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Abstract
One of the primary challenges faced by generation companies (GenCos), which operate
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multiple generation units within the electricity market, is the determination of the opti-
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matrix of unit profits is computed using the electricity market structural decomposition
method. This matrix highlights how the profit of generation units is affected by market
input parameters, including the bid prices of the units. Then, the gradient vector of the
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bian matrix. The methodology is applied to a 24-bus IEEE network, with results validated
against those from a simulation method to confirm the efficacy of the proposed approach.
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The simulation results show that the highest and lowest profit changes with a step increase
of 0.1$/MWh are observed for GenCo 4 and GenCo 6 with values of 60.28 and 2.20 $/h,
respectively. The proposed approach can be effective in the changes of bid direction of the

units of a GenCo to achieve the highest possible profit.

1 | INTRODUCTION

tifying the optimal bid price that navigates market constraints
and forecasts to achieve the highest profit. On the other hand,
1.1 |

Motivation and aim given the electricity market’s imperfect competition, GenCos

attempt to increase its profit margins by setting prices above

The strategy of adjusting the bid price of the units by the owner
of each company emerges as a critical challenge for maximizing
the profit of any generation company (GenCo). In the compet-
itive electricity market, the allocation of generation hinges on
the bids submitted, necessitating that each GenCo competes by
proposing bids to secute market share. This competitive land-
scape offers GenCos opportunities to enhance their profit [1].
Consequently, each GenCo is motivated to strategically formu-
late its bids within the restructured power market to maximize
its profit [2]. To maximize profits in a competitive market, Gen-
Cos are compelled to set their bids closely aligned with marginal
production costs. The challenge for each GenCo lies in iden-

the marginal production cost [3]. Therefore, GenCos’ strat-
egy of proposing electricity prices becomes crucial for attaining
greater profit. This paper aims to introduce a novel approach for
optimizing electricity price proposals of GenCos, as illustrated
through graphical representations in Figure 1.

1.2 | Literature review

According to the graphical literature review in Figure 1, the
structural decomposition method has been used across vari-
ous domains, including matrket powet, collusion, congestion
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FIGURE 1 Graphical literature review of market decomposition and contribution of the proposed method.

management, and demand-side management in both single-
sided and double-sided markets. Notably, to tackle potential
collusion among market participants, a new index is proposed
using the structural decomposition method, aiming to optimize
social welfare in the double-sided market [4]. Also, a method is
proposed to assess the collusion among generation units in a
single-sided market by using the Jacobian matrix in [5], introduc-
ing two lemmas to calculate the factors influencing the profit of
generation units. In [0], a methodology for evaluating the costs
associated with the demand-side management program con-
sidering energy losses and line congestion is proposed, where
the influence of such programs on cost vatiations is examined.
The structural decomposition of the locational marginal price
(LMP) of the buses is proposed in [7] to explore the potential
for market power formation among GenCos in a single-sided
market. Research in [8] employs structural decomposition to
study the statistical dynamics of electricity prices under differ-
ent network load conditions, uncovering a linear relationship
between the LMP and the strategy of GenCos. An analytical
method based on structural analysis to investigate customer
satisfaction sensitivity to its contributing factors is investigated
in [9], using the Lagrange function and the Kahn-Tucker con-
dition to maximize social welfare in the double-sided market. A
novel index to analyse the market power of generation units and
GenCos based on their capacity to influence electricity prices
is proposed in [10], dissecting the LMP into four main compo-
nents to identify the impact of each factor on LMP variations.
The contribution of electric vehicle charging stations, wind
farms, and the direct load control program to line congestion
changes under different load conditions is determined through
structural analysis in [11], with the study also investigating the
impact of each factor on the line congestion changes via several
indices. The impact of the demand response program on the
LMP, generation powet, and responsive electricity consumption
as market components is investigated in [12] through quadratic

programming in a two-sided electricity market. In [13], the
influence of electric vehicle charging stations on changes in the
flow of network lines is analysed, proposing an index to quantify
the station’s impact on network congestion. Lastly, an analytical
approach is proposed to evaluate collusion between Gen-
Cos and transmission companies, analysing factors affecting
changes in congestion rent of lines and zones and introducing
six indices to identify the contribution of each factor to these
changes [14]. The exact role of energy resources and distributed
generations in variations in congestion on network lines is
determined using structural decomposition and an analytical
method [15]. The Kahn—Tucker conditions in the Lagrange
technique are used to precisely compute the effect of five
factors on fluctuations in the power of network lines. The best
places for wind farms and electric vehicle charging stations are
initially identified by utilizing a potent structural decomposition
technique to analyse the flow characteristics of grid lines. Each
item added to the network is then given a transmission fixed
cost [16].

