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Abstract

:

Many electricity markets around the world are still at developmental and transitional stages. To complete the transition and achieve the key objectives of perfect market design, designers often choose direct electricity procurement of large consumers (LCs) as a pilot. The trading mechanism is critical because it lays the foundation for the exploration of formulating a trading model and the succeeding solution; however, the existing trading mechanisms of direct electricity procurement struggle to cope with new challenges that electric power systems are facing. This paper proposes a novel two-stage trading mechanism, considering both the fairness and efficiency of direct electricity procurement. Based on the proposed trading mechanism, an agent-based trading model with multiple participants is developed. The simulation results of the transactions between LCs and generation companies (GenCos) illustrate the feasibility and effectiveness of the proposed mechanism. With this mechanism, LCs and GenCos will have more choices in the trading process and can benefit from the reduction of the average market price. The two-stage trading model provides a new choice for market designers and participants of direct electricity procurement.
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1. Introduction


Electricity markets have been established in many countries around the world. Since the 1960s, when nearly all power was provided by vertically integrated utilities [1], many milestones have already been reached with the ultimate goal of achieving increasingly efficient and fair markets for electricity. However, the path to perfect market design is littered with many failed attempts [2]. Renewable energy generation, storage, demand management, and smart grid technologies are inducing changes in the power industry [3]. Considering emerging factors, well-designed markets are needed to enhance the reliable and economic operation and planning of the power system [4]. Not every electricity market in the world has made the transition to deal with these new problems [5,6].



To complete the transition and achieve the key objectives of perfect market design, several major market models have been considered, including electricity pools and bilateral transactions [7]. A pool is a centralized marketplace where buyers and sellers are cleared with a market price under a specific form of auction. A bilateral transaction is a negotiable agreement between a buyer and a seller on energy price, volume, delivery time, and other related issues. Electricity pool prices are affected by many complex factors and change quickly, making it difficult for market designers and participants to accurately predict them [8]. Market participants recognize the importance of price risk management, and often enter into bilateral contracts to hedge against pool price volatility [9]. In addition, market designers often choose bilateral contracts as a pilot for electricity market reform [10,11].



As a typical form of bilateral contract, direct electricity procurement of large consumers (LCs) has been widely adopted by countries around the world [6,12,13,14]. Direct electricity procurements are arrangements between buyers and sellers, allowing an LC to buy electricity from the generation company (GenCo) at a price agreed to by both sides before its physical delivery. The bidding or auction strategies have been a research hotspot, not only for GenCos but for LCs. Generation companies need to maximize revenues, whereas LCs need to minimize costs of participating in the market through direct electricity procurement. The research on portfolio optimization problems of GenCos has investigated different aspects, such as strategic bidding [15,16], risk management [17,18], and congestion charges [19]. For some LCs who have their own power plants with a small capacity, the optimal electricity procurement from the market with determined factors or uncertain information has been studied [20,21,22,23]. Competition in the contract market is crucial for LCs and GenCos, because with competition, both sides will be more actively involved in trading, which will make the contract electricity price more reasonable [24]. In this context, methods based on game theory have been used extensively to solve the optimal bilateral contracts problem formulated in different ways [12,25]. The aforementioned studies focus on the behaviors and strategies of LCs and GenCos. The trading mechanism in the direct electricity procurement market has not been examined thoroughly in the literature.



The trading mechanism for direct electricity procurement is critical because it lays the foundation for the exploration of formulating the strategy optimization model and the succeeding solution. Some bilateral models have been proposed to address the weaknesses of pool trading by mimicking some of the trading methods in traditional commodity markets [26]. A complex network-based model for the equilibrium of a bilateral electricity market was proposed in reference [27], in which the bargaining process was represented by the evolution of the network and the market equilibrium was judged by the convergence of the network. In reference [28], a systematic negotiation scheme was studied which can lead to a GenCo and a consumer reaching a mutually beneficial and risk-tolerable forward bilateral contract. The alternating-offers bargaining protocol was extended and applied to discover the equilibrium strategy in one-to-many and many-to-many negotiations in reference [29]. The equilibrium models using a conjectural variation approach were presented in reference [30], and with a hierarchical optimization method, the GenCos can self-dispatch and manage the contracts to meet demand from consumers in a bilateral market. In reference [31], a financial bilateral contract negotiation process using the Nash bargaining theory was analyzed to model a Pareto-efficient settlement point and predict negotiation outcomes under various conditions. To deal with the uncertainties, unknown parameters, and the dynamics of the electricity market, the supply function equilibrium model with a uniform price was considered in reference [32]; furthermore, a reinforcement learning method with non-cooperative multi-agent was utilized to find the optimal solution for the proposed Markov game model. From another perspective, the problems of the trading mechanism can be divided according to the number of participants in the negotiation on each side of the market. Generally, they are divided into one-to-one negotiation, one-to-many negotiation, and many-to-many negotiation, of which the first mode is studied as a bilateral bargaining problem and the second two are considered an auctioning problem [29]. A few pieces of research have discussed direct electricity procurement as an electricity auction [33,34,35]. Different market design features, such as the duration of bids, the number of bidding steps, and the elasticity of demand, will affect market performance and trading equilibrium to varying degrees.



