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Abstract

:

P2P power trading is necessary for efficiently using consumer electricity not subject to FIT. However, the execution rules for P2P power trading do not include restrictions on voltage, and there is a trade-off between the activation of the P2P power trading market through the mass introduction of PV and the optimization of the voltage of the power distribution system. In addition, there is a tendency for output curtailment to be biased toward consumers connected to the end of the grid. Since consumers cannot choose the interconnection location, there are concerns about unfairness. In this study, we investigate a new P2P model that includes voltage constraints for the execution rules of P2P power trading to avoid voltage deviation while ensuring benefits and fairness for the participants. In the proposed model, to increase the incentive to participate in the P2P power trading market, we consider compensating consumers who receive output curtailment signals due to voltage constraints. In addition, the profit is secured by differentiating the compensation cost unit price depending on the contract’s availability. A case study was conducted on this model using the IEEE 33 bus system. The results show that the proposed model is superior.
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1. Introduction


In August 2009, the Japanese government introduced a “new purchase program for photovoltaic power generation” to transition to a low-carbon society. The “new purchase program for photovoltaic power generation” is a system that obliges general electric utilities to purchase surplus electricity from qualifying photovoltaic power generation facilities at a fixed price for a certain period. It is called the surplus power purchase program. The purchase price per kWh for the first year was 48 yen for residential use and 24 yen for non-residential use, about twice the voluntary purchase price of electric utilities. In August 2011, the “Act on Special Measures Concerning the Procurement of Renewable Electricity by Electric Utilities” was implemented on a trial basis. In July 2012, a feed-in tariff system was introduced, which obliges general electric utilities to purchase surplus electricity from renewable energy generation facilities that meet the requirements at a fixed price for a certain period [1]. The power supply subject to the feed-in tariff program was the power supply subject to the surplus power purchase program.



On the other hand, residential solar power generation with an output of less than 10 kW, for which the ten-year purchase period, gradually expires in November 2019. The cumulative number of residential photovoltaic power generation systems the purchase period of which ended by 2021 is said to total 1 million, and the cumulative amount of power generated is said to total 3.96 million kW [2]. Households whose purchase period has expired must have the option of increasing consumption or selling excess electricity at a lower price. However, due to the uneven output of solar power, the price of electricity sold is below 10 JPY/kWh for many businesses, which means the price will drop significantly. As a new trading venue for such surplus power, P2P power trading, which utilizes blockchain to conduct power transactions, is being considered [3,4,5,6]. P2P is an abbreviation for Peer to Peer, meaning transactions between equals, and the P2P power trading market is a market where consumers who sell surplus power (hereinafter referred to as “prosumers”) and consumers who purchase power (hereinafter referred to as “consumers”) exchange power. In P2P power trading, a blockchain (BC)-based power trading system has been proposed and tested [7]. In these studies, we evaluate automatic bidding, matching, profit in P2P power trading use, and intelligent contract processing capability in power trading built on BC. Because the unit price for purchasing PV power at the end of the purchase period has become very low, the prosumers will benefit from participating if they can sell power at a slightly higher unit price in P2P power trading. Similarly, if consumers can purchase electricity at a unit price lower than the retail electricity rate, they can reduce their electricity bills. In other words, P2P power trading has potential benefits for participants.



On the other hand, with the expansion of PV installation, the surplus power generated by PV exceeds the electricity demand during the hours when PV generation is high. As a result, the voltage rises that cause the end-of-consumer voltage to deviate from the specified range have become apparent. For this reason, installing power conditioners for PV systems (PV-PCS) with the output curtailment method is mandatory. However, in the conventional output curtailment method using a PV-PCS [8], the increase in the own-end voltage is suppressed by suppressing the active power output, resulting in inequity in the surplus power sold depending on the installation location in the power distribution system. Therefore, P2P power trading is recommended for systems that tend to be low-voltage with large interconnected loads [9].