In addition, significant research has been conducted in the
area of GenCos’ behaviour using learning algorithms. For exam-
ple, an approach using the Q-learning algorithm is developed
to model the behaviour of GenCos in [17], enabling GenCos
to iteratively learn and adjust their strategy. In [18], the Q-
learning algorithm is used to assess the bidding behaviour of
GenCos, including adjustment of their sensitivity to price fluctu-
ations through a correction factor. Also, under different market
clearing scenatios, the strategic behaviour of GenCos based
on the learning mechanism is modelled in [19]. The impact
of learning on the behaviour of GenCos in the monopoly
electricity market is investigated in [20], where the GenCo
agents periodically adjust their price offer. In [21], the genetic
algorithm is used to formulate a novel strategy to estimate
GenCos’ profit, with the instantaneous electricity price deter-
mined by a similarity function. Additionally, the Q-learning
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algorithm is applied to analytically examine the factors influ-
encing the LMP of buses, aiming to evaluate GenCos’ strategic
behaviour [22].

Collusion among GenCos to increase profits leads to the
formation of market power, which affects the market equilib-
tium point. In general, vatious factors influence the formation
of market power. Market power refers to the capacity of par-
ticipants in the electricity market to increase their profits by
maintaining prices above competitive levels for a significant
period of time. This phenomenon is indicative of a non-
competitive market and can undermine economic efficiency
[23]. Matket power occurs when producers manipulate prices
to their advantage using methods such as increasing supply or
decreasing generation [23, 24]. For example, a study on the
European electricity market shows that prices are significantly
influenced by generation owners [25]. David and Wan provide
an overview of market power, focusing on different equilib-
rium models and strategies for mitigating market power [20].
The long-term impact of generational ownership on market
power is examined in [27], suggesting that a limited number
of investors could lead to welfare reductions. A comprehen-
sive method for assessing market power, based on the concept
of centrality from social network analysis, is proposed in [28],
along with several indices for developing market power cri-
teria. In [29], the models of Bertrand, Cournot, Stackelberg,
and supply function equilibrium are examined to analyse mar-
ket power. One of the factors affecting the market power is
transmission constraints. A market power analysis consider-
ing network constraints, fuel constraints, and weather pattern
limitations is investigated in [30]. A new approach for mar-
ket power analysis employing three indices based on network
flow, minimum generation, and residual supplier is proposed in
[31]. A quantitative and theoretical analysis for evaluating the
impact of demand shifting on reducing market power by the
production side is proposed in [32]. A Cournot-based model
for detecting the presence of market power is used to evaluate
the Korean [33] and Colombian [34] markets. A set of tech-
niques (concentration ratios, the Herfindahl-Hirschman Index,
the Lerner Index, the residual supply index, and the supply
margin) are employed to assess the Singapore electricity mar-
ket [35]. In [14], an analytical method is proposed to evaluate
collusion between GenCos and transmission companies, intro-
ducing several indices to evaluate collusion and the impact of
each factor on network congestion changes. In [30], a tool
for future market data analysis is proposed to detect collusion
among generating units. In this regard, all possible scenarios of
collusion are considered, and the obtained statistics are used to
train a learning algorithm. In [37], an algorithm based on rein-
forcement learning is proposed to evaluate market performance
against collusion among usets. The effect of multiple markets
on collusive behaviour is investigated in [38], albeit without con-
sidering transfer restrictions in the strategy of GenCos. Market
power in the electricity market with the integration of renew-
able energy sources is evaluated in [39], considering explicit
and implicit collusion. The potential for collusion between the
unreliable coordinator and electric vehicle charging stations is

investigated in [40], which could harm others’ profits and social
welfare. In addition, a new blockchain-based framework for reli-
able coordination is used in this study. In [41], the possibility
of collusion among GenCos using the game theory model is
investigated, distinguishing between weak and strong types of
collusion.

