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The mismatch between energy distribution and power load in China can be alleviated by inter-regional and inter-provincial power transactions. However, it also brings challenges to transaction settlement. In the new round of electric power reform, the transaction settlement deviation quantity needs to be more standardized. Based on the analysis of the related work, this article used the analytical framework of the analytic hierarchy process to calculate the transaction type weight, the inter-regional, and the inter-provincial weight, respectively, and accordingly, quantifies the amount of deviation quantity allocated by the corresponding trading subjects. According to the size and volatility of the trading quantity, we further propose a comprehensive weighting method based on kernel density and entropy weight to quantify the deviation quantity of inter-regional and inter-provincial trading subjects of different trading types. Specifically, this article first used the kernel function weighting method to calculate the weights of different transaction types that measure the transaction quantity, and then the improved entropy weight method was used to calculate the weights of different transaction types that reflect the volatility of the transaction quantity. Then, the comprehensive weights were constructed by considering the influence of the above two dimensions on the distribution of the deviation electricity simultaneously. The deviation electricity responsibility determination model was used to clarify the transaction subject's deviated electricity responsibility, and the deviated electric quantity calculation model was used for quantification. At last, the validity and practicability of the method were verified through the analysis of examples using the inter-regional and inter-provincial power transaction data from China.

Keywords: inter-provincial and inter-regional transaction, deviation electric quantity, electricity transaction, electricity settlement, deviated electricity responsibility


INTRODUCTION

In 2015, China issued a document titled “Furthering Reform of the Electricity Market” to start a new round of electric power reform. In this new reform, great importance was attached to the price mechanism reform and competition will be gradually introduced into price determination. A scientific and reasonable inter-regional electricity trading price mechanism is conducive to the optimization of energy allocation and sustainable resource management (Song et al., 2019). As an important part, electricity transaction settlement directly affects the market operation. Further, the gradual development of the electric power market has put forward higher requirements for the transaction settlement.

The focus of electricity marketization is to improve efficiency and reduce energy prices for other industries. Energy distribution in China does not match with the power load, which needs to be alleviated through inter-regional and inter-provincial power trading. Inter-regional and inter-provincial power trading in China is usually driven by the provincial government. Due to the homogeneity of electricity, it is impossible to derive the actual electricity of each seller from the total actual on-grid electricity. Besides, due to the loss in the transmission process and the difference between the actual loss and the power loss calculated according to the approved line loss rate, the cross-regional and cross-provincial power trading settlement has a deviation. Moreover, for new energy power plants, the fluctuation of clean energy generation tends to bring more deviated quantity than traditional thermal power generation. Therefore, how to deal with the deviated electricity in a standardized way has become an urgent problem to be solved. Different treatment methods will directly affect the settlement quantity. Additionally, the establishment of the assessment rules of the deviation electric quantity will directly affect the economic interests of both parties in the electric power transaction.

The settlement of electricity transactions includes electric quantity settlement and electric fee settlement. The current inter-regional and inter-provincial electricity transaction settlement in China is completed by the power transaction department. And the settlement amount is the sum of the planned amount and the distributed amount of deviated electricity. The electricity fee settlement is completed by the financial department. The electricity bill to be paid is determined based on the settled electricity quantity and the contract price. Because a real-time market for inter-regional and inter-provincial electricity transactions cannot be established in the short term, real-time balancing transaction cannot be realized. Figuring out how to deal with the deviated electric quantity is the key problem in the design of power trading mechanism in China.

The electric quantity deviation generally refers to the difference between the actual quantity and the contract quantity. In the medium- and long-term power market, many factors can lead to the electric quantity deviation, e.g., the sudden failure of the generator set. However, as for the spot market, the settlement period is shortened to less than an hour, and the electric quantity deviation, also known as the unbalanced quantity, refers to the difference between the planned transaction quantity and the actual generation quantity. The disputes on market construction target, assessment responsibility, and economic benefit caused by settlement deviation have brought great trouble to the trading subject. First, in the power market, the different market participants need to strictly follow the contract. The deviation quantity not only reflects the deviation between the generator and the dispatcher but also makes it difficult to confirm the deviation responsibility of different transaction parties in practice. Second, it is difficult to confirm each subcontract due to the grid structure and dispatching operations. Different off-grid power division schemes will lead to the difference in the current deviation quantity of each contract. And then, the contract settlement amount will change accordingly, which raises the problem of unfairness. Thus, the proper processing of deviation quantity has become one of the most important standards to measure the fairness and justice of the power market. If not handled properly, it will directly affect the economic interests of the participants in the power transaction, and may even have a negative impact on the power market order. In inter-regional power transactions, it is of great significance to reduce the influence of the deviation electric quantity on the participants starting from the settlement scheme, so as to establish a more perfect inter-regional power transaction mechanism.

The processing method of the deviated quantity can be divided into separate settlement and apportionment settlement. The separate settlement is to settle the deviated electricity quantity according to the formulated unified price. While the apportionment settlement is made according to the corresponding electricity price of the transaction type. The deviated electric quantity is allocated to each transaction according to the scheduling plan, contract electric quantity, and verified line loss rate. The difference between them is evident. In general, the operation of separate settlements is relatively simple, but the specific settlement electric quantity of each transaction cannot be measured. In addition, how to set a reasonable and fair uniform price for the deviation electric quantity is also a relatively difficult problem. The apportionment settlement can obtain the electric quantity of the on-grid end and the landing end of each transaction. It has more detailed processing of the deviation electricity, and the differentiated pricing and settlement of the deviation electricity according to the specific situation is more in line with the actual situation. At present, most of the electricity transaction settlements in China adopt the processing method that uses the annual base rather than other components to bear the deviation of electricity. With the advance of the reform of the power market, the annual base quantity of electricity will gradually decrease. At the same time, the market entities of power trading, such as power sales companies, will constantly increase. This promotes the gradual transition of the power market from the single buyer mode to the wholesale competition mode and enables power generation enterprises to conduct bilateral transactions with large power users, power sales companies, and other market members. The existing settlement method of deviation quantity transaction cannot meet the needs of power market reform and a new and more reasonable deviation electricity processing method needs to be proposed.