However, for grids that tend to be high-voltage with a low interconnected load or when considering the future increase in the surplus power due to the spread of PV, the problem of voltage rise may occur. To solve the voltage rise problem, P2P power trading that takes the grid voltage into account has been studied [10,11,12,13]. These papers solve the over-voltage problem in addition to increasing profits. However, since these papers estimate the effects of voltage and power flow on a per-matching, unfairness occurs depending on the interconnection location of the distribution system, such that trading fails when voltage problems arise. In addition, these P2P rules lost trading opportunities because the tradable power is equalized and limited in advance to deal with grid voltage problems. Furthermore, there was a significant profit difference depending on the interconnection location within the distribution network.



In this study, we propose a P2P power trading system that considers the unfairness caused by voltage constraints. Inequity here refers to the fact that the amount of PV output curtailment varies depending on the location of the grid connection because the output curtailment of PV is required by considering voltage constraints. We contribute to developing P2P power trading systems by constructing a P2P power trading system that eliminates this unfairness and increases the benefits to the participants. Specifically, we propose a P2P power market system that introduces financial compensation for PV output curtailment, which is necessary to manage grid voltage to consider the unfairness of interconnection locations due to voltage constraints. In this system, we introduce a contract price as a variable cost to compensate for the source of financial compensation for PV output curtailment. The proposed method sets different unit prices of output curtailment for the availability of P2P transactions by prosumers. Then, the amount of PV output curtailment for each consumer is determined to minimize the total compensation cost for output curtailment. The amount of output curtailment is selected to reduce the total compensation within the voltage constraints.



The remainder of this paper is organized as follows. Section 2 describes the P2P power trading model proposed in this paper. Section 3 describes the kernel density estimation methodology to create PV output scenarios. In Section 4, we simulate using the IEEE 33 bus system and evaluate the effectiveness of the proposed P2P model. Finally, in Section 5, a brief conclusion of this paper is given.




2. Proposed P2P Power Trading System


2.1. Outline


A schematic diagram of the proposed P2P electricity trading system in this study is shown in Figure 1. This paper has four players in this market system: consumers, prosumers, system operators, and retail electricity providers. The consumers are the residences that consume electricity and do not have PV systems. They procure electricity from the P2P electricity market. If they cannot procure electricity from the P2P electricity market, they procure electricity from retailers.



Prosumers supply their demand with PV power and earn profits by bidding their surplus power to the P2P power market. If they cannot sell their surplus power in the P2P power market, they can sell it to the retailers at the graduated FIT unit price.



The system operator needs to manage the grid voltage and can request the prosumers to curtail the PV surplus output if the grid voltage is expected to deviate from the regulated range. This study supposes that the system operator introduces proposed P2P power trading. In other words, if the introduction of P2P power trading rules eliminates voltage deviations, there will be no need to install new equipment and a cost benefit for the system operator.



On the other hand, the voltage distribution in the distribution system during times of heavy reverse power flow tends to increase at the end of the distribution system. Suppose the grid operator requests consumers to curtail their output without specific measures. In that case, consumers connected to the end of the distribution system receive many curtailment signals, leading to a cost disadvantage for the consumers connected to the end. Therefore, this paper proposes that the grid operator pays a compensation fee to consumers who receive output curtailment signals for output curtailment. This compensation fee is calculated by multiplying the indicated amount of output curtailment by the unit price. Consumers who have established P2P power trading contracts receive a compensation fee equal to the clearing price if targeted for output curtailment, which means that the grid operator fully compensates the prosumer for the cost of output curtailment. Conversely, prosumers who fail to make a contract receive compensation lower than the FIT unit price. Initially, if P2P power trading is not implemented, there is no financial compensation for output curtailment. However, if they participate in P2P power trading, they will be financially compensated by the grid operator even if they are subject to output curtailment. This will encourage further prosumer participation, thus stimulating P2P power trading. However, if the P2P market compensates more than the FIT unit price, the advantage of selling electricity in the P2P market will be lost. So, the unit compensation price for output curtailment will be 8 JPY/kWh or less in subsequent studies.



The daily flow of a P2P power market is shown in Figure 2. First, the system operator opens the P2P electricity market. Then, prosumers and consumers bid on the P2P market. The system operator makes a pending contract based on their bidding. The contracting scheme is described in detail in Section 2.2, which refers to the reference in [14]. The system operator then checks the voltage profile based on the calculation result using the pending contract result and the system information. When the voltage at each node is controlled within the regulated range, the system operator decides to execute the contract with the pending contract. When there is a voltage deviation, the system operator determines the prosumer’s output curtailment and updates the contract result. The method of determining the output curtailment is described in Section 2.3. Finally, the system operator sends the updated contract result to the participant.




