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ABSTRACT The suggested hybrid power plant combines conventional and renewable energy sources
along with energy storage devices such as wind, pumped hydro storage (PHS), thermal, and solar-powered
electric vehicles (EVs). Its major goal is to improve the electricity network’s revenue and profitability while
maintaining grid frequency stability (fG). To achieve this purpose, the approach considers the projected wind
velocity (WVProj) in a deregulated market and commits wind farms to meet energy demand appropriately.
The functioning of PHS and solar-connected EV power components is closely monitored to reduce the
detrimental impact of power system imbalances caused by discrepancies in true (WPTrue) and projected
(WPProj) wind production. This operational strategy aims to reduce the unpredictability associated with
renewable energy sources cost-effectively. Highlighting the resilience of this technique, the approach
incorporates four energy stages of the PHS upper basin (EPHS,max, EPHS,opt, EPHS,low, and EPHS,min) and
four energy stages of the EV battery (EEVB,max, EEVB,opt, EEVB,low, and EEVB,min). By considering these
energy levels, the approach illustrates the strategy’s long-term effectiveness. Several optimization methods
are used for implementation and comparison, including Sequential Quadratic Programming (SQP), BAT
algorithm, Particle Swarm Optimization (PSO) Algorithm, Genetic Algorithm (GA), and Cuckoo Search
Algorithm (CSA). The efficacy of the suggested approach is assessed by analyzing and evaluating the IEEE
14-bus power network. The proposed technique deviates from conventional methods by employing the PHS
plant to overcome uncertainties related to wind power, guaranteeing that committed generation patterns
are reached with the support of solar power and EV-battery storage. Hourly simulations demonstrate that
the proposed approach significantly enhances the use of maximum reservoir constraints, which improves
system stability and security. The study demonstrates that the proposed two-phase operating technique is
successful at improving revenue and profit while stressing stability and security inside the hybrid system.
It also provides a feasible option for effective energy management.

INDEX TERMS Competitive power market, energy level, electric vehicles, grid frequency, pumped hydro
storage, wind power.

The associate editor coordinating the review of this manuscript and

approving it for publication was Ahmed F. Zobaa .

NOMENCLATURE
fG Grid Frequency.
WVProj Projected Wind Velocity.
WVTrue True Wind Velocity.
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PHS Pumped Hydro Storage.
SQP Sequential Quadratic

Programming.
ExpIne Inequality Expenses.
WPProj Projected Wind Power.
WPTrue True Wind Power.
EV Electric Vehicles.
DG Distributed Generation.
EPHS,max, EPHS,opt,
EPHS,low, EPHS,min

Energy Stages of PHS Upper
Basin in Maximum, Optimum,
Low andMinimumConditions.

GA Genetic Algorithm.
ISO Independent System Operator.
DISCOs Distribution Companies.
TCSC Thyristor Controlled Series

Compensator.
CAES Compressed Air Energy

Storage.
PRWT,max Wind Farm’s Maximum

Generated Power Limit.
WV(s) Wind Velocity at Time ‘s’.
Epum Energy Input Necessary for

PHS Plant’s Pumping
Operation.

g Gravity-Generated
Acceleration.

VFRwater,gen Flow Rate of Water in Generat-
ing Mode of PHS.

ϑgen Generating Mode Power Con-
version Co-Efficient.

Prof(m) Profit of the Hybrid Plant.
RevPHS(m) Revenue Collected from PHS

Hybrid Plant.
RevPSP(m) Revenue Collected from PHS

Plant.
RevSPV−EV−Bat(m) Revenue Collected from

Solar-Connected EV Battery
System.

GPTher(m) Thermal Generation Price.
GPSPV−EV−Bat(m) Solar-Connected EV Battery

Investment Price.
NG Total Number of Generators.
αi, βi, γi Price Coefficient of Thermal

Plant.
Revgen(m) Revenue Collected at

Generation Mode.
Pg,pump(m) Power Extracted from Electri-

cal Grid for Pumping Opera-
tion of Pumped Storage
System.

Pg(m) Generated Power with PHS
Operation in GeneratingMode.

Pg−WF(m) Power Given to Grid from
Wind Farm.

Pd(m), Pg(m) Power Requirements and
Power Availability in Grid.

Pmax
cha , P

min
cha , P

max
dis , Pmin

dis Maximum and Lowest Charg-
ing and Discharging Limits of
EV Battery System.

ELEV−bat (s) Energy Level of EV Battery
System.

Vm,i, Va,i Voltage Magnitude and Angle.
LLmax

T,l Transmission Line’s Thermal
Limit.

ELmin
EV−bat, EL

max
EV−bat Lowest and Highest Energy

Levels in EV Battery System.
EEVB,max, EEVB,opt,
EEVB,low, EEVB,min

Energy Stages of the EV Bat-
tery in Maximum, Optimum,
Low andMinimumConditions.

CSA Cuckoo Search Algorithm.
GENCOs Generation Companies.
EGT Evolutionary Game Theory.
PSO Particle Swarm Optimization

Algorithm.
PWind(s) Power Generated by Wind

Farm.
WVcut−in, WVrated,
WVcut−out

Cut-In, Rated and Cut-Out
Wind Velocity.

ρwater Water Density.
Egen Quantity of Power Generated

by PHS Plant.
Hdiff PHS Basin’s Elevation

Difference.
VFRwater,pump Flow Rate ofWater in Pumping

Mode of PHS.
ϑpump Pumping Mode Power Conver-

sion Co-Efficient.
RevPL(m) Revenue Due to Transmission

Loss.
RevTher(m) Revenue Collected from Ther-

mal Plant.
RevWF(m) Revenue Collected from Wind

Farm.
TGP(m) Generation Price of Extracted

Power from Hybrid Plant.
GPWF(m) Wind Investment Price.
Pt(i,m) Generated power quantity con-

sidering the true wind velocity.
LBMPmrkt(i,m) Location-based Marginal

Price.
RevPSP(m) Revenue of Pumped Storage

Plant.
Pricepump(m) Price of Power at Pumping

Mode.
Pw,pump(m) Power Extracted from Wind

Farm for PumpingOperation of
Pumped Storage System.

LBMPWF Wind Power Investment Price.
ζ Consequence Factor.
Pcha (s) Overall Charging Load of EV

Battery System.
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ηcha, ηdis EV Battery System’s
Efficiency at Charging
And Discharging.

Preal,i, Preact,i Active and Reactive Power
Generation.

Vmin
m,i , V

max
m,i , V

min
a,i , V

max
a,i Lowest and Highest Limita-

tions of Voltage.
NLsys Number of Transmission

Lines.
Pmin
real,i, Pmax

real,i, Pmin
react,i,

Pmax
react,i

Lowest and Maximum Limits
of Active and Reactive Power
Generation.

