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To ensure the effective implementation of the compulsory green certificate transaction in China,

a multi-participant cross-regional green certificate bilateral transaction model considering the
relevant technical characteristics of the unit is proposed to solve the problems such as the mismatch
between the supply and demand of green certificates and the reduction of the transaction plan by

the grid operation constraints in the current green certificate transaction. To mobilize the initiative of
participants, the model adopts the bilateral transaction of free negotiation. To balance the interests

of transaction participants, the paper analyzes the complex interaction of multi participants in cross-
regional bilateral transactions by using cooperative game theory. Simultaneously, the model considers
multiple uncertainties among participants and takes into account the correlation of photovoltaic
power in multiple periods. Based on the distributed robust theory, the multivariate nonlinear model
and mixed-effect model of Bayesian are proposed to construct the fuzzy sets of the probability
distribution for wind and photovoltaic power. On this basis, the paper analyzes the strategic behaviors
of multi participants affected by uncertainty factors in the cross-regional green certificate bilateral
trade through a numerical example, and quantitatively analyzes the sensitivity of each participant’s
transaction plan affected by uncertainty factors. The results show that the degree of competition will
affect the strategic behavior and income of the participants, and the full cooperation mode can not
only avoid the risk of fluctuations in the transaction price and transaction power within the alliance but
also stabilize the supply and demand of green certificate transactions.
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The transaction price of green power plants A/B to obligation subject
The electricity retail price of obligation subject

The penalty cost coefficient for uncompleted tasks

The load of obligation subject at ¢

The maximum/minimum power of thermal unit i

The number of thermal units in the access grid

The power generation cost coefficient of renewable energy

The rated power of wind turbine

The wind speed

The solar irradiance

The No. of wind farms and PV stations

The minimum and maximum wind power output deviation

The demand for the green certificate of obligation subject to plant A/B
The purchase cost coefficient of renewable energy power

The proportion of quota task

The fuel cost and threshold effect coefficient of thermal units
Maximum climbing and descending power of the thermal unit i at ¢
The cost coefficient of government recycling green certificate
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vy, V(}}f» |24 The wind speed of cut in, cut off, and rated.

PV The output power of wind turbine

PV 7 The output power of PV

R,‘;Xx:g REY The maximum and fixed-point solar irradiation intensity

Py The predicted output of wind power

Pt s P,f[,f Maximum climbing and descending transmission power of tie-line
pie ple The maximum/minimum transmission power of tie-line

With the continuous advancement of Chinas power market-oriented reform, it is gradually developing
towards the establishment of a market with unified, open, orderly!. And the market-oriented transaction
involving renewable energy is also developing towards parity. Based on the current situation of energy and
load distribution in China, cross-regional consumption has become an important technology to improve the
utilization rate of renewable energy, crack the development of renewable energy and achieve the emission
reduction target. However, due to the lack of in-depth research on the factors affecting the consumption of
cross-regional transactions, the problems of wind and PV curtailment are prominent. It is seriously puzzling
the development of China’s power market. So, in the early stage of marketization reform, the market awareness
of participants is weak, it is impossible to ensure that renewable energy can participate in the market-oriented
transactions without a mandatory transaction mechanism.

To solve the problems, learn from the advanced experience of many countries that the green certificate
program (GCP) is considered to be an excellent institutional innovation to effectively promote the healthy
development of renewable energy?. In recent years, as the global effort toward carbon neutrality intensifies, green
certificate markets have emerged as a critical mechanism to promote renewable energy development. Green
certificates, also known as Renewable Energy Certificates, represent proof that a certain0 amount of renewable
electricity has been generated and can be traded to demonstrate compliance with renewable energy consumption
or quota obligations. Through market-based mechanisms, green certificates aim to provide additional revenue
streams for renewable energy generators while encouraging end-users, corporations, and local governments to
meet renewable energy consumption targets. GCP has achieved good results in many countries® based on the
implementation effect in five major European countries in the past 10 years (2000-2010), and concluded that
the GCP can promote the development of renewable energy in the short and long term?. Believed that GCP will
help to achieve Spain’s renewable energy development goal in 2020*. Analyzed the results of short-term and
long-term implementation of GCP in Denmark under autarky and external trade, and decompose the causes of
the increase in green power capacity and consumption of domestic.

Current policy framework

China, as the world’s largest renewable energy market, has gradually advanced the development of its green
certificate trading system in recent years. China’s green certificate market was officially launched in 2017, when
the National Development and Reform Commission and the National Energy Administration introduced
the "Green Power Certificate Issuance and Voluntary Trading Mechanism." This voluntary scheme allowed
renewable energy generators to apply for green certificates, which could then be traded in the market and sold
to enterprises and individuals interested in supporting green energy development. However, the early voluntary
trading mechanism did not achieve significant results, with limited market participants and relatively low
transaction volumes.

In 2019, China introduced a mandatory quota system to further incentivize renewable energy deployment.
This system requires local grid companies and certain large users to either purchase green certificates or directly
use renewable energy to fulfill their renewable energy quota obligations. The quota system injected new vitality
into the green certificate market, adding regulatory strength to ensure the market’s growth. However, uncertainties
in the policy’s execution, especially in balancing the interests of local governments, power generators, and end-
users, continue to challenge the system’s full potential.

Market size

Compared with the relatively mature transaction market of GCP, China is still in the initial stage, the mandatory
has not been implemented. Combined with the implementation experience of foreign, many scholars put
forward policy suggestions for the construction and implementation of GCP in China®. Divided GCP into two
stages: limited transaction and free transaction, and put forward the operation mode of each stage®. Point out
the planning and layout need to be formulated in GCP to prevent the blind investment of renewable energy
manufacturers’. Analyzed the economic impact of GCP and believes it can replace government concession
bidding and tax subsidies, to alleviate the plight of the increasing shortage of funds®. Use the Stackelberg game
model to simulate the behavior of participants, and formulated price and penalty in GCP?. Studied the impact of
GCP on the development of China’s renewable energy industry and energy structure from the circular structure,
dynamic characteristics, and optimal economic model, the result shows that GCP can effectively promote the
sustainable development of China’s wind power industry'®. Put forward policy suggestions on subsidies and
punishment for the periodic decline, which will help to promote the scale of GCP. With the efforts improvement
of GCP, according to the data of the green certificate subscription platform in China, there are 3794 subscribers
from July 1, 2017, to November 2021. The subscribers are all power enterprises and individuals, and a total of
101869 green certificates have been subscribed. Despite China’s vast renewable energy capacity, the scale of the
green certificate market remains relatively small. According to data from the National Energy Administration,
while the issuance of green certificates has steadily increased year by year, the market penetration of green
certificates remains low compared to the country’s total renewable energy output. The voluntary trading market
has seen limited activity due to high price volatility and low awareness among consumers regarding the benefits
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of purchasing green certificates. As of 2023, the majority of green certificate transactions in China have been
conducted between large enterprises and local grid companies, with the market yet to expand significantly to
medium-sized enterprises and individual end-users. Recent statistics show considerable fluctuations in green
certificate prices, largely due to imbalances between supply and demand. The maturity of the green certificate
market remains underdeveloped compared to the overall progress in renewable energy deployment, necessitating
further optimization of market mechanisms.

At present, most renewable energy plants are registered, but the distribution companies fail to respond. As
a result, the competition among green power plants is huge, and the demand cannot be dynamically balanced.
Furthermore, the transaction of green certificates is very low, and the profits from GCP can not replace
government subsidies for green power plants.