2.2. Contract Scheme


The flowchart of the matching process applied in this paper is shown in Figure 3, where p represents the bid price, e represents the bid quantity, i represents the consumer number, j represents the prosumer number, k represents the total number of consumers at time t, and n represents the total number of prosumers at time t. At the beginning of the auction period, market participants submit their trade prices and energy quantities to the market. The system operator sorts the prosumers’ and consumers’ bidding information based on the price to create supply and demand curves. Then, the market clearing price between the matched buy and sell prices is calculated using the matching method shown in Figure 3. The matching method used in this paper is a double auction. The system operator determines the clearing price by half the price from the consumer with the highest bid and the prosumer with the lowest bid. When there is a difference in the contracted power between the consumer with the highest bid and the prosumer with the lowest bid, the system operator matches the remaining bidding power with the next participant. The transaction volume equals the minimum volume between the matched orders. Finally, at the end of the auction period, orders that do not match the energy residuals are balanced by the retail electric utility at the ToU and FIT prices. Note that the pricing strategies of all the market participants will be bound between the FiT and the ToU to ensure economic benefits.




2.3. Calculation of Output Curtailment


As mentioned above, the system operator pays a compensation fee for the output curtailment to the consumer who receives the output curtailment signal. However, the unit price of the compensation fee varies depending on the contract’s execution. This paper formulates the problem of determining the amount of PV output curtailment as an optimization problem. In the proposed P2P power market transaction, the system operator compensates the prosumers who suppress their output to maintain the system voltage. By reducing the total amount of compensation, the participation fee and transaction fee for P2P power market transactions paid by prosumers and consumers, which are the source of funds, are reduced, and the system operator reduces the compensation risk, creating a win–win relationship for all players. Therefore, this paper sets the objective function of the optimization problem to minimize the financial compensation to the prosumers who have implemented output curtailment to maintain the system voltage. The optimization formulation is shown below.


  min  ∑  i = 1  n   P  i   c u r   ·  C t  P 2 P   +  ∑  j = 1  m   P  j   c u r   ·  C  c o m    



(1)






   P i  −  P  i   c u r   =  V i   ∑  k = 1   n + m    V k   {  G  i k   cos   θ i  −  θ k   +  B  i k   sin   θ i  −  θ k   }   



(2)






   P j  −  P  j   c u r   =  V j   ∑  k = 1   n + m    V k   {  G  j k   cos   θ j  −  θ k   +  B  j k   sin   θ j  −  θ k   }   



(3)






   Q i  =  V i   ∑  k = 1   n + m    V k   {  G  i k   sin   θ i  −  θ k   −  B  i k   cos   θ i  −  θ k   }   



(4)






   Q j  =  V j   ∑  k = 1   n + m    V k   {  G  j k   sin   θ j  −  θ k   −  B  j k   cos   θ j  −  θ k   }   



(5)






   V min  ≤  V k  ≤  V max      ( k = 1 ⋯ n + m )   



(6)






  − π ≤  θ k  ≤ π     ( k = 1 ⋯ n + m )   



(7)






  0 ≤  P  k   c u r   ≤  P k      ( k = 1 ⋯ n + m )   



(8)




where i denotes the number of prosumers contracted, j denotes the number of prosumers not contracted,   P  c u r    denotes the amount of output curtailment,   C  P 2 P    denotes the clearing price for the P2P power transaction,   C  c o m    denotes the compensation fee for the PV output curtailment, P denotes the amount of active power bid, Q denotes the reactive power, V denotes the node voltage,  θ  denotes the phase angle of the node, and   P  s u r    denotes the surplus power. G and B denote the conductance and susceptance components between nodes, and   V min   and   V max   denote the minimum and maximum voltage in the specified range of the node voltage, respectively.