Due to the market structure, market reform level, supervisory mechanism, and many other complex and changing factors, the existing trading mechanisms of direct electricity procurement struggle to cope with new challenges. Targeted trading mechanisms should be designed for countries in the process of market reform, such as China, which has a huge power industry [36,37]. Thus, this paper proposes a novel trading mechanism of direct electricity procurement, which includes two bidding stages, to provide a new choice for GenCos and LCs in the process of electricity market reform.



The rest of this paper is organized as follows: Section 2 describes direct electricity procurement, Section 3 depicts a trading mechanism of direct electricity procurement, Section 4 presents a case study and the results, and finally, concluding remarks are presented in Section 5.




2. Description of Direct Electricity Procurement


2.1. Bilateral Contracts and Direct Electricity Procurement


Bilateral contracts are negotiable agreements on the quantity, price, and time of the trading of electricity between buyers and sellers. Therefore, a bilateral contract essentially involves participants and their agreements. Market participants consist of the buyer and the seller. The terms and conditions of the agreement between the buyer and the seller cover many aspects, such as start and end time, electricity price, volume, and variable power demand over the length of the contract [7]. Most bilateral contracts follow four types of contract; namely, forward contracts, future contracts, option contracts, and contracts for difference [9]. Forward contracts and future contracts are physical or financial contracts between buyers and sellers that specify the quantity of electricity to be traded on an exact future date at a price negotiated in the present. The obvious difference is the revocability of the contract. Forward contracts can be drawn according to the will of both sides, whereas future contracts can only be changed by selling contracts that have been bought or buying contracts that have been sold. With option contracts, the seller assumes the obligation, whereas the buyer has the right, but not the obligation, to buy or sell the electricity at a given price. In contracts for difference, the seller pays to the buyer when there is a positive difference; that is, when the price increases during the trading term. Otherwise, the buyer will pay the seller if the price falls.



Direct electricity procurement is subject to bilateral contracts and frequently chosen in the initial stage of electricity market reform. In practice, direct electricity procurement is usually carried out among LCs, who refer to electrical power users with relatively large power demand and electricity consumption, generally industrial users and large-scale commercial users. For these LCs, they have the option of negotiating and signing a contract with GenCos based on future demand. Generation companies sell a given amount and quality of electricity and get paid at a contract price from LCs within the time period (several weeks to months) stipulated in the contract. Electricity price is a key element in negotiations, especially in the most commonly adopted future contracts. Large consumers and GenCos negotiate the price for a specific amount of electricity which they will trade with different modes.




2.2. Trading Modes of Direct Electricity Procurement


Direct electricity procurement can be carried out in a variety of modes, depending on the negotiation methods and transaction terms. Large consumers and GenCos exchange the price information in a one-to-one, one-to-many, or many-to-many manner. The contractual intention reached by negotiations or by meeting the trigger conditions will be checked by the independent system operator (ISO). For the security of system operation, the ISO needs to verify that the transmission capacity of the system is sufficient to complete the transaction under the premise of system security. The following trading modes are common ones for direct electricity procurement.



• Independent Negotiation



In the independent negotiation mode, the amount and price of electricity traded are determined through independent negotiation between LCs and GenCos. After the initial transaction intention is reached by both sides, the contract will be checked by the ISO. If the security checks are approved, the contract will be confirmed, and future transactions will be made according to the contract. This mode is illustrated in Figure 1.



• Centralized Order Matching



Centralized order matching mode is carried out in the form of two-way bidding between LCs and GenCos. Participants declare the transaction volume and price through the electricity trading platform, and then the electricity trading institution (ETI) will conduct market clearing according to the reverse matching rule. The ISO will perform the security checks on the clearing result to form the final contract.