Trading model

Participants in the bilateral transaction can determine the price and electricity of transactions through free
negotiation'!. Through advanced experience abroad, the bilateral transaction can hedge price risk and get free
competition. So it is an excellent manner to fully mobilize more subjects to participate'2 Believed that bilateral
transactions can hedge the uncertainty of price and quantity in the day-ahead auction in the power market!3.
Proposed a new type of bilateral transaction for the distribution system to efficiently incentivize the demand-
side!®. Redistribute the interests among participants in GCP by the bilateral transaction to guide mutually
beneficial cooperation. Based on the above research, bilateral transactions have reference significance for the
development of GCP in China. Furthermore, China has announced that GCP will be enforced from 20215,
which will promote the circulation of green certificates and induce participants to adopt strategic behavior
to obtain more returns. However, the implementation of compulsory will greatly increase the number of
participants. Due to the heterogeneity of participants, the transaction behavior is complex, and some scholars
have conducted relevant research. The agent-based modeling is embedded into GCP in'” to study the strategic
behavior of each participant!®. Considered the preference of obligation subject in GCP, and analyzes the optimal
transaction strategy between cross-provincial transactions'”. Combined the energy market with the green
certificates market to build an equilibrium model for day-ahead/real-time, to study the strategic behavior of
participants under different markets. Based on the above analysis, participants in bilateral transactions of green
certificates are numerous, and all are decision-makers. So the strategic behavior of each should consider not
only itself but also the influence of others. Engineering game theory'® fully considers the flexible interaction
between participants, which is one of the best manners to analyze their complex conflicts of interest!. Studied
the transaction price of GCP from the investment decisions based on the two-stage game model?’. Used the
cooperative game, bargaining game, and alliance game to explore the strategic behavior of each participant.
Although the above studies have analyzed the implementation effect and strategic behavior in GCP, they have
less consideration on the safe operation of the power grid and technical characteristics of generation units. It
makes the transaction plan squeezes the real schedulable space and seriously endangers the safe operation of the
system. Furthermore, the transaction plan is reduced due to it not meeting the security constraints!, which loses
fairness?? for the participants.

Uncertainty of power generation

In addition, multiple generation uncertainty is still the main challenge for green certificate transactions to
be continuous and reliable. Distributed robust optimization (DRO) combines the advantages of stochastic
optimization and robust optimization and takes into account the randomness of parameters in the probability
distribution of uncertain variables. DRO is applied to the power system for the first time in?® to analyze the
uncertainty of wind power and solve the cooperative operation of the hydro-thermal-wind system. At present,
DRO has been widely used in the fields of unit commitment, optimal power flow calculation, operation planning
for multi-energy coupling systems, and so on*. Described the uncertainty of wind power output by DRO, and
proposed a unit commitment optimization model. A day-ahead scheduling model of the park-level integrated
energy system is proposed based on DRO in?’, and a chance-constrained and interval optimization for integrated
electricity and natural gas systems optimal power flow is proposed based on DRO in%*. Considering the
uncertainty of electricity price, waste supply, and central heating demand?’, studied the transaction strategies for
waste-to-energy plants based on DRO?. Proposed a decentralized management model for wind power based on
DRO, which can effectively deal with high-dimensional uncertainty and improve reliability without sacrificing
the operation cost. A dynamic optimal power flow model of the wind-PV-hydro-thermal system based on DRO
is proposed in? to coordinate the economy and robustness. A coordinated optimization model of power to gas
is proposed in*® based on DRO to stabilize the fluctuation of wind power through multi-energy interaction. In
the application of DRO, it is the key to constructing the fuzzy set of the probability distribution for the uncertain
variables. At present, most manners are based on Wasserstein distance, KL divergence, multi discrete scene, and
moment information. The classification and summary of some existing research are shown in Table 1.

In summary, the key in the application of DRO is to select an appropriate method to construct the fuzzy set
of the probability distribution. When the radius of the Wasserstein sphere and the number of scenes cannot be
accurately determined, the accuracy of the transaction plan or scheduling scheme also needs to be discussed.
Furthermore, the above research mainly focuses on the characterization of uncertain variables under a single
time section, but the uncertainty of generation power correlates among multiple periods.

Key challenges
Despite the positive progress made, the green certificate market in China faces several policy, market, and
regulatory challenges:
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Ref.

Manner

Defect

25,29,31-34

Wasserstein distance

The choice of Wasserstein sphere radius is subjective and has an important impact on the decision-making, increasing
the difficulty of solving in the transformation

24,35

KL divergence

Necessary to include all scenes as much as possible, resulting in a long time-consuming solution

36-38

Multi discrete scene

The decision results are affected by the number of clustering scenarios, the iterations of the clustering algorithm, and the
initial probability distribution

23,39-42

Moment information | Limited and missing samples lead to inaccurate moment information, and it is difficult to solve the model transformation

Table 1. The comparison of construction methods for fuzzy set in DRO.

Policy Stability and Consistency: While the government has introduced various policies to support green
certificate trading, the stability and consistency of these policies remain a concern. Inconsistent execution across
different regions creates uncertainty for market participants, limiting the long-term development of the market.
Participants often lack clear expectations for the future direction of policies, which hinders their willingness to
engage actively in the market.

Supply-Demand Imbalance: The imbalance between the supply and demand of green certificates remains a
persistent issue. Some regions, rich in renewable energy resources, experience an oversupply of green certificates,
while other regions struggle with insufficient supply. This imbalance exacerbates price volatility and undermines
the overall effectiveness of the market.

Low Market Participation: Currently, the primary participants in China’s green certificate market are local
grid companies, large enterprises, and certain government departments. Participation from small and medium-
sized enterprises and individual consumers remains low. This lack of diverse market participants not only limits
the scale of the market but also reduces the competitive dynamics and vibrancy of the trading environment.

Market Manipulation and Unfair Competition: As the market expands, issues related to market manipulation
and unfair competition have started to emerge. Certain participants may attempt to manipulate certificate prices
or hoard certificates for speculative purposes, which calls for stronger regulatory oversight to ensure a fair and
transparent market.

Complex Stakeholder Dynamics: The green certificate market involves a complex interplay of interests
among renewable energy generators, local governments, and end-users. Under the mandatory quota system,
these stakeholders have differing priorities and objectives. Balancing these competing interests while ensuring
fair and effective market operation is a major challenge that requires careful policy design and execution.

Power Generation Uncertainty: One of the inherent challenges of the green certificate market is the uncertainty
in renewable power generation. Wind and solar energy generation are subject to significant variability due
to weather conditions and other environmental factors. This variability makes it difficult to predict the exact
amount of renewable energy that can be produced over a given period, which in turn impacts the number of
green certificates available for trading. The unpredictability in generation complicates planning for both energy
producers and certificate purchasers, leading to potential mismatches between supply and demand and further
contributing to price volatility in the market.

Based on the above analysis, a cross-regional bilateral transaction model of GCP considering the technical
characteristics of generation units is proposed to solve the problems such as the mismatch between supply and
demand of green certificates and the reduction of transaction plan constrained by power grid operation. This
model aims to balance the interests of different participants by optimizing the market mechanism, prevent
market manipulation, and provide a theoretical basis and policy recommendations for the healthy development
of the green certificate market in the future.

The main contributions are as follows:

(1) In the cross-regional bilateral transaction of GCP, to mobilize the initiative of more participants and im-
prove the enforceability and fairness of the transaction plan, a transaction model for multi-participant is
proposed. In the model, the bilateral transaction is used to improve the degree of free competition, and
the constraints of units and the grid are considered to improve the enforceability of the transaction plan.
Linking green power generation enterprises with traditional fossil energy power generation enterprises, and
bringing additional benefits to different market participants through global optimization and configuration
of TGC, to stimulate renewable energy power generation and limit the carbon emissions of traditional fossil
energy units, can promote the dynamic change of China’s energy structure and promote energy transforma-
tion.