Equation (1) shows the objective function formulated to minimize the sum of compensation charges for consumers who have contracted in P2P power trading and those who have not. This paper considers that the prosumers who could contract in P2P power trading set the contracted price to the compensation unit price to prevent opportunity losses due to output curtailment, and the compensation unit price for prosumers who could not contract is considered a parameter. Equations (2)–(5) show the tidal equations for active and reactive power, respectively, and by adding a term for PV output curtailment   P  c u r    to Equations (2) and (3), the voltage upper and lower limit constraints are satisfied by substituting a value for   P  c u r    when the voltage upper and lower limit constraints shown in Equation (6) are not satisfied. Equation (7) shows the phase angle constraints for each node, and Equation (8) shows the upper bound constraints on the amount of output curtailment so that no more curtailment than surplus power is allowed.




2.4. P2P Cost Determination Method


When the voltage conditions are considered in determining the contract quantity and price for P2P power trading, the frequency of output curtailment varies depending on the interconnection location, causing inequity among consumers. To reduce this inequity, we implement monetary compensation for output curtailment by prosumers. The system operator needs to compensate prosumers financially for the opportunity loss to curtail electricity sales due to output curtailment. However, since consumers can receive supply from retail electricity suppliers even if the transaction cannot be executed, this study supposes that the system operator does not provide monetary compensation to consumers. In addition, for the system operator to provide monetary compensation, it must have financial resources. We consider that the system operator collects P2P costs from P2P market participants and uses them as the resource; the P2P costs consist of participation fees from the market participants, shown in Equation (9), and the transaction fees (meaning consignment fees) for contracts, shown in Equation (10).


   F b  =  ∑  k = 1   n + m    C  p f    



(9)






   F  c o n   =  ∑  k = 1   n + m   ω ·  C  P 2 P   ·  (  P K  −  P k  c u r   )   



(10)




where   F b   denotes the total participation fee from all the participants, which is determined based on the profit that the system operator wishes to secure in this study; the participation fee is considered necessary for the operation of the P2P power trading system. We considered it to correspond to the profit of the system operator in this study. However, it is necessary to determine the participation fee while considering the profit of the participants in P2P power trading because if the participants in P2P power trading are disadvantaged, it will lead to the decline of the market;   C  p f    denotes the participation fee per consumer. In this study, the system operator settles and collects a uniform amount of   C  p f    from the participants based on their profit performance so that the profit of the least profitable participant equals the profit of the system operator. Note that the participation fee is collected once a month, like a basic fee.   F  c o n    is the total compensation for PV output curtailment;  ω  is the percentage of the transaction fee; and   C  P 2 P    is the clearing price of a contract. Since    P k  −  P k  c u r     indicates the final contracted quantity, we set the market participant to pay the system operator   ω %   of the traded amount in the P2P power transaction. The transaction fee is necessary for grid maintenance and is considered equivalent to the consignment fee in the current system. In Japan, the demand side bears 100% of the transmission charges. However, to expand the introduction of renewable energy in the future, a study is underway to make cost-sharing more equitable by requiring power generators and grid users to bear a portion of the charges along with consumers. In this study, the generation side is the prosumer, and the retail side is the consumer, referring to the previous study. Hence, the prosumers are supposed to bear 10% of the transaction fee and the consumers 90%. This study reduces the burden of grid usage fees for prosumers to increase PV installation and stimulate P2P power trading.





3. Generation of Scenario of PV Output


This paper evaluates the proposed method’s usefulness using PV data over a long period and in various weather conditions. It also creates multiple PV scenarios based on actual data. In particular, we applied kernel density estimation to the probability distribution of the PV outputs from measurement data. This chapter aims to estimate the probability density of the PV output. Figure 4 shows the normalized statistical results of the PV output. As shown in Figure 4, two peaks are caused by sunny and rainy days. Using the parametric model for the probability density estimation of the PV output is difficult. The authors employed kernel density estimation, a nonparametric method. In particular, reference [15] shows that the Epanechnikov kernel can be used as the kernel function to transition the probability density with reasonable accuracy, and this paper uses the Epanechnikov kernel to estimate the PV output distribution in this study.