The goal of [42] is to thoroughly examine the strategies
used to raise the proportion of renewable energy sources and
the ways in which these resources engage in the power mar-
kets. In this context, a thorough examination of several topics
is provided under separate parts, including policies that sup-
port renewable energy sources, electricity market structutes,
market development, ideal bidding strategies, and methods of
renewable energy sources’ collective involvement in the energy
markets. In order to eliminate imbalances and participate in
the day-ahead and balancing markets, including bilateral con-
tracts, [43] provides a bi-level and multistage framework in
which a renewable energy portfolio manager controls renew-
able energy sources combined with an energy storage system.
The day-ahead and balancing market trading, as well as bilat-
eral contracts, are the means by which an ideal bidding strategy
for a wind energy portfolio manager that includes electric
vehicle parking lots is suggested in [44]. This strategy takes
into account line capacities and risk management in order to
maximize profits.

Indeed, the structural decomposition method has been
extensively applied in research covering market power, collusion
evaluation, congestion management, and demand-side manage-
ment, as shown in Layers 1 and 2 of the graphical literature in
Figure 1. However, to date, there has not been a study that intro-
duces an optimal bid pricing strategy for each GenCo in the
electricity market based on the profit gradient of the GenCos to
achieve the maximum profit.

1.3 | Contribution and paper organization

As highlighted in Layer 3 of the graphical literature in Figure 1,
the main innovation of this paper is to propose an analytical
method combined with structural decomposition to maximize
the profit of each GenCo in the network by using the gradi-
ent vector of the profit function of GenCos. In other words,
the proposed method identifies that the marginal units placed
in each GenCo with the least changes in the bid price in the
optimal direction will achieve the highest profit for their GenCo
by considering the transmission constraints. Imagine that gen-
eration company g has » generation units. If this generation
company is supposed to reach the maximum possible profit by
increasing the specific bid price, the bid price of the generation
units placed in it should act in the right direction and make opti-
mal changes. In this regard, this paper uses the vector of profit
gradient of generation companies to reach the maximum profit.
In general, the strategy of moving in the optimal direction of
the bid prices by GenCos using the gradient vector of GenCos’
profits has not been studied so far. Therefore, the most impot-
tant innovation of this paper is to examine the optimal changes
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in the bid price of the generation units of each GenCo to achieve
the maximum profit.

The remaining paper is organized as follows: The basic for-
mulation related to the problem is presented in Section 2. Then,
the proposed formulas are presented in Section 3. Afterward,
the results of the proposed formulas are presented in Section 4.
Finally, the conclusion and summary of the paper are provided
in Section 5. In the following, the formulation of the problem
will be presented.

2 | PROBLEM FORMULATION

In this section, first, the basic formulas related to market
structural decomposition are presented. Then, the Jacobian for-
mulation of profit from generation units is defined to calculate
the effect of factors on profit changes.

2.1 | Electricity market structural
decomposition

First, the input data for the problem is provided, which includes
the bid price of the units, the minimum and maximum capac-
ity of the units, and the capacity of the network lines. Then,
by implementing the market clearing program, the generation
power of generation units, the LMP of buses, and the flow of
network lines are calculated. The objective function of the prob-
lem in this study is the cost function of generation units [5],
which is defined in (1):

Ng

1
Mi Py + 10, )
MC’PC - ML' ]‘)L = PD . LMP (1)

p—-©,-6)x,'=0 VI
Pgﬁn < PG < Pgh\& _ P]l}Iax < PL < P]l}lax

where a; and J; are the coefficients of the problem’s cost func-
tion. P, Pp and P; ate the vectors of generation power, load
consumption, and power of network lines, respectively. M/ and
M are the intersection matrices of bus and generation units and
bus and network lines, respectively. By using the method in [5,
14], the factors affecting the changes in the LMP of buses and
the generation power of the units are defined as follows:

ar G Min Max Max 17
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The proof of this method is in [5].