I. INTRODUCTION
In a fully deregulated power system, energy prices are
determined by an independent system operator (ISO) who
evaluates bids from generation companies (GENCOs) and
distribution companies (DISCOs) [1]. However, integrating
renewable sources into the grid introduces complexity due to
the unpredictable nature of wind speed and solar radiation [2],
[3]. These factors significantly impact the grid’s stability and
reliability [4], [5]. In this scenario, discrepancies between true
(WVTrue) and projected wind speeds, especially post-signing
of power distribution deals between GENCOs and DISCOs,
can lead to penalties or rewards imposed by the ISO on
GENCOs. These penalties or rewards, denoted as Inequality
Expenses (ExpIne), depend on whether there’s an excess or
shortfall in the power supply.

This mechanism aims to promote accountability and incen-
tivize GENCOs to deliver consistent and reliable electricity.
To effectively manage potential mismatches and mitigate
Inequality Expense-related repercussions, utilizing energy
storage such as PHS and EV battery storage devices proves
to be a beneficial alternative strategy [6], [7]. Energy storage
devices assist in controlling power shortages by storing extra
energy and releasing it when needed, bridging the supply
and demand gap for grid stability. They lessen the reliance
on expensive and destructive thermal power plants, encour-
aging a more sustainable and efficient energy-producing
approach [8]. The integration of renewables into deregu-
lated electrical systems presents obstacles, however, solutions
such as power contracts and energy storage technology
can provide a stable and economically profitable power
grid [9]. Several initiatives seek to address difficulties con-
nected to hybrid renewable energy and storage systems in
the electrical market, providing optimization methodologies
for regulating renewable energy allocation alongside storage
technology [10], [11], [12].

The study [13] presents a detailed assessment of the
wind power spilling problem, including its causes, mitigation
approaches, real-world applications, problems, and future
developments. Paper [14] makes policy recommendations for
maximizing the potential of battery energy storage units in
Ireland while considering the European policy perspectives
as well as national regulatory and electrical market directives.

Paper [15] assesses how the new European regulations of
2019 foresee the future electrical network, as well as recon-
siders the role of aggregators based on realized principles.
Reference [16] presents an overview of the research that
has used evolutionary game theory (EGT) in several energy
domains. According to the investigation, EGT has been
widely used to study various aspects of energy utilization.
The research [17] aims to provide a global state-of-the-art
evaluation of the technological, economic, and regulatory
status of distribution-level energy storage and power quality
services. The study [18] intends to give a complete analysis
of Reinforcement Learning applications in a power network
with a focus on bidding and dispatching strategy optimiza-
tion. Research [19] proposes choosing industrial users with
substantial shiftable loads in the city as the load adjustment
component and providing them with independent pricing.
Paper [20] proposes a geographic payback model for Battery
Energy Storage Systems operation to correctly handle battery
system operating flexibility. The research [21] focuses on
tackling the problem of limited flexibility in conventional
power grids, which hinders stakeholder adaptability and the
integration of renewable sources. To overcome this challenge,
the study suggests transitioning towards a decentralized
system.

To optimize the net income of the local serving enti-
ties through optimum demand response bidding and energy
storage scheduling while accounting for demand response
uncertainty, a bi-level power arrangement is proposed in the
research [22]. The study [23] assumes that merchant actions
have no impact on market pricing and concentrates on the
function of energy storage in optimizing profitability. The
best economic dispatch for merchants is examined using
dynamic programming theory. Three forms of electricity
generation—wind, photovoltaic, and hydro—are taken into
consideration in this research [24], which centers on an actual
situation in Southwest China. A polyhedral uncertainty set
is used to describe the uncertainty in PV power genera-
tion. The research [25] describes a two-step optimization
technique for solving congestion problems and maximizing
system profit in a deregulated power market, which employs
a Thyristor Controlled Series Compensator (TCSC) and wind
turbines. A two-stage model for the positioning and sizing
of a battery storage system in a distributed power network
is developed in the study [26]. The battery energy storage
system is intended to give the distribution system operator
local flexibility services and the transmission system operator
frequency containment reserve for regular operation. Ref-
erence [27] analyzes the acceptable distribution of energy
storage in a system with significant renewable power cur-
tailment from the standpoint of third-party investors. The
study [28] provides an expansion planning model for an Inde-
pendent Power Producer in the absence of a Power Purchase
Agreement. Research [29] offers the notion of BESS as a
realistic alternative for power dispatching renewable energy
sources. However, it states that BSSs lack both high power
and energy capacity, which are essential for renewable energy
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sources. The proposed technique in [30] is centered on hourly
congestion control. Congestion is handled by identifying the
best positioning and scale of Distributed Generation (DG)
throughout 24 hours. The transmission congestion rent is used
to determine the best site for DG deployment.

The study [31] presents a mechanism for strategic bidding
in the power market that optimizes profit while mitigating
investment risk associated with renewable energy integration.
The suggestedmethod employs a Discrete-TimeMarkov Pro-
cess algorithm to learn from previous instances and make
judgments about energy storage and dispatch. To decrease
the unpredictability and imbalance costs associated with
renewable energy sources, the article [32] investigates the
integration of fuel cells and wind farms into the existing elec-
trical grid. The system’s total fuel cost function for producing
units and the power balance restrictions in a power system are
covered in the work [33]. The non-dominated sorting genetic
algorithm-II presented in the paper [34] offers a solution
to the multi-objective generation scheduling problem for a
hydro-thermal system. This algorithm considers PHS and
renewable sources, with seeing outages, and uncertainty in
the presence of demand-side management programs.

Research [35] describes a stochastic mixed-integer lin-
ear programming model for reducing operating costs in
transmission networks with large-scale storage systems and
substantial renewable energy integration. To optimize the
overall revenue from the sale of energy for a single day, the
study [36] examines the viability of combining a PHS with
solar photovoltaic power plants and wind power plants in a
hybrid power system. The study [37] investigates ways to
operate island networks that depend on pumped-hydro stor-
age and wind power at 100% renewable energy penetration.
The study [38] explores the best bidding and offering tech-
niques for integrated renewable power plants and compressed
air energy storage (CAES) in the electricity market, taking
into account the volatility of renewable output and electricity
pricing. The research [39] uses the analytic hierarchy process
to assess several storage options for grid-connected photo-
voltaic systems.

The presented work digs into a thorough examination of
aspects that have previously not been addressed together in
other research.

• This study’s primary goal is to examine how genera-
tor scheduling and hybrid renewable energy affect the
power system’s economic parameters.

• In addition, another issue that is addressed is the
financial influence of introducing energy storage tech-
nologies in a deregulated setting, like PHS and EV
battery storage.

• Moreover, this paper also tackles the third issue, which
focuses on the influence of different energy stages in
PSH and EV battery storage on the frequency of the
electrical grid.

• This research suggests a multi-functional solution for
a thermal-wind-PHS-EV hybrid plant in a deregulated
power system to address the challenges outlined above.

