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Abstract: There is uncertainty in the electricity price of spot electricity market, which makes load aggregators undertake price risks for their agent users. In order to allow load aggregators to reduce the spot market price risk, scholars have proposed many solutions, such as improving the declaration decision-making model, signing power mutual insurance contracts, and adding energy storage and mobilizing demand-side resources to respond. In terms of demand side, calling flexible demand-side resources can be considered as a key solution. The user's power consumption rights (PCRs) are core contents of the demand-side resources. However, there have been few studies on the pricing of PCR contracts and transaction decisions to solve the problem of price forecast deviation and to manage the uncertainty of spot market prices. In addition, in traditional PCR contracts, PCRs are mostly priced using a single price mechanism, that is, the power user is compensated for part of the electricity that was interrupted or reduced in power supply. However, some power users might engage in speculative behaviours under this mechanism. Further, for load aggregators, their price risk avoidance ability has not substantially improved. As a financial derivative, options can solve the above problems. In this article, firstly, the option method is used to build an option pricing optimization model for power consumption right contracts that can calculate the optimal option premium and strike price of option contracts of power consumption rights. Secondly, from the perspective of power users and load aggregators, a simulation model of power consumption right transaction decision-making is constructed. The results of calculation examples show that (1) Under the model in this article, the pricing of option contracts for power consumption rights with better risk aversion capabilities than traditional compensation contracts can be obtained. (2) The decision to sell or purchase the power consumption rights will converge at respective high-value periods, and option contracts will expedite the process. (3) Option contracts can significantly reduce the loss caused by the uncertainty of spot electricity prices for load aggregators without reducing users’ willingness to sell power consumption rights.
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1  Introduction

The spot electricity market has the function of discovering the price of electricity commodities [1]. With the increase renewable energy generation, the proportion and position of the spot electricity market are also improving continuously [2,3]. Moreover, the power system has to maintain real-time balance between power supply and demand, which will inevitably lead to great uncertainty in the electricity prices of spot electricity market. For the participants of spot electricity market, how to make reasonable decisions has always been a controversial issue under the conditions of great price uncertainty and enormous instability of earnings.

Electricity retailers purchase electricity in the wholesale electricity market and sell it to power users in the retail electricity market [4]. The price uncertainty will cause electricity retailers to undertake price risks for their agent users [5–8]. In China, with the liberalization of retail electricity markets, the enthusiasm for the establishment of electricity-selling companies by social capital has risen unprecedentedly [7]. Until now, the number of electricity-selling companies registered through industrial and commercial operations has reached about 10,000. However, among such a large number of electricity retailers, very few are profitable. The main reason is that the electricity retailers have limited ability to foresee and avoid the risks brought by the uncertainty of spot market prices [6,7].

Electricity retailers represent power users to participate in market bidding. In essence, they are a type of load aggregator [4]. In order to allow load aggregators to reduce the spot market price risk, scholars have proposed many solutions, such as improving the declaration decision-making model[8–10], signing power mutual insurance contracts [11,12], adding energy storage [13–15] and mobilizing demand-side resources to respond [16–18]. In terms of demand response, the user's power consumption rights (PCRs) are core contents of the demand-side resources [19]. As a typical PCR contract [18,19], the purpose of interruptible load contracts is to alleviate power shortage or provide peak-regulating ancillary services [20,21], that is, to solve the forecast deviation quantity problem. However, there have been few studies on the pricing of PCR contracts and transaction decisions to solve the problem of price forecast deviation and to manage the uncertainty of spot market prices. In addition, in traditional PCR contracts, PCRs are mostly priced using a single price mechanism, that is, the power user is compensated for part of the electricity that was interrupted or reduced in power supply [22]. However, some power users might engage in speculative behaviours under this mechanism [23]. Further, for load aggregators, their price risk avoidance ability has not substantially improved [24]. As a financial derivative, options can solve the above problems [25,26]. Load aggregators can purchase PCRs by users to form option contracts, thereby achieving hedging in the face of the uncertainty in electricity spot prices.

Against the above background, this paper compares the price settlement and transaction mechanisms of PCR compensation contracts and PCR options contracts, and builds an option pricing model for PCR contracts to optimize option premium and strike price on the premise of increasing the power users’ willingness to sign option contracts and increasing the profitability of load aggregators. In addition, based on the PCRs transaction process, from the perspective of power users and load aggregators, the simulation model of PCRs transaction decision-making is constructed.

2  Option Pricing Mechanism for PCR Contracts

2.1 Pricing Mechanism of PCR Compensation Contracts

Under the principal-agent model, most of the retail electricity prices provided by load aggregators to users are pre-negotiated and at a relatively fixed price [22], and when the cost of purchasing electricity is higher than the price of selling electricity, load aggregators will bear the losses. To avoid the loss risk, load aggregators can sign PCR contracts with power users. In a traditional PCR contract (such as an interruptible load contract), the load aggregator submits an application for the purchase of PCRs to power users. Meanwhile, the users respond to the compensation price signal, provide the PCRs to the load aggregator, and receive compensation for the sale of PCRs. After the load aggregator obtains PCRs, the load aggregator can interrupt or reduce power supply of power users during the stipulated period of the contract. The load aggregator's unit retail electricity price is set to W, and the compensation for unit PCR is set to A, the transaction mechanism of compensation contracts of PCR is as shown in Fig. 1:
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Figure 1: Transaction mechanism of compensation contracts of PCR

The compensation price of PCR is a very important part, which can determine the response degree of power users and further determine the level of risk avoidance of the load aggregator. Reasonable compensation prices will enhance the willingness of users to sign compensation contracts, further, the load aggregator will receive intended load cuts.

