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Abstract

The integration and co-location of new energy sources and thermal power
generation within the same grid connection point, under the management of
a single market operator, provide noteworthy potential for exploration in the
northern part of our nation. This method is based on the premise of allo-
cating new energy resources primarily for generating contracted electricity,
while using thermal power to offer ancillary services. This strategy aims
to integrate and use the distinct benefits of both thermal power and new
energy sources. The yearly bilateral trade market has significant potential
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for growth and development. In order to model and evaluate the income
generated by the interconnected system’s involvement in the yearly bilateral
trading market, this study first establishes the definition of the interconnected
system and examines its research significance in engaging in annual bilateral
trading. This study utilizes the theoretical framework of master-slave games
to analyze the involvement of a coupled system in yearly bilateral trade.
The specific case examined in this research is a wind-solar-thermal coupling
system located in a particular location of Liaoning Province. This study
examines the economic advantages of engaging in the electricity market
by considering the marginal cost and LCOE (Levelized Cost of Electricity)
perspectives. The findings suggest a notable enhancement in the advantages
of the integrated system inside the yearly bilateral trade market, in contrast to
conventional power sources present in the market, as well as instances when
these sources function autonomously without integration.

Keywords: Electricity markets, coupling systems, LCOE, game theory.

1 Introduction

The installation capacity of renewable energy has emerged as a prominent
phenomenon, experiencing rapid growth. Furthermore, the market-based
trading domain is progressively increasing due to China’s active pursuit of
its “Carbon neutrality” initiative and the ongoing advancements in electricity
market reform [1, 2]. One of the primary advantages of renewable energy is its
minimal marginal cost in electricity trading. However, the widespread trading
of electricity has challenges mostly stemming from the unpredictability and
uncertainty associated with power production.

These opinions aim to actively advance the construction of ‘multi-energy
complementary’ systems as a means to enhance the utilization of clean energy
sources [4]. The synchronization of various energy sources not only promotes
optimal use of existing power supplies but also facilitates the maximization
of overall benefits within the electrical market [5, 6]. An efficacious strategy
for interconnection involves the segregation of renewable energy and thermal
power as distinct entities inside a shared grid node. In order to optimize
its market potential in yearly bilateral transactions, the coupling system
adheres to the idea of prioritizing contracted electricity from renewable
energy sources, while using thermal power for auxiliary services. The afore-
mentioned methodology offers several advantages, such as little incremental
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operational expenses and the production of high-caliber results at the grid
location.

Peng Feixiang, Sui Xin, Hu Shubo, and colleagues conducted a study
in which they devised a collaborative bidding approach including wind
farms and combined heat and power (CHP) units equipped with heat stor-
age. They found that by assuming the role of price takers, the participants
achieved superior overall returns compared to individual bidding efforts
[7, 8]. The researchers Tan Zhongfu, Song Yihang, Zhang Huijuan, et al.
have conducted studies on the combined supply of wind power and coal-fired
generators for consumption, specifically focusing on wind power and thermal
power [9, 10]. The majority of prior studies have used a game theoretic
framework to examine quotation strategies and conduct benefit analysis in the
context of annual bilateral transactions. Wang Chaozhong conducted a study
on the use of cooperative games in the establishment of pricing mechanisms
for transmission and distribution, as well as electric energy pricing processes,
specifically focusing on bilateral transactions within the context of China [11]
In their study, they also proposed a final balanced quotation strategy for both
parties involved [12, 13]. Nevertheless, the aforementioned articles solely
focus on analyzing yearly bilateral transactions involving thermal power as
the predominant participant.

The main differences between coupled systems and bundled wind and
solar power, as well as virtual power plants, are as follows:

In coupled systems, the three types of power sources — wind, solar,
and thermal — share the same electrical grid nodes, providing better control
capabilities and a more stable output of electrical energy.

Coupled systems function as a unified market entity in the electricity
market, with their internal thermal power obligations providing peak-shaving
auxiliary services to renewable energies, thereby reducing the deviation
assessment costs of renewable energies.

