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ABSTRACT: Under the current long-term electricity market mechanism, new energy and thermal power face issues
such as deviation assessment and compression of generation space. The profitability of market players is limited.
Simultaneously, the cooperation model among various energy sources will have a direct impact on the alliance’s
revenue and the equity of income distribution within the alliance. Therefore, integrating new energy with thermal
power units into an integrated multi-energy complementary system to participate in the long-term electricity market
holds significant potential. To simulate and evaluate the benefits and internal distribution methods of a multi-energy
complementary system participating in long-term market transactions, this paper first constructs a multi-energy
complementary system integrated with new energy and thermal power generation units at the same connection
point, and participates in the annual bilateral game as a unified market entity to obtain the revenue value under the
annual bilateral market. Secondly, based on the entropy weight method, improvements are made to the traditional
Shapley value distribution model, and an internal distribution model for multi-energy complementary systems with
multiple participants is constructed. Finally, a Markov Decision Process (MDP) evaluation system is constructed for
practical case verification. The research results show that the improved Shapley value distribution model achieves higher
satisfaction, providing a reasonable allocation scheme for multi-energy complementary cooperation models.

KEYWORDS: Multi-energy complementary system; cooperative game; enhancements to the Shapley value; MDP
indicators

1 Introduction

The installation of new types of energy such as wind and solar power has been increasing year by
year and is becoming a trend to be integrated into the power grid on a large scale [1]. However, the
intermittency and uncertainty of new energy output can lead to contract deviations in the medium and long-
term markets, limiting the profitability of new energy market players [2]. Equipping new energy with flexible
regulation resources is one of the effective approaches to facilitate the absorption of new energy [3,4]. In
2021, the National Development and Reform Commission issued a document [5], which clearly proposed
the coordinated interaction between the source, grid, load, and storage at all stages, fully tapping into the
system’s flexibility regulation capabilities and demand-side resources, and prioritizing the absorption of
new energy power generation systems to build a diversified energy supply and intelligent security system.
Pumped storage hydropower plants are often used as large-capacity energy storage stations to complement
dispatch due to their low cost. In literature [6], a wind-solar pumped storage joint operation system is
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constructed based on the complementary characteristics of wind and solar power, and a new strategy
for renewable energy participation in the electricity market is proposed. Furthermore, an optimization
method for the joint operation of wind power, photovoltaics, and pumped storage under the context of
the electricity market is proposed. Literature [7] proposes a control strategy for wind-storage joint power
generation systems that accounts for wind power accommodation during valley periods, enhancing the
dispatchability of wind farms and the amount of wind power accommodated. However, none of these studies
considered that in the northern regions of China, where water resources are scarce, coal-fired units are
often used as flexible regulation power sources. Literature [8], aiming to improve the quality of thermal
power units’ participation in grid regulation, proposes the flexibility transformation method of applying
thermal power units coupled with energy storage systems. The literature [9-11] propose different retrofit
technologies for cogeneration units and pure condensing units to meet low-load stable combustion and wide-
load denitrification requirements. However, the operating time scale of the units in the above studies is still
at the minute level or above, which cannot fully utilize the regulating capability of thermal power units on a
shorter time scale.

Literature [12] establishes a shared energy storage leader-follower Stackelberg game-based robust
pricing model that considers energy storage participation in frequency regulation, with the shared energy
storage operator as the leader and the wind farm as the follower. This model achieves a mutually beneficial
win-win situation for both parties in the game. Literature [13] uses fuzzy chance-constrained power balance
constraints to characterize the uncertainty of wind and solar power outputs, and constructs a new wind-solar-
thermal-pumped storage joint operation system day-ahead optimization dispatch model. Literature [14]
proposes a new mode of wind-thermal bundled participation in large user direct purchase transactions, and
based on dynamic non-cooperative theory, establishes a bi-level game mode. Thermal power units have been
widely applied in the construction of modern new power systems due to their good regulation performance
and fast response speed [15,16]. However, the above studies have not focused on the research of thermal
power units integrated with new energy stations as a multi-energy complementary system participating in
bilateral market transactions. Therefore, there is an urgent need to construct a benefit calculation model for
a multi-energy complementary system participating in annual bilateral market transactions.

The operation of a multi-energy complementary system can bring cooperative incremental benefits
to the system [17,18]. Formulating a fair cooperative benefit distribution strategy can promote the stable
formation of a complementary operation system among multiple energy entities [19]. Regarding the internal
benefit distribution problem of wind farms, photovoltaic power stations, and thermal power plants integrated
as independent operating entities at the same grid point, the existing mainstream distribution methods all
belong to the field of cooperative game theory [20]. The Shapley value method has been applied to logistics
network design, comprehensive energy system benefit distribution in industrial parks, and electric heating
load cost allocation, among other areas [21-23]. Based on the distribution principle of “openness, justice, and
fairness”, literature [24] has constructed a judgment mechanism that considers rewards and punishments,
and distributes benefits according to the contribution and punishment of each entity based on subjective
factors. Although the considered content is extensive, the subjectivity is relatively strong. Literature [25]
proposed an improved Shapley value method that considers the different line losses caused by the different
locations of the micro-grid members within the alliance, thereby studying the problem of shared energy
storage configuration and cost allocation. Existing benefit distribution strategies are mostly focused on user-
side cost allocation, while there is a lack of research on the benefit distribution among multiple entities on
the generation side and the characterization of the risk and return borne by each entity.

