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Traditional centralized transactions require a control center for user demand

matching, settlement and other processes. However, with the increase in the

penetration rate of distributed energy in the community, the explosive increase

in the number of transactions leads to a decrease in efficiency and it is difficult to

guarantee user privacy and information security. The smart contract technology

based on blockchain technology has the characteristics of decentralization,

traceability and tamper resistance, and these key factors show unique

advantages in distributed energy transactions. This paper explores Ethereum

and smart contract technology, designs a peer-to-peer energy sharing

mechanism with reward and punishment incentives and establishes a smart

contract trading platform for smart community-based virtual power plant

(CVPP). This paper verifies the functionality and effectiveness of smart

contract. The results show that when the supply and demand ratio changes,

the user can conduct energy transactions according to the contract without a

third-party organization, which solves the problem of trust between the two

parties and achieves the expected effect and runs successfully. In addition, the

simulation results show that the peer-to-peer transaction based on smart

contracts reduces the energy cost per household and increases the total

benefit of CVPP.
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1 Introduction

With the increasing maturity of distributed generation technology, the penetration

rate of renewable energy such as solar energy and wind energy in the power system

continues to increase (Wang, Li, Shahidehpour, and Jiang). Multi-energy entities are eager

to participate in electricity market competition (Gong et al., 2110; Wang et al., 2019a;

Wang et al., 2019b). Distributed energy nearby autonomous trading has become the

future development trend of distribution network (Feng et al., 2022; Gan et al., 2022).
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Among them, CVPP acts as an energy supplier by aggregating

multiple types of distributed generator sets, energy storage

facilities, etc.

Although some studies believe that CVPP energy trading can

learn from the experience of traditional markets and establish a

centralized trading center (Kristov et al., 2016). But in fact, there

are big differences between distributed power trading and

traditional power trading: 1) the number of prosumers is

huge, but the scale of a single transaction is usually small; 2)

prosumers have complete control over their own power

generation and consumption equipment, but the power

generation and consumption characteristics and quotation

strategies have strong uncertainties and differences; 3) The

self-interest of prosumers makes them have higher

requirements for transaction fairness, privacy and non-

discrimination (Masiello and Aguero, 2016). Facing the

transformation and upgrading of the electricity market, the

traditional centralized management method has great

limitations: 1) the operation and maintenance costs of the

trading center are high, the trading freedom is low, and the

effective operation of the microgrid cannot be guaranteed; 2) It is

difficult for users to trust third-party institutions, and

management institutions have high trust maintenance costs,

lack of transparency and credibility; 3) The trading center has

a large target and is easily attacked, so there is the possibility of

data loss or tampering, and information security risks are high.

Compared with traditional centralized energy trading, peer-

to-peer (P2P) energy trading based on smart grid is safer, faster

and more automated. It can effectively deal with the penetration

of distributed energy and is more suitable for solving the problem

of distribution network. The National Development and Reform

Commission and the National Energy Administration of China

issued the “Guiding Opinions on Accelerating the Construction

of a Unified National Electricity Market System” (The National

Development and Reform Commission and the National Energy

Administration of China, 2022), which encourages distributed

photovoltaics and other entities to trade directly with

surrounding users. This policy pushes China to build a

distributed trading market, which promotes the sharing of

electricity, carbon emissions and backup resources. The

Sonnen pilot, a community of owners of the Sonnen Batterie,

was originally launched by the German business Sonnen and has

continued to expand. There are Sonnen community members in

Germany, Austria, Switzerland and Italy and Sonnen is currently

developing a new community pilot in Australia. In the Sonnen

pilot, there is a central software that connects and tracks all

community members to balance energy supply and demand at all

times (Clean Technica, 2015; IRENA, 2020). The UK Piclo pilot

is one of the relatively mature peer-to-peer trading pilots

currently. Based on this, the United Kingdom has launched

an online peer-to-peer trading market for clean energy. In this

pilot, the power generation entity can choose and know the

counterparty to which it sells electric energy, and users can also

choose which power generation entity to purchase electric energy

on blockchain (Zhang et al., 2017; Open Utility, 2021). For the

P2P transaction of electric energy between VPPs, the literature

(Shan, Hu, Wu) established a P2P market transaction

mechanism and model for VPP energy management, and

realized the energy transaction between the prosumers within

the VPP. The literature (Wu, Ma, Yang, Wu, Kong) established a

P2P transaction model between VPPs to formulate the price and

capacity of P2P transactions between VPPs.