The reverse matching rule is illustrated in Figure 2. Large consumers and GenCos submit information on the electricity trading platform. They tend to adjust submitted prices based on a reference price. The ETI ranks participants according to price information, with LCs in descending order of price and GenCos in ascending order of price. This creates two transaction queues, in which each pair is judged on whether it meets the trading requirements. If the LC offers higher than the GenCo, the pair is a viable trade pair. If the LC bids lower than the GenCo, the subsequent LCs and GenCos in each queue need not be further judged. The market clearing price is the arithmetical average of the declared prices of the LC and the GenCo in the last pair of successful transactions, and this clearing price will be used as the settlement price for all successful transactions.



• Listing Transactions



Through the electricity trading platform, LCs and GenCos could make an offer to the public with trading information. Any participant on the platform who meets the requirements is entitled to apply for the offer. After the security checks and confirmation of both sides, the offer and application will form the final transaction.



• Other Modes



The assignment of contract and the generation rights trade are two important supplementary forms of transaction mode. The assignment of contract refers to the electricity can be transferred through contracts when the participant needs to adjust the signed medium- and long-term trading electricity. The assignee continues to perform the remainder of the contract. The generation rights trade refers to the assignment of contract between GenCos on the supply side.




2.3. Transaction Price of Direct Electricity Procurement


In the context of direct electricity procurement, there are three negotiating manners: one-to-one, one-to-many, and many-to-many. Among these manners, the most central and foundational one is the one-to-one negotiation. This manner could help clarify the negotiation process and the price of the transaction. In direct electricity procurement between a single LC and a single GenCo, the two sides negotiate for a certain amount of electricity. It is difficult for the two sides to reach an agreement on the transaction price at one time, so they will carry out a game process of bargaining for the transaction price. The bargaining process is often a rotational bidding process, which is a sequential negotiation problem.



Under different manners, LCs and GenCos have different negotiation strategies to achieve their goals due to their different considerations and preferences. In some simple cases, LCs and GenCos only need to consider their own quotation and the quotation of the opponent. In some complex cases, LCs and GenCos need to consider more complex factors, such as the market environment and the impact of their own quotation on the market environment. Although their strategies and considerations are different, they all aim to seek maximum benefits under the constraints of market rules.



Before the negotiations, LCs and GenCos will set two prices according to the trading volume and their own strategies; namely, the initial price and the reserve price. The reserve price means the maximum acceptable electricity price for the LC and the minimum acceptable electricity price for the GenCo. The initial price is the first negotiation price given by participants in the negotiation, which is lower than the reserve price for the LC and higher than the reserve price for the GenCo. In order to get more benefits, LCs will set an initial price well below the reserve price, and GenCos will set an initial price well above the reserve price, as shown in Figure 3. The red shaded area represents the tradable price range for the LC, whereas the blue shaded area represents the tradable price range for the GenCo. Only when the reserve price of the LC is higher than that of the GenCo is it possible for the two sides to reach an agreement.



After entering the negotiation process, the LC and the GenCo constantly adjust their bidding. The LC will gradually increase the offer from the initial price until the reserve price is reached. Instead, the GenCo will gradually reduce the offer from the initial price until the reserve price is reached. Within a certain trading time limit, which is usually set by the ETI, the transaction will be reached when the LC offers more than the GenCo. After the trading time limit is exceeded, if the price offered by the LC is still lower than that offered by the GenCo, the transaction cannot be concluded. For the transaction that can be reached, the negotiated transaction price is between the reserve price of the GenCo and the reserve price of the LC, as shown in the green shaded area in Figure 3.




2.4. Description of Risk Preference


In direct electricity procurement, LCs and GenCos will face some potential risks. On the one hand, participants may miss out on trading opportunities in complex market environments with a large number of members. Due to the different reserve prices of different market participants and the limitation of negotiation time, some of the large number of participants are unable to meet trading conditions before the deadline. On the other hand, the transactions reached may actually reduce the benefit because of uncertainty. The spot price volatility caused by uncertainty factors will make the spot price at market-clearing time higher or lower than the negotiated transaction price.



To deal with the potential risks, the participants of the electricity procurement need to adopt some tradeoffs. One of the tradeoffs is between the price and the likelihood of the transaction. For example, if the LC raises the negotiation price significantly, the likelihood of reaching an agreement will increase, but at the same time, the benefits of the transaction will be reduced. Another tradeoff is between the pool trading and the bilateral contracts. Large consumers and GenCos can change the pool/bilateral mix based on their own risk preference to pursue the expected benefits.





3. Two-Stage Trading Model of Direct Electricity Procurement


3.1. Direct Electricity Procurement Involving Multiple Participants


In the competitive electricity market environment, competition will be introduced on both the power generation side and the demand side, thus forming a trading pattern with multiple participants. In the process of trading, the bidding strategy of the trading subject not only depends on the characteristics of itself and other subjects but is also influenced by the market trading mechanism. Different trading mechanisms lead to different bidding methods and strategies for LCs and GenCos. Reasonable trading mechanism design can help ensure the fairness of the market, promote the completion of a transaction, and protect the interests of both sides.