Therefore, this article proposes a settlement method based on kernel density and entropy weight for inter-regional and inter-provincial transaction electricity quantity, which is quantified in three steps. First, taking the transaction quantity as the target, we use the kernel density to assign the weight to the transaction type with a large transaction quantity. At the same time, entropy weight is used to describe the volatility of transaction quantity, and the transaction type is given weight from the two dimensions of transaction: volume and volatility. Second, we clarify the responsibility judgment of deviation electric quantity. The responsibility of deviation electric quantity exists between the sending end and the receiving end. The contract electric quantity, actual electric quantity, and power deviation are used to determine to which side the responsibility of deviated electric quantity belongs. Third, we use the line loss rate and network loss rate to quantify the total amount of deviation in the transaction process. Then, the corresponding punishment strategy is set for the responsible party. The above three-step method comprehensively and objectively quantifies the responsibilities of power market participants for the deviated electric quantity. It breaks through the limitations of the existing methods of processing deviations in cross-regional and cross-provincial power transactions. And it provides a standard solution for the determination of deviated electric quantity among different departments.



LITERATURE REVIEW

Electricity deviation refers to the difference between the actual measured electric quantity and the contract quantity. The factors influencing electricity deviation are complex. The reasonable handling of the electricity deviation is important to ensure the fairness and justice of the power trade. The cross-provincial and cross-regional development of the electric power trading market is an important breakthrough of the marketization reform in China. It not only conforms to the national energy development plan but also can realize the surplus and shortage adjustment and supply and demand complementarity, which is of great significance to the optimal allocation of electric power resources.


The Treatment Method of Deviating Electric Quantity

Many scholars have carried out relevant research on the settlement mechanism and the treatment method of deviation electric quantity in the inter-regional and inter-provincial electric power transaction of China. With cross-regional trading mechanism and historical trading data, Li et al. (2016) proposed a deviation electric quantity processing method based on virtual time-of-use price. Zhao et al. (2016) proposed the reference electricity price based on the approved deviation electricity price of regional power generation cost, determined the deviation electricity price through the proposed logic, and finally settled the contract electricity quantity and deviation electricity quantity separately. Ding et al. (2017) proposed a responsibility determination model and pricing method for the deviation of cross-region alternating current (AC) power grid based on the average frequency deviation and constructed the “meter” region diagram for determining the liability for the deviation of the tie line. He et al. (2018) summarized the experience and characteristics of the efficient operation of the typical balanced market by analyzing the operation and transaction settlement mode of the PJM balanced market in northern Europe, the United Kingdom, and the United States. They proposed that the bivalent method should be adopted in the deviation settlement, and the capacity cost should be shared by the market members with deviations. Yan et al. (2019) proposed a deviation quantity treatment method based on fuzzy comprehensive evaluation theory. It uses the analytic hierarchy process (AHP) to set the weight of each index, the type of transaction, and the membership function of the transaction cycle, and finally determines the comprehensive evaluation score of each transaction and allocates the power deviation based on the score. By referring to the deviation assessment mechanism under the British balance mechanism, Ma et al. (2019) proposed the deviation quantity assessment mechanism in the domestic day-ahead market and constructed the profit model of the electricity selling companies. Xu et al. (2019) proposed three settlement methods of cardinal deviation electric quantity, namely, the expected revenue compensation method, the deviation electric quantity replacement matching method, and the average price difference compensation method.



Deviation Electric Quantity Settlement of International Power Market

The research on deviation electric quantity settlement of international power market is more abundant. Zhang and Lo (2009) believed that deviation settlement is highly dependent on the real-time balance of electricity prices and market structure. Van Der Veen and Hakvoort (2009) showed that the power market balance responsibility and deviation settlement rules were different in the Nordic countries. Combined with the deviation settlement mechanism of the Belgian electricity market, De Vos et al. (2010) analyzed the effect of the deviation tolerance system of offshore wind power generation on the promotion of new energy grid connection. Haring et al. (2012) evaluated the impact of different prices on the energy market and deviation settlement under the two conditions of considering and ignoring transmission capacity limits. Haring et al. (2015) pointed out that the cost transparency of deviated electricity settlement in the European power market is insufficient, which may bring arbitrage opportunities and hinder the market integration of renewable energy. Mendes et al. (2016) compared the trading patterns of the UK and Brazilian electricity wholesale markets and pointed out that the deviation settlement design of the UK electricity market can provide a reference for the redesign of deviation settlement in Brazil. Zani and Rossi (2018) applied the node electricity price to the electricity deviation settlement and showed that the node electricity price was an effective method. Kermer (2019) studied the deviation settlement design considering demand-side management and thermoelectric combination and found that the deviation settlement design depended on the structure of the market's main body. Bottieau et al. (2020) pointed out that the single deviation pricing mechanism of positive and negative deviation electricity with a single price settlement has become a new mechanism in the European power market, but this mechanism will stimulate market participants to deviate from the plan to restore the balance of the power system, which brings risks.



