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ABSTRACT

As the power system transitions to a new green and low-carbon paradigm, the penetration of renewable energy
in China’s power system is gradually increasing. However, the variability and uncertainty of renewable energy
output limit its profitability in the electricity market and hinder its market-based integration. This paper first
constructs a wind-solar-thermal multi-energy complementary system, analyzes its external game relationships, and
develops a bi-level market optimization model. Then, it considers the contribution levels of internal participants
to establish a comprehensive internal distribution evaluation index system. Finally, simulation studies using the
IEEE 30-bus system demonstrate that the multi-energy complementary system stabilizes nodal outputs, enhances
the profitability of market participants, and promotes the market-based integration of renewable energy.
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1 Introduction

In 2015, the Central Committee of the Communist Party of China issued the document “Several
Opinions on Further Deepening the Reform of the Electric Power System (Zhongfa [2015] No. 9)”[1],
which proposed accelerating the establishment of a competitive electricity market system. This marked
the beginning of a new round of electricity market reforms in China, including the construction of a
power spot market. Under the guidance of Document No. 9, various provinces (regions) have actively
initiated a range of reform practices, including the determination of transmission and distribution
electricity prices, retail market reforms, and direct trading, in accordance with policy requirements
and their own realities. Significant progress has been made in the construction of a market-oriented
electricity system [2]. However, due to insufficient experience during the trial operation, there have been
issues in mechanism design, leading to losses for some power generation companies. For example,
as mentioned in the literature [3], during the 2023 May Day period, the Shandong power system
experienced 21 h of negative electricity prices in the Shandong electricity spot market, causing
economic losses for market participants. In response to existing issues in the spot market, literature [4]
provided a comparative analysis of the construction of spot markets in pilot regions and summarized
key points for market development.

In the construction of the electricity spot market, the study of bidding strategies for generators
is crucial for power generation entities to maximize their profits. Currently, research on bidding
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strategies for power generation companies can be broadly categorized into four types: 1) Cost-Based
Bidding Strategies [5,0]: Generators bid by adding a certain profit margin to their known generation
costs; 2) Clearing Price Forecast-Based Bidding Strategies [7—11]: Generators adjust their bids based
on forecasts of market clearing prices, seeking reasonable output levels to enhance their revenues;
3) Multi-Agent Model-Based Pricing Strategies [!2—14]: Utilizing adaptive learning capabilities of
agents, generators employ specific machine learning algorithms to continuously adjust their bidding
strategies during the learning process, aiming to maximize their profits; 4) Game Theory-Based
Bidding Strategies [15—17]: The main idea is to construct a game model based on an understanding
of the trading behaviors of market participants and then find the equilibrium point of this model to
determine the optimal bidding strategy for generators.

In recent years, wind and photovoltaic power have continued to grow, and the penetration of
renewable energy in the power system has been increasing annually. To date, at least 160 countries
have established renewable energy targets, and an estimated 145 countries have implemented renewable
energy support policies [|8]. Many countries have adopted incentives for renewable energy develop-
ment [19], including feed-in tariffs, guaranteed grid access, green certificates, investment incentives,
tax credits, and cost-sharing measures. In the past five years, the global installed capacity of renewable
energy has increased by approximately 50%. Solar photovoltaic (PV) is the fastest-growing renewable
energy source, with an annual growth rate exceeding 20%. As of 2023, the global installed capacity of
solar PV has surpassed 1200 gigawatts (GW). However, as renewable energy continues to grow, issues
with integrating new energy into spot markets have become increasingly prominent. To facilitate the
effective integration of renewable energy, extensive research has been conducted both domestically
and internationally on smart grids and integrated energy storage systems for renewable energy. Smart
grids, by integrating various advanced technologies and strategies, use system integration to connect
different energy sectors, as discussed in references [20,21]. They complement the characteristics of
multiple energy sources to meet the flexible supply needs of renewable energy, delivering the most
efficient and clean energy possible in terms of timing, quantity, and quality [22]. Wind and solar power
face output instability due to their inherent intermittency. Developing energy storage technologies can
mitigate this intermittency, enhancing the utilization of renewable energy and improving the safety
and economic operation of power systems. This approach is an effective measure for addressing the
integration of renewable energy into the grid [23,24].

For the issue of revenue distribution among multiple cooperating entities, the existing mainstream
distribution methods generally belong to the field of cooperative game theory [25]. Literature [20]
quantifies the risk-benefit of each entity based on marginal contribution and marginal expected
loss to distribute virtual power plant revenues. Literature [27] established a cooperative game model
for microgrid community (MGC) and used Nash bargaining to coordinate the revenue distribution
among microgrids. Literature [28] establishes a Nash-Harsanyi bargaining theory-based profit dis-
tribution mechanism for wind-hydrogen-storage consortiums, aiming to enhance the participation
of members in market competition through equitable profit sharing. Literature [29] considered the
factors of risk, profit, and carbon emissions, and developed a Nash bargaining-based GPW-VPP profit
distribution strategy. The allocation scheme satisfies the comprehensive contributions of multiple
parties. Literature [30] employs a utility function to quantify the risk aversion of each distributed
energy source within a virtual power plant and combines factors such as prediction accuracy and
marginal contribution to establish a revenue distribution model for cooperative alliances participating
in the two-settlement energy market. These studies have developed optimization models for the
joint operation of renewable energy and thermal power units, promoting the efficient integration
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of renewable energy. However, the complementary advantages of joint operation between renewable
energy and thermal power have not been specifically addressed in the context of the spot market.

This paper constructs a wind-solar-thermal multi-energy complementary system at the same grid
connection point, considering the impact of different bidding strategies of generation entities on spot
market revenues. It proposes an internal revenue distribution method based on cooperative game
theory. Firstly, the analysis focuses on the internal coupling and coordination within the multi-energy
complementary system and the external competitive bidding relationships, as well as participation
processes in the day-ahead and real-time markets. Secondly, the study considers the impact of different
bidding strategies on spot market prices and revenues, developing a bi-level optimization model for
generation entity bidding to analyze the operational revenue of the multi-energy complementary
system. It also considers the contributions of generation entities within the system to the day-
ahead and real-time balancing markets, proposing a cooperative game-based revenue distribution
mechanism. Finally, case studies verify the effectiveness of the multi-energy complementary system’s
participation in the spot market in enhancing the profitability of market participants and the market-
based integration of renewable energy.

2 The Concept of Multi-Energy Complementary Systems and Their Market Research Value

2.1 The Concept of Multi-Energy Complementary Systems

Broadly speaking, a regional power grid can form a multi-energy complementary system by
integrating and coupling various types of generation units. Such a system, which includes multiple
generation units, is collectively referred to as a multi-energy complementary system. In a narrower
sense, the multi-energy complementary system discussed in this paper specifically refers to an inte-
grated energy system formed by coupling wind and solar renewable energy sources with traditional
coal-fired power units at the same grid connection point, as shown in Fig. I. This form of coupling
is diverse. Although multi-energy complementary systems at different grid connection points are
essentially similar to existing bundled wind-solar-coal configurations, at the same grid connection
point, the multi-energy complementary system forms a unified control and operational entity. This
allows it to participate in power market competition as a whole, thus holding significant research
value.

..................................
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Figure 1: Schematic diagram of a multi-energy complementary system
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2.2 The Market Research Value of Multi-Energy Complementary Systems

The power spot market refers to a market where eligible entities conduct unified day-ahead,
intraday, and real-time electricity transactions on a trading platform. The specific trading rules of
the spot market are shown in Fig. 2.
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Figure 2: Operating rules of the spot market

In the initial phase of developing China’s spot market, a unilateral bidding method is implemented.
In the day-ahead market, generation entities must submit a single monotonic non-decreasing genera-
tion price curve for the entire day to the electricity trading institution to participate in market bidding.
New energy power stations submit short-term forecast output curves and prices on the bidding day and
participate in market clearing with 10% of their day-ahead short-term forecast output, ensuring system
security is met. After the market clearing is completed, the settlement is conducted on a daily and
monthly basis. The forecast deviation for new energy is assessed based on the deviation area between
the forecast curve and the actual output curve.