When the data   X 1  ,    X 2  ⋯  , and   X n   are observed according to an unknown distribution q, the kernel density estimator for that distribution is defined as


    f ^  x   ( x , h )  =  1  n h    ∑  i = 1  n  K    x −  X i   h    



(11)




where K is the kernel function, and h is the bandwidth. The kernel function has the following properties.


  ∫ K ( u ) d u = 1  



(12)






  ∫ u K ( u ) d u = 0  



(13)






  ∫  u 2  K  ( u )  d u =  σ K 2  < ∞  



(14)




The Gaussian and the Epanechnikov kernel, expressed in equation (15), have been used as kernel functions in various studies. In this study, the Epanechnikov kernel, which provides a probability density function with high accuracy, was used [16].


   K  E P A    ( u )  =       3 4   ( 1 −  u 2  )      ( | u | ≤ 1 )      0    ( o t h e r w i s e )       



(15)







Then, we consider the integration of the mean square error of the density function for the bandwidth, and by transforming and approximating, we obtain Equation (16).


  I S M E    f ^  x   ( x , h )   ≈  1  n h   ∫ K   ( t )  2  d t +  1 4   h 4   k 2 2  ∫  f  ′ ′     ( x )  2  d x  



(16)




where


   k 2  = ∫  t 2  K  ( t )  d t  



(17)




Let   h ^   be the h for which Equation (16) is minimal, and we can derive Equation (18).


   h ^  =  k 2  − 2 / 5     ∫ K   ( t )  2  d t   1 / 5     ∫  f  ″     ( x )  2  d x   − 1 / 5    n  − 1 / 5    



(18)







Then, we created PV scenarios using the probability density function obtained from the kernel density estimation, using PV data measured at the Osaka Metropolitan University in April and May 2011. Due to the limited number of data, we normalized the PV-rated capacity at each period during the two months to 1.0 p.u. We created one probability distribution for each period when the PV generated power. The probability density distribution for the period between 11:30 and 12:00, obtained by the kernel density estimation, is shown in Figure 5. The vertical axis shows the probability density, and the horizontal axis shows the normalized PV output. As in Figure 5, the probability density distribution has two peaks representing sunny and cloudy weather; we can model the PV output appropriately.



Finally, Figure 6 shows an example of the PV output data, which was converted from p.u. to kW using the values used for normalization at each period, with upper and lower limit constraints placed on the PV output variation to prevent abrupt PV output fluctuations from occurring. Note that different colors indicate different scenarios.




4. Numerical Verification


In this chapter, we use the PV scenario to verify the P2P electricity market transactions numerically. We describe the simulation’s content and assumptions, followed by its results and discussion. We used “fmincon” in MATLAB2021a’s Optimization toolbox, precisely the sequential quadratic programming method within “fmincon”.



4.1. Simulation Conditions for the Distribution Network


Figure 7 shows the middle-voltage grid model of the IEEE 33 bus system [17] used in this study. There are 30 consumers installed at each node of the simulation model, and an aggregator manages each node. The aggregator determines and notifies the next day’s bid volume and price on the previous day. The specific bid amounts and bid prices are described below in Section 4.2. In addition, we consider a pattern for the PV installation: to install the PV at even-numbered nodes to alternate the PVs’ locations.



We used the power demand data of consumers in Ota City, Gunma Prefecture, Japan, measured within the NEDO demonstration project. We modified the number of consumers so that their MW values matched those of the demand data listed in the IEEE 33-bus system (Figure 8). Note that different colors indicate different nodes of the IEEE 33-bus system.




4.2. Simulation Conditions for the P2P Power Trading


This section describes a model of the bidding behavior of market participants. The prosumers bid the amount of surplus PV output, and the consumers bid the required amount of demand for P2P electricity trading. The market participants also set their bid prices between 8 and 20 yen using uniform random numbers. We set these conditions concerning the electricity prices and the purchase price of the PV surplus power of the Kansai Electric Power Co., Inc. Multiple simulations under these conditions simulate various bidding behaviors and evaluate the effectiveness of the proposed model based on statistical indices.