The major purpose of this technique is to maximize the
system’s financial profit and income while avoiding the
negative impact of Inequality Expenses (ExpIne), which
arise when the true and projected wind outputs diverge.

• The study provides four energy stages of the PHS sys-
tem’s upper basin (EPHS,max, EPHS,opt, EPHS,low, and
EPHS,min), and EV battery storage (EEVB,max, EEVB,opt,
EEVB,low, and EEVB,min). These energy levels are used to
guarantee that the hybrid system operates in optimized
mode, utilizing the maximum capacity of the storage
systems while still saving some energy for essential
power demand scenarios. This is the novelty of this
work.

• Furthermore, the suggested solution includes 11 sepa-
rate operational modes, each with distinctive strategies
adapted to the hybrid system. It should be noted that the
operational ranges of the PHS and EV battery storage
varied by state.

The suggested technique efficiently addressed wind power
uncertainties in the hybrid thermal-wind-PHS-EV system.
By assessing projected wind velocity in a deregulated market,
the technique commits wind farms to satisfy energy demands
accordingly, decreasing unpredictability in wind power pro-
duction. The operational approach tackles the discrepancies
in true and projected wind output, reducing the detrimen-
tal impact of power system imbalances produced by these
fluctuations.

The technique integrates PHS and solar-connected EV
power components to reduce uncertainties associated with
renewable energy sources while improving system stability
and security. The study emphasizes the need for regulating
uncertainty in wind power output by using the PHS plant to
guarantee that contracted generating patterns are met with the
help of solar power and EV-battery storage. Overall, the tech-
nique efficiently handles risks associated with wind power by
optimizing the operation of varied power-generating sources
and increasing revenue and profit within the hybrid system.

Section II depicts the details of the system structure, while
Section III presents the development of the objective func-
tion. Section IV gives the details of the functions of the
projected plant. Section V presents application details on an
IEEE 14-bus system with real-time data as well as simulation
results. Section VI presents the conclusions and future work.

II. SYSTEM STRUCTURE
System structuring is essential in the process of gaining a
thorough knowledge of a particular system. It is a neces-
sary prelude to the succeeding phases in system analysis
and assessment, which include objectives, simulations, oper-
ations, and obtaining outcomes.

A. WIND ENERGY PRODUCTION
The fluctuating, and indeterminate character of wind creates
difficulties at the time of integration with thermal power
plants. To solve this issue, the study focuses on estimating
wind speeds in a deregulated market. Accurate estimations
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enable to regulation of the power generated for these specific
wind speeds. The wind power production calculations rely on
the wind characteristic graph illustrated in Fig. 1. The power
generated by a wind farm is designated as PWind(s) that can
be measured using the following formula [40]:

PWind(s) = PRWT,max∗

(
WV(s)−WVcut−in

WVrated − WVcut−in

)
for Case 1

= PRWT,max for Case 2

= 0 for Case 3 (1)

Case 1: WVcut−in ≤ WV(s) ≤WVrated
Case 2: WVrated ≤ WV(s) ≤WVcut−out
Case 3: WV(s) <WVcut−in∪WV(s) >WVcut−out

FIGURE 1. Wind power production characteristics.

Here, PRWT,max is the maximum limit of generated power
from a wind farm. WVcut−in, WVrated, and WVcut−out are
cut-in wind velocity, rated wind velocity, and cut-out wind
velocity whereas WV(s) is the wind velocity at time ‘s’.
In this work, WVcut−in, WVrated, and WVcut−out are consid-
ered as 3, 15, and 26 m/s.

B. PUMPED HYDRO STORAGE PLANT (PHS)
A PHS plant’s functioning is strongly dependent on two
variables: the upper basin’s capacity and the height difference
between the upper and lower basins. These factors are deci-
sive in ensuring that the PHS plant runs smoothly. A PHS
power plant can run in a variety of modes depending on
the electricity demand. These modes are generating mode
and pumping mode, which correspond to peak and off-peak
demand hours. The PHS plant’s producing mode is also
known as the discharging mode. When the plant is in a
pumping zone, it saves energy for later use. The following
equations depict the quantity of power generated (Egen) and
the energy input (Epum) necessary for the PHS plant’s pump-
ing operation [41]:

Egen = ρwater·g·Hdiff·VFRwater,gen · ϑgen (2)

Epump =
ρwater·g·Hdiff·VFRwater,pump

ϑpump
(3)

Here, ρwater, g, Hdiff are water density, gravity-
generated acceleration, and PHS basin’s elevation difference.

VFRwater,gen and VFRwater,pump are the flow rate of water in
the generating and pumping mode of PHS. ϑgen and ϑpump
are generating mode and pumping mode power conversion
co-efficient.

C. LOCATION-BASED-MARGINAL PRICE (LBMP)
LBMP is a methodology used to determine the energy cost at
a definite location within an electric system. The computation
of LBMP takes a variety of factors, including energy pricing,
transmission congestion, the marginal cost of generation, and
losses. LBMP is used to establish the MCP (market clearing
price) for various points within the electric system, known as
nodes. It is worth noting that LBMP is sometimes referred to
as ‘nodal pricing’ since it estimates the energy price at spe-
cific nodes in the system. The MCP is extremely important in
calculating LBMP since it represents the equilibrium between
supply and demand for electricity in the market. This critical
component is determined by balancing the aforementioned
supply and demand at various places within an electrical
system, which is known as nodal pricing.

D. SQP (SEQUENTIAL QUADRATIC PROGRAMMING)
The SQP approach generates a problem formulation and
solution in a step-by-step way by successfully employing the
quadratic sub-problems. This strategy requires the integra-
tion of two critical methods: the line search route and the
trust-region framework route. The line search method plays
an important role in determining the ideal step size, which
eventually minimizes the objective function along the search
direction. In contrast, the trust-area framework procedure
is in charge of ensuring that each action executed during
each iteration remains inside a defined trust region. This
approach excels at tackling nonlinear optimization problems
with complex nonlinear objective functions and constraints.
The SQP methodology can be viewed as a parallel process
that functions similarly to Newton’s method. This strategic
research enables a more efficient and successful optimization
approach. SQP is closely related to two types of algorithms
that are useful for addressing nonlinear problems: the active
set approach and Newton’s method. These algorithms are
critical to the iterative SQP process, which is separated into
several discrete phases, each of which contributes to the
overall optimization process.

• The first phase comprises variable initialization, which
prepares the groundwork for subsequent computa-
tions and assures the precision of the optimization
process.

• Step 2 is dedicated to determining the search direction
for the variables related to the objectives. This phase
guarantees that the next processes are consistent with
the planned outcomes, resulting in a more efficient and
successful optimization process.

• Step 3 focuses on defining and solving quadratic
programming sub-problems. These sub-problems are
important to the entire optimization process because
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they give vital insights and answers that help to attain
the intended optimum outcome.

