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Abstract

:

With the continuous promotion of China’s electricity market reform, the introduction of competition in the power generation market provides a new research direction for the generation expansion planning (GEP) problem, which is of great significance in the promotion of the optimization of the power energy structure. In the context of marketization, the electricity price expectation during the planning period is a key factor of GEP for independent power generation groups. There is some literature showing that the electricity price expectation in the planning period can be estimated according to certain laws of market supply and demand, while it seems to us that a future Pay as Bid (PAB) mechanism is better to determine the electricity price expectation. In this paper, to explore the impact of these two different electricity price formation mechanisms on the evolution of the generation market, a multi-agent framework is first established to describe the interaction process among the generation market agents; then, a GEP model for independent power generation groups is developed in the market competition environment, and four representative scenarios are finally designed for detailed comparative studies. Based on these case studies, the conclusion can be summarized as: (1) the PAB bidding mechanism has a lower electricity price and higher market installed capacity almost all the time during the whole planning period for all four scenarios; (2) it is more important that PAB can reduce the impact of parameter uncertainty in the laws of market supply and demand, which can obtain more reliable and reasonable results regarding the long-term evolution of the generation market.
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1. Introduction


In today’s industrial world, the sustainable development of the national economy and society cannot be separated from the support of energy. Electric power is the most widely used secondary energy in modern society and plays a very important role in energy development. In the power industry, the long-term optimization of the power supply structure at the power generation side is an important measure to achieve long-term sustainable development and the low-carbon transformation of electric energy. The GEP problem is one of the most important and complex issues in power systems. Additionally, a reasonable power planning scheme is not only conducive to the safe, reliable, and stable operation of power systems in the future but also will bring great benefits to power generation groups and thus promote economic development. The electric power industry has been a typical natural monopoly industry, with a long-standing monopolistic business model of vertically integrated power generation, transmission, distribution, and sale, and GEP is a single optimization problem in this mode. With the deepening of power system reform, power expansion planning has become a game problem involving multiple parties, and new research ideas and challenges have been brought to GEP. The authors of [1] reviewed the research directions and modeling solutions of the GEP problem under the monopolistic and liberalized structures of the electric power industry. The authors of [2] reviewed the current state of research on solving the internalization of externalities in the GEP externalities problem and the main methods used by them.



The problem of GEP in the traditional structure of the power industry is finding an optimal generation unit investment scheme to minimize the comprehensive cost under the condition of meeting the power operation requirements based on the predicted load demand in a certain period [1]. After long-term development, a large number of modeling and solving methods have emerged for traditional power planning problems, including mixed integer programming [3,4], dynamic programming [5], meta-heuristic algorithms [6,7,8], etc. Meanwhile, reliability [7,8,9], environmental protection policies, and other factors are also considered when solving the power planning problem. In addition, the traditional GEP problem is also combined with other long-term planning problems [10,11,12], such as generation and transmission planning problems [3,4,13].



After the reform of the electric power system in China, power generation groups have been separated, and competition has been introduced in the power-generation-side market. At this time, GEP is no longer a single optimization problem but a multi-party game problem involving power generation groups. Therefore, the traditional model of GEP and its solution method are no longer applicable to the GEP problem under market competition. Aiming toward power expansion planning in the electricity marketization environment, researchers at home and abroad have carried out a lot of research in this area and formed a large number of theoretical models and methods, such as game theory [14,15], multi-agent modeling technology, and system dynamics methods. A Cournot model of GEP for unit investment strategy was established to maximize the benefits of power generation companies in [16,17,18], and the impact of the competitive behavior of power generation companies on the planning results and market price was analyzed. The authors of [19] combined generation and transmission planning, which was divided into two stages: investment planning and operation scheduling. The traditional and evolutionary game methods were used to solve the investment and operation planning problems to eliminate traditional centralized planning. The authors of [20] combined a multi-objective function and multi-period framework into game theory and established an optimization model based on economic and reliability objective function, which was used to solve the GEP problem in the unregulated market, and they adopted a two-level optimization method to solve it.



In the market environment, electricity price is one of the important factors that determine the income of power generation groups. The authors of [21,22] studied the impact of changes in market demand and electricity prices on GEP results based on the supply–demand relationship. In [23], a stochastic dynamic model considering uncertainty factors was established in a highly competitive power system, and the uncertainty of market demand and electricity price was taken into account by the real options method. The authors of [24] proposed a novel framework for the generation expansion planning of restructured power systems under uncertainty in a multi-period horizon, which included generation investment from a price maker perspective. The authors of [25] proposed a generation incentive mechanism for obtaining the best investment in the price cap market. The authors of [26] studied the impact of short-term pricing methods on flexible generation investment in the electricity market. In addition, the market price clearing mechanism [27,28] is also commonly used as an electricity price settlement method for power generation companies in the competitive bidding process.



The electricity market is a dynamic environment with competitive, complex, and nonlinear characteristics. Market participants are both independent and closely connected. To more accurately simulate and study the interaction between market entities, market dynamic regulation, and the impact of uncertain factors on power planning, multi-agent modeling technology [29,30] has been applied to the modeling and simulation of the electricity market by some scholars. In [31], the demand-side dynamics and interaction with the market were incorporated into the GEP model; the authors established a two-sided multi-agent interaction model of supply and demand, solved it using game theory and a PSO algorithm, and compared it with the traditional optimization model and game theory model of GEP. In [32], a generation expansion planning method was proposed based on multi-agent modeling technology in the multi-power market environment.