The existing direct electricity procurements with multiple participants are mostly carried out in the trading modes mentioned above. The independent negotiation is the most fundamental method of direct electricity procurement, and the other modes, including the centralized order matching and listing transactions, are the supplement and extension on this basis. The independent negotiation needs to set up many trade channels for the negotiation between LCs and GenCos. Through different channels, the LC can negotiate with different GenCos to determine the most suitable GenCo and transaction price, and vice versa. This mode leads to the waste of transaction resources for supporting a large number of negotiations and creates unfairness due to the information asymmetry between the two sides. The centralized order matching and listing transactions can save transaction resources. The participants from both sides will submit quotations to the ETI according to their own interests, and the ETI will determine the trading results according to the trading rules. However, this kind of trading mode only provides a single quotation opportunity for each participant in each transaction. When there is a large price gap between the two sides, it is difficult for the participants to complete the transaction efficiently, because they lack the opportunity to adjust the bidding price according to the trading situation.




3.2. Trading Mechanism Design of Direct Electricity Procurement


In order to overcome the disadvantages of the existing trading mechanisms, it is necessary to design a trading mechanism which can not only reduce the occupation of transaction resources but also give the participants who have not reached a transaction the opportunity to continue participating in the transaction. Based on the characteristics and requirements of the participants, we propose a novel two-stage trading mechanism of direct electricity procurement, including centralized clearing in the first stage and continuous matching in the second stage. In the first stage, LCs and GenCos submit quotations to the ETI, and then the ETI clears the quotations. In the second stage, within a certain time limit, LCs and GenCos submit quotations round by round. At each round the ETI will clear the market for the LCs and GenCos who meet the trading requirements. This two-stage trading mechanism combines the characteristics of existing market trading mechanisms, such as centralized order matching and listing transactions and integrates the process of game negotiation. It increases the choice range of both sides, speeds up the decision-making process, reduces the trading cost, and improves the trading efficiency. By replacing the direct negotiations between LCs and GenCos with open bidding, the problem of information asymmetry is solved, and fairness in the market trading environment is guaranteed.



The trading process of the two-stage trading mechanism is illustrated in Figure 4. In the first stage, the ETI clears the quotations submitted by LCs and GenCos under the high and low matching rules with a unified clearing price. Large consumers submit bidding packages, including trading price and volume, whereas GenCos submit bidding packages, including trading price and the maximum tradable volume. The ETI forms the trading sequence of LCs by sorting the bidding packages from high to low according to the bidding price. Similarly, but in the opposite direction, the trading sequence of GenCos is formed according to the bidding price from low to high. The bidding package of LC with the highest bidding price is paired with the bidding package of GenCo with the lowest bidding price to form a trading pair. The price gap of the trading pair is the bidding price of LC minus the bidding price of GenCo. When the price gap is non-negative, it can be concluded that this trading pair is taking the arithmetic mean value of the bidding price of LC and GenCo as the transaction price. The transaction volume takes the minimum value of the trading volume of the LC and the maximum tradable volume of the GenCo. When the price gap is negative, the transaction of this trading pair cannot be completed. Once the transaction of the trading pair with the non-negative price gap value is completed, the transaction volume shall be removed from the bidding package. Either LC or GenCo with zero tradable volume in the bidding package will be excluded from the trading sequence. The bidding package and trading sequence are then updated. The ETI repeats the above steps for the updated trading sequences until the price gap of the trading pair is negative. The transaction price of the last trading pair is used as the settlement price of all trading pairs that have completed the transaction and released by the ETI as the reference price. If there is no trading pair with a non-negative price gap in this stage, then the arithmetic mean value of all bidding prices of LCs in the sequence and all bidding prices of GenCos in the sequence is released as the reference price.



In the second stage, all LCs and GenCos that did not complete the transaction in the first stage will enter the continuous bidding process. Large consumers and GenCos adjust the bidding price according to the released reference price and submit the updated bidding packages to the ETI. The matching rules are similar to those of the first stage. The trading sequence of LCs is sorted in order of bidding price from high to low, whereas the trading sequence of GenCos is sorted from low to high. A transaction can be concluded when the price gap of the trading pair is non-negative. The clearing rules are different from those of the first stage. The settlement price for each pair that completes the transaction is independent and takes the arithmetic mean value of the bidding price of the LC and the bidding price of the GenCo. The ETI releases the lowest settlement price as the reference price. Based on this reference price, LCs and GenCos adjust their bidding price to enter the next trading round. The ETI generally sets a limit on the number of trading rounds. Within the limit of trading rounds, LCs and GenCos can constantly adjust their bidding price quotations to participate in the trading process. The entire trading process ends up when one of the following conditions is met: all LCs in the trading sequence complete the transaction, all GenCos in the trading sequence complete the transaction, or the trading rounds reach the limit.