The Formation Characteristics of the Deviated Electric Quantity

The formation characteristics and corresponding solutions of deviated power from the subdivision of the power industry have also attracted much attention. Generally, the power industry is composed of four sub-industries, including thermal power generation, hydropower generation, photovoltaic power generation, and wind power generation. Chen et al. (2016) believed that the main problems in thermal power systems are power loss and voltage deviation, so a multi-objective enhanced particle swarm optimization (MOEPSO) algorithm is proposed to solve the above problems simultaneously. Compared with traditional thermal power, the proportion of renewable energy to participate in market transactions is increasing in recent years. However, the characteristics of renewable energy, such as high volatility and poor prediction accuracy, lead to the uneven distribution of base electricity among renewable energy power plants and low renewable energy consumption ratio. Therefore, the design of a deviation power model for renewable energy to participate in power market transactions is particularly critical. Moreover, Bo et al. (2019) also demonstrated that the accounting of deviation electricity has a significant impact on the economic benefit evaluation of wind power plants. The design of the deviation power model in the new energy industry generally has two ideas. One design method is to reduce the scale of the formation of deviation electricity in the new energy industry from the source and achieve it through technical and other means. For example, Limsakul et al. (2015) believed that the generator speed deviation caused by the fluctuation of photovoltaic power in the time domain and frequency domain can be indirectly reversed by changing the photovoltaic power, which is found through unit step function analysis. Similarly, Li et al. (2015) believed that with the increase of grid connection of large-scale wind farms, the fluctuation of wind power generation output would not only affect the power flow distribution of the power grid but would also affect the frequency of the power grid. Therefore, a quasi-steady state model of synchronous generator, a quasi-steady-state load model of asynchronous wind generator, and a simplified RX1 model are proposed. Another design method is to make appropriate compensation to the new energy industry the electric power market transaction mechanism. For example, Liu et al. (2017) proposed a renewable energy alternative compensation method. First, the actual power generation of renewable energy power plants is subtracted from the prior contract power generation, and the basic power generation is determined based on the installed capacity of the machine. Then, according to the electricity quantity and electricity price in the market transaction, the comprehensive unit price of the renewable energy power generation settlement is determined, and fewer power plants are economically compensated.

Overall, the existing methods for dealing with deviation electricity have certain limitations, lacking a more mature deviation electricity liability determination mechanism and pricing mechanism. Especially in cross-regional and cross-province power transactions, there are problems such as the difficulty in determining the quantity of the deviated power and the inconsistency in the processing methods of different departments Therefore, this study will quantify the amount of electric deviation from the perspective of the power market transaction volume and transaction fluctuations, and propose the main accounting method for cross-regional and cross-provincial power transactions based on the idea that all parties involved in the transaction share the deviation electric quantity.




PROPOSED METHOD

At present, electric quantity settlement plays a main part in the inter-regional and inter-provincial electric power transaction settlement in China, which is completed by the electric power transaction department. The accounting of transaction electricity consists of planned electricity quantity and apportioned deviation electricity quantity. Two issues need to be addressed to calculate the deviation electric quantity between transaction entities based on the transaction electric quantity. The first issue is about the transaction volume. If the transaction electric quantity is larger, the loss rate of the power line in the transaction process will be higher, thus the deviation power quantity (Wang et al., 2003; Gao and Song, 2012). The second issue is about the volatility of transaction volume. The greater the fluctuation of transaction electric quantity with time, the greater the inter-provincial and inter-regional power dispatching coordination cost, and thus the more the deviated power that should be borne (Shang et al., 2014). Therefore, based on the transaction electric quantity, this article considers the influence of the trading volume and the volatility of trading volume on the calculation of deviation electric quantity allocation.

The electricity market in China is divided into three regions: State Grid, Southern Power Grid, and West Mongolia Grid. And the power trade in each region can be divided into intra-provincial and inter-provincial transactions. Since the current electricity market transactions in China are mainly mid- and long-term transactions and spot transactions, intra-provincial electricity transactions can be subdivided into four categories: direct electricity transactions, power generation rights transactions, pumped storage transactions, and other transactions. Similarly, the inter-provincial electricity transactions can be subdivided into three types: inter-provincial direct electricity transactions, inter-provincial outbound transactions (network-to-point, network-to-network), and inter-provincial power generation rights transactions. To study the characteristics of inter-regional and inter-provincial transactions of different transaction types, this article adopted the AHP framework to calculate the weights of different transaction types and different regions, respectively, and then quantify the amount of deviated electricity allocated by corresponding transaction entities.


Calculation of Transaction Type Weight

The weight analysis can adopt the methods of objective weighting, subjective weighting, or mixed weighting. From the mathematical perspective, kernel function weighting method, and entropy weighting method belong to the category of objective weighting method. How to assign different weights to different transaction types in the power market is the focus of this section.

If the transaction quantity of a certain transaction type i within time T is XiT, we use linear kernel function f(XiT) to weight transaction type i, that is,

[image: image]

Where [image: image], and f(XiT) represents the total transaction volume of the transaction type i within the time T. This method is intuitive, but it ignores the influence of other transaction types on the weight Wi. Therefore, we have made the following corrections f(XiT).

[image: image]

It can be seen that the redefined wi reflects the transaction volume proportion of different transaction types i in time T. The proportion of transaction volume reflects the degree of negative line loss of this transaction type. The greater the degree of loss, the greater the amount of deviation generated. In addition, due to the limitations of electric dispatching cost and the default conditions of the electricity contract, the deviation electric quantity will be larger if the volatility of transaction electric quantity is greater. The following will focus on how to assign weights to different transaction types according to the volatility of transaction electric quantity. We adopted the improved entropy weight method. The calculation steps were as follows:

Step 1: Establish panel data for different transaction types of intra-provincial and inter-provincial transactions:

[image: image]

In the above equation, i denotes the transaction type (i = 1, ..., n). t denotes the trading time point (t = 1, ..., T). And superscriptkindicates whether xit is an intra-provincial transaction or an inter-provincial transaction.

Step 2: Normalization. Due to differences in regions, transaction types, and transaction time, the transaction volume of electricity at each transaction time point fluctuates greatly. So non-dimensional processing is required. The specific expression is as follows:

[image: image]

In the above formula, [image: image] and [image: image] denote the maximum and minimum trading volumes in period T, respectively.

Step 3: Calculate information entropy. Based on the standardized processing of transaction electric quantity, we calculate the information entropy according to the following formula:

[image: image]

Information entropy is a description of the degree of uncertainty. fit denotes the proportion of the normalized electric quantity [image: image] of transaction type i in the form of intra-province transaction or inter-province transaction. It measures the possibility of transaction type i, which is essentially a representation of probability. And fit ln (fit) indirectly reflects the volatility of the probability of transaction type i, which is essentially a description of variance. Therefore, with a minus sign, Hi describes the degree of inverse fluctuation of transaction type i based on trading quantity [image: image] in period T.