In response to the above issues, this paper takes a wind-solar-thermal multi-entity complementary
power generation system as the research object, and proposes an improved Shapley value allocation model.
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First, in the second part of the article, a typical scenario revenue calculation model is constructed for the
integrated new energy and thermal power units participating in the annual market bilateral transactions. In
the third part of the article, the improved K-means algorithm is used to process the historical data, and the
particle swarm algorithm is combined to obtain the optimal output values of the units in the typical scenarios
of the multi-energy complementary system, and the annual revenue is calculated. In the fourth part of the
article, the entropy weight method is used to assign risk factors to each power generation entity within the
system. After considering the marginal contribution of each power generation entity to the alliance, the risk
factors are combined to make a secondary allocation of the revenue increment. Finally, the MDP index is used
to verify the satisfaction of each power generation entity within the multi-energy complementary system
under different allocation modes, and a practical case study is used to verify the feasibility of the improved
Shapley value allocation method.

2 Multi-Energy Complementary System Shared Benefits Alliance Model
2.1 Construction of a Multi-Energy Complementary System

This paper takes the wind farm, photovoltaic power station, and thermal power plant, which are
integrated at the same connection point to form an independent operating alliance trading entity—the multi-
energy complementary system, as the research object. This system operates under the guiding principle of
“new energy prioritizes providing contract electricity, thermal power units provide ancillary services, and
the system as a whole is subject to unified grid regulation”, as shown in Fig. 1. The system, as an independent
entity, participates in market competition externally. Unlike traditional micro-grids and distributed power
generation systems, the multi-energy complementary system is more applied at the level of large power grids,
integrating new energy units and thermal power units into a unified operating entity through a near-electrical
network. Currently, the multi-energy complementary system has been widely applied, and China’s “Gurbag”
large new energy base, which is based on the integration of “wind, light, fire, and storage”, has been put into
production and construction.
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Figure 1: Multi-energy complementary systems under the same grid connection point

The multi-energy complementary system belongs to a sub-alliance form with multiple power generation
entities. To perform a refined internal benefit allocation for the overall system efficiency, it is assumed that the
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system contains m stakeholders, and the overall system is denoted as alliance M (M € S), with a trading cycle
of T trading periods. Based on the improved Shapley value allocation model, the overall revenue of alliance
M is reasonably allocated to ensure the stable operation of the multi-energy system and fully mobilize the
enthusiasm of the power generation entities within the alliance.

2.2 Membership Participation in the Multi-Energy Complementary System Alliance

When the thermal power plant participates in the market trading as an independent entity, facing
the new power system with the participation of new energy sources, the thermal power units lose their
competitiveness in the trading market due to their high marginal costs. After cooperating with new energy
sources to form a multi-energy complementary system, the system as a whole has a unified pricing for
external transactions. Since the marginal cost of new energy generation can be neglected [26], the overall
system’s pricing coefficient is lower than the pricing when the thermal power unit competes independently.

For the new energy power stations under this grid point, due to the influence of factors such as wind
speed and sunshine duration, when operating independently, they need to pay the deviation assessment
fee caused by the uncertainty of power output. After being integrated with the thermal power units into
a multi-energy complementary system, the thermal power units in this system have a certain regulating
role, which can smooth out the short-term power fluctuations of the new energy sources [27]. Compared to
the traditional “wind-solar-thermal bundled mode”, the overall system does not need to pay the deviation
assessment fee for external transactions.

3 Annual Market Revenue Accounting Model of Multi-Energy Complementary System

This section constructs an annual revenue calculation model for a multi-energy complementary system
participating in the trading market. Existing regulations often use the YMD decomposition method to
handle the annual contracted electricity volume, but the decomposition coefficients based on historical load
data cannot reflect the uncertainty of new energy output, resulting in a large amount of “wind and light
abandonment” phenomenon. To accurately determine the annual contracted electricity volume of the multi-
energy complementary system, this paper uses an improved K-means algorithm to sequentially process the
new energy output data and the historical load data of large users throughout the year, forming 12 typical
trading scenarios for the entire year. Then, a specific scenario within the month is selected to simulate
the bilevel game process between the multi-energy complementary system and other competing power
generation enterprises in the market, with the goal of minimizing the direct purchase electricity cost of
the large user and maximizing the benefits of the power generation companies. This determines the final
contracted electricity volume under the system’s bilateral trading mode.