(2) In the bilateral transaction of GCP, to improve the reliability of transaction plans under generation uncer-
tainty, a distributed robust uncertainty description method based on Bayesian theory is proposed. Among
them, the Bayesian multivariate nonlinear model and mixed-effect model are proposed to construct the
fuzzy sets for the probability distribution of wind and PV output. This method can deal with the defect of
DRO that the fuzzy set is subjective and only for analysis in a single time section.

(3) In the bilateral transaction of GCP, to take into account the economy and conservatism of transaction plan
in extreme cases of power generation deviation, the spatial constraint parameters are used to adjust the
uncertain set boundary, are the probability values outside extreme cases are used to quantify the robustness,
and then to balance the economy and conservatism scientifically.

(4) In the bilateral transaction of GCP, to prevent improper cooperation and competition to manipulate the
market and maliciously rising electricity prices, the strategic game model of multi-participant is construct-
ed and the complex interest and strategic behavior of multi-participant are analyzed. The Nash equilibrium
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results under various game modes are compared and explore the sensitivity of equilibrium results to uncer-
tainty factors.

The strategic game model of multi participants under cross-regional green
certificate bilateral transaction

Structure and operation mode of cross-regional green certificate bilateral transaction model
model structure

The model structure is shown in Fig. 1. The region where the obligation subject is located is the receiving
end region, which is the region with a large number of loads. The main power supply mode is thermal power
generation, and there is no large-scale renewable energy; In this mode, green power plants in other regions, while
meeting the transmission constraints of the tie-line through cross-regional transactions, transmit the purchased
power to the obligation subject through the tie-line. The obligation subject receives the power through the tie-
line and adjusts the thermal power output strategy in this region, so that the power grid in this region can
operate stably.

Transaction operation mode
The many-to-many automated negotiation protocol in the green certificate bilateral transaction is more in line
with the development needs of the future power market in China. The transaction process is shown in Fig. 2.

The subjects in Fig. 2 are green power plants and obligation subjects. Green power plants include wind power,
photovoltaic, hydropower, and other renewable energy power plants. Obligation subjects are the provincial
power grid enterprises divided according to the assessment tasks. To improve revenue, green power plants
will increase the transaction price and efforts to develop more renewable energy. In this case, it will accelerate
the transformation of energy structure on the power side. Based on completing the quota task, the obligation
subjects will reduce the transaction price of the green certificate to ensure its profit.

The competitiveness of green certificate bilateral transactions is mainly reflected in the difference between
pricing and quantification and will make them have great uncertainty and then increase the business risk. To
avoid that, multiple subjects will ally to maximize their interests. Superior green power plants with more accurate
prediction ability and large power generation have greater pricing power, and inferior plants with limited and
have less pricing power. To ensure revenue, inferior plants often cooperate with superior plants to improve
the adverse situation. Obligation subjects with the large demand for green certificates and intensive load have
greater quantitative rights in transactions and are in a strong position, the subjects in a weak position also need
to cooperate with them. Furthermore, to ensure the consumption of renewable energy power, the balance of
supply and demand, and the completion of policy indicators, there are also cooperative between green power
plants and obligation subjects. Therefore, multiple alliances will be formed, which can be divided into:

(1) For inferior green power plants, they always hope to join the alliance of superior plants to improve their
transaction price and opportunities.

(2) For the obligation subjects in a weak position always hope to cooperate with the subjects in a strong posi-
tion to reduce the transaction price of the green certificate.

| Tegon
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| power
Mg~ — — — M NS |
f ~
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Fig. 1. Model structure.
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2. Many-to-many automated negotiation protocol in the green certificate bilateral transaction.

For the obligation subjects always hope to cooperate with the green power plants, to ensure the effective
supply of green certificates. Avoid the price risk caused by the decline in the number of green certificates in
several months.

For the green power plants always hope to cooperate with the obligation subjects, to ensure profits through
the green certificate transaction and avoid the risk of excessive competition among green power plants.

The basic elements of cooperative game

1

2

3

)

Player

The basic elements of the cooperative game include player, strategy, and payment. Based on Section "The
strategic game model of multi participants under cross-regional green certificate bilateral transaction”, this
section models the strategic behavior of one obligation subject and two green power plants. The 3 players
are represented by OS, GPA, and GPB respectively, and the set of players is recorded as N = {OS, GPA,
GPB}.

Strategy

The strategies of the OS are the green certificate demand from GPA/GPB, which are recorded as
QLG% p 1, QLG . Furthermore, to ensure the balance and stability of supply and demand, thermal units
are configured as a necessary supplement. The output of thermal units P is affected by the green certificate
demand, so they are also the strategy of OS. The strategies of GPA and GPB are the transaction prices, which
are recorded as C75 5, CESG o0s-

The above strategies are taken continuously in a certain interval, regardless of the impact of
the dead zone for power units. So the OS and GPA/GPB have continuous strategic space.
The collection of strategy is recorded as = (Qos, QGPAKQGPB) and recorded respective-

TGC _ TGC TGC TG _ TGC TGC
1Y as C 'PAOS e QGPA — [CGPAJni]’]’ CG[P %,,max] 7,‘C(GPB‘08 € QGPB - [CVGPHJnin7 CGPB,max]
z 06 g PG € Qos = [Q0S5 10 Q5 s P, ¢ Where
OS.GP4}7COOS,GPB‘ it 0S = OSmin? € OS max’ * i,min> * 7,max] * >

>
TGC TGC 7C TGC s : TGC TGC
C, lPA.min/C JPAA,max//C }PB.min/C}P ,max a,re the limits price of GPA and GPB, Q()S.min/QOS.max are the

limits demand of green certificate, P<, /PS . are the limit output of thermal units.

7, max

Payment

This paper studies the day-ahead power transaction plan and designs the payment function of each player
in the total cycle of 24 h. The payment is defined as the player’s income during the total transaction cycle
and recorded as Ins/Icpa/lcps, so the payment vector of the cooperative game is I = (Ios, Igpa, Icpp)-

Equilibrium

Based on the above elements of the game, the Nash equilibrium can be obtained (if they exist), which are
TGC TGC' TGC! TGC G
recorded as Cpu 05/ Cppos/ QOS,G*PA/ Qosare/Pii™
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The payment of each player

The obligation subject

The revenue of the obligation subject mainly comes from the power sales, and the cost mainly includes the power
purchase, green certificate purchase, and penalty, as shown in (1).