3.3. Agent-Based Trading Model of Direct Electricity Procurement


Agent-based simulation has been widely used in multiple domains over the past decade [38,39]. It is a powerful and applicable tool for modeling and analyzing deregulated electricity market [28]. An agent-based trading model of direct electricity procurement is developed in this paper that includes LC Agents, GenCo Agents, and the ETI Agent. The ETI operates the trading platform, designs the trading architecture, and formulates the trading rules to ensure the fairness of direct electricity procurement. In addition to the transaction price of direct electricity procurement, the electricity price paid by the LC also includes the transmission and distribution price. In fact, direct electricity procurements are usually carried out under the same electricity trading institution, involving only one utility providing transmission and distribution services with a unified price. In this context, the transmission and distribution price has no impact on the trading process or the bidding strategy, which can be ignored. After the completion of the trading process, the ETI shall submit all the concluded transactions between LCs and GenCos to the ISO for security checks. The transactions that can be verified through security checks will be granted trading authority by the ISO. Large consumers and GenCos actually settle these confirmed transactions.



The ETI Agent operates the trading platform   T P  , including  N  LC Agents and  M  GenCo Agents. The  i th LC Agent can be expressed as   c o  n i  , i = 1 , 2 , ⋯ , N  , and its reserved price is    v i   . Before the trading process begins, the Agent   c o  n i    determines the trading volume    q i    and the initial bidding price    p i 0    as the bidding package   q  p i 0   , which is submitted to the   T P  . The  j th GenCo Agent can be expressed as   g e  n j  , j = 1 , 2 , ⋯ , M  , and its reserved price is    v j   . Before the trading process begins, the Agent   g e  n j    determines the maximum tradable volume    q j    and the initial bidding price    p j 0    as the bidding package   q  p j 0   , which is submitted to the   T P  .



After the trading process of direct electricity procurement begins,  N  bidding packages   q  p i 0    of LC Agents and  M  bidding packages   q  p j 0    of GenCo Agents participate in the centralized bidding of the first stage. The ETI Agent clears these quotations according to the above-mentioned high and low matching rules and releases the reference price    p r 0   . Those LC Agents and GenCo Agents who fail to complete the transaction in the first stage will participate in the continuous bidding in the second stage. The remaining agents adjust the bidding price and submit the updated bidding packages to the   T P   round by round until the transaction is completed or the limit of trading rounds is reached. In each round, the ETI Agent clears the submitted bidding packages pair by pair and releases the reference price as public information on the   T P  . The upper limit of trading round    T  max     is a positive integer set by the ETI Agent. The trading round is denoted by   t = 1 , 2 , ⋯ ,  T  max    . For the trading round  t , the bidding package of   c o  n i    is   q  p i t  = {  q i t  ,  p i t  }  , where    q i t    is the trading volume and    p i t    is the bidding price of   c o  n i    at  t . The bidding package of the Agent   g e  n j    is   q  p j t  = {  q j t  ,  p j t  }  , where    q j t    is the tradable volume and    p j t    is the bidding price of   g e  n j    at  t . The reference price released by the ETI Agent is    p r t   .



In the first stage, LC Agents and GenCo Agents set an initial bidding price based on their own historical experience and risk preference,    p i 0    and    p j 0   , respectively. In the second stage, LC Agents and GenCo Agents adjust the bidding price based on the bidding price of the previous round. Whereas   c o  n i    gradually increases the bidding price with the adjustment range   Δ  p i   ,   g e  n j    gradually reduces the bidding price with the adjustment range   Δ  p j   , as in


   p i  t + 1   =  p i t  + Δ  p i  ,  



(1)






   p i  t + 1   =  p i t  + Δ  p i  .  



(2)







The adjustment range of the LC Agent and GenCo Agent can also be expressed as


  Δ  p i  =  θ i  ∗  p i 0  ,  



(3)






  Δ  p j  =  θ j  ∗  p j 0  ,  



(4)




where    θ i    is the bidding coefficient of   c o  n i    and    θ j    is the bidding coefficient of   g e  n j   .