3.1 Improved K-Means Clustering Algorithm

The annual output of new energy has high uncertainty and is greatly affected by natural factors, resulting
in large fluctuations. For the load data of large users, this paper adopts a fixed-value clustering method based
on workdays, holidays, and rest days, and determines the number of clusters to be 3. Due to the high data
requirements of the original K-means algorithm and the randomness in the selection of initial clustering
centers, the clustering data set is prone to falling into local optimal solutions. Therefore, this paper adopts
a density-based clustering method combined with the traditional clustering approach. The multiple typical
scenarios obtained through clustering are then assigned weight values based on their frequency of occurrence
in the month, in order to obtain the typical output scenario for that month.

The specific steps of the improved K-means algorithm are as follows:
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(1)  The historical power generation data of the new energy plants and the historical power demand data
of the large users under this site are input into the sample set to be clustered. The Euclidean distance
d,-,j between each power generation scenario is then calculated, and the Euclidean distance matrix is
sorted. The distance values in the top 2% of the matrix are selected as the truncation distance d.. The
local density r; of each scenario within the truncation distance C is expressed as follows:

24 5 1/2
A ICE 0

=1
pi =y x(dijdc) (2)
iz
_ 1 d,] < dc
x(dijpde) = {0 di> d. (3)

(2) The power generation scenario with the maximum local density is selected as the first clustering center.
The remaining clustering centers are then selected as the initial typical scenarios based on the principle
of “farthest from the clustering center and maximum local density”. The initial clustering center set is
recorded as (SC;, SC,, ..., SGy).

(3)  Theinitial k typical scenarios are determined, and the optimal k value is evaluated based on the mixed
evaluation function M(k), where the k value with the M(k) value closest to 1 is the optimal number of
clustering typical scenarios. The specific expression is:

k n
Din: ZZ (xj—SCi)z /i’l (4)
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Doyt = mind (SC;, SC;))
Dy, — D;
M (k) _ out in (5)
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(4) The Euclidean distances between the remaining non-clustering center points and the initial clustering
centers are calculated in turn, and the sample set data are divided into the typical scenario sets with
the closest distance, i.e., the smaller the difference. The average values of each cluster are recalculated
until the clustering centers do not change, and the update of the typical scenarios can be stopped.

3.2 Typical Scenario-Based Power Generation Alliance Game Model

As shown in Fig. 2, taking the multi-energy complementary system as an example, a framework of the
alliance’s overall participation in the medium and long-term electricity market trading model is constructed.
This system, as an independent operating entity, is in the upper layer of the game with other competing power
generation companies in the market, and makes bids to the lower-level power grid companies or large users,
respectively. The user side allocates the trading electricity volume based on the bid price.

Since the multi-energy complementary system is a form of sub-alliance within the power generation
alliance, this section establishes a more general profit calculation model for the typical scenario of the power
generation alliance, in order to calculate the marginal benefits of each subject within the multi-energy
complementary system in the future. The following assumptions are made in this model: There are 24 trading
periods in the scenario; Each power plant submits bids according to the bidding curve; The participating
parties in the bilateral trading market are the power generation alliance S and a large user integrated from
multiple market users; The power supply and demand parties adopt the direct power purchase trading model.
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Figure 2: A bidirectional market bidding model incorporating multi-energy complementary systems

3.2.1 Upper-Level Power Generation Alliance Revenue Model

Since each power plant submits bids according to the bidding curve, the function relationship between
the bid price and the trading period can be obtained by interpolation and fitting of the historical bid data.
The bid price of the power generation enterprise is the final transaction price. The bid price F! of alliance s
at a single trading moment ¢ is:

t
Fst:a§+b$f0 pldt (6)

In the formula, a! represents the initial bid of the power generation alliance s at time ¢; b, represents the
price increase parameter of the power generation alliance s; p! represents the total output power of all units
of the power generation alliance s at time ¢.

Some power generation alliances cover wind farms and photovoltaic power stations, and according to
policy requirements, they need to provide generation subsidies to new energy power generation companies
within the alliance. The total revenue I of power generation alliance s over T trading periods can be
expressed as:
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In the formula, Sy and Sp represent the subsidy electricity prices for wind power and photovoltaic
power as stipulated by the market; p; , and p; , represent the output powers of wind power and photo-
voltaic power at time t; (w, p) and (t) represent the wind-photovoltaic alliance operating separately and
thermal power operating alone, respectively.

In terms of cost accounting, due to the different subjects within the power generation alliance, it can be
accounted for separately from the aspects of variable costs and fixed costs. The variable costs are related to
the unit output data, including the coal consumption costs and environmental surcharges of thermal power
units, as well as the additional deviation assessment costs of new energy stations. The allocation of fixed
assets within the alliance belongs to the category of fixed costs, and the numerical value is independent of
the unit output.