In the above literature, research has been conducted on the generation expansion planning problem from multiple perspectives, mainly including the study of GEP as a traditional single optimization problem or a game problem of competition between multiple power generation groups. In addition, GEP has also been analyzed more in-depth in combination with economic benefits, energy policy, and so on in some literature, which provides a wealth of theoretical bases and research directions for the GEP problem in the market competition environment. This article views the GEP problem in a competitive market environment as a game problem involving multiple power generation groups participating in the competition, and electricity prices are an important factor affecting the investment decisions of power generation groups in the market game environment. At present, there is relatively little research on the determination form of electricity prices and the long-term evolution process in the power generation market in GEP problems. Additionally, the existing literature mostly determines market electricity prices based on supply and demand relationships, and very few introduce market bidding mechanisms into GEP to determine future electricity price expectations in the power generation market. However, with the development of electricity marketization, the market bidding mechanism will inevitably affect the GEP of power generation groups in a competitive environment. Therefore, this paper proposes a method of using the PAB bidding mechanism to determine electricity price expectations in the power generation market in the GEP problem. Additionally, the evolution law of the power generation market is studied under the market bidding mechanism and compared with the electricity price formation method of the supply and demand adjustment mechanism.



In this paper, from the perspective of the generation-side market, a multi-agent model of the generation market is built to simulate the game behavior of multiple power generation groups and the evolution process of the power generation market under the supply and demand adjustment mechanism and PAB bidding mechanism. Additionally, this article considers four different demand scenarios to compare the evolution of the power generation market under the PAB bidding mechanism and supply and demand adjustment mechanism from multiple perspectives. The main contents and conclusions of this study are summarized as follows:




	
A multi-agent model, which can simulate the interactive behavior of the generation market agents, is proposed to realize the long-term evolution of the power generation market and solve the GEP problem in the market competition environment;



	
The PAB bidding mechanism is introduced into the solution process of GEP, and the feasibility of using the PAB bidding mechanism to determine the settlement price in the GEP problem is verified;



	
Through the comparative analysis of the PAB bidding mechanism and supply and demand adjustment mechanism under different load demands, it is concluded that the PAB bidding mechanism can reduce the uncertainty of system parameters and obtain a more reliable long-term evolution result for the power generation market, and it can promote the stable development of the power generation market.









2. Materials and Methods


2.1. Generation-Side Market Electricity Price Formation Mechanism


In the electricity market environment, market electricity price has a very important impact on the investment strategy and profit of power generation groups. The formulation method of market electricity price is the key issue of GEP on the power generation side. This paper mainly studies two types of electricity price formation mechanisms: one is that the electricity price is affected by market supply and demand fluctuations, and the other is market bidding mechanisms that show the electricity price is determined through market competition. Currently, there are two mainstream bidding mechanisms in the electricity market, including the market clearing price (MCP) mechanism and the PAB mechanism. Compared to the MCP bidding mechanism, the PAB bidding mechanism can effectively stimulate price competition among power generation groups. Therefore, the PAB bidding mechanism is mainly selected for comparison with the supply and demand adjustment mechanism in the simulation study of this paper.



2.1.1. Supply and Demand Adjustment Mechanism


The adjustment mechanism of supply and demand is a method of modeling and simulating the long-term evolution of the power market based on system dynamics [33]. In the case of uncertainty in the long-term demand load forecast of the power market, the market electricity price is regulated by the relative relationship between supply and demand, resulting in fluctuations in electricity prices. Additionally, the change in electricity price in turn affects the market demand and the power investment decisions of power generation groups. The interaction of market electricity price, demand, and market supply forms a long-term evolutionary model of electricity price and demand. Therefore, the electricity price evolution and demand evolution process are included in the supply and demand adjustment mechanism, and Figure 1 shows the dynamic adjustment process of the market considering the supply and demand relationship. As shown in Figure 1, the market calculates the electricity price of the next iteration based on the electricity price information, supply information, and demand information of the previous iteration. The adjusted electricity price will be used as the input information of the demand evolution models, and the demand side will adjust the actual market demand, which will cause changes in the total market demand. Additionally, each power generation group on the supply side will also optimize its planning strategies based on the adjusted market electricity price information, resulting in changes in the total market supply. The new demand and supply information will be sent to the market again to adjust the next market electricity price. Through continuous periodic iterations, a closed-loop dynamic market adjustment process is formed, until the market supply and demand reach a balance.



	
The dynamic process of market electricity price evolution






The evolution process of market electricity price is shown in Figure 1. The electricity price for each adjustment is calculated by Equations (1) and (2) [21]. Among them, the change value of electricity price depends on the attenuation factor, the deviation between demand and supply, and the last round of market electricity price. Then, the final electricity price for each adjustment is calculated by the change value of the electricity price and the last round of market electricity price. The market demand layer adjusts the demand accordingly and affects the planning strategy of power generation groups.


  Δ p   ( t )   k   = ξ p   ( t )   k   ·   D     t     k     1 + R M   t     − S   ( t )   k     D     t     k     1 + R M   t       ,  



(1)






  p   ( t )   k + 1   = p   ( t )   k   + Δ p   ( t )   k   ,  



(2)




where   Δ p   ( t )   k     is the fluctuation value of electricity price at the kth supply and demand adjustment in year t,   p   ( t )   k + 1     is the electricity price after supply and demand adjustment,   ξ   denotes the price decay factor,   D   ( t )   k     and   S   ( t )   k     denote the market demand and supply, respectively, and   R M ( t )   denotes the demand capacity margin in year t.



	2.

	
The dynamic process of market demand evolution







The evolution process of market demand is shown in Figure 1. The actual market demand is calculated according to Equations (3)–(5) [31]. The demand value of each market adjustment is calculated according to Equation (3). The demand value depends on the reference demand calculated by Equation (4), the market electricity price sent by the electricity price evolution process, the reference electricity price in year t, and the elasticity of demand to price. The adjusted demand is the actual market demand, which will be sent to the electricity price evolution model, and the market adjusts the market electricity price through it.