2.2 Pricing Optimization of PCR Contracts Based on Option Theory

Due to the real-time balance and non-transferability of electricity, the power users’ profits and losses of signing electricity option contracts are different from signing conventional option contracts. In conventional options, the maximum profit of the seller of the option is the premium of the option, and the minimum profit has no lower limit, which is based on the assumption that the value of the subject matter is the market price and it can vary flexibly. In fact, for users, the value of electricity is not its market price but the production benefit brought by using it, that is, users cannot sell electricity again at market prices, and they can only use electricity for production and operation activities. In the PCR option contracts, the unit electricity consumption benefit of user is set to V €, the unit option premium of PCR option contract is set to L €, and the unit strike price is set to K €, which represents the payment price of the user's unit load cut when the option is executed. The profits and losses of transaction of PCR option contracts are as shown in Fig. 2.
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Figure 2: Profits and losses of transaction of PCR option contracts

After signing of an PCR option contract, load aggregator will pay the option premium to power user, which is used to pay the expenses needed for exercising the right to purchase PCRs, and the exercise of this right will reduce or interrupt the power supply of the user for a certain time. The load aggregator will pay for the cost of reducing or interrupting part of the power supply, and the cost is the strike price of the option. It can be seen that the PCR option is a call option essentially. So, the option is a real value option when the load aggregator's purchase and sale spread is greater than the option cost, the option is a binary option when the spread is equal to the option cost, and others are out-of-money options. The transaction mechanism of PCR option contracts is as shown in Fig. 3.
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Figure 3: Transaction mechanism of PCR option contracts

For option pricing, in 1973, Black et al. proposed the famous Black-Scholes option pricing model [27], which is still very significant today. Subsequent scholars have proposed many improved option pricing models. As a whole, the existing option pricing method belongs to the category of statistics and measurement methods. However, the option pricing method from the perspective of statistics and measurement is not completely applicable to PCR contracts, for the following reasons:

1)   The characteristics of the electricity price cannot be completely described by the geometric Brownian motion [28].

2)   In the early stage of the development of the electricity market, the electricity market data are incomplete and random.

3)   The load aggregator must consider the possibility of misreporting information from the perspective of power users.

Under the constraints of the above problems, this paper attempts to solve the problem of PCR option pricing through optimization ideas: determine the optimal PCR option pricing based on the compensation price, and ensure that load aggregators have better risk aversion capabilities without reducing power users’ willingness to sell PCRs.

3  Pricing Optimization Model for PCR Option Contracts

3.1 Selection of Optimization Methods and Generation of Price Data

The optimization method used in this paper is stochastic optimization method. The stochastic optimization method converts uncertainty optimization into deterministic optimization under a certain probability distribution through methods such as probability statistics and stochastic process analysis. The generation of random samples is the basis of stochastic optimization, which will generate specific sample data and probability distributions of uncertain variables [29]. The K-means method is a typical classification method for clustering, which can effectively process large-scale and high-dimensional datasets and perform efficient classification. The implementation steps of the K-means method are as shown in Fig. 4.
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Figure 4: The process of K-means algorithm clustering

In this paper, the K-means method is used to iteratively find I clusters of electricity price sample data in spot electricity market, thus, the load aggregator can determine if the power supply of each time will lose. The final cluster centre of each cluster is used to represent the eigenvalues of random samples, and each characteristic value includes the spot electricity market price for 24 periods, thereby generating random probability samples.

3.2 Principles of Pricing Optimization Model for PCR Option Contracts

For the pricing optimization model, the following principles must be observed:

(1)   Firstly, after the load aggregator and power users sign an PCR option contract, the contract can minimize losses caused by the price uncertainty of the spot electricity market. The unit electricity price in spot electricity market is set to R, and the unit power loss (positive value represents loss) brought to the load aggregator by the PCR option contracts is:

f(K,L,R)=min(R−W,K)+L(1)

Based on the above, the goal is to minimize the sum of losses in all periods after the option contracts are signed between the load aggregator and power users, that is:

min∑f(K,L,R)(2)

(2)   Secondly, compared with compensation contracts, it is necessary to ensure that the power users’ willingness to sell PCRs after signing option contracts is unchanged or increased. The subjective psychological probability that the user believes the PCR will be exercised is set to λ, λ∈(0,1), no unit. Under the compensation contracts of PCR, the profit that users believe they could obtain by signing a PCR contract is:

P1=λ(A−V)+(1−λ)(V−W)(3)

Under the option contracts, the profit that power users believe they may obtain by signing a PCR contract is:

P2=λ(K−V)+(1−λ)(V−W)+L(4)

Assuming that power users are rational, users are more willing to choose an option contract than a compensation contract when P2≥P1. In summary, users are more willing to choose an option contract to sell PCR under the following conditions:

λK+L≥λA(5)

(3)   Finally, it should be ensured that option contracts of PCRs can enhance the risk aversion capability of load aggregator compared with compensation contracts. Therefore, the principle must be followed that the performance of option contract is better than compensation contract in terms of the expected value of the unit loss of load aggregator under the uncertainty of spot electricity price, and the specific constraints are as follows:

E[f(K,L,R)]≤E[f(A,R)](6)

f(A,R)=min(R−W,A)(7)

where, f(A,R) represents the loss function of compensation contracts signed by load aggregator and power users, E[f(K,L,R)] and E[f(A,R)] respectively represent the expected value of the loss after the load aggregator signed the option contracts and the expected value of the loss after the load aggregator signed compensation contracts of PCRs.