The existing market pricing model, which is based on marginal costs,
fails to adequately account for crucial factors such as the fixed costs borne
by players in the market. Therefore, this research introduces an innovative
market pricing model that use the Levelized Cost of Electricity (LCOE)
as a fundamental metric for evaluating and contrasting with the traditional
marginal cost model. The LCOE model is a comprehensive framework that
integrates several aspects, including capital investment, operational and main-
tenance costs, and energy generation. By doing a comparison study of these
two models, a comprehensive evaluation of the economic benefits linked
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to the involvement of integrated systems in the electricity market may be
achieved.

2 Methodology

After the completion of the year trading volume in the market model, it
becomes possible to compute the yearly income for power generating enter-
prises. In this context, we make the assumption that annual returns accrue
over a period of time denoted as “#” inside the financial market.

Prof f; = Z ProfE- (D
t=1

Where Pr0f§ is Power Company j’s Profit in Period t, profit is Power
Company j’s Annual Profit, and m is the Total Number of Periods in a Year.

2.1 Game Model Between Coupled Systems and Competing
Enterprises

Within the framework of the master-slave game paradigm, the dominant
power generation enterprises and the interdependent coupling system occupy
the highest echelons of the game hierarchy. Both of these businesses provide
price quotations to their big clients with the aim of maximizing their own
individual earnings. The financial gain of the power-generating company is
represented by the following expression at the conclusion of each trading
session, marked as t:

Prof; = I — Fj 2

where I; and F; represent the total income and total expense of the power
generating business j operating in period t, respectively. The entire revenue,
denoted by the letter I, may also be stated as:

[(af + brgi)ai
I} = + (Puwdly + Ppap)] j=1 3)
(a§+qu§)q§ je(2,...,J)
The coupling system also has a different overall cost than the competing

power generation firms, as can be seen in Table 1, which also contains a
breakdown of the expenses between the two types of businesses.
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Table 1 Cost classification of coupling systems and competing power generation companies

Competing Power Producers

Coupling Systems (Coal-fired Generator)

Coal generation costs in the context of the The topic of interest is to the cost

coupling system associated with coal-fired generators
and their coal usage.

Coal-fired power plants’ high coupling system The environmental impact of coal-fired

costs generators and associated costs.

The connection mechanism facilitates the sharing  The concept of fixed cost sharing in

of fixed costs across thermal power sources. relation to coal-fired plants.

The coupling mechanism facilitates the sharing of
fixed costs among cost-fired generators.

Table 2 The LCOE costs of coupling systems and competing power generation enterprises

Competing Power Producers

Coupling Systems (Coal-fired Generator)

New Energy and Thermal Power LCOE Thermal Power LCOE

Thermal Power Coal Consumption Thermal Power Coal Consumption
Surcharge Surcharge

Thermal Power Environmental Surcharge Thermal Power Environmental Surcharge
Thermal Power Carbon Emission Cost Thermal Power Carbon Emission Cost
Surcharge Surcharge

Within the framework of marginal cost analysis, a detailed breakdown is
provided for every distinct cost category:

2.1.1 Cost of coal for thermal power generation units

Quadratic functions are often used to depict the financial implications of coal
usage in coal-fired power plants. The financial expenditure associated with
the use of coal during a certain duration, symbolized as t, may be expressed
mathematically as:

A1q, + Bi(q,)? ji=1

4
A+ By e @) @

t

f 1L,j =

The determination of the precise value of qg is contingent upon the

availability of renewable energy sources and is represented mathematically
through the utilization of a piecewise function:

. Jd-q 4 >q

— 5
9o 0 g <dq ®
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In this context, the variable q,z indicates the quantity of power generated
by renewable energy sources within the same time period.

2.1.2 Costs incurred due to environmental emissions from
thermal power generation units

During the operational processes of coal-fired power plants, the predominant
emissions consist of sulfur dioxide and nitrogen oxides, which are considered
as the principal pollutants. The evaluation of coal-fired power stations with
respect to specific emissions will be carried out by relevant governmental
agencies [14]. The present study makes use of a cost database specifically
focused on desulfurization and denitrification procedures. By considering
the cost of these operations per unit of electricity, the research estimates the
associated environmental expenditures [15]. The equation that represents the
environmental cost for a certain time period, indicated as t, may be written as

follows:
. :{(5+N)><q§, j=1

b= (s 4 M) x je@... ) (6)

Let S and N be the respective costs.