  D   ( t )   k   = D m o d ( t ) ·   (   p   ( t )   k     p   ( t )   0     )   − ϑ   ,  



(3)






  D m o d ( t ) = ( 1 + ϖ ) D ( t − 1 ) ,  



(4)






  ϖ =   D     t     0 −   D   ( t − 1 )   0     D   ( t − 1 )   0     ,  



(5)




where   D ( t − 1 )   is the actual demand after   k  th adjustments of the previous year’s reference demand,   ϖ   denotes the growth rate of load demand in year t relative to the previous year, consistent with the growth rate of reference demand in each year, and   ϑ   is the elasticity index of demand to price; when   ϑ = 0  , demand is rigid, and demand is not affected by the market electricity price of electricity changes. With the increase in the price elasticity of market demand, demand is more sensitive to price and thus shows great changes. This paper sets different price elasticity indices in different scenarios for a more realistic simulation of the market environment.




2.1.2. PAB Bidding Mechanism


PAB is a bidding mechanism that is paid according to power generation groups’ bidding prices [34]. The power generation and price are submitted to the power trading center by all power generation groups participating in the market transaction. The power trading center ranks these power generation groups according to the declared electricity prices of all power generation groups from low to high. Then, the declared power generation of the power generation group is accumulated in order until the accumulated electricity generation is balanced with the market power demand. Additionally, the reported electricity price of the last power generation group that is accumulated is called the marginal electricity price. Power generation groups that report electricity prices that are lower than the marginal electricity price are considered successful bidding, and they use their own declared electricity prices to conduct electricity trading, rather than using a uniform market-clearing price.



As Figure 2 shows, the red dotted line is the market load demand value curve   D  , and the left side is the volume curve   q   and price curve   p   of the accumulated power generation groups. A part of the power generation volume of the power generation group m is accumulated, and its reported electricity price     p   m     is the marginal price, which is defined as     p   c     in this paper. Power generation groups whose prices are less than or equal to the marginal price     p   c     have successfully bid and qualified for online electricity trading. The power generation volume of power generation groups on the right side of the curve   D   has not been accumulated, the reported electricity prices of these power generation groups are higher than the     p   c    , and these power generation groups failed in bidding. The calculation methods of the trading power generation volume and the profit of these successful bidding power generation groups in the power market bidding are shown in Equations (6)–(8).



According to the bidding process of the PAB bidding mechanism, it is possible to calculate the actual transaction power generation that each power generation group can obtain. Using power generation group m as an example, the actual transaction generation obtained by power generation group m in the   t  th bidding process is calculated as follows [35]:


      Q  ^    m , t   =         Q   m , t   ,     i f     p   m , t   <   p   c , t             D   t o t a l   −   ∑  i = 1   m − 1      Q   i , t       ·     Q   m , t       ∑  j = m + 1   m + k − 1      Q   j , t   +   Q   m , t       ,     i f     p   m , t   = ⋯ =   p   m + k − 1 , t   =   p   c , t         0 ,     i f     p   m , t   >   p   c , t         ,  



(6)




where       Q  ^    m , t     denotes the actual transaction power generation volume obtained by power generation group m in the   t  th bid,     D   t o t a l     denotes the total market demand,     Q   m , t     denotes the reported electricity by power generation group m,     p   m , t     and     p   c , t     are the reported electricity price of the power generation group m and marginal price in the   t  th bid, respectively, and   k   represents the number of power generation groups that the reported electricity prices are equal to the reported electricity price of power generation group m, including power generation group m.



Equation (7) shows the transaction price       p  ^    m , t     of power generation group m during the tth PAB bidding process. When the reported price     p   m , t     of power generation group m is lower than     p   c , t    , the transaction price of power generation group m is the price reported by itself. If the reported electricity price is higher than the     p   c , t    , the power generation group cannot trade in the market, and the transaction price is 0, which means the bidding fails. The       p  ^    m , t     expressed as follows [36]:


      p  ^    m , t   =       0 ,     i f     p   m , t   >   p   c , t           p   m , t   ,     i f     p   m , t   ≤   p   c , t         ,  



(7)







Based on the actual transaction power generation volume       Q  ^    m , t     traded and the settlement electricity price       p  ^    m , t     of the above power generation group m in the   t  th bidding process, its revenue under the PAB bidding mechanism is as follows [36]:


    P r o   m , t   =     p  ^    m , t   ·     Q  ^    m , t   −   C   m , t    



(8)




where     P r o   m , t     denotes the net revenue of power generation group m after the   t  th bid and     C   m , t     denotes the total cost.





2.2. Multi-Agent Model for Generation-Side Market


In this paper, the generation-side market is regarded as a complex adaptive system composed of market entities such as power generation groups, independent system operators (ISO), and power consumers. Based on the multi-agent modeling method, each market entity is abstracted as an agent. Additionally, a three-layer multi-agent model framework for the power-generation-side market is constructed based on the relationships between various entities in the power generation market, which are used to simulate the interaction behavior between market entities in a competitive market environment. As shown in Figure 3, the three-layer multi-agent framework includes a power supply layer, a market coordination layer, and a power demand layer. The power supply layer is mainly composed of multiple mutually independent power generation group agents. Additionally, each power generation group agent can communicate with the coordination layer agent and independently optimize its planning strategies based on the feedback information from the coordination layer agent. ISO as an agent at the coordination level, can process the data uploaded by supply layer agents and demand layer agents according to different market rules, calculate the market electricity price, and feed it back to the supply layer and demand layer agents. This paper regards the PAB bidding mechanism and the supply and demand adjustment mechanism as market rules encapsulated into ISO agents. The power demand layer is composed of different consumer agents, which can obtain market electricity price information and respond according to different market rules and send power demand data to ISO agents.