SELL ) id TGC
, C X D()S,[ x 95% — Cq” " Z oSnit™—
_ Z ne(GPA,GPB)
- crec TGC TGC
= Z ( n,08,t X QO@”,?M) wy (Qos GPA# QOS‘GPBJ)
ne(GPA,GPB) (1)

T

p
C’gs X max E (Dost x 95% x apg) — E E Qggit ,0
t=1

t=1 ne(GPAGPB)

In Eq. (1) the first item is the power sales revenue, which comes from 95% of the load. The second item is the
generation cost of thermal units, which is approximated as the fuel cost, as follow:

NG
CG = Z { T4+ I)GPG + (,ZG (PG ’dG sin I:(JzG (R(;un - Pl(i)} |} (2)

i=1

The third item is the purchase cost of renewable energy, the fourth is the purchase cost of green certificates, and
the fifth is the penalty cost for incomplete quota To distinguish different obligation subjects, the "ability of quota
completion” function v (Q5S%p Ay Q0%Gpp,) is introduced in the sixth 1tem w is the weight factor, which
indicates the ability of quota completion of all obligation subjects. 1) (QESS S GPAL QLY pp,) is the relationship
between transaction electricity and the total quota, which can be expressed in (3) by the dissatisfaction function.
> Qi
ne(GPA.GPB)

™
DGPACPD) | ygn (=1 7) Bos>0 (3
Dosi X 95 %Xa()s /Sm< +2 pos ( )

TGC :
¥ (QESGpas Qb%%rps) = —Bos X (Doss x 95% x aps) x In [sin

Where, os is the priority parameters of OS, the bigger the more priority in the transaction. From (3),
U (Q6%%pas Q0SS pp,) is a continuously decreasing concave function of > 2¢C .. When
ne(GPAGPB)
( )Q()sur < (Dost % 95% x aps), ¥ (ng%PA_t, QL% pp,) > 0, it indicates that OS cannot
ne(GPA.GPB

complete the quota. When > Q5551 > (Dosy x 95% x aos), ¥ (QE5Gpan Qoierss) <05 it
ne(GPA,GPB)

indicates that the quota can be completed. With the > : Qggf , increase, the ability of quota completion
" ne ,GP
reaches saturation gradually, and the v (ngg% PAD Qé%PG PB. 5 changes more and more slowly.
The OS also needs to consider the operation of thermal units, including output and climbing constraints, as
follows:

2, max /Z:’ t (4)

G G G
Rmm—RtSP

G G
D1t<P zf 1= U

The daily quota task constraint:

A rGe [T

; (('PZA:(‘PB 05 */Z (Dos; x 95%) = @0s (5)
And the constraint of power supply and demand balance:

NC
SPG+ Y QOS5 — (Doss x 95%) =0 (6)
i=1

ne(GPA,GPB)

The green power plant

The payment functions of GPA/GPB are similar, take GPA as an example. And assumed that there is no obstacle
to consumption, that is the government will recover the remaining at a lower price when the supply of green
certificates is excessive. The revenue of GPA includes the income from selling power and green certificates and
recycling by the government. The cost includes power generation. As shown in (7).

T grid_re TGC TGC rec rac
Iops = E (COS X qapas + Chpaoss X Qoscpas +C x max {0, qapar — Qbdapast )

e
- —C? % qapas — W'y (QbSGpay)
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Where, gipa . is the generation plan of GPA at ¢, which is related to the wind speed, solar radiation intensity, and
temperature in the area. To distinguish different green power plants, the "ability of generation" vy (Q5%%. ;) is
introduced in the fifth item. w’ is the weight factor, which indicates the ability of generation of all green power
plants. 7 (Q5$%p4,) is the relationship between Q{S%p 4, and ggpay» which can be expressed in (8) by the
dissatisfaction function.

- (QOSGrar m
Y (Qgg%PAL) = —fBapa X qopas X In [sin P ~ | /sin (—1 + 5) ,Bapa >0 (8)
GPA

Where, Bcpa is the priority parameters of GPA, the bigger the more priority in the transaction. From (8),
TGC : ; TGC
7 (Q5%%p4,) decreases with the increase of Q53%: p 4 » and always greater than 0.
The transaction electricity of GPA at ¢ is less than the power generation plan, with the constraints as follows:

Q6SGpas < dapas,Vt ©

Tie line constraints are as follows:
Tie line transmission direction constraint

QoSGras = 0% (10)
Lower and upper limits of tie-line power
P < Q$apas < PiF, Wt (11)
Tie-line power climbing rate constraint
P < (T)Cs'pcpzn Qo3% GPAL-1 = P:;() Vi (12)

The strategic game model with multi-player

This section establishes different game models by applying engineering game theory. By bringing in real data,
it simulates the decision-making interaction process among three subjects and analyzes the strategic choices of
the subjects in different cooperation models. Then, by enumerating all the potential cooperation models and
analyzing the benefits and stability of different cooperation models, an optimal and most stable cooperation
model is derived. Specifically, the game model helps to identify the optimal strategy combinations of different
subjects in cooperation, and a stable cooperation model is derived through multiple iterative solutions, which
directly reflects the practical application value of game theory in the field of electric power trading. There are 5
strategic modes for the green certificate bilateral transactions of OS and GPA/GPB, in Table 2.

The Nash equilibrium in the non-cooperation should meet the following relations:

TGO« ATGCs Gl TG0 TGC G ATGCs TGO
{QO5GrA, QosCrp PG} = Tos (QHS Gra Q05 erp P Cépaos: Chpbplos)
TGCx rGC G ATGCs  ATGO
{CLST 05} = Iapa (Q65%pa, QbsGrs: P CEiG s CoiGi0s) (13)

TGOx \ _ TGC TGC G ATGCx TGCx
{CérBos} = Iors (Qosara Qoscrs: Pl Cataos: Cabbos)
where { Q55 % 4. Q05 G 5. PG} |CLES s/ CEES s are their optimal decisions under the optimal of others.

Taking {OS}, {GPA, GPB} as an example, the other situations are similar. The Nash equilibrium under the partial
cooperative mode should meet the following relationship:

TGCxx TGCxx Gk TGC TGC G TGCxx TGCxx
{QOS,GP47 0S5.GPB> Rf } = IOS ( ()S GPA» € OS,GPB> Pi,f7 CGPA.OS’ CGPB.OS)

{CTGC** CTGC** [ ( GCxx TGCxx PG** TGC CTGC* ) (14)
GPA0s: CGPBOS cpacrB \Qosara Qoscre: Lii » Capaos: Carpos
where;pa ¢:ppisthesumofpaymentsmadebyGPAandGPB.{ Q55 C 4, QLG 5, PG} | { CLEG 5, CLES s

are their optimal decisions under the optimal of others.

Nash equilibrium in complete cooperation should meet the following relations:

Game model Meaning Degree of cooperation
{OS}, {GPA}, {GPB} | OS, GPA, GPB make decisions completely independently | Non-cooperation

{OS, GPA, GPB} OS, GPA, GPB make decisions completely together complete cooperation
{OS}, {GPA, GPB} | OS-independently, GPA and GPB-together Partial cooperation
{GPA}, {OS, GPB} GPA-independently, OS and GPB-together Partial cooperation
{GPB}, {OS, GPA} GPB-independently, OS and GPA-together Partial cooperation

Table 2. Strategic game model of multi-player in the bilateral transaction of green certification.
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TGCxI TGCxn Gl TGCxn TGCxN _ TGC TGC G TGC TGC
{QOS,GPA7 0S5,GPB> P[‘f » YGPAOS» CGPB,OS = Ioscracrs (QOS,GPA% QOS,Gi’Bv Pz’,ﬂ CGPA.OSﬁ CGPB,OS) (15)

where { QUGG QOS5 PG, CLSG S5, CESS s} is the optimal decision of complete cooperation.
The proof of the existence of Nash equilibrium in strategic game models can be found in the Appendix A.

Uncertainty analysis based on the distributed robust theory

Considering the uncertainty of wind power and photovoltaic output in green power plants, a distributed
robust uncertainty analysis method based on the Bayesian model is proposed. This section uses Bayesian
theory to construct a fuzzy set of uncertain probability distributions. Unlike traditional statistical inference,
Bayesian updating preserves uncertainty and continuously updates the posterior probability based on newly
obtained observations and prior probabilities. Among them, the multivariate nonlinear and mixed-effect based
on Bayesian models are used to construct the fuzzy sets of the probability distribution of wind power and
photovoltaic respectively. This method can make up for the defect of DRO that the construction of fuzzy sets is
subjective and only for the description of uncertain parameter vectors under a single time section. In addition,
Bayesian mixed effects models can simultaneously consider data information from various categories and the
entire population, summarizing the learned information from all category data to improve prediction accuracy.