In the context of the current green and low-carbon energy transition, the penetration of renewable
energy in the grid is gradually increasing. However, under the existing power spot market mechanism,
renewable energy faces significant deviation penalties due to its output volatility and uncertainty. This
limits the profitability of market participants and creates challenges for the market-based absorption of
renewable energy. Thermal power plants, in accommodating renewable energy output and smoothing
fluctuations, experience reduced average operating conditions and increased operational costs, leading
to losses in the spot market. Therefore, studying multi-energy complementary systems has become
extremely important. The multi-energy complementarity system leverages its inherent advantages by
combining multiple renewable energy sources. Not only can the forecasting errors of individual sources
offset each other and create complementarity, but the system can also use the flexibility of thermal
power units to balance renewable energy fluctuations. This significantly reduces the costs associated
with renewable energy deviation assessments and enhances the overall system benefits. Additionally,
it results in high controllability and predictability of the multi-energy complementarity system as a
whole. This creates a new collaborative model where “renewable energy sources provide the primary
energy, and thermal power units provide ancillary services,” offering advantages in the market such
as lower marginal costs and better output quality, as shown in Table 1. Furthermore, the multi-
energy complementarity system establishes an internal benefit distribution evaluation framework,
where renewable energy sources provide reasonable compensation to thermal power units, ensuring
the profitability of all participants in the system.
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Table 1: Comparison of characteristics of various power generation entities

Generating unit Generating Influenced by = Environmental Marginal cost  Reliability

power output the pollution

environment

Thermal power Consistent Low Serious High High
generation output
Wind power High volatility ~ Great Pollution-free ~ Zero Low
generation
Photovoltaic High volatility  Great Pollution-free ~ Zero Low
power
generation
Multi-energy Stable output Relatively small Relatively small Relatively high  High
complementary
system

3 Day-Ahead Market Multi-Energy Complementary System Coordinated Bidding Bi-Level Optimiza-
tion Model

With the increasing installed capacity of renewable energy, China’s power system is facing some
deep-seated issues, such as low overall efficiency, insufficient coordination among generation, grid,
storage, and load, and weak complementarity among various power sources. As the proportion
of renewable energy installations continues to rise, these issues are becoming more pronounced
and require comprehensive optimization. Internationally, multi-energy complementarity is widely
recognized as an effective approach to addressing the challenges of renewable energy integration. It
is crucial for ensuring the security of the electricity supply and achieving an economically reasonable
energy structure [31]. Currently, many researchers have conducted extensive studies on the flexibility
enhancement of thermal power units, focusing on improving the flexibility adjustment capabilities
of these units, which provides technical support for stabilizing renewable energy fluctuations within
multi-energy complementarity systems.

Based on this, this paper proposes a bi-level optimization model for multi-agent collaborative
bidding that incorporates a multi-energy complementarity system. In the spot market, each generation
entity receives boundary condition information such as day-ahead load forecasts and renewable
energy output forecasts from the market operator before submitting their bids. Each generation
entity then formulates its bidding strategy with the objective of maximizing its own profits, based
on its operational data and public market information. The power market operator combines the
bid information from each generation entity with system operating parameters and conducts market
clearing through Security-Constrained Unit Commitment (SCUC). The generation entities obtain
their awarded energy quantities and revenues, and based on this, they optimize their bidding strategies
for the next stage, continuing this cycle. This forms the basis for constructing a bi-level optimization
model for generation entities, as illustrated in Fig. 3.
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Figure 3: Bi-level optimization model for day-ahead bidding of power generation entities

3.1 Upper-Level Objective Function of Power Generation Entities
3.1.1 Profit Objective Function for Multi-Energy Complementary Systems

In the spot market, the multi-energy complementary system operates as a unified market entity
and submits a single bidding strategy. This system combines the characteristics of thermal power units
and new energy generation. For thermal power units, the calculation of marginal costs must account
for coal consumption and environmental costs, which typically result in higher marginal costs. In
contrast, new energy generation, such as wind or solar power, primarily involves fixed investment
and maintenance costs, exhibiting zero marginal costs. Consequently, the overall bidding strategy for
the multi-energy complementarity system not only considers the high marginal costs of thermal power
units but also fully accounts for the zero marginal cost of renewable energy sources. Additionally, due
to the differences in capacity ratios and annual average utilization hours between thermal power units
and renewable energy units within the system, the final system marginal cost is calculated as a weighted
average of the various costs.

However, from the perspective of overall operations, the multi-energy complementary system

needs to pursue the maximization of collective benefits. The optimization objective function compre-
hensively considers the revenues, startup and shutdown costs, and operational costs of thermal power
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units, as well as the revenues from new energy power plants:
T

X Y
max R, = Y’ (AMP —C =k Cot D fo,,,) (1)
X y

t=1

Y
P,=P.,+ > P, (2)

X
Ci,t = Z Kx‘th‘t (3)

Y 2 Y
ot =24, | a [(P,-_l,, -> Pf,jf) /2} +b., (P,-_L, -> P‘;ff) /24 ¢, 4)
y y

where: A" represents the nodal price at node i during period ¢ for the multi-energy complementary
system; y is the benchmark price in the spot market; P;_,, and P?, represent the bid output of the
multi-energy complementary system at time ¢ and the priority grid access electricity amount of 90% of
the forecast output of the new energy power plants y within the multi-energy complementary system
during period ¢, respectively; P,, is the total output of the multi-energy complementary system at time
t; C,, represents the startup cost of the thermal power units within the multi-energy complementary
system at time 7; k., represents the unit start-stop state transition, ., = 1 which occurs if and only
if both conditions u,, = 1 and u,,_, = 0 are simultaneously met; P’y is the day-ahead short-term
forecast output of the new energy power plants within the multi-energy complementary system; C;, is
the startup cost of the multi-energy complementary system; C;*{', represents the total coal consumption
cost of the multi-energy complementary system at time ¢; 7" indicates the total number of periods; A, is
the price of standard coal; a,_,, b,_,, ¢,_, are the coal consumption cost coefficients for the multi-energy
complementary system;

3.1.2 Profit Objective Function for Thermal Power Enterprises
For an individual thermal power unit, the focus is solely on maximizing its own profits, which
consist of revenues from thermal power generation, as well as the startup, shutdown, and operational
costs:
T
max R, = z (AP, — K, Gy — C2) (5

it
t=1

Co' = p, (aP}, + bP, + ¢) (6)

where: y,, represents the nodal price at node i during period ¢ for the external thermal power units of the
multi-energy complementary system; P;, denotes the awarded output of the external thermal power
units i of the multi-energy complementary system at time #; C;, is the startup cost of the external
thermal power units 7 of the multi-energy complementary system at time ¢. C: represents the coal
consumption cost of the external thermal power units i of the multi-energy complementary system
at time ¢; a;, b;, ¢; are the coal consumption cost coefficients for the external thermal power units of
the multi-energy complementary system. «;, denotes the unit start-stop state transition, «;, = 1 which
occurs if and only if both conditions u;, = 1 and u;,_, = 0 are simultaneously met.
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3.1.3 Renewable Energy Station

At this stage, new energy power plants primarily participate in the spot market competition with
10% of their forecasted energy output [3]. To ensure their grid-connected energy output, they typically
compete in the market with a low declared energy price. Given the low amount of energy bid by new
energy in the spot market and the common practice of bidding at a low price, this paper does not
optimize the bidding strategies of new energy generation entities for the time being.

3.1.4 Pricing Constraints

According to the existing spot market rules, each generation entity is required to submit a
monotonic non-decreasing generation price curve:

Cmin S Ciﬂb,min S Ci,b < Ci,b,max S Cmax

Cl:b,min = Lir (7)

Ci,b,melx = i,b+1

where: C;, represents the price declared by thermal power unit i in the b—th segment; C;j i, and Cj
are the lower and upper limits of the market bid for the b—th unit in the b—th bidding segment,
respectively; C,;, is the minimum bid allowed by the market; C,,, is the maximum bid allowed by
the market; C,,_, is the bid of generation entity 7 in the previous bidding segment; C;,,, is the bid of
generation entity 7 in the next bidding segment.

3.2 Construction of Bidding Strategies for Market Participants

In the initial stage of the spot market in China, a unilateral bidding approach was adopted. In
this system, the user side acts as a price taker and participates in the market by submitting quantities
without quoting prices. In contrast, generation entities, primarily thermal power units and new energy
power stations, are required to participate in the electricity spot market clearing by submitting both
quantities and prices. According to regulations, these generation entities must submit a monotonic
non-decreasing generation price curve for the entire day to the electricity trading institution to
participate in the market. Under these circumstances, generation entities in the existing spot market
commonly use stepped bidding curves. Generation entities first construct segmented bidding curves
based on marginal costs. They then create a bidding strategy space by multiplying each segment of the
bidding curve by the same factor. This approach allows them to comply with market regulations while
leveraging the flexibility of market rules to optimize their bidding strategies. According to the study
in literature [32], generators commonly employ an economic withholding strategy, where they declare
high prices for the latter part of the bidding curve to achieve economic withholding, while bidding
the remaining capacity at opportunity cost or marginal cost, as shown in Fig. 4. The adoption of this
strategy is intended to maximize economic benefits while ensuring participation in market clearing.

Thermal power enterprises generally divide the unit capacity into three segments:

(1) First Segment: (A,) usually covers the range from 0 output to the minimum output of the
unit. The aim is to ensure that the capacity corresponding to the minimum output secures a bid in the
day-ahead market, thus avoiding the greater economic losses associated with unit shutdowns due to
unsuccessful bidding.

(2) Middle Segment: (A4,) generally includes a larger portion of the capacity, which is usually
divided into one or more segments. The bids for these segments are based on the unit’s marginal costs,
with the expectation that the thermal power unit will secure bids for all this capacity if the day-ahead
market clearing price is above its marginal cost, thus ensuring profitability. If the clearing price is
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below its marginal cost, the unit can avoid economic losses. In this study, this portion of the capacity
is divided into three segments for analysis.