Under the market competition environment, each power generation group agent needs to continuously optimize and update planning strategies due to the dynamic changes in the market information and market demand to obtain more profits under market equilibrium conditions. The demand information of consumer agents will also change according to different market rules. According to the principles of the PAB mechanism, a reference demand is required during the planning period to serve as a market reference value for consumer agents to dynamically adjust demand and for the ISO agent to conduct PAB bidding. Under the supply and demand adjustment mechanism, the consumer agent dynamically adjusts the reference demand according to Equation (3). Under the PAB bidding mechanism, demand information is a necessary market parameter during the bidding process, and it is the reference information for the ISO agent to calculate the electricity price and the actual transaction electricity quantity of each power generation group. However, according to the principle of the PAB mechanism, there is no demand adjustment mechanism. Therefore, in this paper, when simulating GEP under the PAB bidding mechanism, it is assumed that the demand information under the PAB mechanism is the same as the reference demand of the supply and demand adjustment mechanism, which will not be dynamically adjusted.



Based on the three-layer multi-agent model framework, we can derive the interactive iterative process between power generation group agents, ISO agents, and consumer agents for power generation group power planning as follows:




	
Step 1: In the first round of interaction, all power generation groups randomly generate planning strategies according to constraints and upload planning strategies to ISO agents.



	
Step 2: The ISO agent processes the data of all power generation group agents according to different market rules and the collected market demand and feeds back the processing results to the generation group agents and demand-side agents.



	
Step 3: According to the information published by ISO, the agents of the power generation group calculate revenue from the previous round and independently optimize planning strategies. Under the supply and demand adjustment mechanism, the demand layer agent also adjusts the demand according to the information of ISO.



	
Step 4: The benefits of this power generation group agent’s optimal strategy are compared with the benefits of the previous round, and then, it is decided whether its own strategy should be updated.



	
Step 5: The agent of the power generation group reports the updated strategy to ISO again. At the same time, the consumer agent also uploads the adjusted demand information to the ISO.



	
Step 6: Return to Step 2 and cycle until the planning strategy and market of all power generation groups reach an equilibrium state.








In this paper, the three-layer multi-agent model is used to simulate the relationships and interactive behaviors among various market entities during the planning period and to study the long-term evolution process of the power generation market under different electricity price formation mechanisms when the generation groups make planning strategies.




2.3. Optimization Model of Power Generation Group Decision


In the electricity market environment, a power generation group, according to its own conditions and market environment, formulates a power investment strategy that maximizes its profit under the condition of ensuring the stable and safe operation of the power system and meeting a series of constraints.



2.3.1. Utility Function


This paper takes the maximum net profit of the power generation group in the planning period as the objective function and synthesizes the electricity sales income, investment cost, and operation cost. The objective function of the power generation group can be summarized from reference [18].



Taking power generation group m as an example, its objective function is expressed as:


  M a x   P r o   m   =   I N   m   −   C   m    



(9)




where m is the number of power generation groups,     P r o   m     is the net profit of power generation group m during the planning period,     I N   m     is the total revenue from electricity sales, and     C   m     is the total cost in the planning period.



The total cost     C   m     is mainly composed of investment cost     C   m   i n v     and operation cost     C   m   o p e    , which can be expressed as:


    C   m   =   C   m   i n v   +   C   m   o p e    



(10)







	3.

	
Revenue of power generation group m







During the planning horizon, the main revenue of the power generation group comes from electricity sales, as shown in Equation (11):


    I N   m   =   ∑  t = 1   T        1 + α     − t   (   ∑  n   N      p   t     E   m n , t     )    



(11)




where T is the planning horizon, N is the set of generation unit types,     p   t     is the market electricity price of electricity in year t, CNY/MW h,     E   m n , t     is the actual power generation of the   n  th type of generator unit of power generation group m in year t, MWh,   n   is the generator unit type number, and   α   is the discount rate, which is 0.05 in this paper.



In Equation (11), the market electricity price     p   t     of power generation group m in the tth year decision-making process is determined through the supply and demand adjustment mechanism and the PAB bidding mechanism. In the supply and demand adjustment mechanism, the market electricity price     p   t     is iteratively adjusted by the market supply and demand relative relationship through Equation (2), and all power generation groups adopt the same market electricity price     p   t     to optimal strategies. In the PAB bidding mechanism, the market electricity price     p   t     needs to be obtained through competition among power generation groups, and     p   t     in the decision-making process of power generation group m is equal to       p  ^    m , t    , as shown in Equation (7). Both the electricity price formation mechanisms are influenced by information on the decisions of all generation groups when determining market electricity prices.



	4.

	
Investment cost of power generation group m







Equation (12) is the investment cost of the power generation group during the planning horizon, expressed as:


    C   m   i n v   =   ∑  t = 1   T        1 + α     − t   (   ∑  n   N      I   n     X   m n , t     )    



(12)




where     I   n     is the static investment cost of the   n  th type of generator unit, billion CNY/unit, and     X   m n , t     is the number of new   n  th type of generator units added by the power generation group m in year t.



	5.

	
The operation cost of power generation group m







The operation cost of power generation group m during the planning horizon can be expressed as:


    C   m   o p e   =   ∑  t = 1   T        1 + α     − t   (   ∑  n   N      ψ   m n     E   m n , t     )    



(13)




where     ψ   m n     is the unit operating cost of the   n  th type of generator unit of the power generation group m in year t, which includes the fuel cost of generating unit and the generation O&M cost, CNY/MWh.




2.3.2. Constraint Condition


	6.

	
Power constraint;







The total annual installed capacity of all power generation groups in the region during the planning horizon shall be greater than the maximum demand load of the region for that year [15]:


    ∑  m = 1   M      ∑  n = 1   N      I C   m n , t   ≥   M D   t        



(14)




where     I C   m n , t     is the installed capacity of the   n  th type of generator unit of the power generation group m in year t, and     M D   t     is the maximum demand load of the region in year t.



	7.

	
Generator set output constraint;







The actual operating load of the   n  th type of generator unit in year t cannot be lower than the lower operating load limit of the unit and higher than the upper operating limit [37]:


      U   n , t    _  ≤   U   n , t   ≤     U   n , t    ¯   



(15)




where       U   n , t    ¯    and       U   n , t    _    are the upper and lower limits of the operating output of the   n  th type of generator unit in year t, respectively.



	8.