Bayesian model
The standard Bayesian theorem is as follows:

Pr(w|p) Pr(p)

Pr(plw) = 5 1

(16)

where, w/ p are parameters, represent the probability and times of an event observed in the sample data. Pr (w| p)
represent the likelihood function, is a mathematical formula that defines the possibility of observation. Pr (p)
represent the transcendental functions, is the initial distribution in the Bayesian model. Pr (w) represent the
Marginal likelihood function, is to standardize the posterior distribution.

Taking 24 h in a day as an example, the wind speed is less affected by time intervals, so the multivariate
nonlinear model based on Bayesian is constructed for learning and fitting. The solar radiation intensity has
obvious regularity and correlation with time intervals, so the Bayesian mixed effect model is used to deal with
the uncertainty in different periods. The model can consider the information in each category and the whole
group, and summarize the information to improve the accuracy of the prediction.

Wind power—the Bayesian multivariate nonlinear model

The wind power output is affected by the uncertainty of wind speed. The Pearson coefficient is used to measure
the correlation between wind speed deviation and meteorological factors such as temperature, wind direction,
and humidity. The results show that the wind speed deviation has highly positive with the wind speed, while
has a lowly negative or weak with other factors. So, taking the standard value of the wind speed deviation as
the result variable and the standard value of the predicted wind speed as the prediction variable, a multivariate
nonlinear model is constructed:

deviation; ~ Normal (u, o)
i ~ a+ by x Velocidad.s; + by (Velocz'dad.si)2
a ~ Normal (pe, 04) (17)
b1 ~ Normal (p,, 03,)
by ~ Normal (pu,, oy,)

o ~ Hal fCauchy (v,, x])

where Normal (u,0) represent the Gaussian distribution that the mean is p, the variance is o.
Hal fCauchy (7, z§) represent the Semi Cauchy distribution that the scale parameter is v,, the position
parameter is z§. deviation; is the standard value of the wind speed deviation, Velocidad.s; is the standard value
of the predicted wind speed, the subscript i indicates the ith variable in the sample, deviation;/Velocidad.s;
are both dimensionless after standardization. The first line in (17) is the likelihood function, assuming that it
obeys the Gaussian distribution. o/ 1,/ 04/ 1y, / T, / s/ Tby/ Vo /] are the parameters to be estimated, /1, are the
mean and variance of a, ju, /oy, are the by’s, y1y, /0y, are the by’s. 1 is the result of a nonlinear function composed
of a/by/by/Velocidad.s;. The derivation process of the posterior distribution of the model and the posterior
distribution results of all parameters are shown in Appendix B.

To visually display the results, Fig. 3 shows the regression line and prediction interval of the result variables. The
horizontal/vertical coordinates are the standard value of the predicted wind speed and wind speed deviation.
The blue circle in Fig. 3 represents the original sample data, the solid line is the regression line for the mean of
the result variable, and the surrounding two shadow areas represent two 89% confidence intervals. The narrower
shadow indicates the distribution of the mean of the result variable, and the wider indicates the result variable’s.
From the following relationship between wind speed and the output power of wind turbines*?, the uncertain
set of output power can be obtained.
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Photovoltaic—the Bayesian mixed effect model

The output power of PV is affected by the uncertainty of solar irradiation intensity. The Pearson coefficient
is used to measure the correlation between irradiation intensity deviation and meteorological factors such as
atmospheric temperature, pressure, and humidity. The results show that the radiation intensity deviation has
a high positive with the radiation intensity, a medium positive with the atmospheric temperature, and a very
weak with the others. Therefore, considering power output period is 9:00-18:00, taking the standard value of the
irradiation intensity deviation as the result variable and the predicted irradiation intensity and temperature as
the prediction variables, the Bayesian mixed effect model is constructed, as follows:

Deviation.s; ~ Binomial (Time (i) , p;)
logit (p;) = a + b; * Radiacion; + by * Temperature;
a ~ Normal (g, o
(Htas 0a) (19)
by ~ Normal (p,, 03,)

by ~ Normal (s, op,)

o ~ Hal fCauchy (s, x])

Where, Binomial(n, p) is the Binomial distribution with the parameters n and p. Desviation.s, is the standard
value of the irradiation intensity deviation, Radiacion is the predicted irradiation intensity, Temperature is the
predicted temperature, Time(i) represent the time category, the subscript i indicates the ith variable in the
sample. Desviation.s, is dimensionless after standardization. o/, /04, / f1s,/ 06, /Vo/ % are the parameters to be
estimated. /1, /0y, are the mean and variance of by, fu,/0y, are the by’s. log it (p;) represents the link function,
and is defined as the log-likelihood ratio in Eq. (20). log it (p;) maps the parameter representing probability to
another linear space on the whole real axis, and its definition domain is [0,1].

Pi
1=pi

log it (p;) = log (20)

The derivation process of the posterior distribution of the model and the posterior distribution results of all
parameters are shown in Appendix B.

To visually display the results, Fig. 4 shows the regression line and prediction interval of result variables
in some periods. Each period has two subgraphs, the subgraph shows the relationship between the change of
another prediction variable and the result variable when the value of the prediction variable (predicted irradiation
or temperature) is the observation mean of the sample. The shaded shows an 89% confidence interval, the mean
of the result variable (darker and narrower), and the result variable (lighter and wider). From Fig. 4, the means
of the result variable under different categories (i.e. in different periods) are quite different, indicating that the
mixed effect model can well describe the uncertainty of the result variable in each period.

From the following relationship between irradiation intensity and the output power of PV*, the uncertain
set of output power can be obtained.

deviacion

1
Velocidad.s

Fig. 3. The confidence interval of standard for predicted wind speed deviation at 89%.
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Uncertainty analysis and robustness quantification
Taking wind power as an example, the hourly output of wind power is expressed as follows:
Pl € [Pl ™5 =y ARY L AP 4 f AR ] Vit
W W W
it e < L el < 1
N (22)
AT W W _ W
il = masc, P ol = D

i=1

Where, ’y,“f ||OO is the infinite norm. H%”fH1 < I'VV is the perturbation 1-norm, which corresponds to the spatial
clustering effect of the actual wind power output. The spatial clustering effect can be explained as the fact that the
power deviation of each wind farm during the same scheduling period cannot reach its maximum value at the
same time**. It can provide a more detailed description of the volatility of uncertain variables, thus introducing
the uncertainty spatial constraint parameter I'}" of wind farms. 7/} is the deviation coefficient of ith wind plant
att.

According to Lindeberg levy central limit theorem I'}" is expressed as follows (The derivation are shown in®°):

M = N o (o) VT - 0,

(23)

Where, o' is the confidence probability. Confidence probability is a concept in statistical inference that
represents the likelihood of an event occurring under given conditions. It is commonly used to construct
confidence intervals and express uncertainty in statistical estimation. The choice of confidence probability will
affect the robustness of trading strategies; 4, o are the mean and variance of /Y.
NW
By constructing the Lagrange function and linear duality theory, 3 P!} in the extreme case can be expressed
i=1
in Eq. (24), and the derivation is in*. In Eq. (24), in the most extreme case, only the deviation coefficient of the
output of one wind farm is less than 1, set that wind farm is j.
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DR = (P ARY) + RS - (0 - [LF]) AP 24
i=1 i=1

Similarly, the uncertain set of PV output can be constructed, and the expression of its spatial constraint
parameters (I'”'V) can be calculated, and the output power in extreme cases.