(3) Third Segment: (45) is the economic withholding segment. This segment is often divided into
a single segment and typically bids at a very high price, usually at the market’s specified price cap. The
goal is to raise the clearing price during periods of electricity shortage to earn excess profits through
economic withholding. This portion of the capacity is often the capacity that cannot secure a bid when
the unit clears, to avoid incurring significant withholding costs.

"
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Figure 4: Segmented stepwise bidding curve
The marginal cost of the generation entity is:
F,=2a,q,+b, ®)

When submitting electricity prices, the generation entity selects its bidding strategy based on its
marginal cost, with the aim of maximizing its expected profits. The bidding function is:

P,=w+B) xF, 9

where: w represents the value-added tax rate for the power generation company, which is set at 13%
in this paper; B, is the profit coefficient selected by the power generation company for its bid in the
day-ahead market. The profit coefficient is influenced by various factors and varies depending on the
type of unit and the manufacturer. It typically ranges between 10% and 30%, and is set according to
the company’s actual generation situation and the power supply-demand conditions.

This paper divides the bidding optimization space for generation units into three segments,
considering the economic withholding strategy of the generation entities. The first segment focuses
on ensuring continuous operation without shutdown; therefore, the bidding optimization space can
be set below the marginal cost. The second segment aims to prevent economic losses by ensuring
that the output does not fall below the marginal cost of generation, selecting the marginal cost with
a 10%-30% profit margin for the bidding optimization space. The third segment considers earning
excess profits during periods of electricity shortage, using the marginal cost with a 30% profit margin
as the lower limit for the bidding optimization, with the market’s specified maximum bid cap as the
upper limit.
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3.3 Lower-Level Optimization Function
The lower-level optimization function is the electricity system clearing layer, which aims to
maximize social welfare. The objective function is:

Mll’lF == Z |:Z (Z (Ci,b,tPi,b,t) + Ki,tci) + Z (C/’PJ]r)i| (10)

i=1 b=1 j=1

NB
Pi,t = ZPi‘h,t (11)
b=1
9F NL i
AL = E =X — Z (/L; — MM) G, (13)

=1

where: C,;,, and P,,, are the bid price and awarded output, respectively, for each generation entity in
the h—th segment at time #; N is the total number of generation entities in the power system, and N; is
the total number of bid segments for the generation entities; P;, is the awarded output of the generation
entity j at time #; P}, is the priority grid-connected electricity amount of 90% of the forecast output for
renewable energy stations j during period #; P,, is the awarded electricity amount of renewable energy
stations j participating in the spot market bidding during period #; A"" is the nodal price at node s at
time #; A, is the shadow price of the power balance constraint at time 7, representing the energy price
component; NL is the total number of lines; u;,, ;, are the shadow prices for the forward and reverse
line flow constraints, respectively; G, is the power transfer distribution factor of node s to line /.

Relevant constraints:

1) Output constraints for each bidding segment of the generation entity
0<P, =< lLi,rP:},ax (14)

where: u;, is the 0—1 binary variable indicating the on/off status of generation entity i at time #; u;, = 1
indicates the unit is on, and »;, = 0 indicates the unit is off; P* is the maximum output value of
generation entity 7 in the b bidding segment;

2) System power balance constraint

N M Y S
S P> P+ P =D, (15)
i=1 J=1 ¥y s=1

where: P,, and P;, are the awarded outputs of the thermal power units and renewable energy stations
of generation entity i during period ¢, respectively; D, is the forecasted load at node s during period ¢;

3) Ramp rate constraint

P,—P, SriU
{P.}l P (16)

it =1

where: r! is the upward ramp rate of generation entity 7; ” is the downward ramp rate of generation
entity 7; P,,_, is the technical output of generation entity i in the previous period;
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4) Generation unit output upper and lower limits constraint
ui,lPi,min S Pi,l S ui,lPi,max (17)

where: P, and P, are the minimum and maximum technical outputs of generation entity i,
respectively;

5) Renewable energy output constraint
0<P, =Py (13)
where: P/} is the forecasted output of the renewable energy station j at time ;
6) Minimum continuous startup and shutdown time constraint for thermal power units
T -1
2wy = T (e — uy)
S (19)

t+Tl-’

i
> (1 - ui,k) > T7 <ui,r - ui,r—l)
k=t
where: 7% and T;” are the minimum continuous running time and minimum continuous shutdown
time for generation entity 7, respectively;

7) System thermal reserve constraint
N N
Z (ui,zpi,max - Pi,l) Z rZDsa [ (20)
i=1 s=1
where: r is the required system thermal reserve rate;

8) Line flow constraints
N M M S
—F™ <GP+ > G.Py+ Y GP,— > G.D, < F™ 1)
i=1 Jj=1 j=1 s

where: F/™ is the flow transmission limit of branch /; G;;_, is the power transfer distribution factor
(PTDF) for the generator output at the node where the multi-energy complementary system is located,
with respect to line /; G,; is the PTDF for the generator output at the node of the external generation
entity, with respect to line /; Gj; is the PTDF for the generator output at the node of the external
renewable energy station, with respect to line /; G,, is the PTDF for the bus load at node s with respect
to line /; D,, is the bus load value at node s during period ¢.

3.4 Solving the Bi-Level Optimization Model
This paper utilizes a Particle Swarm Optimization (PSO) algorithm to solve the bi-level optimiza-
tion model. The solution process is shown in Fig. 5. The specific steps are as follows:

(1) In the application scenario, multiple market participants are dispersedly arranged. Each
participant is considered as a particle swarm, and each generation entity is viewed as a particle for
environmental modeling. The Particle Swarm Optimization (PSO) algorithm parameters are initialized
as follows: particle swarm size n, optimization dimensions ¢, and maximum number of iterations
k = 50;
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(2) Within the range of bid upper and lower limits, randomly initialize the initial positions X
and initial velocities V' of N particles, and initialize the positions s and velocities V' of M market
participants;

Within the range of bid upper and lower limits, use the profit functions of each market partic-
ipant as the fitness functions (Eqs. (1) and (5)). After clearing the lower-level (Eq. (10)), obtain the
transaction volumes and revenues, and then calculate the individual best and global best solutions;

(3) Update the bids of each market participant and proceed to the next iteration level;

(4) When the fitness values no longer change significantly or the maximum number of iterations
is reached, the loop ends, resulting in the optimal solution for that period.

Set Particle Swarm Param eters; Particle Swarm
Sizen; Maximum IterationsK; Initial Iteration
Countt=0;

.

Start Iteration =1

I

Power generation entity pricing: Update particle
positions according to the fitness function

.

Day-ahead market clearing to obtain the power
quantities and locational marginal prices of each
participating entity

.

Determine th e profit of the multi-energy
complem en tary system and the profits of other
power generation entities

Figure 5: Flowchart of the solution process for the bi-level optimization model
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4 Internal Balance Optimization of the Multi-Energy Complementary System

4.1 Objective Function

In the day-ahead and real-time markets, the multi-energy complementary system first ensures its
internal energy balance to maintain stable output at its node.

In the day-ahead market stage, the multi-energy complementary system primarily relies on the
full participation of the short-term forecasted output of renewable energy in energy allocation. The
thermal power units are tasked with distributing the remaining energy with the objective of minimizing
the overall coal consumption operational costs of the system, thereby ensuring the maximization of
economic benefits.

In the real-time market, the multi-energy complementary system primarily focuses on adjusting
for deviations in the output of renewable energy stations to reduce the penalties incurred due to forecast
deviations. The renewable energy stations must adhere to the short-term forecast output principles
declared in the day-ahead market while submitting ultra-short-term forecast outputs. This approach
enables the multi-energy complementary system to achieve real-time energy balance. Meanwhile, the
system’s optimization strategy continues to focus on minimizing overall coal consumption operational
costs, thereby enhancing economic operational efficiency while ensuring the safety and stability of the
power supply.

Optimization Objectives of the Multi-Energy Complementary System:

min C = C,,
min C*¥ = CX

coal

(22)

X

T
=33 [ (@, +b.Po+c)]
I (23)
=33 [ (aP? + 0P +c)]

=1 x=1

C(‘()al

=

where: C,,, represents the total coal consumption cost of the multi-energy complementary system in
the day-ahead market; C*! represents the total coal consumption cost of the multi-energy comple-
mentary system in the real-time market; P,, is the output of the thermal power units x within the
multi-energy complementary system during period 7 in the day-ahead market; PX is the output of
the thermal power units x within the multi-energy complementary system during period ¢ in the real-
time market; a,, b,, ¢, are the coal consumption cost coefficients for the units in the multi-energy

complementary system.
Relevant Constraints:

Internal Energy Balance Constraint for the Multi-Energy Complementary System:

X Y
ZP,v.t + Zpy,z = Po,l
; }'Y (24)
ZPRT + ZPRT — PRT
X,t it 0,t

where: P,, represents the short-term forecasted output of renewable energy stations y within the multi-
energy complementary system at time 7 in the day-ahead market; PJ] represents the ultra-short-term
forecasted output of renewable energy stations y within the multi-energy complementary system at
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time 7 in the real-time market; P}, represents the real-time total dispatched energy of the multi-energy
complementary system at time ¢ in the real-time market.