	
Add the upper limit of the number of units of the nth type







The number of new installations of the   n  th type of generator unit of power generation group m cannot exceed the maximum number of new additions allowed for that year t [38]:


    X   m n , t   ≤   M X   m n , t    



(16)




where     M X   m n , t     is the upper limit of the number of new units installed for the nth type of generator unit in year t of power generation group m.



	9.

	
An upper bound of the total installed capacity of a power generation group







The sum of the number of new installations per year for all unit types of the power generation group cannot be greater than the maximum total number of new installations allowed for that year [16]:


    ∑  n = 1   N      X   m n , t   ≤   M I X   m , t      



(17)




where     M I X   m     is the upper limit of the total number of new installations allowed by power generation group m in year t.



	10.

	
Power generation qualification constraints







The type of units added each year by the power generation group must be permitted units with generation qualifications:


    n   m , t   ∈   Ω   m , t    



(18)




where     n   m , t     is the nth type of unit in year t of the power company, and     Ω   m , t     is the set of units qualified for power generation in year t of power generation group m.





2.4. Data Description


Based on the three-layer multi-agent model and the generation-side generation expansion planning game model established, the generation expansion planning of a certain region in China in the next 15 years is discussed in this paper. This paper assumes that there are five groups in the power generation market in the region, which are, respectively, represented as A, B, C, D, and E. Among them, group A is a large power generation group with the largest initial installed capacity, groups B and C are two medium-sized power generation groups of the same size, and groups D and E are small power generation groups. Each power generation group has the qualification to invest in coal, hydropower, wind power, gas, and photovoltaic units, and groups A, B, and C have nuclear power production licenses. However, groups D and E cannot invest in nuclear power units without nuclear power production licenses. Scaling down based on the type and scale of power generation units installed in China at the end of 2021 [39], the type and quantity of existing units and optional unit parameters and type of each power generation group are set as shown in Table 1 and Table 2, respectively.



In this paper, the planning period T is set to 15 years. Under the supply–demand relationship, the initial market tariff is set at 500 CNY/MWh, the price change decay factor   ξ   is 0.90, and the base price elasticity index is   ϑ = 0.2  . Under the PAB bidding mechanism, a range of electricity price parameters is required in the bidding process of each power generation group to ensure that the declared electricity price of the power generation group will not exceed the upper and lower limits each year, and the range of electricity price is set as [200, 800]. In this paper, we set the initial load for the starting year of planning to 23,500 MW. To study the impact of different electricity price formation mechanisms on the power generation market under the condition of demand fluctuation, we set different demand growth rates to compare and analyze the evolution result of the power generation market in the planning horizon in this paper. Assumptions of the annual growth rate of the reference demand at different stages in the planning period are shown in Table 3.



At the same time, due to the uncertainty of demand elasticity parameters in the supply and demand adjustment mechanism, the elasticity indexes of three levels are set in this paper as low elasticity     ϑ   L   = 0.1  , basic elasticity, and high elasticity     ϑ   H   = 0.3  , to explore the evolution of market electricity prices under different price elasticity levels. The market demand set under the PAB bidding mechanism is rigid, that is, the market demand is not affected by the electricity price and is the set reference demand in the planning horizon.





3. Results


In view of the evolution of the generation-side market in the GEP problem, this paper mainly analyzes the evolution of market electricity price, the evolution of market installed capacity, and the total profits of power generation groups. Additionally, the differences between the PAB bidding mechanism and the supply and demand adjustment mechanism are compared in different market load demand scenarios.



3.1. Comparative Analysis of Market Electricity Price Evolution Results


To compare the impact of the PAB bidding mechanism and supply and demand adjustment mechanism on the evolution of market electricity price in different market demand scenarios, simulations are conducted in the above four scenarios, and the comparison results are as follows. The market electricity price under the PAB bidding mechanism is expressed by the average electricity price of all successful bidding power generation groups in this paper.



3.1.1. Scenario I and Scenario II


In Figure 4a,b, the market electricity price evolution results of the PAB bidding mechanism and the supply and demand adjustment mechanism in Scenario I and Scenario II are shown. Under the supply and demand adjustment mechanism, in Scenario I, the market electricity price shows an upward trend with the increase in demand in the first 4 or first 6 years of the planning, and the higher the elasticity, the slower the rising speed and lowering price. In the following planning years, the market supply and demand are relatively balanced under the condition of market dynamic adjustment. The market electricity price under the conditions of medium and high elasticity has no significant upward trend, the price change is relatively stable. However, the market electricity price with low elasticity has a slow upward trend with the growth of demand, because the actual demand of the market is less affected by the price elasticity. When the market demand growth rate is positive, the higher the elasticity, the smaller the change in the growth rate of the actual market demand, and the actual demand is lower. Therefore, in the whole planning period, the market electricity price under the condition of high elasticity generally is lower than the electricity price under the condition of medium elasticity, while the electricity price under the condition of low elasticity is always highest. Scenario II is similar to Scenario I in the trend of market electricity price change. The difference is that in Scenario II, due to the reduction in demand growth rate in the 6th to 15th year, the market electricity price under the corresponding elastic conditions is slightly lower than in Scenario I.



In Scenario I and Scenario II, due to the actual competitive relationship between various power generation groups under the PAB bidding mechanism, when the total installed capacity of the market is higher than the market demand, the competition between power generation groups is relatively fierce, resulting in the decrease in the PAB average electricity price in the first four years or first three years of planning. Subsequently, as demand gradually increases, the market supply and demand gap gradually decreases, resulting in an overall rebound in the average price of PAB. The difference is that in Scenario II, due to the reduction in demand growth rate, the fluctuation range of PAB average electricity price after the seventh year is smaller and the change is relatively flat. Compared with the supply and demand adjustment mechanism, the PAB average electricity price is lower for almost the entire planning period, because power generation groups obtain the transaction power volume through competition.