There may be some statistical problems in the actual calculation of Hi. Therefore, this article made the following assumptions: if [image: image], then fit = 0, and fit ln (fit) = 0.

Step 4: Calculate the entropy weight. Generally, when the traditional entropy weight method is used to calculate the entropy weight ωi, the standardized processing method is adopted, as is shown in the following formula:

[image: image]

Olendski (2016) and Kasolis and Clemens (2020) have shown that, when the entropy value is in a certain range, the slight difference in the entropy value may cause the entropy weight to change exponentially, which is inconsistent with the information conveyed by the entropy value. To avoid this problem, the improved entropy weight method is used to calculate the objective weight value of the ith transaction type:

[image: image]

[image: image] reflects the degree of reverse uncertainty of all transaction types. [image: image] measures the reverse volatility level of the remaining transaction types after removing the uncertainty degree of the transaction type i. The greater the inverse volatility of the transaction type i, the larger the value of −2Hi will be, and thus the proportion of the transaction type i.

To sum up, this section, first, use the kernel function weighting method to calculate the weight of different transaction types based on the transaction volume. And then, use the improved entropy weight method to calculate the weight of different transaction types that reflect the volatility of transaction volume. If the above two dimensions are considered at the same time, the comprehensive weight is constructed as follows:

[image: image]

Where α reflects the importance of the power transaction volume to the allocation of deviated electric quantity. Correspondingly, 1−α reflects the degree of influence of the volatility of transaction volume on the deviated electric quantity, which also reflects the composition of the comprehensive weight.



Calculation of Inter-provincial and Inter-regional Weights

Since the electricity market in China is divided into three regions: State Grid, Southern Power Grid and West Mongolia. Each region involves intra-provincial and inter-provincial transactions. After quantifying the transaction type weight, the next step is to calculate the weight of each region according to the transaction quantity.

Similarly, according to the transaction quantity, the linear kernel function is used to assign weights to the transaction time point of a certain area in a period of time, so as to reflect the transaction quantity of the area at that time point. And the improved entropy weight method is used to measure the characteristics of the volatility of transaction quantity in different regions.



Allocation of Deviation Electric Quantity
 
Deviation Electricity Responsibility Judgment Model

Another core issue of establishing a reasonable settlement mechanism for inter-regional electricity trading is the allocation of deviation electricity. There are usually two ways to clarify the electric deviation responsibility of the two parties in an electricity transaction. One is based on rigorous theoretical calculations, such as the power flow tracking algorithm, which can intuitively describe the physical direction of the actual power grid flow and calculate the actual deviation electricity quantity of transaction parties at each time period (Huang et al., 2018; Zhang H. et al., 2019). This method can also ensure the accuracy and fairness of the calculation results. However, the calculation process is complicated and the amount of calculation is too large. Thus, it is not practical to use this method to settle the electricity quantity of grid transactions, and the responsible party of the deviated electricity quantity cannot be determined in this way either. The other method is based on the actual electricity trading market data. The deviation electricity price in the inter-regional electricity transaction is settled according to the original contract price without distinction, or allocated according to a certain proportion, or through a certain weighted average pricing (Wen et al., 2008; Zhang, 2008; Zhao et al., 2009). Although this method is simple and easy to use, it is unfair and lacks a rigorous scientific basis. In addition, the planned value of the next month is adjusted in a rolling way according to the current deviated electric quantity with more refunds and less compensations, which is not necessarily beneficial to the damaged party of the deviated electric quantity.

To sum up, the above two methods of determining the liability of deviated electric quantity adopt different ways and different perspectives to allocate the deviated electric quantity. But neither of them puts forward a clear criterion and method for determining the responsibility of deviated electric quantity. The trans-regional transmission in China is generally characterized by long-distance and large capacity. According to the power transaction settlement data of the state grid, the daily deviation of trans-regional ultrahigh voltage (UHV) power transmission can reach 4% of the planned electricity, which is a large amount. Therefore, it is urgent to establish a settlement mechanism based on the responsibility identification of the cross-region power grid deviation quantity. Therefore, this section will put forward the responsibility determination model of the cross-region power grid deviation quantity.

The responsibility determination of deviation power mainly revolves around the differentiation between the power grids at the receiving end. Two sub-regions A and B in the cross-region power system are set. The power sent from region A to B via the cross-region link line is PAB, and PAB = −PBA. Each trading day is divided into N periods of responsibility, and the duration of each period is Tn. From the power grid dispatch center dispatch management system (OMS), the contract electric quantity WABn and the actual electric quantity GABn at the gateway of A and B, and in time period n in the trading day are obtained, as well as the record data of frequency change curve, which can be calculated as follows:

[image: image]

where ΔWABn, ΔPABn, ft, and Δfn are cross-region transmission deviation of the period of time period n, the quantity, the average deviation of power, the instantaneous value of frequency and the average deviation of frequency, respectively. Especially, for Δfn, 50 is the average value of instantaneous frequency between time 0 and Tn (Ding et al., 2017).

The area control deviation λn of area A and B in the calculation period n is,

[image: image]

Where K is the system power/frequency equivalent factor, which is called power frequency equivalent in short. According to the principle of controlling power frequency deviation of grid frequency tie line, under ideal operation state, when the power network load changes, automatic generation control of units in the region should be carried out through the dispatching center of the sending and receiving regions, respectively, so as to maintain the power balance in the region, that is, λn = 0. If the dispatching at the sending end or the receiving end and the output regulation of the generator set are delayed or deviated, which implies that Δfn ≠ 0 and ΔPABn ≠ 0, the corresponding end be responsible for the deviation. And the criteria for identifying the self-recognizing party of deviation electricity are proposed:

(a) When Δfn > 0, ΔPABn > 0 or Δfn < 0, ΔPABn < 0, the sending end shall be responsible for the electric deviation. When Δfn > 0, ΔPABn < 0 or Δfn < 0, ΔPABn > 0, the receiving end shall be responsible for the electric deviation.