The factors that make up the generation power of units and
the LMP of buses are classified into five categories: marginal,
expensive, cheap units, network load, and congested lines.
Marginal units are units that influence the generation power of
the units and the LMP of buses with their bid prices. Similarly,
expensive units are the ones that affect the two factors men-
tioned with their minimal self-generation capacity, while cheap
units are the units that affect the two factors mentioned with
their maximum generation capacity. The focus of this paper is
on marginal units to calculate the profit of GenCos because
marginal units with the bid price affect the changes in the gen-
eration power of the units (Lap,) and the LMP of the buses
(Lapnp). Lap, and Lap\p are two matrices affecting the gen-
eration power of the units and the LMP of buses. In fact, these
two matrices are applied as input to the Jacobian matrix to calcu-
late the impact of the influencing factors on the profit changes
of units.

2.2 | Profit decomposition of generation units

In this section, the impact of the influencing factors on the
profit changes of the units is determined. In general, the profit
of unit 7 (i.e. revenue minus generation cost [45]) is calculated as

-
Profit; = Revenue; — Cost; = (Pg;.LMP;)
1
- <a,..P<g,- + z@».@f) )

where LMP; is the locational marginal price of the bus 7 Equa-
tion (4), which expresses the profit [29] of each generation unit,
can be rewritten as follows according to [5]:

[PR] = ([2;] ® [LMP])

7] o [P0 |~ G]) ®)

- (o rl+s

which can be rewritten based on Hadamard multiplication as
follows [5]:

[PR] = (K.Q © (W .Q)
-(Mow.Q+3lox.Qo®.Q) ©

where the matrices K and I and the vector Q are defined as
follows:

I y fasc1
K Lan? |1 LaLMP’ Q [dmrgﬁ P(I,\"[m’ P&,\v[ax, PDJ PIJEI%]
(7)

As a result, as shown in Layer 2 of the graphical literature in
Figure 1, the profit change rate (4PR) of the units is defined as
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U1

follows using the Jacobian matrix [

]

NgXNmrg — NgXNmn — NgXNmx NgXNb  NgXNel

X d PMax (8)

where Sa, Smn, and Smx are the effective matrices of marginal,
expensive, and cheap units on the profit changes of generation
units, respectively. ¢ and S/ are the effective matrices of net-
work load and congested lines on profit changes of generation
units. Therefore, the profit changes of each generation unit are
affected by the five factors of marginal, expensive, and cheap
units, network load, and congested lines [5], which are defined
in (9).

Nimrg N min

AProfit; = Y, Sali j).da; + Y, Swn(i, j).dBg™
J J »

N max Nb
+ D (G, AR + Y S, n).dPd,
7 "
Ncong

+ Y SIG ).
/

Vi=1,2,..,Np )

Therefore, by using the Jacobian method and the Hadamard
multiplication, it is possible to calculate the impact of the
influencing factors (marginal, expensive, cheap units, load con-
sumption, and congested lines) on the profit changes of the
generation units; the proof of this method is examined in [5].
These coefficients, which are obtained analytically, determine
the contribution of each factor to the profit in a transparent,
fast, and precise manner. Therefore, the proposed approach
provides a powerful tool to specify the key factors affecting the
profit of each unit. In the following, the formulation related to
the optimal bid direction will be presented.

3 | FORMULATION OF GRADIENT
VECTOR AND UNITS’ OPTIMAL BID
PRICE DIRECTION

In this section, a brief explanation of the gradient vector is
provided first. Then, the gradient vector of GenCos’ profit is
presented as the proposed method of this paper, which has not
been discussed in previous studies. Finally, the optimal bid price
direction for each marginal unit placed in GenCos is determined
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FIGURE 2 The gradient vector of the function /.

using the gradient vector. In general, the gradient vector of a

scalar function f'that maps R'—R whete x = (x1, x2, ..., x,) is
as follows [40]:
0 d d
Vie) = L8 U L 8 gy
Oxy 02, 0x,

For example, as shown in Figure 2, if fis a function of three
variables (x, 3, and z), its values can be visualized as a plane. In
this context, moving in the direction of the function’s gradient
on this plane, with a certain value, results in the most changes.
This leads us to a pivotal question: what is the rate of change in
bid price per unit of GenCo to achieve maximum profit?