The robustness of the system is evaluated by the probability out of extreme cases (POE). If only the power
deviation of wind is considered, POE can be expressed as follows, and the derivation is in*4.

F}V)Q
POE = p(A) = exp | — SN (25)

p(A) is the probability of occurrence of event A. A represents the output power of wind is outside the
uncertain set.

If other uncertain variables can be considered, recorded as event B, event C....... According to the full probability
formula of independent event occurrence, the POE of multiple uncertain variables can be expressed as follows:
POE=P(A)+P(B)+...+P(A)-P(B) (26)

The solution of the strategic game model

The Moth-flame optimization (MFO) is selected to solve the strategic game model. The algorithm uses the
lateral positioning of the moth to ensure the local convergence ability. The strategic game models are dynamic
optimization considering time change, and the decision variables are matrix variables. So to enhance the ability
to solve large-scale optimization problems and improve the effectiveness and competitiveness, the following
improvement strategies are introduced, the improve MFO (IMFO) is proposed.

(1) To increase the diversity of the initial population, the average entropy strategy is introduced to initialize the
population.

(2) To improve the global search ability, the variable scale chaos strategy is used to disturb the optimal individ-
ual.

(3) To increase the randomness of the population, Lévy flight is used to update the population again.

(4) To balance the global and local searchability, the individual cooperation and competition in differential
evolution algorithm DE are used to guide the optimal search.

The specific strategies are in*’. The dynamic relaxation*® is used to handle the power balance and the quota
constraints. Other constraints can be transformed into boundary conditions and processed directly by IMFO.
The overall solution process is shown in Fig. 5.

Case study

Basic parameter setting of the case

This section uses MATLAB R2015b to simulate on Windows 7PC (2.90 Ghz, 4GB RAM). GPA/GPB are wind
power and PV stations group with the scale of 1500 MW/800 MW. Refer to Table 3 for the average value of
on-grid and power generation cost of various power generation technologies in different areas in 2017 and the
average selling price of electricity, make the following settings: the electricity selling price within OS is 609 $/

‘ Set the relevant parameters of IMFO ‘

' IMFO
| Update the Moths by MFO ‘

‘ The initialization strategy of average entropy |

The stop condition
is reached ?

| Merge the Moths and the Flames ‘

E " The optimal Moth is found and
zggf;;lle No chaotic disturbance is carried out
Calculate the No. of Flames | - ]
i : Cooperation and
solution and the fitness value of Moths ; co]?n;eti 0
End | Update the Moths by IMFO :

| Global search | ‘ Local search |.

‘ Deal with the constraints by dynamic relaxable ‘ '—; |

Update the Moths once again
by Lévy flight

| Deal with the boundary constraints ‘

| Merge the Moths and the Flames, and update the flames }

Fig. 5. The overall solution process of the strategic model.
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Wind Power Photovoltaic
The parameter Thermal power | Hydropower | Nuclear power | Land | Offshore | Centralized | Distributed | Biomass
Feed-in tariffs ($/ MWh) 372 259 403 562 350 940 765
Generation cost ($/MWh) | - - - 390 910 650 455

Table 3. The feed-in tariffs and generation cost of various types of power generation technologies in China in
2017.
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Fig. 6. The reference and forecast values of 4 typical days.

MWh, the on-grid price of thermal power is 372 $/MWHh, only consider onshore wind power and centralized
PV and the on-grid price of them are both 450 $/MWHh, the generation cost of renewable energy is 220 $/ MWh.
Reference?, set the maximum transaction price of GCP is 800 $/MWh, and the minimum is 200 $/ MWh. The
penalty for incomplete quota shall be greater than the maximum transaction price of GCP and set it to 900 $/
MWh, and the recycling of green certificates shall be less than the minimum transaction price of GCP and set it
to 150 $/MWHh, the fund for recycling can come from the punishment of the obligation subject.

Set the w/w/ in bilateral transactions to 1. Set Sog to 1, since only one obligation subject is involved in, and
set Bapa/Bapp to 1.5/1. In this paper, the actual data of Hami area in Xinjiang Uygur Autonomous Region is
used. Through the comprehensive analysis of the annual data, and four typical days are extracted to represent
the trading situation in the four seasons of spring, summer, autumn and winter, respectively. The load reference
value and the prediction of solar radiation intensity and wind speed and temperature are shown in Fig. 6. The
quota is 11%.

The operating and fuel cost coefficient of thermal units in OS is the same as those of the IEEE-39 bus system.

Equilibrium analysis under different strategic game

Solve the 5 strategic game models in Section "Photovoltaic—the Bayesian mixed effect model" to obtain the Nash
equilibrium results. Without considering the influence of uncertainty on Nash equilibrium, the parameters of
uncertainty variables under different models are uniformly set as: N'V/N"V are both 20, and the confidence
probability of GPA and GPB are both 99%. The payment of each participant and overall under different strategic
game models are as follow:

Different strategic game models correspond to different degrees of competition among multi-participants
in bilateral transactions. In the case of complete cooperation ({OS, GPA, GPB}), the total payment is
the largest. Compared with the situation of non-cooperation ({OS}, {GPA}, {GPB}), the total payment
increased by 1.85%/0.86%/1.80%/1.41% respectively in 4 typical days. The payment of OS increased by
5.87%/4.52%/8.25%/3.39%, while the GPA/GPB’s are decreased. The results show that the degree of competition
will affect the strategic behavior and income of participants. complete cooperation can balance the interests of
participants and obtain the strategy with the highest total income. From Table 4, when OS cooperates with GPA
or GPB, its interest will be improved, especially with the GPA—higher priority parameters. However, when GPA
or GPB cooperate with OS, their interests will be reduced, because cooperation reduces the price competition
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within the alliance. The results in the Table 4 provide important information for the supervision organization
of the power market to predict this type of cooperation competition, regulate the punishment, and the recovery
cost to provide a theoretical reference. On the premise of creating a transaction environment of the green
certificates and promoting the cooperation of all participants to maximize the total profit, the authorities should
also prevent malicious manipulation and improper cooperation and competition.

The equilibrium comparison between non-cooperative and complete cooperation situations is shown in Fig.
7:

From Fig.7, compared with (a, b), the output of the thermal unit is smaller in the situation of complete
cooperation than that in the non-cooperation, and it is maintained at the lowest in several periods. Compared
with (¢, b), the transaction price fluctuates randomly in the non-cooperation, while in the complete cooperation
the transaction price is lower, and the price fluctuation of GPA and GPB is more consistent and not obvious.
Compared with (e, ), the risk of price fluctuation can be avoided in complete cooperation, the transaction
electricity is also more in this situation. Therefore, the complete cooperation can not only avoid the risk of
fluctuations in prices and electricity within the alliance and stabilize the supply and demand of green certificates,
but also promote renewable energy to participate in GCP and reduce pollution emissions of thermal units.

The comparison of green certificate transaction electricity and price in different situations is shown in Fig. 8.
It can be seen that when green power plants cooperate with OS, the transaction price will be reduced, which will
cause the transaction electricity to be greater than that in the competitive situation and increase its proportion
in the overall transaction electricity.