(1) Internal variable costs of the alliance
a.  Unit coal consumption cost

The coal consumption cost of thermal power units is often related to the unit’s energy consumption char-
acteristic curve [28]. By data fitting, the correlation coefficient between unit output and power generation
cost can be obtained. The coal consumption cost function of the unit is expressed as follows:

M~

Cl,s = (As ' (Pﬁ,t)z + B; 'Pg,t + KS) ‘Pﬁ,tAt (8)

t=1

In the formula, A;, B;, K; are the coal consumption characteristic coefficients of the thermal power units
within the power generation alliance; p;; represents the output power of the thermal power units within the
alliance at time t.

b. Environmental Costs of Thermal Power Units

Thermal power units generate pollutants such as SO,, NOyx during operation. Units are required to equip
desulfurization and denitrification devices to reduce pollutant emissions. The cost function is represented as
follows:

T
Cas =), (ys +yn) - pi At ©)
=1

In the formula, ys and yy correspond to the desulfurization and denitrification cost coefficients per unit
of electricity for thermal power units, respectively.

c. New Energy Deviation Assessment Cost

When wind farms and photovoltaic power stations participate in the market competition independently,
they need to consider the deviation assessment cost brought by the large-scale development of new
energy [29]. In a typical scenario, the output curves of wind power and photovoltaic power stations are
selected, and based on the equivalent output principle, the historical output data of the stations are equivalent
to the new energy assessment boundary curve consistent with the load curve fluctuation trend. Due to the
difference between the actual output curve and the assessment curve, when the large-scale development of
new energy occurs, thermal power units need to give up generation space to the new energy stations in the
market, and the assessment electricity is shown in the blue area in Fig. 3.
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Figure 3: Calculate the flow chart of new energy deviation assessment

The calculation formula for the internal new energy deviation assessment cost of alliance s is as follows:

T T
kop = fo (Pe/ps,p)dt (10)
T
KL= [ (pipt)de W
T T t t T
DQs,p=f0 o1 (pi,—02-pt-kl,)dt
T
DQ;,, = f 03 (Pl —pi- ki) dt (12)
0

Cso=p-(DQ!,+DQL,)

In the formula, y is the unit deviation assessment fee per unit of electricity (yuan/MWh); 07 and o3 take
the value of 1 when the photovoltaic power station and wind farm are generating at high levels, and take 0
when below the equivalent electricity of the large user; o, takes 0 during night hours and 1 during the day;
DQZ » and DQz ,» are the deviation assessment electricity amounts for the photovoltaic power station and
wind farm during period T; p’ is the power value corresponding to the historical load curve of the large user
at time ¢.
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(2) Internal Fixed Cost Allocation of the Alliance

The cost allocation is carried out using the average operating time method for the units. The calculation
formula for the depreciation amount of the alliance units during period T is as follows:
~ 1-V%
B (1-1) x N x Toypm

C4,S X de X T (13)

In the formula, P, represents the initial investment cost; V% represents the net residual value rate of
the unit; N represents the number of years the unit has been in operation; represents the annual depreciation
rate of the unit. Since power generation companies sign long-term market contracts, this parameter can be
considered a constant; Ty, represents the annual operating hours of the unit.

The power generation alliance, as the upper layer of the game between two parties, often aims to
maximize its total revenue by optimizing the internal resource output strategy. The revenue function
expression for alliance s during period T is as follows:

T

4
VI~ max (1; _y c;,s) At (14)
i=1

t=1

3.2.2 Lower-Level Direct Purchase Cost Model for Large Users

In the game, lower-level large users aim to minimize their own direct purchase electricity costs. The
electricity purchase cost for large users during period T in a typical scenario is:
n T t
min ClToad=ZEp§(“§+be pﬁdt+l) At (15)
1 0

s=1t=

In the formula, n represents the total number of power generation companies that have signed
transaction contracts with the large user, and A represents the transmission and distribution price per unit
of electricity.

3.3 Constraints

Different power generation alliances and their competing power generation enterprises have bidding
constraints, unit installed capacity constraints, and load side demand constraints in the principal-agent game.
They are expressed as follows:

(1) Bidding Constraints

The bidding prices reported by each power generation company in the game process must follow certain
upper and lower limits. The price range for direct power trading within the province is determined by the
relevant power industry units in the province, taking into account factors such as the operation of power
generation companies and the affordability of market users’ electricity prices. Power generation companies
shall not bid too low in violation of market rules.

Fst € (Fmin’ Fmax) (16)

In the formula, Fyyin and Fi,x represent the lower and upper limits of the bidding prices for each power
generation company, respectively.
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(2) Unit Capacity Constraints

Within the alliance, thermal power units need to follow the principle of prioritizing the consumption
of new energy sources. When new energy sources generate less electricity, the shortfall needs to be
supplemented. For this purpose, the alliance only needs to impose restrictions on the power generation of
its internal thermal power units.

0.3pgn < Pos < Pon 17)

In the formula, p'y, represents the rated power generation capacity of the thermal power units within
the alliance at time t.

(3) Load Side Demand Constraints

In typical scenarios, the total electricity traded between power generation alliances and their competing
power generation enterprises during a unit time period ¢ must meet the demand for electricity on the load
side during the corresponding time period. The equation constraint is expressed as follows:

fot(épi)dtzfotpidf 8)

4 Multi-Energy Complementary System Profit Distribution Model

Regarding the problem of internal revenue distribution in a multi-subject complementary energy
system, if the revenue distribution is determined based on the power generation of each subject within
the system, the revenue situation will be overly influenced by the installed capacity of the units, and the
differences in the contributions of new energy and thermal power within the system cannot be reflected,
which is not conducive to the overall stable cooperation of the system.