3.3 Pricing Optimization Model for PCR Option Contracts

The optimization goal for load aggregator is to determine the optimal option premium and strike price of PCR option contracts to minimize expected loss. Therefore, the objective function is set to:

minEf(Kt,Lt,Rti)=min∑i=1I∑t=1Tpi[min(Rti−Wt,Kt)+Lt](8)

where, I represents the number of random samples, and i=1,2,…,I; T represents the number of decision periods, t=1,2,…,T; f(Kt,Lt,Rti) represents the loss function of load aggregator after signing the PCR option contracts; Kt and Lt are decision variables, which respectively represent strike price and option premium of unit PCR in option contracts. Rti is a random variable, which represents the unit electricity price in spot market; pi is the probability of the random sample i appearing; Wt is the unit retail electricity price.

Constraints mainly include power users’ incentive constraints, risk loss constraints, upper and lower limit constraints on option premiums and strike prices. Among them, users’ incentive constraints are discussed above, and the constraints can be expressed as:

λnKt+Lt≥λnAt(9)

where, n(n=1,2,…,N) represents the number of power users. λn is the subjective psychological probability that the user believes the PCR will be exercised, and the closer it is to 1, the more conservative the users, that is, the more asserted that the load aggregator will exercise the right to interrupt or reduce the power supply. At represents the compensation price in the traditional compensation contract of PCRs.

Since 0≤λn≤1 and Kt, Lt, At are positive numbers, it is only necessary to ensure that the subjective psychological probability of the most conservative power user regarding the exercise of PCR λmax is established in the above formula, so the above formula can be simplified to:

λmaxKt+Lt≥λmaxAt(10)

Since λn represents the subjective psychological probability, it is difficult to directly describe or measure it, but the load aggregator can judge the power users’ subjective psychological probability through their response behaviour. The ideal point method can be used to measure it. For load aggregators, the ideal state of selling PCRs by users is during the period when they provide contracts of PCR, users provide PCRs according to their maximum capabilities. The following discriminant functions can be constructed:

xt,dn=Ft,d−Ht,dn(11)

yt,dn=Ct,dnCt,maxn(12)

where, D represents the measurement period, and d=1,2,…,D; xt,dn represents the willingness index of the power user to sell PCRs. Ft,d and Ht,dn are 0–1 decision variables; when Ft,d is set to 1, it represents that the load aggregator provides the PCR contracts to the power user on day d in period t; when it is set to 0, it means that the PCR contracts are not provided. When Ht,dn is set to 1, it means that the nth power user chooses to sell PCRs to the load aggregator on day d in period t. When it is set to 0, it means that PCRs are not sold; yt,dn is the intensity index of the power user to sell the PCR; Ct,dn represents the amount of PCRs selling of the n∧{th} power user, the amount of PCRs correspond to the allowable amount of user interrupt load, and Ct,maxn represents the maximum amount of PCRs selling.

For xt,dn, its positive ideal point is 0, indicating that the power user fully responds to the PCR contracts of the load aggregator, and its negative ideal point is 1. For yt,dn, its positive ideal point is 1, approximately indicating that the user responds to the PCR contracts according to its maximum capacity; it also indicates that the price has little effect on its willingness to sell PCRs, and the negative ideal point is 0. The distance index value can be calculated separately:

xn,∗=xn,−xn,−+xn,+=∑d=1D∑t=1T|xt,dn−1|∑d=1D∑t=1T|xt,dn−1|+∑d=1D∑t=1T|xt,dn−0|(13)

yn,∗=yn,−yn,−+yn,+=∑d=1D∑t=1T|yt,dn−0|∑d=1D∑t=1T|yt,dn−0|+∑d=1D∑t=1T|yt,dn−1|(14)

where, xn,∗ and yn,∗ represent the distance index value; xn,− represents the distance between the willingness index value of the power user to sell PCRs and the negative ideal point value; xn,+ represents the distance between the willingness index value and the positive ideal point value; yn,− represents the distance between the intensity index value and the negative ideal point value; and yn,+ represents the distance between the intensity index value and the positive ideal point value.

The PCR contracts are designed from the perspective of maximizing the profit of the load aggregator. When PCRs are exercised, they can be considered to be beneficial to load aggregator and relatively unprofitable to power user. If the power user fully responds, that is, when the aforementioned ideal state of the load aggregator (xn,∗=1, yn,∗=1) is reached, it can be considered that the user believes the PCRs will tend to not be exercised, and λn can be considered to be close to 0. Conversely, when theuser responds completely negatively (xn,∗=0, yn,∗=0), it can be considered that the user believes the PCRs will tend to be exercised, and λn can be considered to approach 1. From this finding,the subjective psychological probability that the user believes that the PCR will be exercised is:

λn=1−xn,∗+yn,∗2(15)

To ensure that the PCR option contracts can improve the risk avoidance ability of load aggregator, also to meet the risk loss constraints of the above principle (3), it is necessary to meet the minimum expected value of losses after the option contracts are signed, and the constraints can be expressed as:

∑i=1Ipi[min(Rti−Wt,Kt)+Lt]≤∑i=1Ipimin(Rti−Wt,At)(16)

In addition, the upper limit of the option premium and strike price should not exceed the compensation price, and the lower limit can be set to a constant greater than 0, and the constraint conditions can be expressed as:

Ktmin≤Kt≤At(17)

Ltmin≤Lt≤At(18)

So far, the objective function of the constructed pricing optimization model for option contracts of PCR is Eq. (8), and the constraint conditions include Eqs. (9)–(10) and (16)–(18).