The ramp rate constraints and output upper and lower limit constraints for each unit within
the multi-energy complementary system refer to the relevant constraints in the lower-level clearing
function, such as those in Eqs. (16) and (17).

4.2 Spot Market Settlement Rules
(1) Settlement Rules for the Multi-Energy Complementary System:

R=R+ RV (25)

T Y
R =% ()LftMPP,.L, + > )/Pit)

r:l y (26)

RY = 3 [+ (P, — P, )]
=1

where: A" represents the nodal price at the node 7 of the multi-energy complementary system at
time 7 in the day-ahead market; A["~*" represents the nodal price at the node i of the multi-energy
complementary system at time ¢ in the real-time market; p  is the awarded energy quantity of
the multi-energy complementary system at time ¢ in the real-time market; PX" is the real-time total
dispatched energy of the multi-energy complementary system at time #; R, R”*, R*" represent the total
revenue, day-ahead market revenue, and real-time market revenue of the multi-energy complementary
system, respectively;

(2) Settlement Rules for Individual Thermal Power Units:
R, = R+ RY (27)

T
R = > AMPP,
=1
T (28)
R;{T — z )\‘flMP—RT (szr _ Pi,r)
=1
where: R;, R” and R¥" represent the total revenue, day-ahead market revenue, and real-time market
revenue of the thermal power unit, respectively; A" is the nodal i price at the node of the external
thermal power unit in the multi-energy complementary system at time ¢ in the day-ahead market;
A MR s the nodal price at the node of the external thermal power unit i in the multi-energy
complementary system at time 7 in the real-time market; P is the awarded energy quantity of the
external thermal power unit i in the multi-energy complementary system at time ¢ in the real-time
market;

(3) Settlement Rules for Renewable Energy Stations:
R =R+ RS 29)
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T .
R =2 A5 P+ v P,
t=1
T . .
le_zT — 2}: (P;;RT _ Pjr) )\‘;};/IP—RT (30)

+y (P = PL) P = G

G=Ccr+C (31)

CM =i (P5,— P)n™
(32)
CH =i (PS, — Pl ") ™"

where: R, RPA and R}“ represent the total revenue, day-ahead market revenue, and real-time market
revenue of the renewable energy station j, respectively; P/, P/ " are the awarded energy quantities
of the renewable energy station j in the day-ahead and real-time markets at time ¢, respectively; P?,
is the actual generation output of the renewable energy station j at time z; A" and A" are the
nodal prices at the renewable energy station’s node j in the day-ahead and real-time markets at time ¢,
respectively; C; is the penalty cost for forecast deviation of the renewable energy station j; C and C*
are the penalty costs for short-term and ultra-short-term forecast deviations of the renewable energy
station j, respectively; « is the market-defined deviation penalty coefficient for the forecast deviation of
the renewable energy station, typically set at 2%; n™ and n*" are the forecast deviation penalty prices
for short-term and ultra-short-term forecasts, respectively.

4.3 Internal Revenue Distribution Mechanism for the Multi-Energy Complementary System

In the spot market, internal coordination within the multi-energy complementary system enables
internal renewable energy units to secure higher grid-connected electricity with the support of thermal
power units. This cooperation significantly reduces penalties incurred due to energy imbalances.
Compared to participating in the market independently, renewable energy stations experience an
increase in profitability. However, as the flexible regulating power sources within the system, thermal
power units undertake a substantial amount of load-following tasks to ensure the overall stable output
of the system. This situation makes it challenging to ensure their economic benefits. If the internal
revenue distribution within the system is based solely on the generated electricity, thermal power units
may not receive adequate compensation to reflect the flexibility value they provide to the system.
This could result in insufficient revenues for these units, potentially leading to losses, which would be
detrimental to the stable operation of the multi-energy complementary system.

To address this issue, this study employs cooperative game theory to explore the internal revenue
distribution mechanism within the multi-energy complementary system, aiming to accurately assess
the respective contributions of renewable energy and thermal power units. The Nash bargaining theory,
an important branch of cooperative game theory, is applied to solve the revenue distribution problem.
This approach not only balances individual and collective interests but also ensures the identification
of an equilibrium solution that maximizes the Nash product, achieving Pareto optimality for all
participants in the system. This means that no party can improve their own benefits without harming
others.
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(1) Contribution of Participants in the Multi-Energy Complementary System

After participating in the multi-energy complementary system, the contributions of renewable
energy stations and thermal power units to the spot market are specifically manifested as follows:

1. Day-ahead Market Energy Value of Each Generation Entity;

2. Value of Flexibility Services Provided in the Real-Time Market.

This paper introduces the concept of the contribution of generation entities within the multi-
energy complementary system, considering both energy contribution and flexibility contribution. The
contribution of power generation entities participating in the multi-energy complementary system is
shown in Fig. 6.

»
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Figure 6: Contributions of participating entities in the multi-energy complementary system

1) Day-Ahead Market Energy Contribution

In the multi-energy complementary system, the energy contribution of each generation entity
can be calculated by multiplying the electrical energy they provide by the nodal price. Since the
renewable energy stations and thermal power units present only the system’s overall bid curve in the
market, it is challenging to separately distinguish the energy contribution of each generation entity. To
address this, this study applies the Vickrey-Clarke-Groves (VCG) mechanism theory, which defines a
participant’s contribution by considering the substitute benefits it provides to other market members.
In the proposed benefit distribution model, the energy contribution of a participant is defined as the
change in the total awarded energy of the system before and after the participant joins the multi-energy
complementary system.

M= NP, +yP;, (33)

M* =P, (34)

where: M and M are the electricity contributions of the renewable energy unit y and the thermal
power un1t X, respectlvely, within the multi-energy complementary system in the day-ahead market;
P; represents the share of the renewable energy unit y participating in the spot market competition;

2) The flexibility contribution in the real-time market

The flexibility contribution in the real-time market reflects the value of flexibility provided by the
participants in the multi-energy complementary system. The calculation method involves multiplying
the imbalance electricity in each period of the real-time market by the corresponding node price.
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This contribution is determined using VCG (Vickrey—Clarke—Groves) theory, which evaluates it by
comparing the overall imbalance in the system before and after the generation entity joins the multi-
energy complementary system. If the output deviation of a participant helps reduce the overall system
deviation, its flexibility contribution is positive, indicating that its actions enhance the overall revenue.
Conversely, if it exacerbates the system deviation, its flexibility contribution is negative, signifying that
its actions increase the demand for system flexibility, leading to revenue loss.

MRT — )\Ift]wP—RT (Pj}':tRTJr . Pj}':tRT—) + ,y (Pf,;RT+ _ P:‘gy;RT—) (35)

it

M =3 (P = PET) (36)

where: M" and M§" are the flexibility contributions of the renewable energy station y and the thermal
power unit x in the real-time market, respectively; P ** and P '~ are the positive and negative
imbalance contributions to the system from the renewable energy station’s market competition portion
in the period 7, respectively; P¢,*"* and P¢ *"~ are the positive and negative imbalance contributions
to the system from the priority grid-connected portion of the renewable energy station y in the period
t, respectively; PX{* and P}~ are the positive and negative imbalance contributions to the system from
the thermal power unit x in the period ¢, respectively;

3) Market Contribution

Based on the above analysis, the market contribution of each participant in the multi-energy
complementary system during joint operation is calculated as the ratio of the sum of the participant’s
day-ahead energy contribution and real-time market flexibility contribution to the total contributions
of all members in the multi-energy complementary system.

M=

(M + MET)

=1

1, (37

M=

(M + M+ M+ MET)

t=1

> (M 4+ MET)
=1
N, = (38)
> (M&+ M+ MR+ MET)

t=1

where: 1, and 7, represent the market contribution of the renewable energy station and the thermal
power unit, respectively;

4) Revenue distribution mechanism for multi-energy complementary systems

Based on the contribution levels of each participant, this paper constructs a revenue distribution
method using Nash bargaining theory. However, traditional Nash bargaining models allocate the
cooperative surplus equally among participants, which fails to reflect the differences in contributions
made by participants with varying characteristics in joint operation and does not provide effective
incentives. To address this, this paper introduces a market contribution indicator for distributing the
cooperative surplus. Adopting the concept of the Cobb-Douglas utility function, the objective function
is defined as the maximization of the product of the increase in revenue for each participant in the
multi-energy complementary system before and after cooperation. The specific distribution method
can be obtained by solving the following Nash bargaining model based on the contribution levels of
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system participants:

max [ ] (R —R)" - (R, - R,)" (39)
Relevant Constraints:
R > R,
%2 )

Y

X
> R+> R =R (41)
y=1 x=1
where: R} and R represent the revenue allocated to the renewable energy station y and the thermal
power unit x within the multi-energy complementary system, respectively; R, and R, represent the
revenues of the renewable energy station y and the thermal power unit x, respectively, when operating
independently, which serve as the Nash bargaining disagreement points;

To facilitate calculation and solution, the analytical optimal solution of the above Nash bargaining
model is proposed. First, taking the natural logarithm of the objective function, the Nash bargaining
model can be expressed as:

Y X
max (Z n,In (R — R,) + > n,In (R, - Rx)) (42)
y=I1 x=1
By applying the Karush-Kuhn-Tucker (KKT) conditions to the above expression, we obtain:

by T 43)

By combining the contribution levels of each participant, the final distribution method for the
multi-energy complementary system can be determined as follows:

[R; =R, +nAU

R =R, +n,AU (“44)

The revenue distribution results can be essentially divided into two parts. The first part ensures
that the participants in the multi-energy complementary system receive revenue at the level they would
have achieved before cooperation, which corresponds to their expected revenue when participating
independently in the spot market. The second part involves distributing the cooperative surplus based
on the contribution levels of the market participants.