To this end, this paper proposes an improved Shapley value distribution method combined with the
entropy weight method. Based on the total revenue value obtained in the previous text, which includes
the multi-energy complementary system among multiple power generation alliances in typical scenarios, it
calculates the marginal contribution effect of each player within the multi-energy complementary system on
the overall system. At the same time, it makes a secondary distribution of the overall revenue increment of the
system to ensure that high-risk entities within the system obtain corresponding high-risk returns, satistying
overall rationality and individual rationality. The MDP indicator is introduced, and the equal sharing
method, the core method, and the traditional Shapley value method are selected as control groups. The results
show that the satisfaction of each interest entity within the multi-energy complementary system with the
improved Shapley value distribution model is more concentrated, and the distribution effect is optimal.

4.1 Shapley Value Method

Regarding the problem of revenue distribution within a system involving multiple power generation
participants, Shapley L.S. proposed the Shapley value method [30], where the revenue obtained by member i
within the system is equal to the average of the marginal benefits created by all the power generation alliances
that the member may participate in. Eq. (19) represents the probability of cooperative member i forming
the multi-energy complementary system s, and Eq. (20) represents the revenue value of the cooperative
participant i within the system.

_ (ns—1)! (m —ns)!

(19)
m!
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xi=) px[v(s)-v(s/i)] (20)

ie§

In the formula, m represents the total number of power generation entities within the multi-energy
complementary system; #s represents the number of participants in system s; v(s) represents the revenue of
a multi-energy complementary system of size s including member i, and v(s/i) represents the revenue of a
multi-energy complementary system of size (s — 1) excluding member i.

The Shapley value allocation model satisfies the assumption that all cooperative partners in the multi-
energy complementary system are rational players, meaning that all participants in the system satisfy both
individual rationality and collective rationality. The constraint conditions can be expressed as:

Xy + xp + Xt = vat (21)
xw+xp +Xt>VW+Vp+Vt

Xy > Vi

Xp > Vp (22)
Xt > Vi

4.2 Nucleolus Allocation Model

For the problem of solving the allocation strategy for the players in the multi-energy complementary
system, Schmeidler proposed the nucleolus theory [31], which requires that each allocation scheme has one
and only one nucleolus, denoted as Nu(y). This nucleolus is the minimum of the maximum dissatisfaction
distribution within the allocation set. The formula can be expressed as:

minmaxe (s, Ax)
xeX SeN

e(s,x):v(s)—Zv(i)—Ax(s) (23)

i€s

In the formula, X = {x;, x,, ..., x;} represents the profit share of each power generation entity in the
multi-energy complementary system; Ax represents the incremental revenue of the participating entity
compared to the independent operation; e(s, x) represents the dissatisfaction of each agent in system s
with the distribution scheme, and the greater the value, the less willing the insider i is to participate in
the cooperation.

Rewrite Eq. (23) into linear programming form:

s.t. V(S)_KZS:IV(i) = gAx(i) (24)
v(s)—ZV(i)—ZAX(i)Se

In the formula, ¢ refers to e(s, Ax) in Eq. (23), which represents the dissatisfaction of internal par-
ticipants. s, s, and s; denote the independent operation mode, cooperative operation mode, and global
operation mode of the power generation alliance, respectively. The revenue values obtained from these three
operation modes can all be derived from the second part of this paper.
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4.3 Improved Shapley Value Method

The traditional Shapley value allocation model assumes that all members within the system share the
risk equally. However, in the multi-energy complementary system discussed in this paper, the three parties—
wind, solar, and thermal power plants-have different construction costs and operating and maintenance
expenses, leading to significant differences in their respective operational risks. To address this, the paper
proposes introducing a risk factor to improve the traditional Shapley value allocation model.

4.3.1 Determine Weights Using Entropy Method

The traditional Shapley value method assumes that the risk borne by each player in the system
is 1/m, where m is the number of players. This section comprehensively considers factors such as the
initial investment cost, average annual operating and maintenance expenses, and net residual value of
each stakeholder. Based on the principle that higher risk should be compensated with higher returns, the
paper proposes establishing a risk factor to compensate the stakeholders with higher risk and lower power
generation in the system.

Select evaluation indicators as shown in Table 1. It is stipulated that the size of the indicators is positively
correlated with the risk value. Large-type indicators are selected as follows: initial investment cost, annual
operation and maintenance cost, cost per kilowatt-hour; small-type indicators are selected as follows: net
residual value of the power plant, electricity generation in typical scenarios.