4  Simulation Model of Transaction Decision-Making for PCR Option Contracts

4.1 Transaction Process and Characteristics for PCR Option Contracts

To meet the transaction characteristics of traditional compensation PCR contracts and avoid the inefficiencies caused by repeated signing of contracts, the load aggregator sign 24-h PCR option contracts for the next day with the power users in one day ahead. The transaction steps are as shown in Fig. 5.
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Figure 5: The specific transaction steps of option contracts for PCR

4.2 Simulation Model for Power Users’ Transaction Decision-Making of PCR Contracts

Power users do not care about the price of the wholesale electricity market, and they only care about the retail electricity price set by the load aggregator. Therefore, after the load aggregator sets the option premium and strike price of the option contracts, users only need to consider the profits and losses from the sale of PCRs to determine whether to sell them.

In the traditional PCR compensation contracts, when the contract is signed, the profit (positive value) or loss of the unit electricity of the power users is:

PL={A−VifR−W≥AV−WifR−W<A(19)

where, PL represent the profit (positive value) or loss of the unit electricity of the power users in the traditional PCR compensation contracts.

In the traditional PCR compensation contracts, since each power user makes decisions independently and does not interfere with the others, the objective function for power users’ transaction decision-making can be set to the maximum sum of the profits of all users participating in the transaction of compensation contracts, as:

max∑t=1T∑n=1NStnCtn[λn(At−2Vtn+Wt)+Vtn−Wt](20)

In the transaction of PCR option contracts, the unit electricity profit (positive value) or loss of the power users is:

PC={K−V+LifR−W≥KV−W+LifR−W<K(21)

where, PC represent the unit electricity profit (positive value) or loss of the power users when signing the option contracts.

In the transaction of PCR option contracts, the objective function of the simulation model for power users’ transaction decision-making is to maximize the profit of the PCRs sold by power users, as:

max∑t=1T∑n=1N[StnCtnλn(Kt−Vtn+Lt)+StnCtn(1−λn)(Vtn−Wt+Lt)](22)

where, Stn is a 0–1 decision variable. When it is set to 1, it indicates that the nth power user chooses to sell PCRs to load aggregator in the t∧{th} time period. When it is set to 0, it means that the power user does not sell. Ctn represents the capacity of the PCRs sold by the user. The formula (22) formula is simplified to:

max∑t=1T∑n=1NStnCtn[λnKt+(1−2λn)Vtn−(1−λn)Wt+Lt](23)

The constraint conditions include total users’ power loss constraints, PCR sales duration constraints, and total PCR sales duration constraints. The last two items should be stipulated in the PCR contracts. Power users must make decisions in conjunction with the contract content. The total users’ power loss constraints indicate that, after a user sells PCRs in one day, the total amount of interrupted or reduced electricity should be less than the maximum amount that the user can bear:

0≤∑t=1TStnCtn≤Qn,max(24)

where Qn,max represents the daily maximum amount of interrupted or reduced electricity of the n∧{th} power user.

The constraints on the duration of PCRs sales means that the sum of the periods during which the power users continue to sell the PCRs cannot exceed the maximum limit:

Stn+…+St+un,maxn≤un,max(25)

where un represents the maximum allowed continuous selling periods of the nth power user, and load aggregator mainly divides them according to the type of users.

Constraints on the total duration of the sale of PCRs represent the sum of the allowed sale durations in a day. This constraint is used to prevent some power users with low power efficiency from using the PCR contracts to speculate:

∑t=1TStn≤Dn,max(26)

where Dn,max represents the maximum allowed total duration of the nth power user, and the load aggregator mainly divides them according to the type of users.

4.3 Simulation Model for Load Aggregator's Transaction Decision-Making of PCR Contracts

After obtaining the relevant information (including time periods and capacity) of the power users’ PCRs that can be sold, the load aggregator will combine the predicted electricity price in the intraday electricity market to determine the purchase period and purchase amount of each power user's PCR. Under the compensation PCR contract, the objective function is as follows:

max∑i=1I∑t=1T∑n=1NpiJtnGtn[max(Rti−Wt−At,0)](27)

where pi represents the probability of occurrence of sample i; Jtn is a decision variable of 0–1, when it is set to 1, it means that the load aggregator chooses to purchase the PCR provided by the nth power user in period t; when it is set to 0, it means the load aggregator chooses not to purchase; Gtn represents the amount of PCR that the load aggregator purchased.

In the PCR option contracts, the goal of the load aggregator is to maximize the total value of the PCR option contracts. The decision objective is as follows:

max∑i=1I∑t=1T∑n=1NpiJtnGtn[max(Rti−Wt−Kt,0)−Lt](28)

Constraints include constraints on the purchase of the amount of PCRs in each time period, constraints on the total amount of power reduction, and constraints on the power users’ PCRs selling decisions.