The value of the bidding coefficient is determined by the trading strategy of the agent. In each round, the LC Agent and the GenCo Agent will adjust the bidding coefficient according to the reference price and the trading strategy. When adjusting the bidding coefficient, the agent needs to seek a tradeoff between the possibility and the benefit of a transaction. For example, if   c o  n i    adjusts    θ i    to a large value in a certain round, which means the bidding price    p i t    will be relatively high,   c o  n i    will have a higher probability of completing the transaction compared with other LC Agents. Although   c o  n i    is more likely to complete the transaction with the GenCo Agent, the benefit will be reduced due to the higher transaction price.



Large consumer Agents and GenCo Agents can judge the changing trend of a trading situation according to the reference price information released by the ETI Agent. On the one hand, the reference price reflects the transaction price. The agent is more likely to conclude the transaction if the bidding price is closer to the reference price. On the other hand, the change of reference price reflects the bidding strategy of all participants to some extent. If the reference price changes significantly from the previous round, it indicates that some agents have adopted a more aggressive bidding strategy. On the contrary, if the change of reference price is not obvious, it means all agents choose a conservative bidding strategy. Thus, the reference price will be adopted by agents to improve the bidding strategy. Specifically, LC Agents and GenCo Agents adjust the bidding coefficient according to the change range of the reference price after the end of each bidding round. The reference price released by the ETI Agent at round  t  is    p r t   . The change range of the reference price is   Δ  p r t  =  p r t  −  p r  t − 1    .



Considering the influence of reference price, the  i th LC Agent   c o  n i    updates the bidding coefficient    θ i    according to Formula (5) and the  j th GenCo Agent   g e  n j    updates the bidding coefficient    θ j    according to Formula (6) after    p r t   , the reference price for round  t , is released.


   θ i  ←  θ i  ∗  λ i  ∗    p i  t − 1   −  p i  t − 2      p i t  −  p i  t − 1     ∗   Δ  p r t    Δ  p r  t − 1     ,  



(5)






   θ j  ←  θ j  ∗  λ j  ∗    p j  t − 1   −  p j  t − 2      p j t  −  p j  t − 1     ∗   Δ  p r t    Δ  p r  t − 1     ,  



(6)




where    λ i    is the risk preference coefficient of   c o  n i    and    λ j    is the risk preference coefficient of   g e  n j   . The risk preference coefficient is a constant value around 1. A value greater than 1 indicates that the agent is more inclined to obtain trading opportunities; a value less than 1 indicates that the agent is more inclined to obtain trading benefits; the value equal to 1 indicates that the agent attaches equal importance to trading opportunities and trading benefits.





4. Results


Direct electricity procurement has been implemented in some electricity markets, which provides us with some valuable empirical evidence. According to the practical experience of direct electricity procurement, the number of LC Agents participating in direct electricity procurement is usually larger than the number of GenCo Agents, and the maximum tradable electricity volume of GenCo Agents is generally higher than the trading volume of LC Agents. According to the above practical characteristics and historical data of direct electricity procurement in a certain area of China, we set the parameters of this case study. In this case, there are 10 LC Agents, 5 GenCo Agents, and one ETI Agent. The maximum number of trading rounds of the second stage is 30. The detailed parameters of the LC Agents are shown in Table 1, and the detailed parameters of the GenCo Agents are shown in Table 2. Security checks are generally carried out after the completion of all transactions with no direct impact on the trading process or bidding strategy. Therefore, the process of safety checking is ignored in this paper. The risk preference of all agents is set to 1, which means agents seek a balance between trading opportunities and benefits. The trading process is implemented by JAVA language programming based on JADE platform.



The LC Agents and GenCo Agents participate in the first stage of direct electricity procurement with the initial price. The ETI Agent sorts the bidding packages and clears the bidding pairs that meet the trading requirements. The trading sequence of LC Agents sorted according to the bidding price from high to low and the trading sequence of GenCo Agents sorted according to the bidding price from low to high are matched by the ETI Agent to form trading pairs, as shown in Table 3.