Stability analysis of complete cooperation

According to the results in Table 4, in the complete cooperation, if the total interests of the alliance are distributed
based on the payment of participants, the alliance cannot be formed due to the unreasonable distribution. Driven
by interests, GPA and GPB tend to form other alliances to obtain more interests. To ensure the stable existence of
the alliance under the maximum overall income, according to the concept of stable distribution?’, the conditions
for stable distribution under the alliance structure C* = {OS, GPA, GPB} are obtained as follows (Eq. 27),
and the kernel of the cooperative game for the characteristic function is further obtained, as shown in Fig. 9.

Tos + xapa + zapp = v ({OS,GPA,GPBY)
zos+ zapa > v ({OS,GPA})

zos + zepp > v ({0S,GPB})

rgpa+xapp > v({GPA,GPBY)

27)

It can be seen from Eq. (27) that there are countless possibilities for stable distribution in complete cooperation,
and the dark area in Fig. 9 represents the stable distribution. Figure 9 illustrates the stable distributions of

The payment of each participant

Typical day | Game model Ios Igpa Icps The payment of alliance | The payment of the overall
}gg}ﬁ}{GPA}’ 16000408.81 | 1783281.08 | 3230224.16 | - 21013914.05
{OS, GPA, GPB} 16939731.99 | 1524376.35 | 2938656.92 | - 21402765.26

Dayl {OS}, {GPA, GPB} | 1612693345 | 172217045 | 3134644.94 | [opa g pp = 485681538 | 20983748.83

{GPA}, {OS, GPB} | 16894429.73 | 1726484.54 | 2778084.30 | Ing opp = 19672514.03 | 21398998.57

{GPB}, {OS, GPA} | 16658340.70 | 122084628 | 3111671.52 | I g ;p4 = 17879186.98 | 20990858.49

{OS}, {GPA},{GPB} | 18549384.06 | 3454430.02 | 1787735.82 | - 23791549.90
{OS, GPA, GPB} | 19388714.66 | 3098878.50 | 1508409.14 | - 23996002.3
Day2 {OS}, {GPA, GPB} | 18660669.93 | 3504374.08 | 1621430.98 | [¢p cpp = 5125805.06 | 23786474.99

{GPA}, {OS, GPB} | 19358853.92 | 3108606.25 | 1363811.68 [OS‘GPB:20722665.61 23831271.86

{GPB}, {OS, GPA} | 19337928.64 | 310972437 | 1533066.35 | [0 g ;p4 = 22447653.01 | 23980719.35

{OS}, {GPA}{GPB} | 16646139.32 | 643285137 | 2204873.78 | - 25283864.47
{OS, GPA, GPB} | 18020273.96 | 5810543.12 | 1905878.35 | - 25736695.43
Day3 {OS}, {GPA, GPB} | 16786945.02 | 6345517.28 | 2157644.62 | Igp 4 pp = 8503161.90 | 25290106.92
{GPA}, {0S, GPB} | 17010596.01 | 638006634 | 1923455.99 | Ig cpp = 18934051.99 | 2531411833
{GPB}, {OS, GPA} | 17395441.12 | 6411735.13 | 1886736.53 | [ng pa = 2380717625 | 25693912.78
{OS},{GPA}{GPB} | 19223563.63 | 6179117.68 | 1679715.44 | - 27082396.76
{OS, GPA, GPB} | 19875371.99 | 6026076.74 | 1563725.80 | - 27465174.52
Day4 {OS}, {GPA, GPB} | 19420193.01 | 6139703.35 | 1501863.75 | Igp 4 o pp = 7641567.11 | 27061760.12
{GPA}, {0S, GPB} | 19747823.53 | 6005866.99 | 1399763.99 | Ing ipp = 21147587.52 | 2715345451
{GPB}, {OS, GPA} | 20347854.21 | 541527151 | 1695090.85 | [og p4 =25763125.72 | 2745821657

Table 4. The payment of each participant and overall under different strategic game models.
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Fig. 7. Equilibrium results under the different situations.

benefits among alliance participants under complete cooperation. The shaded regions represent stable conditions
ensuring alliance stability, with variability observed across different days. A reasonable distribution of benefits
is essential to maintain alliance stability; otherwise, participants may seek other alliances. The axes show each
participant’s share, and the stable regions indicate possible benefit combinations that ensure stability. Overall,
numerous stable distributions exist, influenced by participants’ contributions and income maximization.

Sensitivity analysis of Nash equilibrium

According to the analysis in Section "Uncertainty analysis and robustness quantification", the extreme power in
GPA/GPB depends on their spatial constraint parameters (I'"V /T'"V) respectively (in Eq. 24), while 'V /T'TV are
determined by the confidence probability and the total number of uncertain variables (in Eq. 23). The overall
interests for the situation of complete cooperation is the best, so the sensitivity of Nash equilibrium to the above
factors is analyzed.

The influence of confidence probability
The total number of power station N /NV are both 20. The Nash equilibrium results in complete cooperation
under different confidence probabilities (a) are explored. The spatial constraint parameters and the total payment
under different a are shown in Table 5.

From Table 5, with the decrease of a, the total payment in the typical day system increases as a whole. This
is because as the a decreases, the uncertain set of power generation shrinks, and the lower boundary of the
uncertainty set increases, which improves the power generation plan of GPA/GPB, and more green electricity
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can be traded. The above situation makes the green electricity increase, so the competition intensifies, the green
certificate transaction price decreases and GPA/GPB obtain more profits through small profits and quick sales.
The comparison of transaction prices when a = 99% and a = 30% are shown in Fig. 10.

Based on the above analysis, the confidence probability is the main factor affecting the economy of the
system. The decision-maker can reduce the robustness of the system by adjusting the confidence probability of
the uncertain set flexibly, to improve the economy.

The influence of spatial cluster effect

The total number of uncertain variables is subdivided into the following cases in Table 6, under which the total
power of renewable energy power stations remains unchanged. The payment of each participant and overall in
the second typical day in each case are shown in Table 6. The confidence probability of power generation is 98%
in some cases.
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The transaction

price ($)

The spatial
constraint
parameter The payment of the overall ($)
a%) | TV TPV |POE |Dayl Day 2 Day 3 Day 4

99 11.150 | 18.300 | 0.045 | 21402765.26 | 23996002.30 | 25736695.43 | 27465174.52
98 10.923 | 18.202 | 0.051 | 21430161.00 | 24025292.56 | 25705126.48 | 27455770.43
97 10.778 | 18.150 | 0.055 | 21459374.94 | 24043466.62 | 25575310.27 | 27531064.37
95 10.581 | 17.973 | 0.061 | 21447569.87 | 24024802.64 | 25605256.40 | 27532063.68
90 10.277 | 17.769 | 0.072 | 21464839.65 | 24328619.78 | 25753926.09 | 27594648.53

70 9.644 | 17.350 | 0.098 | 21564320.70 | 24064470.14 | 25653031.55 | 27554661.42
60 9.417 | 17.193 | 0.110 | 21614932.60 | 24179891.15 | 25752491.92 | 27558332.23
40 8.994 | 16.909 | 0.133 | 21629020.86 | 24178618.66 | 25903060.10 | 27593465.37
30 8.770 | 16.600 | 0.147 | 21596610.07 | 24187448.34 | 25851502.76 | 27633465.37

Table 5. The payment of the overall under confidence probability.
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Fig. 10. The comparison of transaction price when a = 99% and a = 30%.
The spatial
The number of constraint
stations parameter Payment
Wind power | PV | W rev POE | OS GPA GPB The total
Casel |30 30 | 26.64217 | 15.68819 | 0.02 | 19661930.96 | 3149454.34 | 1665119.60 | 24476504.90
Case2 |20 30 | 18.20227 | 15.68819 | 0.03 | 19661163.30 | 3144961.83 | 1619951.95 | 24426077.08
Case 3 | 30 20 | 26.64217 | 10.92285 | 0.04 | 19445456.83 | 3139498.87 | 1592154.21 | 24177109.91
Case4 |20 20 | 18.20227 | 10.92285 | 0.05 | 19255093.78 | 3105154.59 | 1556965.83 | 23917214.20
Case5 |20 10 | 1820227 | 5.985164 | 0.06 | 1943710293 | 3021984.8 | 1493366.73 | 23952454.46
Case 6 | 10 10 | 9.598663 | 5985164 | 0.17 |19361440.43 | 3014108.01 | 1491032.42 | 23866580.86
Case7 |2 10 |2 5.985164 | 0.52 | 19287388.71 | 2949823.48 | 1471229.02 | 23708441.21
Case 8 |2 2 2 1.639091 | 1 19335101.39 | 2927730.58 | 1367042.93 | 23629874.90

Table 6. The parameters of uncertain variables under different Cases.