In other words, what precise adjustment ratio should a
GenCo apply to the bid price of its units to maximize profits?
Tackling this question necessitates a sophisticated mathematical
model capable of incorporating all market constraints, a subject
yet to be explored in existing research. Certainly, according to
mathematical principles, moving in the direction of the gradi-
ent vector of a multivariable function yields the most significant
enhancement in the function’s value. Therefore, by determining
the gradient vector of a GenCo’s profit, one can determine the
direction of movement for maximizing profit (the direction in
this multidimensional context means the rate of change in the
bid price for each of the GenCo’s units).

The focal point in this paper is the gradient function of the
GenCos’ profit. Assuming the network comprises # GenCos,
each GenCo can include marginal, expensive, and cheap units;
marginal units affect the profit changes of GenCos by chang-
ing their bid price. In fact, moving along this surface means
constant profit for Genco, and the axes of the graph are the
bid prices of the units placed in that company. To achieve the
maximum profit, it is imperative to move in the direction dic-
tated by the gradient vector. The maximization of a GenCo’s
profit, attributed to the bid price offerings of marginal units
at a given step, is a function influenced by the variable Nwrg,
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creating a definable surface within an Nwrg-dimensional space.
Therefore, the gradient vector is used to maximize the profit
of each GenCo. In essence, the methodology introduced herein
specifies the extent to which the generation units of a GenCo
should adjust their bid prices to secure maximum profit for their
company. To determine the optimal bid price for the maximum
profit of GenCo g, the following Lemma is proposed.

Lemma. If GenCo g owns several generation units, including marginal
units, the profit gradient of GenCo g is defined as follows:

VProfi_G, = Y. | Y sa(j,)| & 1)

i€G,,, | /EG,

Progf. The profit of the GenCo g (Profit_G,) resulting from
adjustments in its bid price, particulatly from those marginal
units, is derived from aggregating the profits of all the gen-
etation units (Profit_u;) within it, influenced by the bid price
changes of marginal units, as illustrated in (12):

Proﬁt_GQ (ag) = Z Proﬁt_u/ (ag) , a4y = {zz,—li € G,ﬂ’g}
g \4 = g ‘g
(12)

where Sa(j,i) is the effective coefficient of the marginal unit 7
located in the GenCo g on the profit changes of the generation
unit 7 in that GenCo. Also, Sz is the matrix obtained from the
Jacobian matrix.

where 4; is the bid price of marginal unit 7, G,,, is the set of
marginal units of GenCo g.

The gradient of GenCo g resulting from the bid price of

marginal units is obtained as in (13):

c?F‘roﬁt_Qg .

VProfit_ G, = Z s a; (13)
i€Gpg ai
where
dProfit_G OProfit_u;
- Y .
T_ZT, Vi€ Gy, (14)
7 jEC{g 7
According to (9), we have:
dProfit_u;
T‘: Sa (,7) ViEG,, Vi€, (15

7

Therefore, Equation (11) is proved.

To this end, the changes in the bid price of the marginal unit
7 within the GenCo g and its movement direction to reach the
maximum profit can be calculated by the proposed method.

The changes of optimal bid price direction (OBPD) of
GenCo g (increase or decrease in price) per marginal unit placed
in it and the specified movement step amount (K,) are pto-
posed as in (16). This approach is novel, as it incorporates the

constraints of transmission, a factor not previously accounted
for in earlier research. As a result, GenCo g needs to deter-
mine the direction and amount of changes in the price of its
marginal units to maximize the profit, and the proposed method
is designed to address this challenge effectively. In the following,
the results of the proposed method will be presented.