As mentioned above,   C  P 2 P    sets the unit price equal to the clearing price to compensate for the profit to the prosumer who could execute the transaction. Conversely, the compensation unit price   C  c o m    for prosumers who could not perform the transaction is between 1 and 8 yen, referring to the unit price of the surplus PV output purchase. Note that we consider the compensation unit price by varying it as a parameter.




4.3. Simulation Results


Figure 9 shows the voltage transition for each method when setting either output curtailment minimization or compensation cost minimization as the objective function. In addition, we show the voltage transition when all the reverse power is supplied to the grid for comparison.



As shown in Figure 9, when the PV output is not curtailed, the voltage exceeds the upper bound of 1.05 p.u. In contrast, the proposed optimization method can keep the voltage within the regulation range by curtailing the PV output. Note that there is almost no difference in the amount of output curtailment due to the difference in the objective function, and the voltage transition is nearly the same.



Then, we evaluate the PV output curtailment for different objective functions. Figure 10 shows each objective function’s PV output curtailment results. Figure 10a shows the result of minimizing the PV output curtailment, and Figure 10b shows the result of reducing the compensation cost.



As shown in Figure 10a, the PV output of node 18, the end node, is curtailed because each node’s output curtailment power is determined to minimize the PV output curtailment. On the other hand, from Figure 10b, since node 18 was able to contract, the compensation cost is higher, and as a result, node 18 avoided the PV output curtailment. Therefore, the profit of node 18 from the P2P power transaction is not impaired. Conversely, the PV output of nodes 14 and 16, which could not contract, is curtailed. Thus, both objective functions can keep the voltage within the specified range, as shown in Figure 9. However, the PV output curtailment of each node varies depending on the difference in the objective function. Therefore, the results suggest that the proposed P2P model can achieve voltage management while eliminating the unfairness of output curtailment.



Figure 11 shows the improvement in electricity prices with and without P2P electricity trading. As shown in Figure 11, the electricity price of node 18, which is the prosumer at the end of the grid, is more significant than that of node 2, which is the prosumer at the beginning of the grid. We considered that these are losses of the end prosumers’ electricity sales associations due to the impact of the output curtailment. However, after the introduction of P2P power trading, the difference in electricity prices becomes smaller. In other words, a P2P power trading system that introduces financial compensation for PV output curtailment to maintain voltage can contribute to eliminating the unfairness caused by grid interconnection locations. Financial compensation for prosumers at the end of the grid, where output curtailment is relatively common, will help to eliminate inequity due to grid interconnection location. Compared to the situation before the introduction of the P2P power trading system, the electricity prices of P2P power trading participants have decreased regardless of the unit price of compensation. Therefore, the prosumers at the beginning of the grid with less output curtailment also benefit from the system. Moreover, the study sets the same compensation cost unit price at a discrete value for all consumers, which results in the terminal consumers benefiting unfairly. Thus, this problem can be solved by formulating and solving the setting of compensation unit costs as an optimization problem.



Figure 12 shows the total compensation amount and total output curtailment at each compensation unit price. The horizontal axis of Figure 12 shows the unit price of compensation for monetary compensation for the PV output curtailment of prosumers who were unable to commit. Figure 12a shows that increasing the compensation’s unit price decreases the total compensation amount. Figure 12b shows that increasing the compensation’s unit price decreases the total output curtailment amount. These results suggest that when determining the amount of output curtailment, the total compensation amount is minimized by appropriately implementing the necessary amount of output curtailment on the required portion as the compensation unit price increases.



Table 1 shows the transaction fees determined based on the above-mentioned simulation results and Equations (9) and (10) and Table 2 show the P2P participation fees to secure the source of the compensation costs. As shown in Table 1, since expanding the market participants increases the overall market’s profit, the system operator determines transaction fees to ensure no participants lose money when applying the proposed rule. Moreover, the consumer fee was about 40% of the transaction profit, and the prosumer fee was about 4% of the transaction profit. In addition, we set the participation fee to ensure that the profit of the system operator is equal to the profit of the participants before and after the introduction of P2P power trading, resulting in a fee of approximately 350 JPY per participant. Figure 13 shows the reduction in electricity costs with and without P2P power trading for node 1 (consumer), node 2 (prosumer), node 18 (prosumer), and the system operator. The horizontal axis in Figure 13 corresponds to the first row of Table 1. For example, the system operator collects a transaction fee of 4.42 [%] of the contract profit from the prosumers and 39.8 [%] of the contract profit from the consumers to compensate 1 [yen/kWh] to the prosumers, subject to output curtailment, respectively. We can see from Figure 13 that the participation fee is charged so that the profit of the system operator is appropriately secured. Thus, the profit of the participant and the system operator are comparable. These results suggest that the P2P electricity trading participants’ profits can be increased while maintaining the grid voltage and ensuring the profits of the system operator.