(b) When |ΔPABn| < |KΔfn|, the degree of responsibility is for a lighter level, when |ΔPABn| > |KΔfn|, the degree of responsibility is for the heavier grades.

(c) When Δfn = 0, no judgment on the responsibility for the electric deviation will be made, or the sending and receiving ends are equally responsible.



Deviation Electricity Accounting Model

After clarifying the responsibility of deviation quantity of both parties in power transactions, it is necessary to quantify the total deviation quantity in the transaction process. The calculation of deviation quantity can be further divided into information deviation calculation and energy deviation calculation. Information deviation accounting refers to the process in which the trading center takes punitive measures against the market subject according to the degree of deviation, for there is a difference between the output/load curve approved by the dispatching agency and the output/load value actually measured by the market subject and the difference has exceeded the permissible range. The measure can be economic measures, such as the deviation degree according to the hierarchical fines, etc. And it can also be assessment measures, such as classifying the credit rating of the subject according to the degree of deviation and reducing the proportion of the transaction of the credit subject in the next cycle. The deviation rate βi is the core to determine the trading main body i. Based on the deviation rate of trading subject i, the penalty f(βi) under different deviation levels is set. f(βi) is a dispersion function related to βi. Energy deviation accounting refers to the calculation of the actual measurement quantity of the trading subject and the deviation quantity of the agreed electricity quantity and the dispatching plan. It is the total deviation quantity shared by the trading subject i in each power market. The specific form of deviation electric quantity [image: image] is,

[image: image]

In the above formula, f(βi) is the information deviation accounting, and WiQ2, i is the energy deviation accounting. To further discuss the composition of the total deviated electric quantity, it is assumed that Q1, i is the agreement quantity of market subject i, Q2, i is the total deviated electric quantity of market subject i in each market, and Q3, i is the actual measurement quantity of gateway data for the market subject i. Since the deviation of the measurement of electricity can be calculated by line loss rate and grid loss rate, the total deviation Q2, i of the subject i in each market power calculation is as follows:

[image: image]

where the ηi is the line loss rate of trade type i, [image: image] is the displayed electric measured quantity, and the [image: image] is the integrated network loss rate. The deviation rate β can be calculated by the total deviation quantity Q2, i of the market agent i and the agreement quantity Q1, i of the market agent i:

[image: image]

The degree of deviation and the penalty for the responsible party are expressed by the function f(β). The greater the number of grades of deviation rate, the easier it is to accurately determine the liability for deviation. This section takes the classification of five grades of deviation e.g., to analyze. f(β) is a dispersion function related to and is divided into five deviation levels according to different deviation rates β, which are related to the performance of trading subjects in the previous three transaction periods. Each deviation level corresponds to a penalty gold function. The mathematical expression is,

[image: image]

where the coefficients a, b, c, and d are the basic fines for different deviation grades, respectively. In particular, a < b < c < d, which indicate that the higher the deviation rate is, the higher the level of base penalty is correspondingly. The penalty for subject i is determined by the deviation rate βi and the adjustment factor μ. The grade of deviation is divided into five ranges from β1 to β4. μ is the adjustment coefficient, which is used to adjust the punishment according to the supply and demand. When the supply is tight, the value of μ will be increased, and when the market is surplus, the value of μ will be reduced.





EXAMPLE ANALYSIS


Example Data

To calculate the transaction type weight and the inter-provincial and inter-regional weight, this section selects the transaction type and inter-regional and inter-provincial transaction power data from the Electric Power Industry Statistics of China Electricity Council from July 2019 to December 2019 as the source of the calculation example data. The relevant data are summarized in Tables 1, 2.


Table 1. Transaction quantity of different transaction types between July and December 2019 (unit: TW·h).

[image: Table 1]


Table 2. Inter-regional and inter-provincial transaction quantity from July to December 2019 (Unit: TW·h).

[image: Table 2]



Calculation of Weights

Using the calculation method and based on the transaction quantity data in Table 1, the kernel density weight and improved entropy weight of different transaction types within and outside the province were obtained, respectively. From the data distribution, the kernel density weight focused on the volume of transacted electric quantity, while the improved entropy weight focused on the fluctuation of transacted electric quantity, which is in line with the theoretical expectation. Where the kernel density weight and improved entropy weight of the four transaction types in the province are (0.8557, 0.1319, 0.0081, 0.0042) and (0.1981, 0.2011, 0.3024, 0.2984), and the kernel density weight and improved entropy weight of the three transaction types in the province are (0.3313, 0.6019, 0.0668) and (0.2075, 0.1950, 0.5975), respectively. Based on the transaction quantity data in Table 2, the kernel density weight and improved entropy weight of the three regions can be obtained as: (0.7549, 0.1847, 0.0604) and (0.1998, 0.2004, 0.5998). On this basis, if the importance level α of the amount of electric transaction to the allocation of the deviation power is determined, then the allocation ratio of the four types of transactions in the province, the three types of transactions between the provinces, and the deviation of the three regions are determined accordingly. The specific calculation process is shown in Table 3.


Table 3. The calculation process of kernel density weight and improved entropy weight of different transaction types.

[image: Table 3]



Contribution of Deviation Quantity

To allocate the deviated electricity quantity properly, we should first clarify the responsibility of the two sides of the electricity transaction, and then quantify the total deviated electricity quantity in the transaction process. Taking a 1,000 kV AC UHV test demonstration project to send power to Central China as an example for analysis, the existing UHV cross-regional power transaction method is organized by the State Grid Corporation of China, and the transaction centers at all levels cooperate. The power grid companies and local government departments of the purchase and sale of electricity determine the electricity and electricity prices through bilateral negotiations, and sign a medium and long-term framework agreement. Therefore, it can be determined that the transaction belongs to the direct electricity transaction type in the intra-provincial transaction of the State Grid area.