Through the above revenue distribution mechanism, the final distribution results consider the
energy contribution and flexibility contribution of different participants from both day-ahead and
real-time market perspectives. This approach ultimately achieves a fair and reasonable distribution of
the cooperative surplus.

5 Case Study Analysis

5.1 Basic Setup of the Case Study
This paper conducts a case study analysis based on the IEEE 30-bus system, as illustrated in Fig. 7.
The system includes one multi-energy complementary system consisting of three thermal power units,
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one wind power station, and one photovoltaic (PV) power station as the generation entities. To fully
demonstrate the complementary advantages of thermal power units and renewable energy within the
multi-energy complementary system participating in the spot market, the study selects two 600 MW
thermal power units, a 300 MW offshore wind power station, and a 400 MW PV power station. The
analysis uses actual annual generation data from these sources. These three generation entities are
integrated into the multi-energy complementary system at the same grid point. Additionally, the study
considers the independent participation of a thermal power unit and a renewable energy unit with
the same rated capacity in the spot market, along with a competing 1000 MW thermal power unit.
The basic information of the thermal power units is presented in Table 2 and Appendix Section. The
renewable energy output data is sourced from a wind farm in the northeastern region, and the user
load data is taken from the actual electricity load of a province in 2020, scaled down proportionally
according to the active load of each node in the original system. The market bid floor is set at —0.08
RMB/(kW-h), the market bid cap is 1.3 RMB/(kW-h), and the spot market clearing price range is
—0.1-1.5 RMB/(kW-h).

i
Multi-Energy | Gl G2

Complement
ary System | Q
L}

Figure 7: IEEE 30-bus system

Table 2: Basic parameters of multi-energy complementary systems and competing thermal power
enterprises

Unit Node Power systems Power systems Unit ramp-up Start-up and Consumption characteristic parameters ~ Coal price
number (MW) (MW) (MW/15 min) shutdown (¥t
costs/(10,000
RMB)
a(t/MW:h2) b{t/MW:h)  c(t)
Multi-energy Gl 2 600 180 270 64 0.0000202 0.26316 16.062 1000
complemen-
tary
System
G2 2 600 180 270 64 0.0000266 0.26258 16.177 1000

(Continued)
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Table 2 (continued)

Unit Node Power systems Power systems Unit ramp-up Start-up and Consumption characteristic parameters ~ Coal price
number (MW) (MW) (MW/15 min) shutdown (¥
costs/(10,000
RMB)
a(tMW:-h2) b{t/MW:-h)  c(t)
Stand-alone  G3 8 600 180 270 64 0.0000272 0.26211 16.062 1000
unit
G4 21 600 180 270 64 0.0000273 0.25822 16.523 1000
G5 14 1000 300 400 100 0.0000268 0.22797 35917 1000

5.2 Renewable Energy-Load Clustering

This paper clusters the historical load data and renewable energy output data from a province
over 12 months. The data for each month is input into the dataset to be clustered, and an improved
K-means algorithm based on density layers is applied to obtain multiple typical scenario sets within
each quarter, as illustrated in Figs. 8-10.
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Figure 8: Wind power clustering results

Taking the dataset for the first quarter as an example, the historical load data is clustered into
three groups, while the output data for the wind power station and photovoltaic (PV) power station
are optimally clustered into two scenario sets each. The clustered scenario data are proportionally
restored based on historical load forecasts, wind farm forecasts, and PV station forecasts to reflect
the day-ahead short-term forecasts and real-time operational forecast errors. The scenarios with the
highest occurrence and largest proportion during the month are those with strong winds and clear days.
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Figure 9: Photovoltaic (PV) clustering results
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Figure 10: Load clustering results

5.3 Market Trading Results of Multi-Energy Complementary Systems and Competing Enterprises

Based on comparative scenarios, this paper selects representative weekdays, weekends, and
holidays as trading days for each quarter of the year. The multi-energy complementary system, along
with competing thermal power enterprises and independent renewable energy enterprises, is placed
in a real spot market simulation. Table 3 shows the final five-segment bidding of the multi-energy
complementary system and its competing units.
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Table 3: Segmented bidding prices for multi-energy complementary systems and competing enterprises
(averaged across typical scenarios)

Tiered pricing Multi-energy 600 MW unit 600 MW unit 1000 MW unit
complementary
system
A /(¥) 283.32 289.32 293.72 285.42
A,-1/(¥%) 352.13 358.49 355.39 345.82
A,-2/(¥) 385.92 392.68 393.62 379.00
A,-3/(¥) 398.74 403.88 407.85 394.00
A/(¥) 533.61 540.21 540.71 530.15

As shown in Fig. 11, when a 600 MW unit is combined with renewable energy to form a
multi-energy complementary system, the marginal cost at 80% output is reduced by 16.18 RMB
compared to a single 600 MW unit’s marginal cost of 395.33 RMB. However, it is still slightly higher
than the 1000 MW unit’s marginal cost of 270.85 RMB. The coal consumption cost of the multi-
energy complementary system is significantly higher than that of the 600 and 1000 MW units. This
phenomenon is mainly due to the internal load-sharing mechanism of the system, which reduces the
average operational efficiency of the units, leading to increased coal consumption intensity. Therefore,
although the multi-energy complementary system has an advantage in marginal costs compared to a
single 600 MW unit, its overall costs are still higher than those of the 1000 MW unit. This is reflected
in the market bids, where the multi-energy complementary system’s bids are slightly higher than those
of the 1000 MW unit.
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Figure 11: Marginal costs of multi-energy complementary systems and competing enterprises
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As seen in Table 4, the overall revenue of the multi-energy complementary system in the spot
market is higher compared to enterprises competing independently. This increase is primarily due
to the effective utilization of internal renewable energy components and overall cost efficiency. The
renewable energy within the multi-energy complementary system can secure significant electricity
revenues through priority grid access and near-zero marginal costs. Additionally, the design of the
multi-energy complementary system helps maintain its overall marginal costs at relatively low levels,
which not only reduces operational costs but also enhances its price competitiveness in the highly
competitive market.

Table 4: Market trading results (sum of typical scenarios)

Tiered pricing Multi-energy 600 MW unitl 600 MW unit2 1000 MW unit
complementary
system
Total electricity 1,152,039.13 398,318.69 385,228.94 837,805.94
consumption/(MW-h)
Total revenue/(*¥) 112,562,924.92 4,046,509.96 38,287,524.65 81,093,396.34
Total cost/(*¥) 69,166,216.96 32,223,107.13 31,006,569.49 62,719,820.58
Net profit/(*¥¥) 43,396,707.97 8241,986.79 7,280,955.16 18,373,575.76

Table 5 and Fig. 12 present the nodal price distribution for each typical day scenario under the
marginal nodal pricing. The nodal prices reflect the system’s power supply and demand situation and
line congestion conditions.