• Step 4 entails determining the best outcome. If the
intended optimal outcome is obtained, the procedure
moves on to the next stage, indicating that the optimiza-
tion process has been completed successfully. If the
optimal result is not yet achieved, the search size is
modified, and the procedure returns to Step 2.

• In Step 5, the optimal solution is achieved, which
combines all of the iterative phases into a strong and
efficient solution.

III. OBJECTIVE FUNCTION
In this study, two objectives have been deliberated that are
simultaneously and jointly solved. The first objective, which
is given utmost importance, is maximizing the profit of the
hybrid plant, represented by the variable Prof(m) at time ‘m’.
The second objective involves maximizing the revenue gen-
erated by the PHS hybrid plant. This objective is achieved
through an optimal scheduling operation that efficiently man-
ages renewable energy sources like wind power and solar
power. Additionally, it also involves utilizing the energy
storage system effectively. To accurately calculate the rev-
enue of the PHS hybrid plant, the authors have devised a
comprehensive computation method. This method includes
summing up the revenue generated from the PHS plant, wind
farm, and solar-connected EV battery storage system, and
accounting for any revenue reduction due to losses. Both the
profit objective and the revenue objective play a crucial role
in ensuring the economic viability and smooth operation of
the hybrid plant in a competitive power market.
Obj. Func. 1:

Pr of(m) = RevTher(m) + RevPHS(m) − TGP(m) (4)

Obj. Func. 2:

RevPHS(m) = [RevPSP(m) + RevWF(m)

+ RevSPV−EV−Bat(m) − RevPL(m)] (5)

Here,

RevTher(m) =

NG∑
i=1

Pt(i,m) · LBMPmrkt(i,m) (6)

TGP(m) = GPTher(m) + GPWF(m) + GPSPV−EV−Bat(m)

(7)

GPTher(m) =

NG∑
i=1

(
αi + βiPa(i,m) + γiP2a(i,m)

)
(8)

Here, ‘RevTher(m)’ and ‘RevPHS(m)’ are revenue col-
lected from the thermal and PHS hybrid plant (includ-
ing pumped storage (RevPSP(m)), wind farm (RevWF(m)),
and solar-connected EV battery (RevSPV−EV−Bat(m))) plant
respectively. RevPL(m) is the revenue due to the transmis-
sion loss. ‘TGP(m)’ is the total generation price of extracted
power from the hybrid plant whereas, this price consists

of thermal generation price (GPTher(m)), wind investment
price (GPWF(m)), and solar-connected EV battery investment
price (GPSPV−EV−Bat(m)). The total number of generators
present in the system is denoted as ‘NG’. Pt(i,m) is the
generated power quantity considering the true wind velocity
at generator-i. LBMPmrkt(i,m) is the location-based marginal
price at time m. αi, βi, γi are the price coefficient of thermal
plant. The revenue of the pumped storage plant (RevPSP(m))
highly depends on two constraints: Revenue collected at gen-
eration mode i.e. Revgen(m) and price of power at pumping
mode i.e. Pricepump(m).

RevPSP(m) = Revgen(m) − Pr icepump(m) (9)

Revgen(m) = Pg(m) · LBMPmrkt(m) (10)

where ‘Pg(m)’ is generated power with PHS operation in
generating mode. The price of power at the pumping mode
of the PSP plant is as:

Pr icepump(m) = Pw,pump(m) · LBMPWF

+ Pg,pump (m) · LBMPmrkt(m) (11)

Pw,pump(m) and Pg,pump(m) are the power extracted from
the wind farm and electrical grid for the pumping operation
of the pumped storage system respectively. LBMPWF is the
wind power investment price.

RevWF(m) = Pg−WF(m) · LBMPmrkt(m) (12)

RevPL(m) = ζ · LBMPmrkt(m) · [Pd(m)

− Pg−WF(m) − Pg(m)] (13)

Pg−WF(m) is the power given to the grid from the wind
farm. ζ is the consequence factor. Pd(m) and Pg(m) are the
power requirements and power availability in the grid at
time ‘m’. The prime objective of this workmentioned in equa-
tions (4) and (5) is solved using the following constraints:

A. CONSTRAINTS FOR SOLAR-CONNECTED EV BATTERY
SYSTEM

Pcha (m) = PReq−cha−WF (m) + PReq−cha−EG (m)

(14)

Pmin
cha ≤ Pcha (s) ≤ Pmax

cha (15)

Pmin
dis ≤ Pdis (s) ≤ Pmax

dis (16)

ELEV−bat (s + 1) = ELEV−bat (s) + [(Pcha (s) .ηcha)

− (Pdis (s) /ηdis)] (17)

ELmin
EV−bat ≤ ELEV−bat (s) ≤ ELmax

EV−bat (18)

Pcha (s) indicates the overall charging load of the EV bat-
tery system. Pmax

cha , P
min
cha , P

max
dis and Pmin

dis indicate the maximum
and lowest charging and discharging limitations of the EV
battery system. ELEV−bat (s) denotes the energy level of the
EV battery system. The EV battery system’s efficiency when
charging and discharging is represented by ηcha and ηdis.
ELmin

EV−bat and ELmax
EV−bat represent the lowest and highest

energy levels in the EV battery system. The variables and
parameters given are utilized to determine the EV battery
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system’s operation strategy. These variables are critical for
improving the hybrid plant’s functioning and maximizing its
profit and income. The charging and discharging mode’s low-
est and most severe limitations guarantee that the EV battery
system runs within its capacity. The EV battery system’s
energy level is monitored and adjusted to ensure that energy
supply and demand are balanced.

B. CONSTRAINTS FOR OPF SOLVING

Vmin
m,i ≤ Vm,i ≤ Vmax

m,i i = 1, 2, 3 . . .NBsys (19)

Vmin
a,i ≤ Va,i ≤ Vmax

a,i i = 1, 2, 3 . . .NBsys (20)

LLT,l ≤ LLmax
T,l l = 1, 2, 3 . . .NLsys (21)

Pmin
real,i ≤ Preal,i ≤ Pmax

real,i i = 1, 2, 3 . . .NBsys (22)

Pmin
react,i ≤ Preact,i ≤ Pmax

react,i i = 1, 2, 3 . . .NBsys (23)

The power flow in the system is modeled and examined
using the equations. A variety of characteristics, including
power generation at a particular unit, transmission loss, volt-
age magnitude, voltage angle, and real and reactive power
injection, are represented by the variables in the equations.
The voltage’s magnitude and angle are represented by the
variables Vm,i and Va,i, while its lowest and highest limi-
tations are denoted by the variables Vmin

m,i , V
max
m,i , V

min
a,i , and

Vmax
a,i . LLmax

T,l represents the transmission line’s thermal limit.
NLsys is the number of transmission lines in the electrical net-
work. The active and reactive power generation is represented
by Preal,i and Preact,i, while the lowest andmaximum limits are
represented by Pmin

real,i, P
max
real,i, P

min
react,i and Pmax

react,i.