Table 1: Comprehensive evaluation index data

Evaluation index Wind farm  Photovoltaic = Thermal power
power station plant
Pdy (Investment cost)/100 million yuan 45 324 54
Pno (O&M costs)/100 million yuan 2.14 0.34 2.4
Pg (Cost per kilowatt-hour)/Yuan/kwh 0.808 0.521 0.299
V (Net residual value)/100 million yuan 2.25 2.4 2.7
E (Power generation)/Wkwh 118.763 121.543 1575.959

Based on the selected ] risk indicators, an initial indicator matrix is established for M stakeholders within
the multi-energy complementary system:

1 2 j
as,l as,l a;,l
1 2 . ]
a a : a
Xs — s',2 5.,2 §,2 (25)
1 2 j
as m as,m as,m

In the formula, aim represents the characteristic value of indicator j corresponding to power generation
entity m.

ol ' =max (. ,) — aln, (26)
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Normalize the positive-converted matrix:

: Mo
Zg,m = ag,ml/ Z ai,m, (27)
m=1
The objective entropy weight value for the j-th indicator is calculated as follows:

m (28)

ej = _In Vi 2 (Zi,m/ mzzjl Zg,m) In (Zg,m/ n;l Zi,m) (29)
J
R (30)

In the formula, st,m is the probability matrix, ¢; is the information entropy corresponding to the j-th
power generation entity, and W; is the entropy weight value of indicator j.

To determine the membership relationship between wind, light, fire, and various indicators within
the multi-energy complementary system, a membership function is introduced to quantitatively judge the
correlation between the two. A trapezoidal distribution is selected to construct the membership function,
and the factor evaluation matrix R is determined. The construction methods for the membership functions
corresponding to small-type indicators and large-type indicators are different, respectively represented
by Egs. (31) and (32):

1 x<a
b-x

A(x) = P a<x<b (31)
0 x>b
0 x<a
X—a

A(x) = T— a<x<b (32)
1 x>b

In the formula, a and b represent the minimum and maximum values of the indicator, respectively.
The comprehensive risk evaluation matrix o for each power generation entity within the multi-energy
complementary systemis 0 = A x W.

4.3.2 Improved Shapley Value Allocation Model

By incorporating the Entropy Weight Method to comprehensively quantify the risks undertaken by
multiple stakeholders within the multi-energy complementary system, each participant gains additional
cooperative benefits from the integrated collaboration. Based on the risk factors, a secondary distribution of
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these cooperative gains is made, with the specific allocation results x/ represented as follows:

A8,~ =0; — —
m
(33)

xfzxi+[v(s)—2v(i)] x A;

i€s

In the formula, o; represents the risk weight allocated to each power generation company within
the multi-energy complementary system. A6; indicates the correction coefficient for the Shapley value
distribution model after considering the risk factors. Based on the principle that risk and returns are
positively correlated, when Af; < 0, it means that the subject bears a risk lower than the average within the
system, and the returns obtained must also allocate a portion to compensate for the high-risk entities within
the system, thereby satisfying the “three fairness principles” of distribution.

4.4 MDP Indicator Assessment

To intuitively reflect the feasibility of the improved Shapley value distribution model proposed in this
paper, the MDP (Markov Decision Process) indicator is used to quantitatively compare this method with
other common distribution models such as the nucleolus method and the equal sharing method. The specific
meaning of this evaluation indicator is the ratio of the average economic loss brought to other partners within
the multi-energy complementary system after a certain interest entity rejects a cooperation request, to its
own revenue loss in the case of not participating in cooperation. If the entity’s own loss is greater, it is more
inclined to accept the cooperation invitation; otherwise, it will refuse to participate in the cooperation offer.
The MDP evaluation method is expressed in inequality language as follows:

Y xj—v(s/i)
je(s/i)
m—1

<Xj—Vi (34)

In the formula, x; represents the revenue allocated to other participants in system s excluding subject i.
v(8/i) indicates the revenue value of system s based on typical scenarios when subject i exits the system.

5 Case Analysis

This paper takes a wind-photovoltaic-thermal multi-energy complementary system planned in a certain
area of Liaoning Province as an example. It selects the actual annual power generation data of two 600 MW
thermal power units, 300 MW offshore wind power, and 400 MW photovoltaic power station for analysis.
The three power plants are integrated into a multi-energy complementary system at the same connection
point, as shown in Fig. 4. The system has been successfully connected to the grid and operated for 168 h.
The system participates in market competition as an independent entity, and the electricity purchase side
is set to a direct purchase model for large users. At the same time, two thermal power units with the same
rated capacity are selected as competing power generation companies to participate in the market bilateral
transactions within typical scenarios together with the multi-energy complementary system. The bidding
coefficients and cost parameters of the multi-energy complementary system and other alliance models are
shown in Appendix A. The wind power subsidy price in this transaction market environment is set at
475.1 yuan/MWh, the photovoltaic subsidy price is 440.14 yuan/MWh, the transmission and distribution
price is 80.7 yuan/MWh, and the new energy deviation assessment fee is 200 yuan/MWh.
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Figure 4: Multi-energy complementation system demonstration diagram

5.1 Revenue Analysis under Different Alliance Models

This paper classifies the historical load data of large users and the output data of new energy stations for
the entire year. The data for each month is input into the data set to be clustered. After applying the improved
K-means algorithm, multiple typical scenarios within the month are obtained. Based on the frequency of
occurrence of each scenario, the final cluster centers are weighted to obtain the fitting curve of the typical
output scenarios for the month.