From Eq. (23), increasing the total number of uncertain variables can increase the spatial constraint parameters
under the same confidence probability. From Eq. (24), with the increase of spatial constraint parameters, the
uncertain set shrinks, and the lower boundary increases. From Table 6, with the uncertain set shrinking, the
generation uncertainty of GPA/GPB reduce. So in extreme cases, the power generation plan of GPA/GPB is
improved, which reduces the price, makes small profits and quick turnover, and improves the participants and
the overall payment. Furthermore, with the increase of spatial constraint parameters, the volatility of uncertain
variables is described in more detail, which is reflected by the POE. Figure 11 shows the change of POE in each
case when the confidence probability of power generation changes from 20 to 99%.

The colors in the figure represent the magnitude of POE, ranging from blue to red. Blue indicates a low
POE, meaning the predict outcomes are more accurate and have lower uncertainty. Green and yellow represent
medium POE values, indicating moderate uncertainty in the predictions. Red signifies a high POE, meaning the
predict outcomes have high uncertainty and a greater probability of exceedance. Thus, the color bar illustrates
the relationship between prediction accuracy and uncertainty across different confidence levels.
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Fig. 11. The relationship between spatial cluster effect and POE.

Stochastic optimization | Robust optimization | Bayesian-based distributional robust optimization
The payment of the overall | 24069204.5 23054158.8 23996002.3
Computation time 37939.6153 89.6548 96.6928

Table 7. Comparison of different uncertainty analysis methods.

In this Fig. 11, the changes in POE are not only influenced by the confidence probability but also heavily
impacted by the spatial cluster effect. Different cases (case 1, case 4, case 6, case 8) represent varying degrees
of the spatial cluster effect, which directly determines how the system behaves as the confidence probability
changes. In case 1, as the confidence probability increases, the POE significantly decreases, and the blue region
expands, indicating a lower POE. This suggests that, under a weak spatial cluster effect, the system’s stability is
highly dependent on the confidence probability. As the confidence probability increases, the system uncertainty
reduces, and its performance becomes more reliable, with a lower probability of exceeding expected values. In
this scenario, the spatial cluster effect is weak, and the system’s volatility is mainly influenced by «, showing
high prediction reliability with low POE. In these cases (e.g., Case 4 and Case 6), while the POE decreases as «
increases, the reduction is less pronounced compared to case 1. The system uncertainty improves with higher
confidence probability, but the spatial cluster effect still plays a significant role. Under moderate spatial cluster
effects, confidence probability helps reduce POE to some extent, but overall system stability is limited, and there
is still notable volatility. In case 8, the system exhibits a strong spatial cluster effect, where POE remains high
throughout the entire range of confidence probability, even as a approaches 1. The absence of blue areas indicates
that, under this scenario, the spatial cluster effect dominates system performance, and the confidence probability
has little impact on reducing POE. This means that the system’s uncertainty is largely governed by the spatial
cluster effect, and even with high confidence probability, the prediction remains unreliable with consistently
high POE. Thus, the spatial cluster effect and confidence probability work together to influence the POE. In
some scenarios, increasing the confidence probability can effectively lower POE, but in cases with strong spatial
cluster effects, the confidence probability has limited impact, and the spatial cluster effect becomes the primary
factor governing system stability.

Comparative analysis of uncertainty methods

In order to verify the effectiveness of the proposed uncertainty analysis method, three uncertainty analysis
methods, including stochastic optimization, robust optimization, and Bayesian-based distributional robust
optimization, are compared with each other under the fully cooperative mode with a typical day 2 as an example,
and the payment of the overall and computation times are shown in Table 7.

Both stochastic and Bayesian-based distributional robust optimization provide relatively higher payments,
with stochastic optimization offering a slight advantage. However, robust optimization delivers the lowest
payments, which is likely due to its conservative nature. Robust optimization and Bayesian-based distributional
robust optimization have significantly shorter computation times than stochastic optimization. Robust
optimization, in particular, is the most efficient in terms of computation time. In conclusion, the Bayesian-based
distributional robust optimization offers the best balance between payment and computation time, making it
suitable for applications where both factors are critical. If higher payment is the priority and computation time
is less of a concern, stochastic optimization might be preferred. However, for scenarios requiring computational
efficiency and robustness, robust optimization is a more suitable choice.

Conclusion

A bilateral transaction model of GCP considering the technical characteristics of generation units is proposed
to solve the problems such as the mismatch between supply and demand of green certificates and the reduction
of transaction plans constrained by power grid operation. In the model, the DRO based on Bayesian theory is
used to describe the uncertainty of generation power in green power plants. And the cooperative game theory
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is used to analyze the complex cooperation and competition relationship among multi-player. The conclusions
are as follows:

1

2

3)

4

5)

Different strategic game models correspond to different degrees of competition among multi-participants
in bilateral transactions. The complete cooperation mode can balance the interests of all participants and
obtain the strategy with the highest total income. Policymakers could consider incentivizing cooperation by
offering rewards for collective action to create a cooperative atmosphere in the green certificate market.
The analysis of multi-subject strategic cooperation mode provides important information for the electric
power market regulatory organization to prejudge this type of cooperation-competition decision-making.
It can prevent market manipulation, malicious tariff increases, and other undesirable behaviors brought
about by improper cooperation and competition among participants. Based on the analysis, the supervisory
organization can strengthen the supervision of the market and formulate a clear code of conduct to promote
a stable and competitive trading environment.

To ensure the stability of the alliance, the complete cooperation model needs a stable distribution scheme,
otherwise, the alliance cannot be formed. In order to design more robust trading mechanisms, regulators
could develop guidelines or frameworks that promote transparent and fair distribution of benefits and en-
sure stable cooperation over time.

The complete cooperation model can not only avoid the risk of fluctuations in transaction prices and elec-
tricity but also promote the participation of renewable energy in GCP and reduce the pollution emission of
thermal units. Policymakers should introduce mechanisms to reduce volatility in transaction prices, such
as price floors or caps, while incentivizing green power manufacturers through subsidies or green certificate
premiums to encourage the integration of renewable energy sources

The confidence probability of uncertainty has a significant impact on the payment of each participant and
overall, and the spatial constraint parameters have a significant impact on the POE. According to the case
study, the decision-maker can adjust the confidence probability and spatial constraint parameters to im-
prove the interests of each participant and the alliance based on ensuring the conservatism of the transac-
tion plan. At the policy level, this would help to find a balance between risk management and maximizing
the benefits of green certificate trading.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary
information files].
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