Based on the framework agreement, both the sending and receiving parties sign the annual contract for the next year through negotiation at the end of each year according to the agreement and the real-time power supply and demand situation. The annual contract plan electricity is broken down to the month, and the monthly deviation electricity is apportioned to the receiving end provinces. The electricity price is the same as the contract electricity and settled on a monthly basis. Because there is no responsibility assessment mechanism for the deviation quantity in the inter-regional transaction settlement, and there is no binding force for the fairness maintenance and execution of the transaction contract between the sending and receiving parties, it is not reasonable to allocate the deviation quantity to the receiving provinces in proportion.

According to the power transaction settlement management method of the State Grid Corporation, the current domestic cross-regional and cross-provincial connection line gateway electricity is measured once every 15 min in the United States, and the transmission plan is also formulated in units of 15 min. Therefore, the time period Tn = 15min for deviation electricity metering is appropriate. In November of a year, the measured data at the gateway of receiving end power network are: contract (receiving end) 4,287.88 GW·h, and actual receiving end 4,256.55 GW·h. The difference between the contract electric quantity and the actual electric quantity can be calculated, so ΔWABn is −31.33 GW·h. Then we can figure out that the average deviation power ΔPABn equals to −125.32 GW according to the formula ΔPABn = ΔWABn/Tn. In this example, we assume that the system power–frequency equivalent coefficient K is 1,650 MW/Hz. The frequency instantaneous value ft is a fixed value in the unit Tn, which is set as 2,199.75 Hz in this example. By integrating the instantaneous frequency value ft and averaging it, we can obtain that Δfn is 96.65 Hz. So KΔfn is 159.47 GW. By the deviation of power liability judgment model of decision rule, when Δfn > 0, ΔPABn < 0 or Δfn < 0, ΔPABn > 0, the deviation power responsibility should be taken by the receiving side. Therefore, in this case, the receiving side should be responsible for the deviation of electricity, and because |ΔPABn| < |KΔfn|, the degree of responsibility is of a lighter level.

In this example, the comprehensive line loss rate of the cross-region UHV tie line is 1.52%, and the comprehensive network loss rate is 1.38%. From this, the deviation power Q2 is calculated to be 24.89 GW·h, and the corresponding deviation rate β is 0.058%. Since the β here is relatively low, which lies in the first range of deviation rate, we have f(β) = 0. Therefore, the receiving side of the deviation power is not affected by the penalty factor. The transaction belongs to the direct electricity transaction type in the intra-provincial transaction of the State Grid region. If the importance level of the amount of electricity transaction to the distribution of the deviation power is set to 0.5, then the corresponding weight is 0.5269 accordingly. Therefore, it can be determined that the deviation electric quantity assumed by both parties in the direct transaction within the province of the State Grid region is 13.11 GW·h.




CONCLUSIONS

China is gradually deepening the reform of electricity marketization. With the deepening of the degree of marketization, the demand for large-scale cross-regional electric power transmission and energy consumption becomes more urgent (Zhang D. et al., 2019). And thus, the processing requirements of deviation electric quantity in transaction settlement are also increasing. At present, the way to deal with the deviation electric quantity in the electricity settlement business is still under exploration. According to the idea that all participants in the transaction share the deviation electric quantity, this article quantifies the deviation electric quantity from the perspective of the transaction volume and transaction fluctuation degree of the electricity market and proposes the calculation method of the deviation electric quantity in the inter-regional and inter-provincial electricity transaction. And this article also establishes the responsibility judgment mechanism and pricing mechanism of electric quantity deviation to deal with the problem of electric quantity deviation sharing among different departments, which a new idea for quantifying the deviation electric quantity.

To be more specific, this article proposes a method for calculating the apportionment ratio of the deviation electric quantity of the four types of transactions within the province, the three types of transactions between the provinces and the three regions, and then constructs a comprehensive weight calculation method. On this basis, this article then adopts the deviation electricity responsibility judgment model and the deviation electricity accounting model, respectively, to clarify the deviation electricity responsibility and the specific deviation electricity that should be undertaken by the transaction subjects. From this perspective, this article expands and enriches the measurement methods of deviation electric quantity to a certain extent, which has strong practical value in actual work. In addition, this article makes an example analysis using the transaction data of the China Electric Power Industry, inter-regional and inter-provincial transaction electric quantity data, and the specific contract electric quantity transaction data, which proves the effectiveness and practicability of the proposed method. However, this method is mainly aimed at the initial stage of the power market in China. With the continuous promotion of the power market, the treatment method of deviation electric quantity will be improved and optimized in combination with the construction progress of the power market.
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FOOTNOTES

1RX model is commonly used in electrical engineering. The RX model is based on the steady-state model of the induction machine, where R generally refers to resistance and X means reactance.



REFERENCES

 Bo, S., Li, S., Fan, Y., and Li, Z. (2019). Research on deviation electricity assessment model of wind-storage hybrid power generators in electricity market environment. Electr. Power Constr. 40, 107–114. doi: 10.3969/j.issn.1000-7229.2019.07.014


 Bottieau, J., Hubert, L., De Grève, Z., Vallée, F., and Toubeau, J. F. (2020). Very-short-term probabilistic forecasting for a risk-aware participation in the single price imbalance settlement. IEEE Trans. Power Syst. 35, 1218–1230. doi: 10.1109/TPWRS.2019.2940756

 Chen, G., Liu, L., Guo, Y., and Huang, S. (2016). Multi-objective enhanced PSO algorithm for optimizing power losses and voltage deviation in power systems. Compel 35:23. doi: 10.1108/COMPEL-02-2015-0030

 De Vos, K., Driesen, J., and Belmans, R. (2010). “Financial implications of imbalance settlement exemptions for wind power generators,” in 2010 7th International Conference on the European Energy Market (Madrid: EEM). doi: 10.1109/EEM.2010.5558668

 Ding, Y., Zhang, Y., Yang, D., Chen, J., Bai, S., and Sheng, Y. (2017). Responsibility determination and pricing method of deviation electric quantity based on frequency deviation of cross-regional grids trading. Autom. Electr. Power Syst. 41, 105–110.doi: 10.7500/AEPS20161127001