As shown in Fig. 5, taking the data set of January as an example, the historical load data of large
users is clustered into 3 groups, and the optimal number of clustering scenarios for both wind power and
photovoltaic power stations is 2. The scenarios of light wind and clear sky appear most frequently and account
for a larger proportion within the month. Therefore, the overall output value of the new energy stations
in January is easily affected by the duration of sunlight, and the thermal power units within the multi-
energy complementary system mainly cooperate with the photovoltaic power station to adjust their output
in real-time.

It is assumed that each scenario has 24 trading periods. Since the multi-energy complementary system
is a sub-alliance within the power generation alliance, the three stakeholders within the system—wind
farm, photovoltaic power station, and thermal power plant—can form seven cooperation modes, as shown
in Table 2. Different alliances can set a unified price to participate in market competition. Regardless of the
alliance model, the annual revenue can be calculated using a two-layer game model. The revenue of each
alliance under cooperative and non-cooperative modes in typical scenarios is shown in the following table.
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Table 2: Revenue of multi-alliance mode participating in market competition

Operational model Cooperation entity =~ Power generation/MWh Cost/Yuan Income/Yuan

Wind power 1558.84 983,119.48 320,013.06

Independence league Photovoltaic 1539.15 700,873.12 534,695.45
Thermal power 11,638.14 3,730,723.32  594,567.09

Wind and thermal 15,097.84 4,996,487.55 1,340,932.52

Cooperation alliance Solar and thermal 15,630.26 4,946,251.32  1,521,837.04
Wind and solar 3097.99 1,683,992.60 854,708.51

Global alliance Wind, solar and thermal 16,901.09 5,837,543.18  1,927,889.35

Integrating the new energy output data and the historical load demand data of large users for 12 months,
12 typical trading scenarios for the whole year are constructed. The contracted electricity and revenue
obtained by the multi-energy complementary system participating in the market game throughout the year

are shown in Fig. 6.
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Figure 6: Multi-alliance mode annual contract electricity

From Table 2 and Fig. 6, it can be seen that as a cooperative operation model, the multi-energy
complementary system has low marginal costs for its internal wind farm and photovoltaic power station.
By cooperating with the thermal power plant, the three stakeholders can make a unified offer externally,
effectively reducing the unit power generation cost of the thermal power plant. This allows the thermal power
units within the multi-energy complementary system to secure more contracted electricity in the bilateral
market game, resulting in a 42.012% and 20.164% increase in annual power generation compared to the other

two competing power generation companies in the market.

For the typical trading scenarios, the wind farm and photovoltaic power station are subject to assessment
electricity amounts of 115.597 and 336.366 MWHh, respectively, resulting in a total cost of 90,392.6 yuan.
Under the multi-energy complementary system model formed with the thermal power plant, this assessment
cost can be disregarded, and the system as a whole achieves full local consumption of new energy. For the
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aforementioned reasons, the revenue situation of the multi-energy complementary system under the global
alliance is better than the other cooperation models.

5.2 The Revenue Distribution Results of the Improved Shapley Value Method Are as Follows

First, the risk assessment indicators are selected as shown in Table I. By combining the entropy
weight method discussed in Part III, the risk factor weights for multiple entities within the multi-energy
complementary system are calculated, yielding the risk values undertaken by wind, photovoltaic, and thermal
power as 0.545, 0.34, and 0.115, respectively. Then, using the improved Shapley value distribution model
and the nucleolus method distribution model as shown in Eqgs. (23)-(33), and in conjunction with the data
in Table 2, the revenue obtained by multiple entities within the system is solved sequentially, as shown
in Table 3, with units in ten thousand yuan.

Table 3: Multi-energy complementary system income under different distribution modes

Multi-energy complementary system

Distribution entity Equal Core- Shapley Improved Independent
distribution  periphery value Shapley operation
method method value
Wind power 64.263 34.614 41.975 51.034 32.001
Photovoltaic (PV) power 64.263 56.083 61.755 63.351 53.469
Thermal power 64.263 102.092 89.059 78.404 59.457

Table 3 shows that under four different distribution models, compared to participating in market
competition independently, the benefits of wind, photovoltaic, and thermal power are all improved to
some extent after forming a multi-energy complementary system and then distributing the benefits. The
total benefits of the alliance under the multi-energy complementary system model are the greatest. At
this time, each stakeholder under different distribution models conforms to individual rationality and
collective rationality.

5.3 MDP Indicator Verification

To verify the superiority of the improved Shapley value distribution method proposed in this paper,
the MDP indicator is used to quantitatively compare it with other distribution models such as the nucleolus
method, and to analyze whether each participant within the multi-energy complementary system is willing
to accept the cooperation offer.