Constraints on the purchase of the amount of PCRs in each time period mean that the amount of PCRs purchased by the load aggregator in each time period cannot exceed the saleable amount of PCRs declared by the power users:

0≤Gtn≤Ctn(29)

The constraints on the total amount of power reduction mean that the total power reduction caused by the load aggregator's purchase of PCRs cannot exceed the maximum limit. The total power reduction should not exceed the electricity purchase amount in the intraday market. Otherwise, it will have an impact on the load aggregator's electricity purchase plans in the medium and long-term markets and the day-ahead market, resulting in deviation penalty costs [30]. Therefore, this constraint can be expressed as:

0≤∑t=1T∑n=1NJtnGtn≤Qmax(30)

where Qmax represents the largest total amount of power reduction, that is, the amount of electricity purchased in the intraday market.

Constraints on the power users’ PCRs selling decisions mean that the load aggregator can only purchase PCRs for the periods when power user has agreed to sell:

0≤Stn−Jtn≤1(31)

Because the objective function of the above model is a non-convex function, and constraints (30)–(31) are non-linear constraints, it is difficult to solve. Further, regarding practical problems, the load aggregator represents a large number of power users conducting electricity transactions. The decision-making dimension is high, and it is easy to fall into a curse of dimensionality. The option model is converted to achieve a simple solution. The transformed model is as follows:

max∑i=1I∑t=1T∑n=1NpiGtn[max(Rti−Wt−Kt,0)−Lt](32)

0≤Gtn≤JtnCtn(33)

0≤∑t=1T∑n=1NGtn≤Qmax(34)

0≤Stn−Jtn≤1(35)

The transformed models (32)–(35) are equivalent to (28)–(31). The objective function and constraints are linearized by transferring nonlinear items in the objective function to constraints, and they can be solved by Matlab Yalmip Toolbox. The decision-making model of compensation contracts can be transformed in the same way.

5  Empirical Analysis

5.1 The Parameter Setting

This paper uses the hourly clearing price in the Nord Pool market from 01 January 2017 to 31 December 2017 as the original data and uses IBM SPSS Statistics software to perform K-means clustering in the intraday period of the above 8,760 time periods. As shown in Fig. 6, 10 groups of samples are generated through clustering. Meanwhile, the corresponding probability values of different samples are calculated, as shown in Fig. 7.
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Figure 6: Price clustering results of spot electricity market (MW)
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Figure 7: The probability of occurrence of each sample

From the clustering results (Fig. 6), it can be seen that the peak time of the hourly clearing prices in the intraday electricity market is around periods 7–9 and 19, the flat time is around periods 10–18, and the off-peak time is around periods 1–6 and 20–24. Sample 1, Sample 4 and Sample 9 have the highest appearance probability. The retail electricity price data is known to input data, as shown in Table 1.
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5.2 The Optimization Result of Option Prices of PCR Contracts

In order to more in line with the actual situation, the subjective psychological probability of the most conservative power user regarding the exercise of PCR is set to 0.6, the minimum option premium and strike price are set to one-fifth of the compensation price. Through the calculation of the pricing optimization model for PCR option contracts, the optimal option premium and strike price can be obtained, as shown in Fig. 8.
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Figure 8: Optimization results of the option premium and strike prices

The sum of the option premium and strike price is generally cheaper than the compensation price because the option premium is a risk-free profit to power users, which is valuable for users. In the compensation mode, the loss reduction of the unit power supply of the load aggregator in a certain period is max(Rti−Wt−At,0), and in the option mode, the loss reduction of the unit power supply of the load aggregator in a certain period is max(Rti−Wt−Kt,0)−Lt. The calculation results are as shown in Fig. 9.
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Figure 9: The loss reduction of the unit power supply of load aggregator in each sample

As seen from the figure, in each period of Sample 1, Sample 4 and Sample 6, the loss reduction of the unit power supply caused by the option contracts is greater than (or equal to) the loss reduction of the unit power supply caused by the compensation contracts. That means under the option PCR contracts, the load aggregator can decrease its losses caused by the uncertainty of the electricity price in the spot electricity market. The total probability of occurrence of these three samples is 63%. That is to say, the probability that the value of the option contracts is greater than (or equal to) the value of the compensation contracts at all times of the day is 63%.

As shown in Fig. 10, the value of the PCR contracts is the largest in periods 7–9. The expected values of loss reduction caused by option contracts is greater than (or equal to) compensation contracts. Under the assumption that the probability distribution of future is consistent with that of past in stochastic optimization, option contracts can improve the ability for the load aggregator to avoid the spot price risk compared to the compensation contracts, which is also consistent with the third pricing principle (The load aggregator must consider the possibility of misreporting information from the perspective of power users). Therefore, it is recommended that load aggregators use option contracts to improve risk aversion capabilities and obtain better utilization than to give power users compensation for selling PCRs.
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Figure 10: The expected loss reduction of the unit power supply of load aggregator

5.3 The Simulation Result of Transaction Decision-Making of PCR

It is assumed that there are four power users. To simplify the calculation and form a better control experiment scenario, it is assumed that the capacity of the four power users’ PCRs that can be sold in each period is 6 MW, the maximum duration of the PCRs that can be sold by the users is 5 h, the maximum total duration of the PCRs that can be sold by the load aggregator for each user is 8 h, the total load of the PCRs purchased for each power user is not more than 18 MW, and the maximum total amount of the PCRs purchased shall not exceed 72 MWh. Under the above data settings, four groups of scenarios are established as follows:

Compensation contracts scenario 1: The subjective psychological probabilities that the four power users believe that the PCRs will be exercised are 0.6, 0.55, 0.45, and 0.4, respectively, and the unit electricity consumption benefit of all four power users is 350 €/MWh. The power users and the load aggregator sign compensation contracts to trade PCRs.

