregulated system
with and without placement of TCSC has been depicted in
Table 16. It has been seen that the system profit is exploited
after the TCSC installation in the system with the action of
solar power.

By the placement of TCSC, the deregulated system can
improve voltage stability and reduce the risk of voltage col-
lapse in the transmission network. This can result in improved
reliability and quality of power supply to customers, reducing
the risk of power outages and other disruptions. Placement
of TCSC can also help to reduce transmission losses and
increase transmission capacity, which can lead to more effi-
cient use of the transmission network and lower costs for
market participants and consumers. Overall, voltage control
for a deregulated system by the placement of TCSC is used
to improve the reliability, quality, and efficiency of power

FIGURE 19. Voltage comparison for deregulated system with and without
TCSC (In p.u.).

FIGURE 20. LBMP comparison for deregulated system with and without
TCSC.

supply, benefiting both market participants and consumers.
The comparison of the voltage profiles for the deregulated
system with and without the TCSC is shown in Figure 19.
After TCSC was added to the system, it was observed that
the voltage profile of the deregulated system had improved.
Since it is ideal to keep all buses in the system’s voltage at
1 pu, Figure 19 shows how the TCSC’s positioning drives all
buses’ voltage levels to go in that direction.

LBMP can be used to reflect the cost savings resulting from
the placement of TCSC in the electricity price at different
points in the transmission network. This can encourage mar-
ket participants to invest in the placement of TCSC and other
devices that can improve the efficiency of the power system.
Furthermore, LBMP can also help to reduce congestion in the
transmission network, which can lead to more efficient use
of the existing transmission infrastructure and lower costs for
market participants and consumers.

Fig. 20 illustrates the LBMPprofile comparison for the
deregulated system with and without the installation of
TCSC. It is seen that the LBMP profile of the deregulated
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system is improved after the installation of TCSC in the
system. So, the installation of TCSC alongwith solar power in
a deregulated power environment provides economic benefits
to the consumer.

G. STEP 6: CALCULATION OF DISEQUILIBRIUM PRICE
In a deregulated power system, solar plants are required
to submit their expected power generation scenario to the
ISO before the date of operation. Based on this submitted
data, ISO schedules power generation from different gen-
erating stations. However, due to the uncertain nature of
solar irradiance & temperature, solar plants may not be able
to generate the scheduled power, leading to a violation of
market contracts and an economic burden on the generating
companies has been occurred known as disequilibrium prices.
The disequilibrium price is calculated for every variation in
expected and real solar irradiance and temperature, reflecting
the mismatch between expected and real solar data.

The disequilibrium price is maximum when the difference
between expected and real solar data is maximum. When the
expected solar power is larger than the real solar power, the
shortfall charge rate arises, and when the real solar power is
larger than the expected solar power, the extra charge rate
occurs. The shortfall and extra charge rates are zero when
the expected and real solar power are the same. Using the
shortfall and extra charge rates, the total disequilibrium price
of the electrical system can be calculated. The disequilib-
rium price is negative when ISO imposes a penalty on the
generating station for their shortfall supply of power from
renewable sources, and positive when ISO provides a reward
to the generating station for their extra supply of power from
renewable energy sources.

The expected and real solar power data for 24-hour scenar-
ios are displayed in Table 17. It has been seen that in some
hours the expected solar power is more, the real solar power
is more in some periods and in some hours both the expected
& real solar power are the same. So, there is a chance for
the occurrence of positive, negative, and zero disequilibrium
prices in the system. The disequilibrium price can directly
control the profit of the system.

Table 18 displays the system profit for the deregulated
system by considering the disequilibrium price for the chosen
locations for all 14 cases. From the results, it is seen that
the system profit has been minimized in a few cases due
to the adverse impact of the disequilibrium price. It is not
desirable for any power producers but this happens due to
the variable nature of renewable energy sources. Tomaximize
the overall system profit, the cost of the disequilibrium must
be reduced. The appropriate renewable forecasting method
or energy storage system can reduce the chances of creating
a disequilibrium for a power system.

H. STEP 7: FUEL CELL PLACEMENT
The economic evaluations of a solar-fuel cell hybrid system in
a deregulated electrical system are provided in this section of
the work. Disequilibrium prices have negative consequences

TABLE 17. Expected and real solar power data (In MW).