Three LC Agents con9, con3, and con2 in the LC bidding sequence have a higher bidding price than the GenCo Agent gen5 in the GenCo bidding sequence. This means that the price gaps of these bidding pairs are non-negative and meet trading conditions. The con9 is the first to complete the transaction with gen5. After the transaction is completed, con9 is moved out of the bidding sequence, and the tradable volume of gen5 is updated to 1100 MWh. Next, con3 completes the transaction with gen5 and is subsequently moved out of the bidding sequence. The tradable volume of gen5 becomes 650 MWh after this transaction. When the con2 trades with gen5, the demand volume of con2 is 1800 MWh, which is larger than the tradable volume of gen5. Therefore, the transaction volume between con2 and gen5 is 650 MWh. Subsequently, gen5 is moved out of the GenCo bidding sequence and the trading volume of con2 is updated to 1150 MWh. At this point, the first agent of the LC bidding sequence is con2 with the trading volume of 1150 MWh and the bidding price of 360 RMB/MWh. The first agent of the GenCo bidding sequence is gen3 with the tradable volume of 2700 MWh and the bidding price of 390 RMB/MWh. As the price gap of the first bidding pair is negative, no more agents could continue with completing the transaction. This is the end of the first trading stage, and the ETI Agent releases the market clearing price of the first stage, which is 360 RMB/MWh. The Agents con9, con3, con2, and gen5, which have completed the transaction in the first stage, will settle the transaction according to this price.



In the second stage, the Agents con9, con3, and gen5 are removed from the bidding sequence because their trading volume has been cleared. The Agent con2 will continue to be in the bidding sequence because it has only completed the transaction for a portion of its trading volume, leaving 1150 MWh. The initial trading volume information of the bidding sequences in the second stage is shown in Table 4. Based on the initial bidding price in the first stage, the remaining agents in the bidding sequence adjust the bidding price round by round to participant in the second trading stage. The initial bidding price and bidding strategies of these agents are different, so the bidding price curves are also different. In each round, the ETI Agent clears the bidding pairs that meet the trading conditions and releases the reference price. The bidding price curves of agents and the trading results are shown in Figure 5.



As shown in Figure 5, different LC Agents and GenCo Agents have different bidding strategies, leading to the variation of transaction round and price. Some LC Agents have a lower initial bidding price, which means that they are closer to the bottom of the bidding sequence and will complete the transaction later than other agents. However, due to the adjustment of the bidding strategy, the change range of the bidding price increases with the bidding round, enabling these agents to reach the transaction conditions before other agents. In the 21st round of the second stage, all LC Agents complete the transaction; thus, the whole trading process of direct electricity procurement is terminated.



The trading results of direct electricity procurement, including the bidding results of the two stages, are shown in Table 5. From the results, it can be seen that all 10 LC Agents and 5 GenCo Agents participate in the trading process in the first stage, whereas in the second stage, there are 7 LC Agents and 4 GenCo Agents. The settlement price in the first stage is a unified market clearing price of 360 RMB/MWh. In the second stage, the first trading pair that complete the transaction are con2 and gen3 at the 7th round with a trading price of 370.06 RMB/MWh. At the 14th round, the bidding price of con8 and con4 are both higher than that of gen4, which means that the two LC Agents both have the opportunity to complete the transaction. However, the bidding price of con4 at this round is 362.04 RMB/MWh, which is higher than the 359.94 RMB/MWh of con8, making con4 rank higher in the bidding sequence to complete the transaction with gen4 before con8. At the 21st round, con5 and gen1, as the last trading pair, complete the transaction with a trading volume of 1100 MWh. After this, gen1 still has a tradable volume of 600 MWh, which fails to complete the transaction because the trading process is over, with all LC Agents having completed the transaction.



The average market price (AMP)—that is, the total amount of transaction value divided by the total amount of the transaction volume—can measure the overall trading situation of direct electricity procurement. According to the trading results, the AMP of the first stage is 360 RMB/MWh, and the AMP of the second stage is 365.79 RMB/MWh. For the whole trading process including two stages, the AMP is 365.18 RMB/MWh, which is lower than that of the second stage. If there is only a centralized bidding process like the one in the first stage, most agents cannot complete the transaction. If there is only a continuous bidding process like that in the second stage, the AMP is 365.52 RMB/MWh with an increase in the AMP of the proposed two-stage trading mechanism. To conclude, the first stage prevents agents from making an unreasonable bidding price, and the second stage gives agents the opportunity to adjust the bidding price to complete the transaction; in addition, it can also promote the reduction of the AMP.




5. Conclusions


Electricity markets have been established in many countries around the world, many of which are still in the stage of development and transition. Each electricity market pursues the ultimate goal of perfect market design. To complete the transition and achieve the key objectives of perfect market design, market designers often choose bilateral contracts as a pilot for electricity market reform, among which the most widely adopted type is direct electricity procurement of large consumers. The trading mechanism for direct electricity procurement is critical because it lays the foundation for the exploration of formulating the strategy optimization model and the succeeding solution; however, the existing trading mechanisms of direct electricity procurement struggle to cope with new challenges. Coping with the aforementioned concerns, we propose a novel trading mechanism which includes two bidding stages to provide a new choice for market designers and participants.