Option contracts scenario 2: The subjective psychological probabilities of four power users are 0.6, 0.55, 0.45, and 0.4, respectively, and the unit electricity consumption benefit of all four power users is 350 €/MWh. The power users and load aggregator sign option contracts to trade PCRs.

Compensation contracts scenario 3: The subjective psychological probability of all four users is 0.4, and the unit electricity consumption benefit for the four power users are 350 €/MWh, 300 €/MWh, 250 €/MWh, and 200 €/MWh. The power users and load aggregator sign compensation contracts to trade PCRs.

Option contracts scenario 4: The subjective psychological probability of all four users is 0.4, and the unit electricity consumption benefit for the four power users are 350 €/MWh, 300 €/MWh, 250 €/MWh, and 200 €/MWh. The power users and load aggregator sign option contracts to trade PCRs.

As shown in Fig. 11, the results being presented are the solutions of the optimization problem (20) under the constraints (24)–(26). In scenario 1, power user 1 and power user 2 choose not to sell the PCRs, it was found that the subjective psychological probabilities of power user 1 and power user 2 are both greater than 0.5, and they are more inclined to believe that the PCRs will be exercised after the sale. Through calculation, power user's expected profit of compensation contract for each period (expressed as λ(At−2Vt+Wt)+Vt−Wt) is less than 0, this type of power user believes signing of compensation contracts within each time period will bring losses, so they choose not to sell PCRs, power user 3 chooses to sell PCRs in periods 7–8 and 18, and power user 4 chooses to sell PCRs in periods 7–11, 13–14, and 18, the expected profit of compensation contracts for PCRs considered by power user 3 are greater than 0 during periods 7–8 and 18, and the expected profit of compensation contracts considered by power user 4 are greater than 0 during periods 7–11, 13–14, and 18, power user 4's relatively aggressive risk attitude has led it to sell more PCRs.
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Figure 11: The strategy for power users to sell PCRs in scenario 1

Based on the application results of power users in scenario 1, the load aggregator chooses to sign compensation PCR contracts with power user 3 in periods 7–8 and 18 and signed compensation contracts with power user 4 in periods 7–9 as shown in Fig. 12, the results being presented are the solutions of the optimization problem (32) under the constraints (33)–(35). Compared with Fig. 10, he expectations of the value of compensation contracts at each time period (expressed as ∑i=1Ipi[max(Rti−Wt−At,0)]) is the largest in periods 7–9, which explains why the load aggregator only purchases the PCRs of power user 4 in periods 7–9 without choosing other periods under the relevant constraints.
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Figure 12: The strategy for load aggregator to purchase PCRs in scenario 1

As shown in Fig. 13, the results being presented are the solutions of the optimization problem (23) under the constraints (24)–(26). In scenario 2, power user 1 and power user 2 chose not to sell the PCRs, and their expected profit of the option contract for each period (expressed as λKt+(1−2λ)Vt−(1−λ)Wt+Lt) is less than 0, power user 3 chooses to sell PCRs in periods 7–11, 13 and 18, and the periods during which the power user sells PCRs increases compared with scenario 1. Power user 4 chooses to sell PCRs in periods 7–11, 13–14, and 18. Compared to power user 3, power user 4 increases the sale of PCRs in the 14th period, still conforming to the rule: the lower the subjective psychological probability is, the more PCRs are sold.
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Figure 13: The strategy for power users to sell PCRs in scenario 2

Based on the application results of power users in scenario 2, the load aggregator chooses to sign option PCR contracts with power user 3 and power user 4 in periods 7–9 as shown in Fig. 14, the results being presented are the solutions of the optimization problem (32) under the constraints (33)–(35). Compared with scenario 1, under the option mode, the time periods for the load aggregator and power user 3 to sign the PCR contracts are changed from 7–8 and 18 to 7–9, and it has been calculated that PU's perception of profit under the options contracts for each period (expressed as ∑i=1Ipimax(Rti−Wt−Kt,0)−Lt) is the largest in the periods of 7–9. The option mechanism causes the LA's PCR purchase decision-making to converge to high-value periods.
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Figure 14: The strategy for load aggregator to purchase PCRs in scenario 2