Table 5: Average node prices for typical units on a typical day

Date/average price  Multi-energy 600 MW unit 600 MW unit 1000 MW Photovoltaic Wind power

complementary  1/(¥f) 2/(¥¥) unit/(¥¥) node electricity — node
system/(¥) price/(*¥¥) electricity
price/(*¥¥)
Working days in 359.85 361.05 361.87 360.35 359.97 360.96
the first quarter
Weekends in the 384.88 386.08 386.51 385.25 385.52 386.16
first quarter
Public holidaysin  356.25 357.28 357.80 356.83 356.69 357.17
the first quarter
Working days in 391.96 393.73 394.26 392.42 392.35 392.35
the second quarter
Weekends in the 359.83 361.05 361.52 360.60 360.32 360.94
second quarter
Public holidaysin ~ 389.16 390.45 390.88 389.87 389.96 390.33
the second quarter
Working days in 380.76 392.12 392.47 392.82 392.84 391.55
the third quarter
Three-quarter 383.96 395.44 395.94 395.92 395.95 394.09
weekends
The third-quarter ~ 405.79 417.90 431.85 44498 449.11 416.21
holidays

(Continued)
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Table 5 (continued)

Date/average price  Multi-energy 600 MW unit 600 MW unit 1000 MW Photovoltaic Wind power
complementary  1/(¥f) 2/(¥) unit/(¥f) node electricity  node
system/(¥¥) price/(¥) electricity

price/(¥)
The fourth 395.77 398.86 400.06 398.62 399.29 398.31
quarter workdays
The fourth 395.19 397.12 397.87 396.85 397.68 397.19
quarter weekends
The fourth 381.01 381.97 382.55 381.53 380.92 381.78
quarter holidays
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Figure 12: Spatiotemporal distribution of node prices for power generation entities

As shown in Fig. 12, the nodal prices on typical days such as weekdays in the first quarter, holidays
in the first quarter, and weekends in the second quarter are relatively low compared to other typical
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day nodes. This is due to lower load levels and the occurrence of strong wind scenarios during these
periods, which result in high renewable energy output. Consequently, thermal power units engage in
competitive pricing by offering lower bid prices. In contrast, during the third quarter, the load demand
is high, and it coincides with the low wind period of the year, leading to reduced renewable energy
output. This situation causes severe congestion at the nodes in the third quarter holiday scenario, with
the nodal price at the photovoltaic station’s node reaching as high as 1295.7 RMB/MW:-h during the
16:30-16:45 period.

5.4 Internal Allocation Results within Multi-Energy Complementary Systems

This paper provides a comparative analysis of the real-time output curves and the imbalance
between the day-ahead declared values for each participant in the multi-energy complementary system
under both independent and joint operation. The comparison results are shown in Figs. 13-16.
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Figure 13: Comparison of generation power and imbalance energy for coupled vs. independent
operation in the first quarter
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Figure 14: Comparison of generation power and imbalance energy for coupled vs. independent
operation in the second quarter
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Figure 15: Comparison of generation power and imbalance energy for coupled vs. independent
operation in the third quarter
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Figure 16: Comparison of generation power and imbalance energy for coupled vs. independent
operation in the fourth quarter

In most periods, the imbalance energy associated with coupled operation is relatively low. This
is primarily because the multi-energy complementary system, consisting of renewable energy and
thermal power, can fully utilize the flexibility regulation capability of thermal power units. The
flexibility services provided by thermal power effectively mitigate the uncertainties associated with
renewable energy, compensating for the negative imbalance energy caused by the underperformance of
renewable energy. This reduces the overall deviation degree of the multi-energy complementary system,
leading to improved overall operational efficiency. Through this mechanism, compared to independent
operation, the overall revenue of the multi-energy complementary system is enhanced. The overall
revenue of the multi-energy complementary system and the revenues from uncoupled independent
operation are shown in Figs. 17-20. The detailed contribution and expected revenues of each market
participant within the multi-energy complementary system are shown in Figs. 21-24 and Table 6.

The results indicate that when wind power participates in the market independently, its profitabil-
ity in the real-time balancing market is negative (—888,555.09 RMB) due to its output uncertainty
and volatility, negatively impacting overall revenues. In contrast, although thermal power does not
have a cost advantage over wind and photovoltaic power in the day-ahead market, it incurs significant
imbalance settlement costs of 1,656,971.52 and 590,567.12 RMB in the real-time balancing market.
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This demonstrates a strong capability for flexible regulation, contributing to the stability and balance

of the power system.
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Figure 17: Cost and revenue comparison for coupled vs. independent operation in the first quarter
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Figure 19: Cost and revenue comparison for coupled vs. independent operation in the third quarter

[ Total Revesue (Compled)
[ ] Total Revesue (Independent)

Conts (Compled)
1400 E Conts (Independent) 150
Conts (Renewsble Energy Deviation Assessumeat)

Net Revenue (Coupled)
Nt Revenur (lndependent)

1200 e
100

w000 e s » )
R .-—-_-_h_-'_“""--‘/ ] 50 =
§ 800 ; g
= o =
- // E
= 600 | S [P 2
z T e 0 E
= £
"E' 400 a

]
¥ Z
Z -5 £
2 200 Z

=4

0 -100
Weekday Weekends Holidays

First Quarter

Figure 20: Cost and revenue comparison for coupled vs. independent operation in the fourth quarter

Under the joint operation mode, the multi-energy complementary system increased the total
revenue of market participants by 5,702,164.88 RMB across 12 typical scenario days. This gain
is attributed to the synergy between renewable energy and thermal power. The proposed revenue
distribution mechanism effectively identifies and allocates revenue based on market contribution from
both the day-ahead and balancing market dimensions. Figs. 21-24 show a positive correlation between
market contribution and the energy value in the day-ahead market, as well as the flexibility value in the
real-time balancing market. This indicates that participants can reduce imbalance costs and enhance
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market contribution by increasing
flexibility in the real-time market.
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Figure 21: Day-ahead and real-time balance market contributions and contribution rates of each
participant in the multi-energy complementary system for the first quarter
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Figure 22: Day-ahead and real-time balance market contributions and contribution rates of each
participant in the multi-energy complementary system for the second quarter
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Figure 23: Day-ahead and real-time balance market contributions and contribution rates of each
participant in the multi-energy complementary system for the third quarter
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Figure 24: Day-ahead and real-time balance market contributions and contribution rates of each
participant in the multi-energy complementary system for the fourth quarter

Table 6: Revenue analysis of multi-energy complementary systems vs. independent partici-pants (sum

of typical scenarios)

Market participants Recent market  Real-time Total earnings  Cost per/(¥) Net earnings
earnings per/(*¥¥) market earnings per/(¥¥) per/(¥¥)
per/(¥¢)
Independent Wind power 20,089,291.20 —888,555.09 19,200,736.12 5,433,724.72 13,767,011.41
operating mode
Photovoltaic 8,600,839.65 306,565.64 8,907,405.29 1,022,980.97 7,884,424.34
Thermal power 38,808,122.43 1,656,971.52 40,465,093.96 32,223,107.13 8,241,986.79
generation
Coal-fired 37,696,957.52 590,567.12 38,287,524.65 31,006,569.49 7,280,955.16
power
generation
Total 105,195,210.84  1,665,549.18 106,860,760.04  69,686,382.35 37,174,377.69
Multi-energy complementary 111,155,931.48  1,406,993.46 112,562,924.92  69,166,216.96 43,396,707.97

system

The final revenue distribution for each participant, according to the allocation method proposed
in this paper, is shown in Table 7. After forming a multi-energy complementary system with thermal
power and participating in the spot market, the revenue for wind power increased by 5.7% compared
to participating independently in the market. Photovoltaic (PV) revenue increased by 5%, and thermal
power revenue increased by 5.3%.

The flexibility contributions of various generation entities to the overall system are illustrated
in Fig. 25. Multi-energy complementarity not only stabilizes the fluctuations of renewable energy
within the system but also provides significant flexibility contributions to system load and external
renewable energy variations. It enhances the responsiveness of thermal power units to renewable energy
fluctuations, which is crucial for the development of renewable energy. Additionally, Figs. 13—16 show
that the multi-energy complementarity system effectively reduces output imbalances at nodes through
internal flexibility adjustments, greatly stabilizing node outputs compared to independent operation,
thereby improving the overall stability of the power system. Tables 6 and 7 compare the benefits of
each generation entity in a multi-energy complementarity system vs. independent operation, showing
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significant performance improvements when operating jointly. This greatly motivates generation
entities to participate in multi-energy complementarity systems. Consequently, this model not only
improves economic benefits but also promotes the widespread adoption and construction of multi-

energy complementarity systems, demonstrating its application potential and strategic value in modern
energy systems.

Table 7: Final revenue distribution results among participants in multi-energy complementary systems
(sum of typical scenarios)

Independent operation mode Multi-energy
per/(¥¢) complementary system
per/(¥¢)
Wind power 19,200,736.07 20,298,423.91
Photovoltaic 8,907,405.26 9,352,787
Conventional thermal power 40,465,093.89 42,379,790.83
generation
Conventional thermal power 38,287,524.61 40,531,922.94
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Figure 25: Average deviation of renewable energy generation and flexibility contribution of conven-
tional units

5.5 Market-Based Integration Capacity of Renewable Energy in Multi-Energy Complementary Systems

Renewable energy companies participating independently in the market will incur high deviation
penalty costs in the real-time balancing market, as shown in Fig. 25.
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As shown in Fig. 26 and Table 8, after renewable energy participates in the multi-energy comple-
mentary system, the deviation penalty costs are reduced by 6,456,705.69 RMB compared to indepen-
dent participation by equivalent capacity units. This reduction is due to the internal thermal power
providing mandatory peak shaving ancillary services for the fluctuation in renewable energy output
and the overall output stability of the multi-energy complementary system at the grid connection point.
After internal revenue distribution, the net profits for internal renewable energy from wind power and
photovoltaic are 20,298,424, 9,352,787, and 42,379,791 RMB, respectively. These figures are higher
than those for renewable energy units with equivalent capacity participating independently in market
competition. This indicates that the multi-energy complementary system, comprising renewable energy
and thermal power, as an independently operating entity subject to unified grid regulation, not only
reduces the grid’s regulatory burden but also exhibits characteristics of mutual benefit. It can maximize
overall benefits while effectively integrating renewable energy through market-based transactions.
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Figure 26: Assessment fees for renewable energy deviations