3.1.2. Scenario III


The change in the market electricity price in the first five years under the supply and demand adjustment mechanism and PAB bidding mechanism in Scenario III is similar to that in Scenario II, and there is no more analysis, as shown in Figure 4c. Under the supply and demand adjustment mechanism, the market’s assumed demand will remain unchanged within the 6th to 10th year in Scenario III. However, due to the existence of price elasticity, the actual demand is lower, leading to a decrease in the electricity price from the 6th year. Additionally, the market electricity price under the condition of high elasticity decreases slightly, while the market electricity price under the conditions of medium and low elasticity decreases significantly, making the electricity price under the condition of high elasticity higher, which is different from Scenario I and Scenario II. The market demand begins to decline after the 10th year, resulting in the continued decline in electricity prices, and the decline rate increases. With time, the market electricity price under the condition of low elasticity is gradually lower than the market electricity price under the condition of medium elasticity, and the price gap also gradually increases.



Under the PAB bidding mechanism, with the demand no longer growing after the 5th year, the gap between supply and demand becomes larger, and the competition among power generation groups becomes more intense, resulting in a declining trend in the PAB average electricity price from the 5th year onward. Similarly, in Scenario IV, the PAB average price is still lower than the electricity price of the supply and demand adjustment mechanism.




3.1.3. Scenario IV


Figure 4d shows the evolution of the market electricity price under the PAB bidding mechanism and supply and demand adjustment mechanism in Scenario IV. As the market demand declines, while the initial installed capacity of the market is higher than the reference demand, the PAB average price and the market electricity price of the supply and demand adjustment mechanism decline from the second year. Under the supply and demand adjustment mechanism, different from Scenario I and Scenario II, due to the price elasticity, the actual demand is higher than the reference demand when the electricity price drops, and the higher the elasticity, the smaller the actual demand decline rate. Thus, the electricity price under the condition of high elasticity drops slowly, which is higher than the electricity price under the conditions of medium and low elasticity, but finally, the electricity price tends to be stable, close to 200 RMB/MWh.



Due to the market demand being rigid under the PAB mechanism, the PAB average electricity price decreases faster than that of the electricity price under the supply and demand adjustment and approaches the marginal cost after the fifth year. The PAB average electricity price is also lower than the electricity price of the supply and demand adjustment mechanism in the whole planning period. However, at the end of the planning period, the PAB average electricity price and the electricity price of the supply and demand adjustment mechanism are closer.



Through the comparative analysis of the evolution results of market electricity prices in the above four scenarios, there is significant uncertainty in the evolution of market electricity prices under the supply and demand adjustment mechanism due to price elasticity. When the market demand growth rate is positive, the market electricity price under the condition of high elasticity is lower than the market electricity price under the condition of low elasticity; however, when the market demand growth is zero or negative, the electricity price under the condition of high elasticity is higher than the electricity price with low elasticity. In contrast, the PAB bidding mechanism has no parameter influence, and the evolution result of electricity price is entirely formed from competition among power generation groups, which makes the PAB tariff evolution result more reasonable. Additionally, the PAB average electricity price is lower than the market electricity price of the supply and demand adjustment mechanism for almost the entire planning period in all scenarios. The evolution result of the average electricity price under the PAB bidding mechanism also reflects the normal change in supply and demand. There is a significant difference in electricity price evolution between the two electricity price formation mechanisms.





3.2. Evolution of the Total Installed Capacity of the Market


The different market electricity prices will differently affect the investment of the market and the total installed capacity in the market. The following is an analysis of the evolution of the total installed capacity of the market in the planning period under the PAB bidding mechanism and supply–demand adjustment mechanism.



3.2.1. Scenario I and Scenario II


Figure 5a,b show the evolution of the total installed capacity of the market during the planning period under the hypothetical demand of Scenario I and Scenario II.



Under the supply and demand adjustment mechanism, the market total installed capacity under different price elasticity levels rises with the increase in market demand in Scenario I, and it shows great differences. Among them, the total installed capacity in the market under the condition of low elasticity is the highest in the whole planning period, while it is lower under the conditions of medium and high elasticity. The reason for this is that the demand under the condition of low elasticity is less sensitive to price, and the change is relatively small compared with the reference demand, which makes the actual demand of the market higher than the actual demand under the conditions of medium and high elasticity, and the installed capacity increases more. Additionally, this is the result of mutual coordination between the supply layer and the demand layer. From the perspective of installed capacity growth rate, the installed capacity in each year under the condition of low elasticity changes significantly, with an average installed capacity growth rate of about 3.38%. However, the installed capacity under the conditions of medium and high elasticity changes relatively slowly, with average installed capacity growth rates of 3.0% and 2.96%, respectively, which are lower than the installed capacity growth rate under the condition of low elasticity. The evolution law of installed capacity under different elasticities in Scenario II is similar to that in Scenario I. However, the change in installed capacity in each year in Scenario II is relatively slow due to the decrease in demand growth rate, and the average installed capacity growth rate is lower. The average installed capacity growth rate under different elasticity levels is shown in Table 4, which decreases with the increase in elasticity in Scenario I and II.



The market total installed capacity in Scenario I and Scenario II under the PAB bidding mechanism changes significantly in each year, with the average growth rate of installed capacity of 4.14% and 3.1%, as shown in Table 4. Because the market demand under the PAB mechanism is rigid, the investment decisions of power generation groups are not subject to the interaction between supply and demand and market regulation. Therefore, in the PAB mechanism, power generation groups are “responsible for their profits and losses” and will invest as long as they can obtain good returns, making the total installed capacity of the market far higher than the total installed capacity of the market under the supply and demand adjustment mechanism. Additionally, the average growth rate of the market total installed capacity under PAB is also higher than the average growth rate under the supply and demand adjustment mechanism. The difference between the annual installed capacity under the PAB bidding mechanism and that under the high elasticity of supply and demand adjustment mechanism is the largest.