As shown in Fig. 15, the results being presented are the solutions of the optimization problem (20) under the constraints (24)–(26). Power user 1 chooses to sell PCRs in periods 7–8 and 18. Power user 2 chooses to sell PCRs in periods 7–11, 13, and 18. Power user 3 and power user 4 choose to sell PCRs in periods 7–11, 13–14, and 18. With other conditions unchanged, as the power user's unit electricity consumption profit decreases, the power user's willingness to sell PCRs increases, that is because the user with lower unit electricity consumption benefits will have larger expected profit of the compensation contract for each period (expressed as λ(At−2Vt+Wt)+Vt−Wt). And as shown in Fig. 16, the results being presented are the solutions of the optimization problem (32) under the constraints (33)–(35), the load aggregator chooses to sign more compensation PCR contracts with power user 1 in periods 7–8 and 18 and chooses to sign compensation contracts with power user 2, power user 3 and power user 4 in periods 7–9.
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Figure 15: The strategy for power users to sell PCRs in scenario 3
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Figure 16: The strategy for load aggregator to purchase PCRs in scenario 3

As shown in Fig. 17, the results being presented are the solutions of the optimization problem (23) under the constraints (24)–(26). In scenario 4, power user 1 chooses to sell PCRs in periods 7–11, 13, and 18. Power user 2, power user 3 and power user 4 choose to sell PCRs in periods 7–11, 13–14, and 18. Compared with scenario 3, the power user is more willing to sign option contracts to sell PCRs with other conditions unchanged. As the power user's unit electricity consumption benefit decreases, the power user's willingness to sell PCR increases, that is because the power user with lower unit electricity consumption benefit will have larger expected benefit of the option contract for each period (expressed as λKt+(1−2λ)Vt−(1−λ)Wt+Lt). Based on the application results of power users in scenario 4, as shown in Fig. 18, the results being presented are the solutions of the optimization problem (32) under the constraints (33)–(35), the load aggregator chooses to sign option PCR contracts with power user 1, power user 2, power user 3 and power user 4 in periods 7–9, which converge to high-value periods too.
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Figure 17: The strategy for power users to sell PCRs scenario
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Figure 18: The strategy for load aggregator to purchase PCRs in scenario 4

In summary, the decision to sell PCRs of power users and the decision to purchase PCRs of load aggregator will converge to their respective high-value periods, and PCR option contracts will speed up the process. Compared with the compensation contracts, the PCR option contracts can significantly increase the power users’ willingness to sell PCRs, thereby providing higher value purchase options for load aggregators.

5.4 Sensitivity Analysis of Power Users’ Decision-Making

Further, in the option mode and the compensation mode, the power user's decision-making behaviour in PCR sales is analyzed. The power user's unit electricity consumption benefit V and subjective psychological probability λ are set to sensitive factors, and the expected profit of the power user signing PCR contracts is set to the dependent variable (when the expected profit is positive, users choose to sell PCR, and the opposite is the case when the expected profit is negative), and the seventh period is selected as an example for sensitivity analysis. The sensitivity analysis results are as shown in Figs. 19 and 20.
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Figure 19: The expected profit of power user signing compensation contracts
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Figure 20: The expected profit of power user signing option contracts

Users with high unit electricity consumption benefit are more inclined to sell PCRs in the subjective psychological probability interval of [0, 0.5]. In addition, the willingness of users with high unit electricity consumption benefit to sell PCRs is negatively correlated with the subjective psychological probability within the probability interval of [0, 0.5]. Users with low unit electricity consumption benefit are more inclined to sell PCRs in the subjective psychological probability interval of [0.5, 1], and the willingness of users with low unit electricity consumption benefit to sell PCRs is positive correlated with the subjective psychological probability within the probability interval of [0.5, 1].

Compared with the compensation contract, more power users will choose to sign option contracts to sell PCRs, and the expected profit of signing an option contract with the same user is greater than the expected profit of signing a compensation contract. Considering the subjective psychological probability of 0.4 as an example, when the users’ unit electricity consumption benefit is 75 €/MWh, the users choose not to sell PCRs under the compensation contract mode in the seventh period, but they choose to sign option contracts for selling PCRs, the reason of the differences in users’ decision-making.

5.5 The Profits and Losses of Power Users and Load Aggregator

This section takes the 7–9 periods as the analysis object to analyse the exercising of PCR and the actual returns of the load aggregator based on the transaction results with power user 4 (the unit electricity consumption profit is 200 €/MWh).

Table 2 shows the exercise of PCRs in periods 7–9 after load aggregator signed the compensation contracts with power user 4. In this Table 1 indicates that PCRs are exercised, and 0 indicates that PCRs are not exercised, and the criterion is that they will be exercised when the value of compensation contracts (expressed as max(Rt−Wt−At,0)) is greater than 0.
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Table 3 shows the exercise of PCRs in periods of 7–9 after the load aggregator and power user 4 signed the option contracts. The criterion is similar to compensation contract (max(Rt−Wt−Kt,0)−Lt>0). Compared with the compensation contracts, after signing the option contract, the load aggregator increased exercising of PCRs in the 9th period of Sample 5 and the 7th period of Sample 9, and other exercises remain unchanged.
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We further analyze the actual profit of load aggregator in the three cases of no PCR transaction, signing of PCR compensation contracts, and signing of PCR options contracts. As shown in Fig. 21, in the case of signing option contracts, the actual profits obtained by load aggregator in periods 7–9 are −12.15 €, −31.11 €, and −14.54 €. The option contracts can significantly reduce the loss caused by the uncertainty of electricity prices in spot electricity market to load aggregator without reducing the power users’ willingness to sell PCRs, which will increase the profitability of the load aggregator. That is because load aggregators can obtain accurate electricity price information in spot electricity market so that they can make fully rational decisions about the exercise of PCR. The inequality of information causes the load aggregator to be at an advantage in the transaction of PCRs. Therefore, the PCR option contracts designed by the load aggregator can obtain a higher profit than the compensation contracts on the premise of protecting the power users’ purchase intentions.
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Figure 21: The actual profit of load aggregator's transaction with power user 4 in 7–9 periods