Table 8: Comparative revenue analysis of coupled vs. independent operation for renewable energy and
thermal power (aggregate of typical scenarios)

Coupled wind Coupled Independent wind Independent
power photovoltaic power photovoltaic
Total revenue/(¥¥)  20,298,423.91 9,352,787 19,200,736.07 8,907,405.26
Total cost/(*¥¥) 0 0 5,433,724.72 1,022,980.97

Net profit/(¥¥f) 20,298,423.91 9,352,787 13,767,011.41 7,884,424.34
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6 Conclusion

This paper focuses on the complementary relationship between renewable energy and thermal
power within a multi-energy complementary system. It delves into the optimization strategies for
operating such a system in the spot market and, considering the day-ahead to real-time balancing
contributions of each market participant, establishes an evaluation index system for internal revenue
distribution among the participants in the multi-energy complementary system. Finally, simulations
based on the IEEE 30-bus system demonstrate that:

(1) Integrating renewable energy and thermal power into a multi-energy complementary system
can further explore the potential for coordinated development between renewable energy and thermal
power. Renewable energy can help reduce the marginal cost of the multi-energy complementary system,
while thermal power can provide flexible resources to ensure stable overall output.

(2) The internal revenue distribution index system, which fully considers the day-ahead energy
to real-time balancing contribution, can reasonably quantify the energy value of renewable energy in
the day-ahead market and the flexibility value provided by thermal power in the real-time balancing
market. The results indicate that the revenue allocated to cooperative participants is significantly
higher than when participating in the market independently, effectively incentivizing different flexible
resources to participate in the multi-energy complementary system.

(3) The total revenue of renewable energy within the multi-energy complementary system, after
external competition and internal revenue distribution, is significantly higher compared to renewable
energy stations with the same capacity participating independently in the market. This improvement
is attributed to the flexibility capacity provided by thermal power within the multi-energy comple-
mentary system, which helps renewable energy avoid penalties associated with output instability.
Additionally, the reasonable internal revenue distribution mechanism fully accounts for the energy
contribution of renewable energy, ensuring the profitability of renewable energy market participants
and significantly enhancing the market-based integration of renewable energy.

(4) Although this paper explores the optimization strategies for multi-energy complementarity
systems in spot markets and evaluates internal benefit distribution metrics, we observed significant
congestion in the system when renewable energy output levels were low during the case study analysis.
This suggests that there is room for further optimization of resource and structural configurations
within the system. Additionally, effective coordination between different energy sources within the
multi-energy complementarity system is crucial for maximizing overall benefits. Future research
should focus on the capacity allocation between renewable and thermal power within the system to
achieve higher operational efficiency and economic benefits.
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Figure A1: Multi-energy complementary system bid prices
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Figure A2: 600 MW unit 1 bid prices
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Appendix B
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Recent market

Real-time market

Net eamings

Market participants earfj.mgs earnings/(¥) Total earnings/(¥) | Cost per/(¥) per/(¥)
per/(¥)

Wind power 1842913.77 -63351.72 1779562.04 488171.69 1291390.346
Independent Photovoltaic 71160894 | 35579.13 747188.07 69310.47 677877.6012
operation Thermal po-wer generat-ion 1 247522998 34875341 28239834 2529671.58 294311.8172
mode Thermal po-wer generat-ion 2 2521052.6 29123845 2812291.05 247180145 340489.6044
Total 7550805.31 612219.27 8163024.581 5558955.21 2604069.368
Multi-energy complementary system 8322286.63 477436.3 879972293 54827419 3316981.031

Figure AS: Revenue analysis of multi-energy complementary systems vs. independent participants on
weekdays in the first quarter

Recent market

Real-time market

Net eamings

Market participants ean;'mgs () Total earnings/(¥) | Cost per/(¥) per/(¥)
per/(¥)
Wind power 1854890.20 -63688.35 1791201.85 511426.99 1279774.87
Tadkbpendict Photovoltaic 716291.82 35726.27 752018.10 7227275 679745.35
operation Thermal po-wer generat-ion 1 3220525.26 -236113.35 2984411.90 2649798.05 334613.85
mode Thermal po-wer generat-ion 2 3324815.29 -157792.48 3167022.81 2705034.61 461988.20
Total 9116522.58 -421867.91 8694654.67 5938532.39 2756122.27
Multi-energy complementary system 9392379.76 -141050.85 925132891 5491749.06 3759579.85

Figure A6: Revenue analysis of multi-energy complementary systems vs. independent participants on
weekends in the first quarter

PRecent market

Real-time market

Net eamings

Market participants ean?iugs el Total earnings/(¥) | Cost per/(¥) per/(¥)
per/(¥)
Wind power 1841252.77 -63324.82 1777927.95 476653.47 1301274.49
T Photovoltaie 711388.55 35495.30 746883.85 67431.01 679452.84
operating Thermal po-wer generat-ion | 2625380.45 65202.67 2690583.12 2291684.32 398898.80
mode Thermal po-wer generat-ion 2 | 2461316.91 -69904.30 2391412.61 2174843.26 216569.35
Total 7639338.68 -32531.15 7606807.53 5010612.06 259619547
Multi-energy complementary system 8280970.51 99754.24 8380724.74 5211542.81 3169181.94

Figure A7: Revenue analysis of multi-energy complementary systems vs. independent participants on
holidays in the first quarter

Recent market

Real-time market

Net eamnings

Market participants ennfiu gs canings/(¥) Total earnings/(¥) | Cost per/(¥) per/(¥)
pet/(¥)
Wind power 1857724 .91 -63826.01 1793898.90 521836.49 127206241
Independent Photovoltaic 717624.06 35785.32 753409.37 73600.67 679808.70
operating Thermal po-wer generat-ion 1 3276407.55 -177860.34 3098547.21 2644159.03 454388.17
mode Thermal po-wer generat-ion 2 3150053.30 -281889.86 2868163.44 2535471.88 332691.56
Total 92001809.81 -487790.89 8514018.92 5775068.07 2738950.85
Multi-energy complementary system 9775010.53 -169346.61 9605663.93 5653550.25 3952113.68

Figure A8: Revenue analysis of multi-energy complementary systems vs. independent participants on
weekdays in the second quarter
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Recent market Real-tine market Net earungs
Market participants eamings T Total earnings/(¥ ) | Cost per/(¥) - e
y earmnings/( ¥ ) per/(¥)
per/(¥)
Wind power 1843053.11 -63374.53 1779678.58 486246.69 1293431.89
Independent Photovoltaic 711569.91 35542.15 747112.06 68490.85 678621.21
operation Thermal po-wer generat-ion 1 2398890.99 424544.03 2823435.02 2485879.00 337556.02
mode Thermal po-wer generat-ion 2 2385397.32 324408.70 2709806.02 2395691.49 314114.53
Total 7338911.33 721120.35 8060031.68 5436308.04 2623723.64
Multi-energy complementary system 8358082.57 799463.93 9157546.49 5762784 .91 3394761.58

Figure A9: Revenue analysis of multi-energy complementary systems vs. independent participants on
weekends in the second quarter

Recent market Real-tine market Net earungs
Market participants eamings T Total earnings/(¥ ) | Cost per/(¥) - e
y earmnings/( ¥ ) per/(¥)
per/(¥)
Wind power 1856894.12 -63695.13 1793199.00 510866.50 1282332.50
Independent Photovoltaic 716935.31 35680.01 752615.32 71474.81 681140.51
operation Thermal po-wer generat-ion 1 3043832.20 -180053.23 2863778.98 2496413.56 367365.42
mode Thermal po-wer generat-ion 2 2840805.52 -67429.92 2773375.60 2336168.06 437207.54
Total 8458467.16 -275498.27 8182968.90 541492293 2768045.97
Multi-energy complementary system 9330110.69 | -245433.41 9084677.28 5313491.29 3771185.98

Figure A10: Revenue analysis of multi-energy complementary systems vs. independent participants on
holidays in the second quarter

Recent market

Real-tume market

Net earnings

Market participants eaﬂ_}iugs camings/(¥) Total earnings/(¥) | Cost per/(¥) per/(¥)
per/(¥)

Wind power 1137577.99 -105266.17 1032311.83 291169.10 741142.73

Independent Photovoltaic 715206.50 -4823.22 710383.27 126497.33 583885.95
operation Thermal po-wer generat-ion 1 3103726.80 513062.56 3616789.36 253075426 1086035.10
mode Thermal po-wer generat-ion 2 3322245.74 497268.06 3819513.80 2667525.97 1151987.84
Total 8278757.03 900241.23 9178998.26 5615946.65 3563051.61
Multi-energy complementary system 9056532.45 508390.87 9564923.31 6371967.61 3192955.70