Finally, the case where PV is installed at nodes 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 29, 30, 31, 32, and 33, which are the terminal nodes of the system with severe voltage increases, is examined and discussed. Figure 14 shows the reduction in the power costs with and without P2P power trading for each node at the terminal connection. Figure 14 shows that when PV is concentrated at the end node, the electricity cost reduction is always negative for node 1, the consumer. This is because more PV is suppressed than before due to P2P power trading, including voltage constraints, which reduces the amount of electricity consumers can purchase from the market. It is also because we set the ratio of commission rates at 9:1 (consumers: prosumers), suggesting the need to re-set commission rates according to the PV interconnection status. On the other hand, for other participants and grid operators, it can be confirmed that the introduction of P2P power trading generates cost benefits.





5. Conclusions


This paper studies the introduction of monetary compensation for PV output curtailment in a P2P power trading system, which is necessary for grid voltage management. The study aims to increase the benefits for participants and the system operator. First, simulations were performed using PV scenarios. In each scenario, we determined the transaction fee and participation fee that would be the source of compensation and showed that increasing the profits of the participants and the system operator is possible. Introducing a P2P power trading system could eliminate the inequity in electricity prices. In addition, by increasing the unit price of compensation, the total amount of compensation and the total amount of output curtailment can be reduced, which will benefit participants in the P2P power trading system and those using clean energy. In addition, since the overall profit of all the P2P power trading system participants will increase, even if PV is unevenly distributed in the grid, all the participants can benefit if they cooperate in sharing the profits. Next, we determined the transaction fees and participation rates from the simulation of the previous scenario. The results showed that transaction fees and participation rates can be defined in advance while ensuring that the P2P electricity trading system benefits participants and the system operator. Future work includes examining the distribution of profits between market participants and system operators and when market participants have bidding strategies. Furthermore, we plan to study and evaluate the stability of real-time control and P2P power markets in relation to the [18]. The method of determining the percentage of prosumer and consumer transaction fees is also an issue for future work.
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Figure 1. Schematic diagram of the proposed P2P electricity trading system in this study. 
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Figure 2. Daily flow of proposed P2P power market. 
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Figure 3. Flowchart of the matching process. 
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Figure 4. Frequency distribution of PV output. 
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Figure 5. The probability density function of PV output obtained from the kernel density estimation. 
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Figure 6. The PV output scenario from the kernel density estimation. 
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Figure 7. The IEEE 33-bus system model. 
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Figure 8. Demand load data in a certain day. 
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Figure 9. Voltage transition in each method. 
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Figure 10. PV output curtailment for each objective function; (a) PV output curtailment minimization; (b) compensation cost minimization. 
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Figure 11. Electricity bills with introduction of P2P power trading system. 
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Figure 12. Total compensation cost and total PV output curtailment for each compensation cost; (a) total compensation cost; (b) total PV output curtailment. 
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Figure 13. Reduction cost in electricity bills in each node. 
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Figure 14. Reduction cost in electricity bills in each node when PV is interconnected to the end node. 
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Table 1. Transaction cost for compensation cost based on the simulation result.
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	[%]
	1
	2
	3
	4
	5
	6
	7
	8





	Prosumer
	4.42
	4.36
	4.25
	4.17
	4.11
	4.08
	4.03
	3.97



	Consumer
	39.8
	39.2
	38.3
	37.6
	37.1
	36.7
	36.2
	35.7










 





Table 2. Participation cost for compensation cost based on the simulation result.
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	[JPY]
	1
	2
	3
	4
	5
	6
	7
	8





	Participants
	340
	343
	352
	360
	365
	368
	373
	376
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