6  Conclusions

In the case of spot electricity price with large uncertainty, to address the issue of effective risk aversion for load aggregators, this paper considers what the load aggregator calls flexible demand-side resources, and constructs an option pricing model for PCR contracts on the premise of increasing the power users’ willingness to sign option contracts and increasing the profitability of load aggregators. Then, the simulation model of PCRs transaction decision-making is constructed. The results of the research indicate the following:

(1)   Since the option contracts perform better in terms of the expected value of loss reduction of the unit power supply, compared to the compensation contracts, option contracts can further improve the ability of load aggregators to avoid the risk of electricity prices’ uncertainty in spot electricity market.

(2)   The option contracts designed in this paper can significantly increase the power users’ willingness to sell PCRs. The decision to trade the PCRs will converge at respective high-value periods, and option contracts will expedite the process.

(3)   On the profits and losses of PCR contracts, optimized option contracts can significantly reduce the loss caused by the uncertainty of electricity prices in spot electricity markets to load aggregators without reducing the users’ willingness to sell power consumption rights.

In the case where the option contract is advantageous, for load aggregators, it is recommended to modify the PCR compensation contracts by using the optimization method, and build the PCR option contract mechanism. However, the research in this paper still has some limitations. For example, in reality, users are not completely rational, and there might be deviations between actual and expected decisions. In the future, further research could be combined with behavioural economics knowledge, such as prospect theory.
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Table 3: The exercise status of PCR by load aggregator under the option contracts mode

Period Sample

1 2 3 4 5 6 7 8 9 10
7 1 1 1 1 1 1 0 0 1 1
8 1 1 1 1 1 1 1 0 1 1
9 1 0 1 1 1 1 0 0 0 1
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Table 1: The retail electricity price data of load aggregator

Periods 1-4 5-6 -9 10-18 19 20-21 22-24

Retail electricity price (€) 55 60 65 60 65 60 55
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Table 2: The exercise status of PCR by load aggregator under the compensation contracts mode

Period Sample

1 2 3 4 5 6 7 8 9 10
7 1 1 1 1 1 1 0 0 0 1
8 1 1 1 1 1 1 1 0 1 1
9 1 0 1 1 0 1 0 0 0 1






OEBPS/Images/EE_18033-fig-15.png
PU1

PU3

MW
CaNWRION®OD

MW
CUNWANON®OD

N
>
D.E
0 8 12 16 20 24
periods
g
>
2 =
0 8 12 16 20 24
periods

10

CaNWAION®O

CaNWROON®O©O

the decision of PU to sell PCR in scenario 3

0 8 12 16 20 24
periods
0 8 12 16 20 24

periods





OEBPS/Images/copy.png





OEBPS/Images/ee-logo.png
(8





OEBPS/Images/EE_18033-fig-19.png
=
&
g 200
o
£ 0
g
> -200
o
L
- -400

0

400
0.6
the subjecti o
e subjective 0.8 100  the unit electricity

psychological probability (\)1 consumption benefit (V)

€





OEBPS/Images/EE_18033-fig-9.png
sample 1

sample 6

25
20
15
10

-5

25
20
15
10

-5

the loss reduction of the unit power supply in compensation mode €/MWh

the loss reduction of the unit power supply in option mode €/MWh

25 25 25 25
N20 mZO < 20 IDZO
015 015 o 15 015
3 10 3 10 CEHO a 10
E s E s A /\ 5 5 E s
? 0 a0 0 a0
-5 -5 -5 -5
4 8 12 16 20 24 5 9 13 17 21 24 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24
periods periods periods periods periods
25 25 25 25
20 20 20 o 20
~ © o -
o 15 o 15 o 15 ° 15
3 10 3 10 3 10 5 10
E s E s E s E 5
[
@0 %0 2 0 o 0
-5 -5 -5 -5
4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24
periods periods periods periods periods





OEBPS/Images/EE_18033-fig-14.png
PU 1

PU 3

MW
CANWANDIN®OD

MW
CEaNWAONDN®OD

the decision of LA to purchase PCR in scenario 2

10
9
8
7
6
SEs
z= 2
3
2
1
0
8 12 16 20 24 0 4 8 12 16 20 24
periods periods
10
9
8
7
6
5% s
2= 2
3
2
1
0
8 12 16 20 24 0 4 8 12 16 20 24
periods periods





OEBPS/Images/EE_18033-fig-5.png
Transaction process

Load aggregator

Power users

Decide the optimal Publish price
?3 option premium and  [—»{information for option
< strike price contracts of PCR
2
a
. . Provide the time
Sign an option contract period and amount
and pay the premium of PCR sale
. Interrupt or
= Pay threzcgm ke reduce power End
3 P supply
g
= Charge
electricity sales | Normal ;l)ower > End
price Supply






OEBPS/Images/EE_18033-fig-10.png
expected value

I the expected loss reduction of the unit power supply in compensation mode
I the expected loss reduction of the unit power supply in option mode

P (o e e e e LU I B B S B B B S B B B e B

0 L L
1234567 8 9101112131415161718192021222324
periods