2.1.3 Upfront fixed investment costs for thermal power
generation units

As a result, they may be regarded as constant values. This encompasses
various expenses such as depreciation, operational expenditures, and main-
tenance costs, which consist of wages, benefits, supplies, repairs, and other
related expenses. The equation representing the allocation of fixed costs
associated with thermal power generation over a certain time period, denoted
as t, may be expressed as follows:

In this context, f,. and f,, represent the fixed cost.

2.1.4 Upfront fixed investment costs for renewable power
generation units

Renewable energy stations demonstrate low costs throughout the power

generating process, mostly attributed to their dependence on sustainable

resources. Nonetheless, the establishment of these stations necessitates a
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significant initial investment, leading to fixed costs emerging as the pri-
mary expense linked to renewable energy stations. The fixed costs include
expenditures associated with the procurement of equipment, construction,
basic reserves. In aggregate, fixed costs include the whole amount of these
expenses. The current research examines renewable energy sources, namely
wind farms and solar installations.

t_fw+fp

fi=5—7 ®)

The variables fiv and fp denote the annual fixed cost allocations for wind
farms and solar facilities inside the integrated system, correspondingly.
(af +brgi)di
max Prof! = + (Pwly + Ppdl) )
—(fla+ fon+ fi+ f1)

The power generating enterprises engaged in competition exhibit a defi-
ciency in innovative energy sources, and their primary goal may be expressed
in mathematical terms as follows:

t )t
Prof; = ¢ ¢ NE
- (ij + fz,j + fg)
Production businesses have a common objective of maximizing their

respective profits, leading to a non-cooperative game dynamic between them.
Here under the LCOE cost framework:

(1) New Energy and Thermal Power LCOE

€(2...J) (10)

N P o0& M
denamic + anl (1+Raiscount)™

ZN Dn,dep'f‘eciatioanZ Vresidual,’uulue

fij,L — LCOE — n=1 (]if""RdiS(;ZiL;ZZ‘ual (1+Rdiscount)N
En:l (1+Rdiscount)n
(11D
The variables are defined as follows: Pyynqmic stands for the ini-
tial investment cost in thousands of RMB; P, ogn represents the
annual operating and maintenance expenses incurred by the power

generator; Dy, gepreciation Signifies the yearly depreciation of the power
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generator; Viesidual_value denotes the net residual value of the power
generator; E, gceruqr Symbolizes the annual electricity output mea-
sured in megawatt-hours (MWh) generated by the power generator; and
R giscount represents the discount rate utilized for the power generator.
(2) Thermal Power Coal Consumption Surcharge
; [a1p2 +bip+ C] Coalcost X q; Jj=1
[aj(pj) + bjpj + c]Coalcost X q, JE€ (2...J)
In the equation, a;, b, c represent the coal consumption cost coefficients

for power generation company j.
(3) Thermal Power Environmental Surcharge

E= EBurm'ng + EDesulphurisation + EPurchase (13)
Evurning = (ap?> +bp+¢c) x NCV; x 1079 x CC;
44
Fy % — 14
X OF; X B (14)
s %X(ap2+bp+C>XFXSXNSOQ%X%de
Desulphurisation — Ft < St
x EF g x TR (15)
C= [(EDesulphurisation + Eburning) - Lref] X Pcarbon
(16)
64 )
S = 33 ¥ (ap®+bp + ¢) x F x KSO,
x (1 = NSO3%) x Ps (17)
(ap? +bp+c) x SNO, x KNO,,
X6 1-—
N= N0, (1 = o, x PNO,
Mo,
(18)
(S+N+C)xq¢ j=1
f5;= . JE(2...,J)
(S+N+C) xq;

(19)
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The carbon emissions from thermal power units are calculated using the
input-output method during the stages of coal combustion and desulfu-
rization. This calculation encompasses the emissions of carbon dioxide,
sulfur dioxide, nitrogen oxides during the combustion stage, and the
carbon dioxide emissions produced from the desulfurization process
using desulfurization carbonate during the desulfurization stage.