 Gao, W., and Song, B. (2012). A quantitative calculation method for actual monthly line loss rate. Autom. Electric Power Syst. 36, 86–90. doi: 10.3969/j.issn.1000-1026.2012.02.016

 Haring, T., Mountouri, D., and Andersson, G. (2012). “Ensuring energy-market liquidity through adequate imbalance settlement,” in Proceedings of the Universities Power Engineering Conference (London, UK), 1–6. doi: 10.1109/UPEC.2012.6398420

 Haring, T. W., Kirschen, D. S., and Andersson, G. (2015). Incentive compatible imbalance settlement. IEEE Trans. Power Syst. 30, 3338–3346. doi: 10.1109/TPWRS.2014.2387947

 He, Y., Zhou, M., Wu, Z., Long, S., and Xu, J. (2018). Study on operation mechanism of foreign representative balancing markets and its enlightenment for China. Power Grid Technol. 42, 3520–3528. doi: 10.13335/j.1000-3673.pst.2018.1394

 Huang, X., Ouyang, S., and Liang, W. (2018). Line loss allocation model considering influence of access of distributed generators on economic operation time for distribution network. Autom. Electr. Power Syst. 42, 127–133. doi: 10.7500/AEPS20171122005

 Kasolis, F., and Clemens, M. (2020). Information-based model reduction for nonlinear electro-quasistatic problems. J. Comput. Phys. 404:109118. doi: 10.1016/j.jcp.2019.109118

 Kermer, S. S. O. (2019). “Imbalance settlement design with demand side management and combined heat and power,” in 2019 IEEE Texas Power and Energy Conference (College Station, TX: TPEC), 1–6. doi: 10.1109/TPEC.2019.8662185

 Li, C., Wei, Z., Sun, G., and Sun, Y.G. (2015). State estimation of power system considering frequency deviation caused by fluctuation of wind power generation. Power Grid Technol. 39, 1301–1306. doi: 10.13335/j.1000-3673.pst.2015.05.020

 Li, Z., Zhao, B., and Yan, X. (2016). Deviation electric quantity processing method in cross-regional and cross-province electricity transaction based on virtual time-of-use power price. Electr. Power Constr. 37, 40–46. doi: 10.3969/j.issn.1000-7229.2016.07.006

 Limsakul, C., Songprakorp, R., Sangswang, A., and Parinya, P. (2015). “Impact of photovoltaic grid-connected power fluctuation on system frequency deviation in contiguous power systems,” in IECON 2015 - 41st Annual Conference of the IEEE Industrial Electronics Society (Yokohama), 003236–003241. doi: 10.1109/IECON.2015.7392599

 Liu, D., Tang, H., Yang, M., Li, Q., and Xu, L. (2017). Settlement compensation mechanism of power trading deviation with promotion of renewable energy consumption. Autom. Electr. Power Syst. 41, 105–111. doi: 10.7500/AEPS20170615020

 Ma, J., Tan, Z., and Yu, X. (2019). Optimal model for daily deviation penalty of electricity retailer considering real-time electricity trading. Electric Power Constr. 40, 11–19.doi: 10.3969/j.issn.1000-7229.2019.02.002

 Mendes, A. L. S., De Castro, N., Brandao, R., Camara, L., and Moszkowicz, M. (2016). “The role of imbalance settlement mechanisms in electricity markets: A comparative analysis between UK and Brazil,” in International Conference on the European Energy Market (Porto: EEM), 1–6. doi: 10.1109/EEM.2016.7521348

 Olendski, O. (2016). Theory of the Robin quantum wall in a linear potential. I. Energy spectrum, polarization and quantum-information measures. Ann. Der Physik 528, 856–881. doi: 10.1002/andp.201600080

 Shang, C., Ding, J., Xie, D., Yang, D., and Hu, T. (2014). Deviation electric quantity processing method in cross-regional grids transmission trading. Electric Power Constr. 35, 127–130. doi: 10.3969/j.issn.1000-7229.2014.12.022

 Song, M., Fisher, R., and Kwoh, Y. (2019). Technological challenges of green innovation and sustainable resource management with large scale data. Technol. Forecast. Soc. Change 144, 361–368. doi: 10.1016/j.techfore.2018.07.055

 Van Der Veen, R. A. C., and Hakvoort, R. A. (2009). “Balance responsibility and imbalance settlement in Northern Europe - An evaluation,” in 2009 6th International Conference on the European Energy Market (Leuven: EEM). doi: 10.1109/EEM.2009.5207168

 Wang, T., Zhang, J., and Li, X. (2003). Calculation of scheduled loss ratio and its assessment. Power System Technol. 27, 40–42. doi: 10.13335/j.1000-3673.pst.2003.07.011

 Wen, L., Liu, J., Wu, Z., Zhang, L., Xing, Z., and Pang, W. (2008). Study and application of resolution algorithm of contract volume based on monthly rolling amendment. Modern Electric Power 25, 82–87. doi: 10.3969/j.issn.1007-2322.2008.01.017

 Xu, F., Xie, X., Shi, L., Tu, M., and Li, L. (2019). Analysis on settlement method for unbalanced base generated energy in medium- and long- term power market. Autom. Electric Power Syst. 43, 186–206. doi: 10.7500/AEPS20180727001

 Yan, Y., Li, G., Zhou, M., Huang, C., Cao, Y., and Zhang, X. (2019). Processing method for transaction settlement bias power based on fuzzy comprehensive evaluation. Autom. Electric Power Syst. 43, 200–205.doi: 10.7500/AEPS20180612009

 Zani, A., and Rossi, S. (2018). “Nodal pricing applied to imbalance settlement: Issues for implementation in zonal markets,” in International Conference on the European Energy Market (Lodz: EEM), 1–5. doi: 10.1109/EEM.2018.8469842

 Zhang, D., Li, M., Ji, X., Wu, J., and Dong, Y. (2019). Revealing potential of energy-saving behind emission reduction: a DEA-based empirical study. Manag. Environ. Q. Int. J. 30, 714–730. doi: 10.1108/MEQ-07-2018-0125

 Zhang, H., Wang, Q., Wang, X., and Ge, Y. (2019). Line loss allocation based on economic operation analysis for distribution network with distributed generators. Power Demand Side Manag. 21, 26–30. doi: 10.3969/j.issn.1009-1831.2019.05.006

 Zhang, M., and Lo, K. L. (2009). “A comparison of imbalance settlement methods of electricity markets,” in Proceedings of the Universities Power Engineering Conference (Glasgow), 1–5.