Figure A11: Revenue analysis of multi-energy complementary systems vs. independent participants on
weekdays in the third quarter

Recent market

Real-time market

Net eamings

Market participants eaujlngs eamings/(Y) Total earnings/(¥) | Cost per/(¥) per/(¥)
per/(¥)

Wind power 1138253.74 -105234.71 1033019.04 290822.11 742196.92

Independent Photovoltaic 716295.35 -4931.27 711364.09 127539.76 58382433
operation Thermal po-wer generat-ion 1 397145747 714467.61 4685925.08 3132658.83 1553266.24

mode Thermal po-wer generat-ion 2 3382332.00 84441.97 3466773.97 2689472.53 777301.43
Total 9208338.57 688743.60 9897082.17 6240493.25 3656588.93

Multi-energy complementary system 9566956.75 7709.38 9574666.13 6340141.88 3234524.26

Figure A12: Revenue analysis of multi-energy complementary systems vs. independent participants on
weekends in the third quarter
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Recent market

Real-time market

Net earnings

Market participants ean.l.mgs camings/(¥) Total earnings/(¥) | Cost per/(¥) per/(¥)
per/(¥)

Wind power 1139167.18 -105092.77 1034074.42 285633.03 748441.39

Independent Photovoltaic 731237.21 -4896.74 726340.47 124471.84 601868.63
operation Thermal po-wer generat-ion 1 4590509.35 174250.87 4764760.22 332394732 1440812.90

mode Thermal po-wer generat-ion 2 4202026.61 -254780.19 3947246.42 2957965.90 989280.52
Total 10662940.36 -190518.83 10472421.54 6692018.10 3780403.44

Multi-energy complementary system 10212173.53 -81907.58 10130265.95 6390186.77 3740079.18

Figure A13: Revenue analysis of multi-energy complementary systems vs. independent participants on
holidays in the third quarter

Recent market

Real-time market

Net earnings

Market participants eal‘fmlgs eamings/(¥) Total eamings/(¥) | Cost per/(¥) per/(¥)
per/(¥)
Wind power 1860578.49 -63996.51 1796581.97 530901.15 1265680.82
Independent Photovoltaic 718775.11 35844.56 754619.67 74902.05 679717.63
operation Thermal po-wer generat-ion 1 3582336.33 3857.05 3586193.38 2830101.33 756092.04
mode Thermal po-wer generat-ion 2 3560267.45 7169.49 3567436.94 2787615.34 779821.60
Total 9721957.37 -1712541 9704831.96 6223519.86 3481312.09
Multi-energy complementary system 9973386.07 -111475.51 9861910.57 5785182.51 4076728.06

Figure A14: Revenue analysis of multi-energy complementary systems vs. independent participants on
weekdays in the fourth quarter

Recent market

Real-time market

Net earnings

Market participants eal'!lill 25 ings/(¥) Total eamnings/(¥) | Cost per/(¥) per/(¥)
per/(¥)
Wind power 1860065.52 -64029.93 1796035.59 530972.43 1265063.15
okegiaictiait Photovoltaic 718605.46 35869.39 754474 85 7532239 679152.46
operation Thermal po-wer generat-ion 1 3637767.57 49209.04 3686976.61 2881064.95 805911.66
mode Thermal po-wer generat-ion 2 3638413.98 109623.84 3748037.82 2857084.34 890953.48
Total 9854852.53 130672.34 9985524.87 6344444.12 3641080.76
Multi-energy complementary system 9931891.50 15263.03 9947154.53 5854826.22 409232831

Figure A15: Revenue analysis of multi-energy complementary systems vs. independent participants on
weekends in the fourth quarter

Recent market

Real-time market

Net earnings

Market participants eall..lijlgs ings/(¥) Total eamnings/(¥) | Cost per/(¥) per/(¥)
per/(¥)
Wind power 1856919.40 -63674.44 179324495 509025.07 1284219.89
Independent Photovoltaic 715301 43 35694.74 750996.17 71667.04 679329.13
operation Thermal po-wer generat-ion 1 2882058.48 -42348.80 2839709.68 2426974.90 412734.77
mode Thermal po-wer generat-ion 2 2908230.80 108213.36 301644417 2427894.66 588549.51
Total 8362510.11 3788485 8400394.96 5435561.67 2964833.29
Multi-energy complementary system 8956150.49 248189.67 9204340.15 5508051.75 3696288.40

Figure A16: Revenue analysis of multi-energy complementary systems vs. independent participants on
holidays in the fourth quarter
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Appendix C

Independent operating mode/(¥ ) Multi-energy complementary systeny/(Y )

Wind power 1779562.04 1908632.93
Photovoltaic 747188.07 801794.20
Thermal power generation 1 28239834 3031860.11
Thermal power generation 2 2812291.05 3057435.68

Figure A17: Final revenue distribution results among participants in multi-energy complementary
systems on weekdays in the first quarter

Independent operating mode/(¥ ) Multi-energy complementary systeny/(Y )
Wind power 1791201.85 1893383.83
Photovoltaic 752018.09 791744.37
Thermal power generation 1 29844119 3176179.86
Thermal power generation 2 3167022.81 3390020.83

Figure A18: Final revenue distribution results among participants in multi-energy complementary
systems on weekends in the first quarter

Independent operating mode/(Y ) Multi-energy complementary system/(¥)

Wind power 1777927.95 1927997.49
Photovoltaic 746883.85 810718.26
Thermal power generation 1 2690583.11 2947776.12
Thermal power generation 2 239141261 2694232.84

Figure A19: Final revenue distribution results among participants in multi-energy complementary
systems on holidays in the first quarter

Independent operating mode/(¥)  Multi-energy complementary system/( ¥ )

Wind power 1793898.90 1980760.71

Photovoltaic 753409.37 828289.05
Thermal power generation 1 3098547.2 3483426.14
Thermal power generation 2 2868163.43 3313188

Figure A20: Final revenue distribution results among participants in multi-energy complementary
systems on weekdays in the second quarter

Independent operating mode/( ¥ ) Multi-energy complementary system/( ¥ )

Wind power 1779678.58 2004523.58
Photovoltaic 747112.06 841729.26
Thermal power generation 1 2823435.02 3179991.41
Thermal power generation 2 2709806.02 3131302.23

Figure A21: Final revenue distribution results among participants in multi-energy complementary
systems on weekends in the second quarter
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Independent operating mode/(¥) Multi-energy complementary systeny/(¥)
Wind power 1793198.99 1960641.2
Photovoltaic 752615.32 815727.37
Thermal power generation 1 2863778.97 3173886
Thermal power generation 2 2773375.6 3134422.68

Figure A22: Final revenue distribution results among participants in multi-energy complementary
systems on holidays in the second quarter

Independent operating mode/(¥) Multi-energy complementary systeny/(¥ )
Wind power 1032311.82 1078349 .4
Photovoltaic 710383.27 741566.82
Thermal power generation 1 3616789.35 3759547.2
Thermal power generation 2 3819513.8 3985459.87

Figure A23: Final revenue distribution results among participants in multi-energy complementary
systems on weekdays in the third quarter

Independent operating mode/(¥)  Multi-energy complementary system/(¥')

Wind power 1033019.03 997339.06
Photovoltaic 711364.08 686389.87
Thermal power generation 1 4685925.07 4564118.13
Thermal power generation 2 3466773.96 3326819.06

Figure A24: Final revenue distribution results among participants in multi-energy complementary
systems on weekends in the third quarter

Independent operating mode/(¥) Multi-energy complementary system/(¥)

Wind power 1034074.41 995803.65
Photovoltaic 726340.47 702247.84
Thermal power generation 1 4764760.22 4634377.24
Thermal power generation 2 3947246.42 3797837.21

Figure A25: Final revenue distribution results among participants in multi-energy complementary
systems on holidays in the third quarter

Independent operating mode/(¥) Multi-energy complementary system/(¥)

Wind power 1796581.97 1822192.91
Photovoltaic 754619.67 765518.87
Thermal power generation 1 3586193.37 3642154.1
Thermal power generation 2 3567436.93 3632044.66

Figure A26: Final revenue distribution results among participants in multi-energy complementary
systems on weekdays in the fourth quarter
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Independent operating mode/(¥) Multi-energy complementary system/(¥ )
Wind power 1796035.58 1789696.19
Photovoltaic 754474.85 751718.63
Thermal power generation 1 3686976.61 3673399.39
Thermal power generation 2 3748037.82 37323403

Figure A27: Final revenue distribution results among participants in multi-energy complementary
systems on weekends in the fourth quarter

Independent operating mode/(¥) Multi-energy complementary system/(¥)
Wind power 1793244.95 1939102.96
Photovoltaic 750996.16 815342.46
Thermal power generation 1 2839709.67 3113075.13

Thermal power generation 2 3016444.16 3336819.58

Figure A28: Final revenue distribution results among participants in multi-energy complementary
systems on holidays in the fourth quarter
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