3.2.2. Scenario III


The market total installed capacity with different price elasticity of the supply and demand adjustment mechanism and PAB under Scenario III is shown in Figure 6a.



Under the supply and demand adjustment mechanism, the low demand in the first five years results in a relatively high increase in market installed capacity only in the third year. However, in the 6th to 10th year, since the market demand will not increase any more, the market total installed capacity only slightly increases. Additionally, after the 10th year, as demand decreases, the market no longer adds new units in the final few years of planning. The average installed growth rate under different elasticities in Scenario III is shown in Table 4, and the average growth rate of low elasticity is twice that of high elasticity. The evolution of the market’s total installed capacity indicates that the supply–demand adjustment mechanism can effectively regulate the balance of supply and demand in the market.



In Scenario III, the growth rate of market total installed capacity under the PAB bidding mechanism is further reduced compared to Scenarios I and II, with an average growth rate of 2.02%, as shown in Table 4. However, the market total installed capacity still increases after the 5th year, as shown in Figure 6a, and it is still much higher than the installed capacity under the supply and demand adjustment mechanism, and there is a greater difference in the gap of total installed capacity under the two electricity price formation mechanisms.




3.2.3. Scenario IV


In Scenario IV, since the demand is assumed to decline from the second year and the initial market installed capacity is higher than the demand, under the supply and demand adjustment mechanism, the market total installed capacity does not change regardless of the price elasticity, and no new capacity is added to the market, as shown in Figure 6b. However, under the PAB bidding mechanism, even if the market demand falls, the market total installed capacity still rises when the price of electricity falls more sharply. However, less new installed capacity is added compared to Scenario III, and the average installed capacity growth rate is only 1.6%. The evolution result of the market total installed capacity under PAB reflects the “responsible for their own profits and losses“ characteristic of the power generation group in free competition.



According to the above analysis, the market total installed capacity after the completion of planning under the PAB bidding mechanism and the supply and demand adjustment mechanism shows large differences from each other in different scenarios, as shown in Figure 7. The market installed capacity under the supply and demand adjustment mechanism is relatively low and decreases with the increase in price elasticity when the demand is positive. Additionally, when the market demand is comparatively reduced, the installed capacity under the condition of high price elasticity is closer to the total installed capacity under the condition of medium price elasticity in Scenario I and Scenario II. However, the installed capacity of the market will not increase regardless of the elasticity if the market demand always grows negatively. The market final installed capacity under the PAB bidding mechanism is higher than the supply and demand adjustment mechanism in all four scenarios, and the market is more active in terms of power investment and has some foresight on the evolution of installed capacity in the future market.





3.3. Comparative Analysis of the Profits of Power Generation Groups


Different electricity price formation mechanisms make the market electricity price and the total installed capacity of the market different, which will affect the profit of market power generation groups. The total profit in the planning period of each power generation group under different electricity price formation mechanisms for four scenarios is shown in Figure 8.



Under the supply–demand adjustment mechanism, the total profit of power generation group A is higher than the other four power generation groups during the planning period, regardless of the changes in market demand and price elasticity. There are two reasons here. First, there is no real competition among the power generation groups under the supply–demand adjustment mechanism, and power generation group A has the most initial installed capacity among the five power generation groups. Thus, group A can provide more supply power volume and occupy a larger share of power generation, its revenue from electricity sales is higher than the other power generation groups, and investment pressure is relatively low. The second is that under the condition of meeting the market demand, other power generation groups can provide relatively low supply capacity, and most of the revenue is used to add new units, which has high investment cost pressure. In Scenario 4, even though each power generation group has not put new units into operation during the planning period, the demand is decreasing as a whole, resulting in power generation groups with less initial installed capacity having lower power generation volumes and lower incomes. The impact of different elasticity levels on the profit of each power generation enterprise is different. In Scenario I, Scenario II, and Scenario III, the profit gap between different elasticity levels of power generation groups is relatively small. However, in Scenario IV, the profit gap between different elasticity levels of power generation groups is large and increases with the increase in elasticity.



Additionally, under the PAB mechanism, there is a real competitive relationship between each power generation group. The share of the power generation of the power generation group is obtained through competition, which is the supply power volume that the market allows the power generation group to provide. If the electricity price quoted by power generation group A is higher than the marginal electricity price, power generation group A failed in bidding and is not qualified to trade electricity online in that year, which is no income from electricity sales. Meanwhile, if the electricity price quoted by power generation group A is exactly equal to the marginal price, the bidding is deemed to be successful, but not all the reported electricity quantities are allowed to be traded. Only when the sum of the reported electricity quantities of the power generation groups whose reported electricity price is lower than the marginal price does not meet the market demand will the excess demand be provided by power generation group A. Additionally, power generation group A has a part of the electricity quantities that are eligible for online trading and can obtain some revenue. The above case may also occur for other power generation groups in the competitive process each year. Therefore, in the four scenarios, the total profit of power generation group A during the planning period is not always higher than that of other power generation groups. Additionally, it can be seen that the total profit gap between the five power generation groups is smaller than that of the supply and demand adjustment mechanism.



To sum up, under the supply and demand adjustment mechanism, large power generation groups tend to occupy a large share of power generation in the market, which is not conducive to the balanced development of each power generation group. At the same time, there is a risk that the supply power generation volume in the market will be monopolized, resulting in a situation in which one large power generation group is dominant. Under the PAB mechanism, all power generation groups compete fairly, and large power generation groups do not necessarily occupy a very large share of power generation. Therefore, the PAB mechanism is more conducive to the development of small- and medium-sized power generation groups and the promotion of healthy competition in the power generation market and does not easily lead to a monopoly phenomenon in the electricity market.