2.2 Large User Cost Optimization Model

Major clients primarily face two major expenses when participating in trans-
actions: the cost of procuring power and the over-grid charge. In a hierarchical
game model, the power producer initiates an offer to the major client, who
plays a passive role by accepting the offer and then decides on the energy pro-
curement option. This choice directly influences the power producer’s final
profit, positioning it at a lower tier within the game. The cost optimization
model for significant users during time “t” is formulated as follows:

J

min C = (a} +bsq7)qs + Aghm (20)
j=1

In this context, the variable \ represents the cost per unit of energy for
transmission and distribution. The variables a;, by, and ¢’ represent the
initial bidding set, the set of parameters determining the increase of electricity
prices, and the set of allocations for power consumption by major users,
respectively.

2.3 Constraint Condition

2.3.1 Bidding range constraints of thermal power enterprises
Under annual bilateral agreements, coupling systems and competing power
generation enterprises must adhere to predetermined initial bidding parame-
ters. These constraints or limitations are delineated as follows:

a € (A, A) 1)
Where: A, A are the upper and lower limits of the initial offer.

2.3.2 Power generation capacity limitations
The power generation industry has enforced an upper bound on its produc-
tion capability within a specified timeframe, marked as ‘t” The subsequent
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segment delineates the specific constraints or limitations:
0<qi<q (22)

In the scenario where q? represents the maximum capacity of power genera-
tion company j during period t.

2.3.3 Large user power demand constraints

To effectively meet the electrical needs of significant clientele within a
certain timeframe, it is essential that the aggregate energy transferred between
power generating companies and these consumers matches the cumulative
electricity demands of the latter.

@d+ds+-+qgs=D" (23)

Where: D! is the demand.

2.4 Data Processing

This paper selects a 500 kV grid connection point in a certain area of
Liaoning Province, integrating a 1200 MW thermal power plant, a 300 MW
offshore wind power plant, and a 400 MW photovoltaic power station into
a unified market operation entity at that grid connection point. The paper
sets three power generation companies, including the coupled system, to
participate jointly in annual bilateral transactions. Apart from the coupled
system, the other two competitive power generation companies are thermal
power plants, with parameters identical to those within the coupled system’s
functionality. The user side is unified as a single large electricity purchas-
ing user, and both parties engage in transactions across 24 time periods
within a typical day [20-22]. Considering the seasonal characteristics of the
large user’s electricity load [24], this paper provides the typical electric-
ity load for the large user on workdays, holidays, and weekends for each
quarter.

Before conducting simulation calculations, an overall output fitting is
performed for renewable energy sources within the coupled system. Based on
historical scenario data, preliminary analysis reveals that wind power output
exhibits significantly greater fluctuation compared to photovoltaic power and
is greatly influenced by seasonal variations. Therefore, the scenarios for
renewable energy output can be categorized into three wind periods: high,
moderate, and low, considering their respective magnitudes.
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Table 3 Renewable energy annual output division

Scenario Division Corresponding Months
High wind period 3,4,5,10, 11
Moderate wind period 1,2,12

Low wind period 6,7,8,9

According to the improved k-means algorithm provided in Chapter 2,
the SC validity index values were calculated for the three wind periods. The
results are as follows:

051 —=— Windy periods
’ \/ —e+— Flatwind period
L 04 ——Light wind period
g
E
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Figure 1 Changes of SC evaluation indicators under each number of clusters.

Based on the data shown in the aforementioned figure, it is evident that
the evaluation index for SC attains its highest value during the three wind
periods when the number of clusters, denoted as k, is assigned a value of 2.
This suggests the optimal method of categorizing scenarios. Hence, it can be
concluded that the value of k = 2 is deemed to be the most ideal choice for the
number of clusters. Following this, the k-means method was used to cluster
typical scenario sets for renewable energy production during each wind phase
throughout the year, as seen in the accompanying image.
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Figure 2 Typical curves of renewable energy generation during high wind periods.
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Figure 4 Typical curves of renewable energy generation during periods of low wind.