TABLE 18. Profit for the deregulated system based with and without
disequilibrium prices (DP) (In $/h).

on system profit, which is why the fuel cell integrated system
is implemented to address this issue. During off-peak load
hours and when there is more solar power available, the
fuel cell (FC) system uses an electrolyzer to make hydrogen.
During other times, the FC system generates electrical energy
using hydrogen. The FC system provides an extra amount of
power to close the gap between the real and expected solar
power schedules. A fixed energy capacity with a 2 MW FC
system has been installed at bus number 9, which was chosen
based on the reasoning of the highest load linked to that
specific bus in the considered system. Table 19 displays the
profit for the deregulated system considering disequilibrium
prices and the installation of fuel cells in the system. It is
found that the system profit has maximized for all the cases
after the placement of the fuel cell in the system. This happens
due to the use of fuel cells as energy storage devices by
reducing the disparity between the expected and real solar
power.

I. STEP 8: COMPARISON OF PROFIT WITH DIFFERENT
OPTIMIZATION TECHNIQUES
Different optimization techniques, such as Artificial Bee
Colony (ABC) have been employed alongside Sequential
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TABLE 19. Profit for the deregulated system with disequilibrium prices
(DP) AND fuel cell (FC)(In $/h).

TABLE 20. Profit for the deregulated system with DP AND FC with
different optimization techniques (In $/h).

Quadratic Programming (SQP) to test the capabilities and
applicability of the given method. The ABC algorithms were
chosen randomly along with SQP to check the effectiveness
of the presented approach. Instead of ABC, we can choose
any other optimization techniques to get the improved system
profit. The system profit using various optimization strategies
is shown in Table 20 and Fig. 21. Establishing a solar plant
with an FC system resulted in better system profitability
than doing so without one, according to the findings. The
primary innovation of this work is the application of the
ABC optimization technique to a solar-FC hybrid system to
mitigate the disequilibrium price and diminish the system’s
economic risk. ABC algorithms outperform the other opti-
mization algorithms for all the considered scenarios in terms
of system profit maximization. The installation of the FC
system and the use of ABC processes boost the system to
profit in the presence of disequilibrium prices.

FIGURE 21. Profit comparison for the deregulated system with DP AND
FC with different optimization techniques (In $/h).

The SQP has been used for all previous cases (i.e. Stap 1 to
Step 7). Here in this section, the ABC optimization method
has been implemented along with SQP. From the results,
it can be concluded that the placement of TCSC and fuel cells
with the operation of ABC can provide better security and
safety to the electrical system in terms of economy. It is also
concluded that the deregulated system canminimize the profit
for the power producer by providing additional economic
benefits to society.

VI. CONCLUSION
This work aimed to optimize the profitability of a
solar-integrated deregulated power system by incorporating
fuel cells and by identifying the optimal placement of TCSC.
Through simulations and analysis, it is demonstrated that
proper placement of these devices can lead to significant
improvements in power flow, voltage stability, and ultimately
resulting in increased profits for power generators. The find-
ings of this work highlight the importance of considering
not only renewable energy sources but also the critical role
of energy storage devices (Fuel cells) and power electronic
devices like TCSC in optimizing the performance of the
power grid. The results of this study can provide valuable
insights for power industry professionals in making informed
decisions to maximize their profits while ensuring the stabil-
ity and efficiency of the power grid. Profits, generation costs,
and revenue are calculated and compared for both regulated
and deregulated systems. It is observed that the profits are
better for the renewable integrated deregulated system. The
profitmaximizationwith real-time data for both regulated and
deregulated systems has been also calculated. It is observed
that when the solar power capacity is more then the profit
will be more. The paper concludes that the proposed method
is successful in generating the highest profits in the locations
under consideration. The optimal placement of TCSC in the
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proposed system can improve the system efficiency, genera-
tion costs, and voltage profiles in deregulated environments.
The study outlines a strategy for the optimal operation of a
TCSC and fuel cell in a solar-integrated system to maximize
system profit and minimize the system’s economic risk. The
paper also explains how the fuel cell system is employed to
offset the solar power integration’s deviation in the real-time
power market. The ABC algorithm was found to be the
best optimization technique in terms of system economic
improvement.
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