C. CONSTRAINTS FOR THE PSH HYBRID PLANT

Pp(m) = Pw,pump(m) + Pg,pump (m) (24)

Pmin
p ≤ Pp(m) ≤ Pmax

p (25)

Pmin
g ≤ Pg(m) ≤ Pmax

g (26)

IV. FUNCTIONING PHASES OF PROJECTED PLANT
A highly effective and well-organized strategy, consisting of
two stages has been presented here to achieve the extreme
possible revenue and financial profit for the system, while
simultaneously ensuring that the grid frequency remains sta-
ble. This is accomplished through the optimal scheduling
of a hybrid power plant that combines wind, pumped hydro
storage, EV, and thermal technologies.

The proposed system comprises a range of power sources,
such as thermal plants and wind farms. Additionally, storage
systems like PHS and solar-connected EV batteries are also
incorporated into this power plant. The energy demand is
measured in terms of electricity consumption, and there is
a transmission system in place known as the electricity grid.
There is a controlling station that oversees the entire operation
of the power network. The process of this hybrid plant is pri-
marily working based on the true and projected wind velocity
scenarios. To ensure a smooth action, a power distribution
agreement is established between GENCOs and DISCOs.

FIGURE 2. Proposed hybrid system operating flow diagram.

This agreement considers the electricity produced by wind
power facilities and also takes into account the projected wind
speed.

In instances where the projected wind velocity (WVProj) is
superior to the true wind velocity (WVTrue), then the PHS
plant and solar-connected EV system are utilized to meet
the electricity requirement and maintain the frequency of the
electricity grid. When true wind velocity (WVTrue) exceeds
projected wind velocity (WVProj), the PHS plant functions
in the pumping zone, and the solar-connected EV battery
works in the charging zone. This allows for energy storage for
future use. In this particular scenario, the solar-connected EV
battery is also utilized. To ensure a wide range of variations
and to determine the most suitable results, four different
energy stages are considered for both the upper basin of the
PHS plants and the solar-connected EV battery systems. The
prime aim of the proposed operation scheme is to optimize the
functioning of the hybrid plant to exploit financial welfare.
This optimization is attained by making use of the available
renewable energy sources and aligning themwith the electric-
ity demand. Throughout this process, it is crucial to maintain
the system stability and frequency of the electricity grid.

The overall operation model of the hybrid plant is illus-
trated in Fig. 2, which showcases the intricate and metic-
ulously designed system that combines various sources of
power generation to achieve maximum efficiency and effec-
tiveness. This approach ensures that every aspect of the power
plant is streamlined and synchronized to work effectively
towards a common goal of meeting the ever-growing elec-
tricity demand. During the peak-demand period, when the
need for electricity is at its highest, the power generated
from the wind farm is directly channeled and supplied to the
grid. This direct supply ensures that the electricity reaches
the consumers in a timely and efficient manner, without any
unnecessary delays or interruptions.
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This is imperative in ensuring that the demands of the con-
sumers aremetwithout any compromise. However, during the
off-peak period, a different approach is adopted. The surplus
power generated by the wind farm during this period is not
wasted or left unused. Instead, it is intelligently utilized for
the pumping operation of the PHS plant. It means that the
excess power is efficiently stored in the PHS plant, serving
as a valuable reserve for future use when the demand for
electricity surges once again. By adopting such a strategic
approach and effectively utilizing wind power in this manner,
the hybrid power plant can meet the electricity demand in a
highly efficient and economical manner. This, in turn, reduces
the reliance on other conventional power sources, such as
thermal power plants.

The optimal operation scheduling of a solar-connected
EV hybrid system is divided into three distinct periods,
namely 6 AM-4 PM, 4-6 PM, and 6 PM-6 AM. Each of
these periods has its objectives and strategies to ensure the
uninterrupted supply of electricity. During the 6 AM-4 PM
period, the primary focus of the solar-connected EV hybrid
plant is to maximize the system’s profit by supplying solar
power directly to the grid. This not only ensures a steady
and reliable supply of electricity but also capitalizes on the
abundant solar energy available during this period. To fur-
ther enhance the efficiency of the system, the EV battery
is charged using solar power if its energy level reaches a
certain predefined point known as the EEVB,low. As the day
progresses and enters the 4 PM-6 PM period, solar power
shifts its attention towards maintaining the energy level of EV
batteries. After full charging of EV batteries, surplus power
is seamlessly directed and supplied to the grid. This ensures
that the battery remains adequately charged and serves as
a reliable backup option during times when solar power is
not readily available. Finally, during the third time interval,
which spans from 6 PM to 6 AM, the availability of solar
power significantly diminishes. This makes the energy level
of the EV battery critically important, as it serves as a lifeline
during the nighttime to maintain the grid frequency. The EV
battery then acts as a power backup option, ensuring that the
flow of electricity remains uninterrupted and the grid operates
smoothly.

To gauge the effectiveness and efficiency of the proposed
strategy, it is essential to compare it with various other algo-
rithms and approaches. The Mi-Power, GA, PSO, BAT, and
CS algorithms are some of the algorithms that have been
considered for this purpose. Furthermore, it is important to
note that the calculations and predictions involved in the
operation of the hybrid plant are based on extensive data
and analysis. The output power is initially calculated using a
power output characteristics graph, which considers the var-
ious factors and variables associated with the wind velocity
data. This meticulous approach ensures that the calculations
are accurate and reliable, serving as a solid foundation for the
subsequent decision-making process.

Additionally, the mode of operation of the PHS plant is
determined based on several crucial factors. These factors

include the true and projected wind power, grid frequency,
and the energy level of both the PHS and the EV battery sys-
tem. These factors collectively influence and dictate whether
the PHS should operate in generating, pumping, or remain
in idle mode. This dynamic and adaptive approach ensures
that the PHS plant operates optimally, aligning itself with
the specific needs and demands of the system. All operating
conditions and parameters are set within the designated oper-
ating limits of the PHS units. This ensures that the system
operates within safe and sustainable parameters, mitigating
any potential risks or issues. Once these operating conditions
are established, an optimal power flow (OPF) algorithm is
executed to achieve the objectives set by the hybrid plant.
This algorithm optimizes the distribution and flow of power,
ensuring that the electricity is efficiently allocated and uti-
lized. The integration of wind, PHS, and solar-connected EV
battery power generation with the least cost of generation
is a pivotal aspect of the proposed strategy. By maximizing
the use of renewable energy sources and minimizing the
reliance on thermal plants, the overall cost of power gener-
ation is significantly reduced. This, in turn, maximizes the
profit margin and ensures that the system operates in an
economically sustainable manner. However, it is important
to acknowledge the challenges associated with integrating
wind power with thermal power plants. The variable and
uncertain nature of wind power poses a unique challenge
in terms of synchronization and coordination. Therefore, the
presented methodology incorporates wind speed prediction
for a deregulated market. This prediction is crucial in accu-
rately calculating and estimating the corresponding power
output using a wind characteristic graph. This comprehensive
approach ensures that the system operates optimally, even
in the face of inherent uncertainties and complexities. The
flowchart depicted in Fig. 3 provides a visual representation
of the presented methodology for achieving the most effi-
cient operation of a hybrid plant. This approach considered
various factors and variables to ensure optimal performance.
For instance, the power supplied to the grid from the wind
source is denoted as PG−WF. Additionally, there are upper
and lower limits of power in the pumping mode (PPHS−p) of
the PHS system, which are referred to as PPHS−p,max, and
PPHS−p,min respectively. Similarly, the generating mode of
the PHS system (PPHS−g) has maximum and minimum limits
of power generation known as PPHS−g,max, and PPHS−g,min.
To ensure the most effective operation of the hybrid power
plant, an optimal operating strategy has been devised. This
strategy considered a total of 11 different operating states,
each with its unique characteristics and requirements.