By combining Eq. (34) and the data in Table 3, the preferences of the wind-photovoltaic-thermal power
trio within the system for different distribution strategies can be obtained. The calculation results are shown
in Fig. 7, where the boundary condition of the inequality is set to 1, that is, a unit straight line with a slope of
1is used to divide the strategy preference graph into rejection and cooperation areas.
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Figure 7: The satisfaction distribution of each subject under MDP index evaluation

As shown in Fig. 7, the wind farm under the nucleolus method and the equal sharing model does not
satisfy Eq. (34) and is in the non-cooperation area. This indicates that the incremental revenue obtained by
this power generation entity after participating in the cooperation is too small, while other power generation
entities within the system see a significant increase in average revenue due to the inclusion of the wind farm.
As a result, the wind farm refuses to join the multi-energy complementary system and shows aversion to
both the equal sharing model and the nucleolus method.

For the other two distribution models, the MDP indicator for the wind farm under the traditional
Shapley value distribution is as high as 14.57, while the corresponding indicators for the other entities within
the system are only 5.3 and 4.2. These three sets of data indicate that the stakeholders’ strategy preferences
under this distribution model are not concentrated, violating the “three fairness principles” In contrast, for
the improved Shapley value distribution model, the corresponding indicator parameters for the wind farm,
photovoltaic power station, and thermal power plant are 3.8, 4.5, and 1.2, respectively. The distribution of
indicators is relatively concentrated, which can satisfy the fairness between the stakeholders.

In summary, the improved Shapley value distribution model is more practical, and it has a certain
appeal to all three stakeholders within the multi-energy complementary system, making the system as a
whole more stable. Combining Fig. 6, which shows the annual contracted electricity of the multi-energy
complementary system, and the improved Shapley value distribution model, the annual revenue distribution
of the multi-energy complementary system can be obtained. The annual revenue distribution amounts for the
wind farm, photovoltaic power station, and thermal power plant are 20,803.4799, 23,031.9716, and 31,161.1157,
respectively, in units of ten thousand yuan.

6 Conclusion

This paper proposes a revenue accounting model for multi-energy complementary systems participating
in annual bilateral market transactions and, based on the traditional Shapley value method combined with
risk factors, proposes a strategy for the redistribution of risk and revenue within the system among multiple
stakeholders. Simulation verification is conducted using actual examples, and the conclusions are as follows:

(1) In the multi-energy complementary system, each power generation entity is adjusted by internal
resources, and the entire system increases the income value by 33.99%. Among them, the thermal
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power units are adjusted on an hourly basis to accommodate the fluctuations in new energy output,
thereby significantly enhancing new energy consumption. Under the multi-energy complementary
system, new energy producers within the system can save approximately 90,392.6 yuan per month in
assessed costs, effectively mitigating the deviation assessment costs for new energy producers.

(2) Based on the principle of marginal benefit, while the traditional Shapley value method can achieve a
relatively equitable distribution of income within the multi-energy complementary system, it overlooks
risk factors inherent in practical operations. This oversight leads to an imbalanced distribution of
benefits within the system.

(3) Based on the entropy weight method to comprehensively assess the risk indicators of multiple entities
within the system, combined with the improved Shapley value distribution model, the cooperative
gains of the multi-energy complementary system are redistributed according to individual contribu-
tion and risk coefficients. The MDP index verification shows that, compared with the nucleolar method
and equal-sharing method, the satisfaction index of all participants in the system is concentrated
around 3.0 by using the improved Shapley value distribution model, and the internal cooperation of
the system is the most stable.

It is important to note that the clearing mechanism discussed in this paper primarily addresses
the bilateral transaction model within the medium to long-term power market. However, it should be
acknowledged that the actual power market encompasses additional components such as the spot market
and auxiliary service markets. Furthermore, the enhanced Shapley value distribution model introduced in
this study focuses on a wind-solar-thermal multi-energy complementary system. In future work, we plan to
extend this model to large-scale cooperative power generation systems with a greater number of participants,
taking into account regional energy distribution. This extension will provide distribution models tailored to
various trading mechanisms, thereby supporting the development of a new power system.
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Appendix A
Table Al: Parameters of multi-alliance cooperative game model
Cooperation entity B, A B, K Avn A s W N 9
Wind power 0.013 / / / 350 360 /25 74%
Photovoltaic 0.012 / / / 350 360 / /25 8%
Thermal 0.024 0.00034 -0.3898 426.97 350 360 198 112 25 5%

Competitive enterprise1  0.026  0.00009 -0.1783 37012 350 360 198 1.2 25 5%
Competitive enterprise 2 0.022  0.00016 -0.2911 420.96 350 360 198 112 25 5%

Wind and thermal 0.017 0.00034 -0.3898 426.97 350 360 198 112 25 /
Solar and thermal 0.016 0.00034 -0.3898 42697 350 360 19.8 11.2 25 /

Wind, solar, and thermal 0.015 0.00034 -0.3898 426.97 350 360 19.8 112 25 /
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