By using the predefined sets of average production scenarios and the
accompanying usual daily power usage for major customers in each quarter,
we generated a composite of renewable energy output scenarios that align
with typical days over the whole year. The aforementioned situations were
used as the beginning data circumstances for the purpose of solving the
model.

2.5 Comparative Analysis of Coupling System Simulation

To highlight the benefits of the coupling system, this research sets up thermal
power units with matching prices and performance standards as a point of
reference. It then calculates the revenue generated within the annual bilateral
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trading market for comparative analysis. The aim of this comparison group
is to assess and differentiate the advantages of the coupling system against
the prevalent power source type in the current market. It’s essential to note
the divergence between the annual bilateral transaction market demand and
the power generation capacity of producing companies. This model in the
paper scrutinizes the correlation between installed capacity of thermal power
units and market demand. It finds that when the installed capacity exceeds
market demand, the transaction price and volume are not influenced by the
installed capacity. Instead, the transaction outcomes are mostly determined
by the unit’s costs and performance characteristics. Hence, the establishment
of thermal power units with equivalent costs and performance attributes to a
reference serves as a means to assess the relative importance of the coupling
system and thermal power as modes of market engagement.

3 Results

3.1 Contrast in Outcomes: Coupled Systems Versus Competing
Enterprises in Market Transactions

Table 4 Market simulation results of coupling system

Average Annual
Transacted Electricity
Electricity Turnover Total Profit
Price (Million (Yuan

Power Generation Companies (Yuan/MWh) MWh) Million)
Coupling systems 360.60 444.30 16797.00
Competing Thermal Power Enterprise 1 365.60 296.20 —10839.40
Competing Thermal Power Enterprise 2 361.40 323.10 —12253.30

Table S Market simulation results of thermal power reference group

Annual
Electricity Electricity
Transaction Turnover Total Profit
Price (Million (Yuan
Power Generation Companies (Yuan/MWh) MWh) Million)
Coupling systems 362.00 367.00 —7457.00
Competing Thermal Power Enterprise 1 364.30 321.00 —6885.00

Competing Thermal Power Enterprise 2 362.10 376.00 —5205.00
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Table 6 Considering the coupled system of LCOE and the competitive cost of thermal power
enterprises

Annual
Electricity Electricity
Transaction Turnover Total Profit
Price (Million (Yuan

Power Generation Companies (Yuan/MWh) MWh) Million)
Coupling systems 310.30 707.0 —15364.0
Competing Thermal Power Enterprise 1 313.75 341.5 —83764.0
Competing Thermal Power Enterprise 2 314.46 387.5 —97139.0

Table 7 Comparison between coupled and independent operation of each power source

Total Independent
Electricity Electricity Income in a Total
Transaction Sold Non-coupled  Revenue
Price (Million State (Yuan (Yuan

Forms of Market Participation  (Yuan/MWh) MWh) Million) Million)
Coupling systems 444.0 - - 16797.0
Coal-fired unit 367.0 479.0 —7457.0 —4974
Renewable energy unit 112.0 2483.0

3.2 Analysis of Independent/Coupled Operation of Internal
Power Sources within the Coupled System

The integration of renewable energy into the coupling system is responsible
for decreasing its total marginal costs and allowing it to achieve higher market
advantages at cheaper prices. Concurrently, it is seen that power production
businesses engaged in competition tend to incur substantial financial losses
when the coupling system is introduced into the market, suggesting a rela-
tionship between the adoption of the coupling system and market rivalry.
Nevertheless, as seen in Table 5, when thermal power units with comparable
specifications are used as a replacement for the coupling system in market
simulations, these units continue to experience losses. This suggests that the
impact of the coupling system on thermal power losses is only superficial, as
the underlying cause can be attributed to thermal power companies frequently
offering prices below benchmark rates in the annual bilateral trading market.
The challenge of reducing costs associated with thermal power generation
results in these companies making excessive concessions or even incurring
losses. By capitalizing on its inherent benefit of reduced marginal costs, the
coupling system effectively transforms losses into benefits, so substantially
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augmenting the proactive involvement of power production entities in the
market.