These operating states are extensively operated to provide
a comprehensive understanding of the various conditions
that may arise. These states are further categorized into six
distinct conditions based onwind velocity and grid frequency,
allowing for a more organized and systematic approach to
operation. The operation of the hybrid power plant is thor-
oughly explained in Fig. 2, providing a detailed overview
of the entire system. This system consists of several key
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FIGURE 3. Flow-chart of the presented method.
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components, including main power sources such as a wind
farm and a thermal power plant.

Additionally, there are backup energy sources in the form
of a solar-connected EV battery system. The energy demand,
in terms of electricity consumption, is another crucial factor
in the operation of the hybrid plant. Furthermore, a trans-
mission system in the form of an electricity grid ensures
the smooth flow of electricity. Lastly, a controlling station is
responsible for overseeing andmanaging the entire operation.
These elements play a vital role in maximizing revenue and
profit by minimizing the reliance on thermal power. This is
achieved through effective scheduling in the first stage of
operation, allowing for efficient utilization
Presented Method Phase-1: This stage focuses on the

process of efficiently operating the hybrid WF-thermal-PHS
power plant, which is visually depicted in Fig. 3 under the
designation of Phase-1.
Presented Method Phase-2: In this stage, the incorporation

of the optimal operating strategy of the solar-connected EV
battery system has been performed, along with the scheduling
from the first phase. This incorporation is done to achieve
maximum revenue and profit by minimizing the utilization
of thermal power, as demonstrated in Fig. 3. To ensure
the robustness of the presented methodology, three different
types of EV-battery storage, namely Li-ion, Super-capacitor,
and Lead-acid have been considered.

These storage systems have varying efficiency levels and
working principles, which ultimately result in different profit
gains based on their respective operating models. To thor-
oughly examine the performance of the presented approach,
three battery stacks have been chosen, each consisting of
30 batteries, for each of the aforementioned types: Li-ion,
Super-capacitor, and Lead-acid. The capacity of each battery
is 60 kW. Furthermore, it is worth mentioning that the effi-
ciency of the inverter, which plays a crucial role in the overall
system, has also been taken into consideration. The inverter
efficiency is considered as 95% for this work.

V. RESULTS AND DISCUSSION
The effectiveness of the method is evaluated by implement-
ing the presented methodology in a modified IEEE 14-bus
system. This system consists of 5 generators, 10 loads, and
20 transmission lines. To ensure the accuracy of the results,
all the necessary system data and cost coefficients have been
extracted from a reliable source, namely [42]. To carry out the
necessary calculations and analysis, a wind farm comprising
20 turbines is taken into consideration. Each of these turbines
has a maximum capacity of 3.5 MW, resulting in a total net
output of 70 MW when operating at its rated speed.

Additionally, a 2 MW solar power plant is also included
in the proposed hybrid system. When determining the cost of
wind power investment, a value of 3.75 $/MWh is assigned,
as stated in [43]. On the other hand, the cost equation for PHS
plants is assumed to be linear and less significant compared
to other costs. Therefore, the cost of generating hydropower
can be considered negligible in this context. To assess the

TABLE 1. Energy stages of PHS & EV’s battery storage system.

applicability and effectiveness of the presented methodology,
hourly data of various parameters such as true and projected
wind velocity (measured at a height of 120 m from the
ground level), solar irradiance, solar cell temperature, and
grid frequency are collected for a specific location. This data
is illustrated in Figure 4.

PHS is a form of energy storage system that utilizes two
water reservoirs situated at varying elevations to both store
and generate electricity. The determination of whether PHS
functions as a generator or a pump is reliant upon the logic
presented in Figure 3. This particular logic is most likely an
outline of the conditions and criteria used to decide when the
PHS system should operate as a generator, thus generating
electricity, or as a pump, thereby storing energy. At the com-
mencement of operation, the PHS plant possesses an initial
energy level of 51 MWh, while the EV battery storage is
assumed to have an initial energy level of 2 MWh. These
respective energy levels signify the quantity of energy stored
within the PHS plant and EV battery storage at the initiation
of operation. Table 1 furnishes comprehensive details regard-
ing the energy levels of both the PHS plant and the EV battery
storage systems.

The presented methodology outlined within this paper is
compared with an existing methodology as elucidated in
reference [44]. The cost equation of generators, the utilized
input data, and the objective function employed in both the
presented methodology and the existing methodology are
identical. This comparative analysis is presumably conducted
to assess the efficacy and efficiency of the presented method-
ology concerning the existing methodology.

In a majority of instances, the grid frequency is discovered
to be lower than the standard value of 50 Hz, thereby indi-
cating a potential disparity between power generation and
demand. The maintenance of grid frequency is fundamen-
tally crucial to avert power system blackouts. The presented
methodology offers a viable and cost-effective solution
by optimizing the scheduling of power generation from
the hybrid system, thereby effectively maintaining the grid
frequency.

The profitability of a power system is reliant upon the
revenue garnered from customers and the cost associated
with power generation. The revenue is influenced by the
generated power of each generator and the corresponding
Location-Based-Marginal Price at generator buses. The pre-
sented methodology considered backup generation units,
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FIGURE 4. Real-time control parameters of the system.

such as PHS, solar power, and EV-battery storage, to balance
the power system and circumvent scenarios in which demand
exceeds supply. The integration of thermal and renewable
power generation necessitates the consideration of the uncer-
tain nature of renewable energy sources.

The objective of the paper is to maximize the economic
sustainability of the hybrid power system by addressing
the Inequality Expenses (ExpIne) and incorporating double
auctioned bidding. This likely entails the development of
strategies and algorithms to optimize the operation and coor-
dination of diverse power generation sources in the presence
of uncertainty. The entire work has been performed using

FIGURE 5. Diagram of the connected network using Mi-Power.