 Zhang, S. (2008). Practical research on settlement mode of transacted electricity quantity in regional electricity market. Power System Technol. 32, 56–61. doi: 10.3724/SP.J.1011.2008.00482

 Zhao, B., Yan, Y., Liu, Y., Yan, X., and Hu, Z. (2016). Pricing method of deviation electric quantity based on regional generation cost of cross-regional and cross-province electricity transaction. Power Grid Technol. 40, 3334–3341. doi: 10.13335/j.1000-3673.pst.2016.11.009

 Zhao, G., Li, F., Yuan, L., Cheng, J., Wang, Y., Zhang, Y., et al. (2009). A study on transacted electricity quantity settlement scheme of North China grid. Electric Power 42, 38–40. doi: 10.3969/j.issn.1004-9649.2009.06.008

Conflict of Interest: DW, WD, and FG were employed by the company State Grid Zhejiang Electric Power Co., Ltd. YX was employed by State Grid Zhejiang Economic and Technological Research Institute Co., Ltd.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Wang, Ding, Gao, Xu and Miao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/inline_8.gif
S H,+1-2H,

~





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Method to Deal With Inter-regional and Inter-provincial Transaction Settlement Deviation Quantity Based on Kernel Density–Entropy Weight



		Introduction



		Literature Review



		The Treatment Method of Deviating Electric Quantity



		Deviation Electric Quantity Settlement of International Power Market



		The Formation Characteristics of the Deviated Electric Quantity







		Proposed Method



		Calculation of Transaction Type Weight



		Calculation of Inter-provincial and Inter-regional Weights



		Allocation of Deviation Electric Quantity



		Deviation Electricity Responsibility Judgment Model



		Deviation Electricity Accounting Model













		Example Analysis



		Example Data



		Calculation of Weights



		Contribution of Deviation Quantity







		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Footnotes



		References

















OPS/images/inline_7.gif





OPS/images/math_1.gif
;f (Xir)






OPS/images/inline_9.gif





OPS/images/inline_6.gif





OPS/images/inline_5.gif







OPS/images/math_9.gif






OPS/images/math_8.gif






OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers

in Energy Research





OPS/images/inline_10.gif





OPS/images/inline_11.gif





OPS/images/fenrg-09-667163-t003.jpg
First indicators Secondary indicators Kernel density weight Improved entropy weight

r Ex
X 1 H
- P22
Intra-provincial electricity transactions  Direct electricity transactions 11,845 0.8557 1 0.1981
Power generation rights transactions 18268 0.1319 0.9853 02011
Pumped storage transactions 1126 00081 0.4817 03024
Ofher transactions 58.1 00042 0502 02984
Inter-provincial electricity transactions  Inter-provincial direct electricity transactions 1,048.9 03313 0.9691 02075
Inter-provincial outbound transactions. 1,905.4 0.6019 1 0.1950
Inter-provincial power generation rights transactions 2116 00668 0 05975
State Grid Trade in and outside the province 1,526.625 0.7549 1 0.1998
Southern Power Grid Trade in and outside the province 3736 0.1847 0.9985 02004

West Mongolia Grid Trade in and outside the province 122.15 0.0604 ) 0.5098





OPS/images/inline_1.gif
I
f &)= %

=





OPS/images/inline_4.gif





OPS/images/inline_2.gif





OPS/images/inline_3.gif





OPS/images/math_5.gif





OPS/images/cover.jpg
’ frontiers

in Energy Research

A Method to Deal With Inter-regional
and Inter-provincial Transaction
Settlement Deviation Quantity Based
on Kernel Density—Entropy Weight





OPS/images/math_4.gif





OPS/images/math_7.gif
ZH+1 2H;

):(Z:H+l 2H)





OPS/images/math_6.gif





OPS/images/fenrg-09-667163-t001.jpg
First-level indicators

Intra-provincial electricity transactions

Inter-provincial electricity transactions

Secondary indicators

Direct electricity transactions

Power generation rights transactions

Pumped storage transactions

Oher transactions

Inter-provincial direct electricity transactions
Inter-provinaial outbound transactions
Inter-provincial power generation rights transactions

Jul.

17824
18.55
5.84
1.19
20.26
36.71
3.41

Aug.

189.82
35.2
117
1.76

24.01

34.82
3.16

Sep.

180.87
21.01
0.79
0.96
20.05
29.45
3.13

Oct.

178.45
26.33
0.64
0.01
17.25
27.16
337

260.32
49.12
03
1.82
13.53
29.4
5.58

196.8
3247
2552
0.07
9.79
33.0
251





OPS/images/math_14.gif
0.5i < pr
al(+p)—fi] wfr < i < o

£ ()= {610+ — fil .o < i < f:
cl1+ By — Ful By < Bi < s
A[(+B) — Bl Ps < B





OPS/images/fenrg-09-667163-t002.jpg
First indicators

State Grid

Southern Power Grid

West Mongolia Grid

Secondary indicators

Trade in the province
“Trade outside the province
Trade in the province
Trade outside the province
Trade in the province
Trade outside the province

Jul.

129.79
20.26
36.63

11.82

Aug.

140.66
24.02
36.82

12.33

130.19
2005
3851

1217

Oct.

128.43
17.25
37.48

12.54

Nov. to Dec.

3539

23.32

76.96
[

26.26
[





OPS/images/math_3.gif





OPS/images/math_2.gif





OPS/images/math_11.gif





OPS/images/math_10.gif
An

KAf, + APapn





OPS/images/math_13.gif





OPS/images/math_12.gif
30 0ui (1) - Qi (1~ 1)
=