The standalone thermal power units, renewable energy units, and internal
units within the coupling system mirror each other entirely. The observed
data suggests that the primary factor contributing to the higher electricity
generation from independent participation of renewable energy and ther-
mal power, as opposed to their participation in the coupling system, is the
capability of thermal power units within the coupling system to allocate
space for integrating renewable energy sources and offering adaptability
for modulation. However, in terms of financial gains, independent thermal
power production still faces deficits, hindering its ability to achieve overall
profitability. By doing a comparative analysis, it becomes apparent that the
integration of renewable energy and thermal power inside a unified market
operating entity offers a viable option to address the prevailing deficit issues
faced by independent thermal power production.

3.3 Economic Analysis Based on LCOE

When discussing the coupled system of wind, solar, and thermal power, the
inherent synergies have raised concerns about its economic viability. This
system integrates wind energy, solar power, and traditional thermal power
generation to operate synergistically, reducing marginal costs and enhancing
energy production efficiency. However, despite the theoretical potential, the
practical situation is considerably intricate.

One of the key challenges lies in considering the LCOE (Levelized Cost
of Energy) — the full life-cycle cost of electricity production. Particularly, the
substantial initial investment costs for offshore wind and traditional thermal
power pose limiting factors. While collaborative operation can moderately
diminish marginal costs, it fails to alleviate the system’s profitability issues.
Offshore wind projects face severe challenges in cost recovery due to their
relatively high construction and operational costs, requiring an extended
period for investment payback. Furthermore, the relatively lower internal rate
of return for offshore wind projects adds further economic pressure to the
system.

Within the wind, solar, and thermal power coupled system, both off-
shore wind and traditional thermal power possess their distinct advantages
and drawbacks. Traditional thermal power usually enjoys more favorable
conditions in investment recovery and internal rate of return due to lower
infrastructure construction costs and relatively quicker investment returns.
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Conversely, operational and maintenance costs are higher for offshore wind
projects, and due to technical and resource constraints, their internal rate of
return tends to be more limited.

Moreover, offshore wind projects encounter challenges in technical reli-
ability, environmental conditions, and marine resource management, which
collectively impact the overall economic performance of the system, resulting
in operational deficits.

Therefore, despite the theoretical appeal of the wind, solar, and ther-
mal power coupled system, the economic challenges it faces in actual
operation suggest that merely considering marginal costs is insufficient.
A comprehensive life-cycle cost analysis of the system is imperative.

4 Conclusion

Additionally, a comparative assessment is performed to examine the advan-
tages of these benefits in comparison to traditional market transactions
and scenarios where the systems are not connected. The results of the
investigation suggest that:

* Integrating renewable energy with thermal power within the electricity
market effectively amalgamates their advantages. Renewable sources
lower the overall marginal cost of the coupling system, while thermal
power offers flexibility for integrating new energy sources internally
within the system. The incorporation of the coupling system allows for
the attainment of reduced marginal costs and improved power quality,
hence boosting its competitiveness within the yearly bilateral trading
market.

* In the annual market, the coupling system outperforms diverse power
sources, yielding superior revenue. However, internal power sources
operating independently within the coupling system encounter height-
ened grid regulation pressure compared to the system as a whole.
Renewable energy incurs assessment costs due to deviations, a problem
effectively addressed by the coupling system, which resolves issues
related to low market share for renewable energy and losses for thermal
power.

* Against the backdrop of the comprehensive reform of the national
electricity market, integrating wind, solar, and thermal power into a
coupling system at the same grid connection point allows for the full
utilization of each power source’s complementary advantages. Through
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market-oriented approaches, this facilitates the integration of renewable
energy, offering a feasible solution for the country’s strategic integration
and development.
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