Mi-Power software and a comparison has been performed
among different optimization techniques. Fig. 5 displays the
diagram of the connected network using Mi-Power. The
power generated from wind farms considering the true and
projected wind velocity are depicted in Table 2.
Application of Presented Methodology Phase-1: The oper-

ating modes of the PHS plant and EV battery are subject to
change every hour to fulfill the commitment to the system
and maintain the frequency of the grid. This dynamic adjust-
ment of operating modes is crucial in ensuring the smooth
functioning of the power system.

The presented methodology, which is implemented using
Mi-Power, takes into account the technological aspects and
scheduling operations of the hybrid plant to supply power
most efficiently and economically. The use of Mi-Power
allows for a comprehensive analysis of the system and enables
optimal decision-making in terms of power generation and
storage. Table 3 provides a detailed comparative study of the
economic parameters of the system and the levels of new
energy after the application of the presented methodology in
phase 1 using Mi-Power.

This table serves as a valuable resource for understanding
the impact of the presented methodology on the finan-
cial aspects of the system. The energy levels of the PHS
plant exhibit variability between the optimal energy stage
(EPHS,opt) and the lower energy level (EPHS,low) during max-
imum hours. This variability in energy levels has a direct
influence on the profitability and revenue generation of the
plant. By operating at higher energy levels during peak hours,
the PHS plant can maximize its profit and revenue. The profit
of the system is directly influenced by the true wind power
generation. This is due to the lower investment cost associated
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TABLE 2. Power generated from wind farms considering the true and projected wind velocity (in MW).

TABLE 3. Economic parameters of PHS hybrid plant (By presented methodology phase-1 using Mi-Power).
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TABLE 4. Economic parameters of PHS hybrid plant (By existing methodology phase-1 using Mi-Power).

with wind power compared to thermal power. As the true
wind power generation increases, the profit of the system also
increases, resulting in a more cost-effective operation. The
presented methodology introduces different maximum and
minimum power ratings for the generation or pumping modes
of the PHS power plant. This flexibility in power ratings
allows for greater utilization of wind power and the PHS plant
compared to other existing methodologies. By optimizing the
power ratings, the presented methodology enables a more
efficient and effective utilization of the available resources.
Figure 6(a) represents the maximum and minimum power
capacities for the pumping and generation mode of the PHS
plant after the implementation of the presented methodology.
The figure serves as a graphical representation of the power
capacities, providing a clear understanding of the operational
capabilities of the PHS plant.

At the 20th hour, the PHS plant remains in an idle condi-
tion, as the maximum power rating is zero during that specific
hour. This idle state of the PHS plant is a result of the specific
operational constraints and requirements of the system. In a
power system, the generator offers price coefficients that are
fixed for all generators. This means that the solution to the
optimal power flow problem aims to minimize the generation
cost by adjusting the generation schedules of thermal power
plants.

The presented methodology has been compared with the
existing methodology [44] to confirm the efficacy of the
presented methodology. A thorough comparison analysis of
the system’s economic characteristics and the amount of
additional energy following the use of the existing method-
ology in phase 1 with Mi-Power is given in Table 4. When
comparing the presented methodology with the existing one,
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FIGURE 6. System performance (a) PHS Plant’s Operating Power Range (b) Revenue of PHS System (c) Revenue of Hybrid System (d) Profit of Hybrid
System.

all limitations and system utilization have been taken into
account.

From the comparison that has been made between the
presented methodology and the existing methodology, one
can observe that all types of revenue have been maximized
through the minimization of the system generation cost in
the presented methodology. As a result, the system profit
is automatically maximized. This occurrence is a direct
result of the optimal scheduling of the PHS plant energy
level that has been proposed in the presented methodology.
Figures 6(b) and 6(c) present a comparative study of the rev-
enue generated from the PSH power plant and hybrid power
plant. The figure demonstrates that the presented method-
ology outperforms the existing methodology [44] in terms
of revenue maximization. Throughout the analyzed interval,
the presented methodology consistently yields the maximum

revenue. By employing the presented methodology, the
overall system revenue has reached a remarkable value
of 140564.2$ for a particular day. In contrast, the existing
methodology only generates revenue of 139381.7$ during the
same period. This significant increase in revenue showcases
the superiority of the presented methodology in maximizing
the financial gains of the system.

In a renewable integrated system, the economic benefit
of the system heavily relies on the optimal scheduling of
the renewable sources, storage devices, and the correspond-
ing selling prices of the power. The efficient management
and coordination of these elements are key factors in ensur-
ing the success of the system for both the operators and
customers. One of the primary contributors to the system’s
performance is the power generation from the thermal power
plant, which must be carefully controlled and optimized.
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FIGURE 7. (a) Thermal power generation (MW) (b) LBMP ($/MWh) for
presented methodology.

Additionally, location-based marginal pricing (LBMP) also
plays a pivotal role in determining the overall effectiveness
of the system. It is essential to consider the fluctuating nature
of wind power generation, which cannot be easily controlled.
Therefore, it becomes imperative to focus on controlling and
managing the thermal power and power from storage devices.
To illustrate the findings and conclusions, specific cases were
considered and analyzed.

Figures 7(a) and 7(b) visually represent the generated
thermal power and the corresponding LBMP for these exam-
ined scenarios using the presented methodology. The revenue
obtained from the hybrid plant remains consistent for both
Phases 1 and 2 of the presented methodology as the power
committed to the system remains fixed in both scenarios.
Nevertheless, the cost incurred for power generation dif-
fers between Phases 1 and 2 due to the distinct scheduling
of power generation. The system’s profitability is contin-
gent upon both the revenue and generation cost. Profit is
attained when the revenue surpasses the generation cost.
Upon observing Figure 6(d), it becomes apparent that the
presented methodology yields superior outcomes in terms of
maximizing profit as compared to the existing methodology.
Application of PresentedMethodology Phase-2: In Phase 2

of the study, a total of three distinct types of EV batteries
are employed, which are distinguished and classified based

on their respective ratings and efficiency levels. According to
the presented scheduling strategy, it is stipulated that the EV
battery undergoes regular charging and discharging processes
throughout the daytime period. Nevertheless, once the solar
radiation falls below a specific predetermined threshold level,
the EV battery is strictly prohibited from engaging in any
discharging activities. The rationale behind this prohibition
lies in the fact that the energy that has been stored within the
EV battery is crucially required during the nighttime period
to effectively balance the overall power demand and supply,
thereby ensuring the maintenance of the grid frequency at an
optimal level.