4. Conclusions


In this paper, against the background of continuously deepening electricity marketization reform, a three-layer multi-agent model framework for the power generation market is constructed using multi-agent modeling methods to describe the interaction process among the generation market entities in the market competition environment. The PAB bidding mechanism is introduced as a method to determine the market electricity price in the decision-making process of power generation groups. Additionally, the impact of the supply and demand adjustment mechanism and the PAB bidding mechanism on the long-term evolution of the power generation market is analyzed through four different load demand scenarios. Through case comparison analyses, under the supply and demand adjustment mechanism, different price elasticity parameters can lead to significant differences in the market electricity price evolution, which have different impacts on the total installed capacity of the market and the profit of power generation groups. Additionally, a more desirable power generation market evolution result may not be provided under the supply and demand adjustment mechanism due to the price elasticity parameter being uncertain. Compared to the supply and demand adjustment mechanism, the PAB bidding mechanism can effectively avoid the impact of unreasonable market parameter settings, and the result of the power generation market evolution is more scientific and reasonable. Under the PAB bidding mechanism, the electricity price evolution result is completely determined by market competition. The PAB average electricity price is lower than the price under the supply and demand adjustment mechanism for almost the entire planning period, but the total installed capacity of the market is higher, and the power investment in the market is more active. Additionally, from the comparative analysis of the profits of the power generation group, it is found that the PAB bidding mechanism can effectively stimulate competition among power generation groups and is more conducive to promoting balanced development among power generation groups of different sizes, which does not easily to form an industry monopoly. It can be seen that a method of using the PAB bidding mechanism to determine market electricity prices in the GEP problem in this paper can make the long-term evolution process of the power generation market more reliable and more consistent with the characteristics of power market liberalization. Additionally, the method is more conducive to facilitating the long-term stable development of the power-generation-side market and can provide certain reference significance for implementing reasonable market competition rules in the power market. At present, there are still some deficiencies in this article. This article only conducts a comparative analysis of the PAB bidding mechanism and the supply and demand adjustment mechanism, without studying the MCP bidding mechanism. We know that the MCP bidding mechanism is very similar to the PAB bidding mechanism. Unlike the PAB bidding mechanism, the power generation groups that successfully bid use the uniform market-clearing price as the transaction price under the MCP bidding mechanism, that is, the transaction price of all generation groups is the same. The introduction of the MCP bidding mechanism to determine the market price under the long-term evolution of the power generation market should yield different and interesting results compared to PAB and the supply and demand adjustment mechanism, which require subsequent in-depth studies.
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Figure 1. Market dynamic adjustment process considering supply and demand. 
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Figure 2. Schematic diagram of PAB bidding mechanism. 
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Figure 3. Generation-side market multi-agent model framework. 
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Figure 4. Evolution results of electricity price under the PAB mechanism and supply–demand adjustment mechanism. 
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Figure 5. Evolution results of installed capacity of PAB mechanism and supply–demand adjustment mechanism in Scenario I and Scenario II. 
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Figure 6. Evolution results of installed capacity of PAB mechanism and supply–demand adjustment mechanism in Scenario III and Scenario IV. 
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Figure 7. The market total installed capacity after planning under the PAB bidding mechanism and supply and demand adjustment mechanism. 
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Figure 8. Total profit of each group during the planning period under the supply and demand adjustment mechanism and PAB mechanism. 
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Table 1. Type and quantity of initial units owned by five power generation groups.
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	Groups No.
	Coal#1
	Coal#2
	Hydro#1
	Hydro #2
	Gas#1
	Gas#2
	Wind#1
	Wind#2
	PV
	Nuclear





	A
	7
	6
	3
	3
	1
	2
	4
	2
	46
	1



	B
	4
	3
	1
	3
	1
	1
	2
	2
	29
	1



	C
	3
	4
	3
	4
	1
	1
	2
	2
	22
	0



	D
	2
	2
	3
	2
	1
	1
	3
	3
	26
	0



	E
	2
	5
	2
	2
	0
	1
	2
	1
	20
	0
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Table 2. Existing and pending unit types and their parameters.
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	Unit No.
	Unit Type
	Unit Size (MW)
	Investment Cost (100 Million CNY/Set)
	O&M Cost Including Fuel (CNY/MWh)
	Annual Utilization Hours/h
	Minimum Technical Output





	1
	Coal#1
	200
	8.9
	245.6
	6000
	0.3



	2
	Coal#2
	400
	10.2
	225.5
	6000
	0.3



	3
	Hydro#1
	100
	3.2
	82.5
	2500
	0



	4
	Hydro#2
	200
	5.9
	75.5
	2500
	0



	5
	Gas#1
	100
	4.5
	566.6
	5000
	0.3



	6
	Gas#2
	300
	10.3
	509.5
	5000
	0.3



	7
	Wind#1
	100
	2.5
	110
	3200
	0.2



	8
	Wind#2
	200
	4.8
	100.5
	3200
	0.2



	9
	PV
	20
	3.8
	85.5
	3500
	0



	10
	Nuclear
	400
	67.7
	84
	7100
	0.4
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Table 3. Assumption of the annual growth rate of initial reference demand at different stages in the planning period in four scenarios (the reference demand for the first year is 23,500 MW).






Table 3. Assumption of the annual growth rate of initial reference demand at different stages in the planning period in four scenarios (the reference demand for the first year is 23,500 MW).











	
	1~5 Years
	6~10 Years
	11~15 Years





	Scenario I
	0.04
	0.04
	0.04



	Scenario II
	0.04
	0.025
	0.015



	Scenario III
	0.04
	0
	−0.015



	Scenario IV
	−0.02
	−0.02
	−0.02
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Table 4. The average growth rate of market installed capacity in the planning period under the PAB mechanism and the supply–demand adjustment mechanism considering different elasticity in different scenarios.
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	Low Elasticity
	Basic Elasticity
	High Elasticity
	PAB Mechanism





	Scenario I
	0.0338
	0.030
	0.0296
	0.0414



	Scenario II
	0.0200
	0.0172
	0.0166
	0.031



	Scenario III
	0.0078
	0.0072
	0.0039
	0.0202



	Scenario IV
	0
	0
	0
	0.016
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