With multi-agent simulation, which is a powerful and suitable tool for modeling and analyzing deregulated electricity markets, we develop an agent-based model including 10 LC Agents and 5 GenCo Agents to illustrate the feasibility of the proposed mechanism. The simulation results show that, under the proposed trading mechanism, LCs and GenCos can quickly complete the transaction in the first stage or can also achieve their goals by adjusting the bidding price in the second stage. The mechanism takes into account both the fairness and efficiency of direct electricity procurement. In addition, the mechanism helps to reduce the average market price, which is conducive to studying the impact of market mechanism on prices. In conclusion, the proposed trading mechanism can be adopted by market designers as a practical trading rule and by researchers as a simulation tool to study issues related to direct electricity procurement.
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Figure 1. Independent negotiation mode. 






Figure 1. Independent negotiation mode.



[image: Sustainability 11 05031 g001]







[image: Sustainability 11 05031 g002 550] 





Figure 2. Centralized order matching mode. 






Figure 2. Centralized order matching mode.
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Figure 3. Negotiating price information of LC and GenCo. 
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Figure 4. Trading process of the two-stage trading mechanism. 
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Figure 5. Bidding price curves of Agents and the trading results. 
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Table 1. Detailed parameters of LC Agents.
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	LC Agent
	Trading Volume (MWh)
	Initial Bidding Price (RMB/MWh)
	Reserve Price (RMB/MWh)
	Bidding Coefficient





	con1
	1200
	400
	320
	0.01



	con2
	1800
	410
	360
	0.005



	con3
	450
	440
	370
	0.008



	con4
	3700
	420
	300
	0.015



	con5
	1100
	390
	330
	0.005



	con6
	1300
	430
	310
	0.015



	con7
	1500
	400
	310
	0.01



	con8
	600
	400
	350
	0.002



	con9
	200
	410
	380
	0.002



	con10
	350
	420
	340
	0.008
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Table 2. Detailed parameters of GenCo Agents.






Table 2. Detailed parameters of GenCo Agents.





	GenCo Agent
	Trading Volume (MWh)
	Initial Bidding Price (RMB/MWh)
	Reserve Price (RMB/MWh)
	Bidding Coefficient





	gen1
	3100
	460
	330
	0.01



	gen2
	4200
	420
	340
	0.008



	gen3
	2700
	390
	310
	0.008



	gen4
	1500
	400
	320
	0.008



	gen5
	1300
	360
	300
	0.005
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Table 3. Differential price pair of centralized bidding stage.
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	LC Agent
	Trading Volume (MWh)
	Initial Bidding Price (RMB/MWh)
	GenCo Agent
	Trading Volume (MWh)
	Initial Bidding Price (RMB/MWh)





	con9
	200
	380
	gen5
	1300
	360



	con3
	450
	370
	gen3
	2700
	390



	con2
	1800
	360
	gen4
	1500
	400



	con8
	600
	350
	gen2
	4200
	420



	con10
	350
	340
	gen1
	3100
	460



	con5
	1100
	330
	
	
	



	con1
	1200
	320
	
	
	



	con6
	1300
	310
	
	
	



	con7
	1500
	310
	
	
	



	con4
	3700
	300
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Table 4. Agent information participating in continuous bidding stage.
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	LC Agent
	Trading Volume (MWh)
	GenCo Agent
	Trading Volume (MWh)





	con2
	1150
	gen3
	2700



	con8
	600
	gen4
	1500



	con10
	350
	gen2
	4200



	con5
	1100
	gen1
	3100



	con1
	1200
	
	



	con6
	1300
	
	



	con7
	1500
	
	



	con4
	3700
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Table 5. Trading results of direct electricity procurement.
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	Bidding Round
	LC Agent
	GenCo Agent
	Trading Volume
	Transaction Price (RMB/MWh)





	0
	con9
	gen5
	200
	360



	0
	con3
	gen5
	450
	360



	0
	con2
	gen5
	650
	360



	7
	con2
	gen3
	1150
	370.06



	9
	con10
	gen3
	350
	363.04



	11
	con6
	gen3
	1200
	357.55



	12
	con6
	gen4
	100
	365.28



	13
	con1
	gen4
	1200
	361.27



	14
	con4
	gen4
	200
	360.66



	16
	con4
	gen2
	3500
	368.19



	17
	con8
	gen2
	600
	361.43



	17
	con7
	gen2
	100
	362.14



	20
	con7
	gen1
	1400
	371.58



	21
	con5
	gen1
	1100
	364.84
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