Consequently, it can be deduced that the EV battery func-
tions normally until 4 PM, and subsequently, no discharging
activities are permitted to occur until certain predetermined
conditions, namely conditions 5 and 6, come into play and
are satisfied. Upon careful examination of Fig. 8, one can
easily discern and observe the comprehensive and detailed
outcomes and results of the revenue and profit that have
been successfully attained and achieved for a wide variety
of different intervals, all of which were obtained and derived
after the diligent and meticulous application of the presented
methodology in Phase 2. It is important to note that upon thor-
ough analysis of the aforementioned table, it becomes readily
apparent that the overall profit experiences a consistent and
notable increase as the contribution and involvement of PV
power and wind power gradually amplify and intensify.

Furthermore, it is also crucial to emphasize the fact that
for significantly large-scale systems, wherein the contribu-
tions made by PV power and wind power are substantial,
the resultant profit can indeed be exceptionally and remark-
ably high, thereby showcasing the immense potential and
viability of such systems. Phase 2 is unequivocally and incon-
trovertibly superior and more advantageous as compared to
Phase 1, primarily because the former incorporates and inte-
grates the utilization and deployment of both solar power
and EV batteries in addition to the regular wind-PHS plant.
The scheduling and arrangement of the wind-PSH-solar-EV
battery system is explicitly found to be considerably more
beneficial and advantageous in terms of profit maximization
when compared to the scheduling and arrangement of solely
the wind-PHS plant, thereby providing tangible evidence of
the immense and significant value and worth of such a hybrid
system.

The comprehensive analysis of Fig. 8 effectively and effi-
ciently showcases and depicts the meticulous and diligent
study and examination that has been conducted and carried
out about the overall profit that has been attained and achieved
over a specific day by employing and utilizing various exist-
ing methodologies, Phase 1 of the presented methodology,
as well as Phase 2 of the presented methodology. It is crucial
to note that after extensively and thoroughly analyzing and
scrutinizing all of the aforementioned approaches, it becomes
readily apparent and evident that the utilization and inte-
gration of a supercapacitor in Phase 2 of the presented
methodology results in the generation of the maximum profit.
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FIGURE 8. System profit (In $/Day) (a) With Existing and Presented Methodology (Using Mi-Power), (b) Using different algorithms with presented
methodology Phase-1, (c) Using different algorithms with presented methodology Phase–2.
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FIGURE 9. Energy level comparison of PHS system.

This notable and significant outcome can be attributed to
the higher efficiency levels that are inherently associated and
linked with the aforementioned supercapacitor.

The results and findings that have been obtained and
derived from the presented methodologies are meticulously
and comprehensively compared and contrasted with the out-
comes and findings that have been derived from a variety
of other well-known and widely utilized algorithms, such
as BAT, PSO, GA, and CSA algorithms. Upon thorough
examination and analysis, it becomes readily apparent and
evident that the BAT algorithm is unequivocally and incon-
trovertibly the most successful and effective in terms of
profit generation, as it successfully generates and yields a
maximum profit amounting to an impressive value when
utilized and employed in conjunction with Phase 1 of the
presented methodology. After conducting and performing an
exhaustive study and analysis of the outcomes and results
on the system profit that has been obtained and achieved by
implementing and utilizing Phase 2 of the presented method-
ology in combination with various types of EV batteries,
it can be definitively concluded and determined that the BAT
algorithm, when utilized in conjunction with a supercapaci-
tor, unquestionably generates and yields the maximum profit.
Conversely, the utilization and integration of Mi-Power in
combination with a lead-acid battery results in the genera-
tion of the minimum profit. The underlying and fundamental
strategy that has been proposed and put forth in the paper
revolves around the optimal scheduling and arrangement of
the energy levels of the PHS plant, the solar-connected EV
battery storage, as well as the effective and efficient uti-
lization and deployment of solar-battery to effectively and
efficiently maximize the overall profit.

The comprehensive and detailed analysis provided by
Fig. 9 effectively and efficiently showcases and depicts the
meticulous and diligent study and examination that has been
conducted and carried out about the energy levels of the
PHS plant, both when utilizing the existing methodology and
the presented methodology. It is crucial to note that upon
thorough analysis and scrutiny, it becomes readily apparent

and evident that the energy levels that are associated and
linked with the existing methodology consistently and per-
sistently surpass and exceed those that are associated and
linked with the presented methodologies, thereby providing
tangible evidence of the superior and more advantageous
nature of the presented method. This notable disparity can
be primarily attributed to the fact that the proposed method
not only focuses on the energy levels of the PHS plant itself
but also places considerable emphasis and importance on
the optimal utilization and deployment of PHS, solar power,
as well as EV battery power to effectively and efficiently
maximize the overall system revenue and profit.

In the presented methodology, it is always ensured that a
specific lower energy level is consistently upheld. This main-
tenance of a certain lower energy level is an integral aspect
of the approach being put forth. By consistently maintaining
this lower energy level, the presented methodology aims to
achieve the desired outcome. It is crucial to note that this
lower energy level is not subject to fluctuations or devia-
tions, but rather is upheld with unwavering consistency. This
deliberate emphasis on maintaining a specific lower energy
level serves as a foundational principle within the presented
methodology and is integral to its overall effectiveness and
success. By adhering to this principle, the approach seeks
to optimize its outcomes and ensure the desired results are
attained. The significance of this lower energy level lies in its
ability to contribute to the overall efficiency and effectiveness
of the approach, as it serves as a guiding force and parameter
for the actions and processes within the presented methodol-
ogy. Therefore, it is imperative to maintain this lower energy
level to maximize the benefits and potential of the presented
methodology.

VI. CONCLUSION
The paper introduces a detailed proposal for a two-stage
operational strategy aimed at maximizing revenue and profit
of a wind-PHS-solar connected EV battery hybrid system in a
day-ahead double auctioned electricity market. This strategy
considers grid frequency and energy levels of the PHS plant
and EV batteries. It differs from traditional PHS and solar
power operations, where the PHS plant is mainly used for
peak demand shaving. Instead, the proposed method utilizes
the PHS plant to offset wind power uncertainties, ensuring
generation patterns are met with solar power and EV-battery
storage. By optimizing solar power and EV batteries, along
with first phase scheduling, the goal is to increase revenue and
profitwhile reducing reliance on thermal power. Results show
the proposed method outperforms an existing one in all cases.
Additionally, the second phase enhances system reliability
and security, ultimately improving performance. Simulations
conducted hourly demonstrate enhanced reservoir utiliza-
tion, contributing to system stability. Proper scheduling of
the solar-EV battery combination further reinforces system
stability and security, boosting confidence in its performance.
The study concludes that the proposed method effectively
maximizes revenue and profit while addressing grid fre-

95700 VOLUME 12, 2024



R. C. Vankina et al.: Approach for Attaining Economic Profit

quency maintenance and wind power uncertainties. The BAT
algorithm is recommended for optimal power flow, underlin-
ing its importance in achieving desired outcomes. Overall,
the two-phase operational strategy represents a significant
advancement in maximizing revenue and profit in a hybrid
system within a day-ahead double auctioned electricity mar-
ket, ensuring stability and security.
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