VProﬁt_Gg
- K,

S

OBPD (G,) = K, x —————— =
|VProfit_G,|

% eq, 54 00)

\/zz‘eC,},,g <Z‘/eq, Sa (7, Z))2

. da;

x 2

i€G,,,

(16)

To normalize the amount of changes in the bid price of
marginal units in the appropriate direction, the profit gradient
of the GenCo g is divided by its value. The value of the profit
gradient of the GenCo gis defined as follows:

2
|VProfie G| = | D | Y, S0 (17)

jec/)/,g /GGIJ

In general, if GenCo g has 7 marginal units, the price change
of that company’s offer with a specific step (K,) consists of an 7-
dimensional space that depends on the # marginal units in that
GenCo. Therefore, the amount of change in the bid price of
GenCo g caused by # marginal units is as follows:

o= i) o (i) o (bid,)” 9

where bid,; is the bid price of unit 7 within GenCo g For exam-
ple, the sample space for the bid price of two GenCos with
two and three marginal units are shown in Figure 3. In other
words, the change modes of the bid price of two marginal units
in Figure 3a with step K, are on the circumference of a circle,
but for another GenCo with three marginal units, they are on
the surface of a sphere.

In the following, the results obtained from the proposed
method will be presented.

4 | SIMULATION RESULTS

In this section, first, the information related to the implemen-
tation of the market-clearing program in the basic mode is
provided. Then, the quantity and direction of the bid price
change of the marginal units placed in the GenCos are examined
by the gradient vector. Finally, the results obtained from the pro-
posed gradient vector approach are compated those obtained
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FIGURE 3  Bid direction for (a) two marginal units (b) three marginal units.
TABLE 1  Generation units located in each generation company (GenCo).
GenCo 1 2 3 4 5
Unit 27,31-32 19, 21-23 18, 20, 24-25 15, 26, 30 13,16
GenCo 6 7 8 9 -
Unit 7-12 14,17 1-6 28-29 -

with the simulation method to validate the efficacy and accu-
racy of the gradient vector’s application. The proposed method
is implemented on the 24-bus network, and the results are anal-
ysed. The proposed method is implemented and executed in
MATLAB software.

4.1 | Basic mode

In the basic mode, the market clearing program is executed with
the bid price of generation units. After the implementation of
the market-clearing program, the categorization of generation
units into marginal, expensive, and cheap is established, and the
result of the program’s implementation of the program are spec-
ified. In general, there are 13 marginal units, five expensive units,
and 14 cheap units in the network. In addition, the data related
to the GenCos, the bus of each GenCo, and the bid price of
each GenCo are available in [10]. Furthermore, the distribution
of generation units across the various GenCos is presented in

Table 1.

4.2 | The maximum profit of each GenCo
using the gradient vector

The marginal units of each GenCo must change their bid price
in such a way that ensures profit maximization for their respec-
tive GenCo. The profit of GenCos in the basic case according
to (4) and the incremental profit of GenCos through the appli-
cation of gradient vector are shown in Figure 4. The highest
and lowest profits are related to GenCos 2 and 6, with values of

6143.1 and 29.6 $/h, respectively. It is natural that the increase in
the bid price of marginal units affects GenCos’s profit. GenCo
4 and GenCo 6 obtained the highest and lowest profit changes
due to the change in their bid prices, with values of 60.28 and
2.20 $/h, respectively. In GenCo 4, unit 30, by increasing its bid
price by 0.1 $/MWh, has a significant effect on increasing the
profit of its company, so that the bid price of unit 15 remains
unchanged. In fact, the profit obtained for all GenCos is due
to the gradient vector at its maximum value, and for changes
in the bid price with other values, less profit is obtained for
each GenCo. Therefore, the movement in the direction of the
profit gradient vector for each GenCo, as advocated by the pro-
posed method, determines both the direction and the optimal
magnitude of the bid price change required for each marginal
unit. Here, the bid price increase of each GenCo is equal to
0.1 $/MWh (K, = 0.1 $/MWh).

The distribution of marginal units among the GenCos vaties,
with GenCos 2, 4, 5, and 7 possessing two marginal units each,
GenCo 3 having three, GenCos 1 and 6 each with one, and
GenCos 8 and 9 without any. The adjustments for optimal bid
pricing for marginal units in GenCos 2, 4, 5, and 7 are detailed
in Figure 5, showcasing the specific increments needed for max-
imizing profits. For example, for GenCo 2, units 19 and 23
require increases in their bid prices by 0.065 and 0.075 §/MWh,
respectively, to achieve optimal profits. In addition, GenCo 4
only needs to increase the bid price of marginal unit 30 by
0.1 $/MWh to reach the highest possible profit with a step
of 0.1 $/MWh (K, =01 $/MWh), while marginal unit 15
should not increase its bid price. Furthermore, Figure 6 illus-
trates the precise adjustments needed for the marginal units
in GenCo 3 to attain maximum profitability. According to the
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FIGURE 5  Optimal bid direction by gradient vector with K, = 0.1. GenCo, generation company.

gradient vector method, GenCo 3's three marginal units (18,
20, and 24) should adjust their bid prices by 0.076, 0.042, and
0.047 $/MWh, respectively, to secure the highest profits with
a step increment of 0.1 §/MWh. In the next section, the accu-
racy of the gradient vector method (proposed method) will be
validated by comparing its results with those obtained from the
simulation method.

4.3 | Comparison of gradient vector with
simulation method

In this section, the gradient vector method is compared with
the simulation method to prove the correctness of the proposed

method. The results of the simulation method for GenCos 2, 4,
and 5, each housing two marginal units, are shown in Figure 7
with different steps (Kg = 0.1, 0.15, and 0.2 $/MWh). In this
figure, the two horizontal axes represent the bid prices of the
marginal units within the respective GenCos, while the verti-
cal axis quantifies the profit obtained from the different values
of the bid prices of the units. For example, the highest profit
obtained for GenCo 2 from the simulation method with a step
of 0.1 $/MWh is equal to 11.41 $/h, which is the same value
obtained from the gradient method; similar results apply to
GenCos 4 and 5.

In addition, the profit from the increase in other bid prices
(K, = 0.15 and 0.2 $/MWh) from the simulation method is
the maximum possible profit for this GenCo. A significant
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FIGURE 7 Profit changes obtained for GenCos 2, 4, and 5 from the simulation method. GenCo, generation company.

advantage of the gradient vector method over the simula-
tion approach is its efficiency in computation. While the
simulation method requires numerous iterations to refine
the results, the gradient method necessitates only a single
execution.

On the other hand, GenCo 3 has three marginal units. There-
fore, the consideration of bid price adjustments for these units
can be visualized as a sphere with a radius of K,. Figure 8
shows the profit obtained from different values of the bid price
of the units with different steps of the simulation method.
Notably, the maximum profit achieved through the simulation
method at a step increment of 0.1 §/MWh is 11.32 $/h. In
order to achieve this profit, units 18, 20, and 24 are required
to adjust their bid prices to 0.076, 0.042, and 0.047 $/MWh,
respectively, aligning precisely with the results derived from the
gradient vector method. In addition, Figure 8 also presents

the profits associated with higher step increments of 0.15 and
0.2 $/MWh, and their maximum profits obtained at these
increments match those obtained from the gradient vector
method.

5 | CONCLUSION

This paper introduces a pioneering method that leverages
the gradient vector to optimize the bid prices of generation
companies (GenCos) for maximum profitability with specified
price adjustments. By comparing the outcomes of this novel
approach with those derived from traditional simulation meth-
ods, the accuracy and effectiveness of the proposed method
are validated. The key advantages and findings of this research
include:
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FIGURE 8  Profit changes obtained for GenCo 3 from the simulation method. GenCo, generation company.

* Contrary to the simulation method, which may require mul-
tiple iterations, the market-clearing program needs to be
executed only once to identify the optimal direction for bid
price changes of each GenCo’s unit.

* The profit adjustments for each GenCo, attributable to
changes in the optimal bid direction of their marginal units,
have been meticulously calculated. Notably, the highest and
lowest profit changes, with a step increment of 0.1 $/MWh,
were observed for GenCo 4 and GenCo 6, with the values of
60.28 and 2.20 $/h, respectively.

* The method demonstrates the capability to accurately deter-
mine optimal bid price changes for each GenCo across
varying steps (K)).

The proposed method’s applicability extends beyond the
confines of the 24-bus network used for this study, suggest-
ing potential for implementation in larger networks. Future
research could explore the method’s scalability and effectiveness
in broader contexts, aiming to refine and adapt the approach for
enhanced profit optimization in the evolving electricity matket
landscape.
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