In 2014, Buterin and Wood created Ethereum and firstly

apply the smart contract to the blockchain (Buterin, 2014). The

application of blockchain is no longer limited to digital

cryptocurrency transactions. The two combine to complete

more complex functions such as transaction settlement. Smart

contract forces the execution of pre-implanted commands

through code and the process done automatically and without

intervention. The programmable features of smart contracts

allow both parties to a transaction to agree on various

transaction terms, ensuring the automation and integrity of

transaction execution. This technology has been relatively

mature in the fields of finance (Turkanović et al., 2018),

medical (Angraal et al., 2017), and the Internet of Things

(Zhang and Wen, 2017). In P2P energy trading, research on

smart contract is still in its infancy. At present, there are some

pilot projects. For example, LO3 Energy Company of the

United States cooperated with Consensus System Company to

design a distributed photovoltaic power sales platform based on

blockchain technology (Mengelkamp, Garttner, Rock, Kessler,

Orsini, and Weinhardt), which is the first time to apply the

Ethereum blockchain technology in the field of energy trading.

The Scenery-Project funded by European Union is studying ways

to implement decentralized transactions based on blockchain

technology to achieve high efficiency and high returns for peer-

to-peer transactions (Mihaylov et al., 2014). The German electric

power company RWE has cooperated with Slock.it to develop an

electric vehicle charging station management system based on

blockchain smart contracts to verify user identities and achieve

independent billing and transaction settlement (Xu, 2016). In

addition to this, there is the Brooklyn Microgrid Project (Molle,

2016). It enables residents to directly sell the electricity generated

by rooftop solar equipment to nearby users, and the two parties

trade directly without the participation of third-party companies.

In terms of the application of this technology in CVPP,

American LO3 Energy and ConsenSys have developed the Trans

Active Grid project in a community in Brooklyn (Orsini et al.,

2019), which allows resident users in the community to

participate in peer-to-peer electricity transactions within the

community. Users can obtain real-time data such as electricity

generation or electricity consumption by using smart meters and

use the blockchain to sell or buy electricity energy. But the

shortcomings are that the initially designed device is

cumbersome, the user interface is not friendly enough, and

there are very few users involved and the scale is small in a
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community. Subsequently, the American Exergy Engineering

pilot followed the application of Trans Active Grid to peer-to-

peer distributed transaction technology, especially blockchain

technology (Exergy, 2017).

Although the combination of blockchain technology and

distributed energy trading has the advantages of safety,

efficiency and automation, there are still some shortcomings

and many risks in practical applications. On the one hand, the

security of distributed energy transactions based on blockchain

and smart contract technology needs to be improved. The

evaluation revealed that 8,519 existing smart contracts contain

at least one new defect (Wang et al., 2020). On the other hand, the

transaction rules and settlement mechanisms in smart contracts

still need to be improved. A more complete and reliable trading

mechanism is needed to improve user income, enhance the

enthusiasm and initiative of users to participate in

transactions and ensure the development of the distributed

energy trading market.

In summary, the P2P trading behaviors between the nodes

during the negotiation process is studied to set up the P2P

bidding system and corresponding smart contracts.

Considering the negative impact of forecast error, this

contract incorporates a reward and penalty mechanism

according to The Incentive Principle of Positive Economics.

Prosumers are encouraged to refine their models for

predicting power generation, while consumers are urged to

regulate their consumption habits. The feasibility of the smart

contract on P2P energy trading under multiple conditions are

verified and validated. Then the economic impact of P2P energy

transactions conducted by this contract is further discussed.

2 Overall design

This paper learns the design science guidelines proposed by

Hevner et al. (Hevner, March, Park, Ram), and the design idea is

shown in Supplementary Material.

2.1 Trading rules

It is assumed that prosumers, including CVPP, generate

electricity through distributed equipment and have reliable

forecasting models. Prosumers are willing to sell their surplus

energy and consumers with continuous demand for electricity

intend to purchase energy from prosumers through the P2P

market.

1) Prosumers and consumers upload their forecasted power

generation and demand, as well as expected electricity prices.

2) The contract sorts consumers’ bid amounts from high to low

and then selects the optimal bid for each user. If multiple

consumers give the same price, the system will preferentially

match consumers with higher demand, thereby reducing the

possibility of wasting energy. On the other hand, since each

blockchain transaction needs to consume Gas, reducing the

number of transactions under the premise of ensuring the

efficacy of the contract is conducive to maximizing the overall

benefit.

3) The contract matches all users in the queue. If the needs of

both the prosumer and consumers are met, the transaction

will be fired and then removed from the matching queue.

Users who fail to match will complete the transaction with

those who still have surplus power or their energy suppliers.

4) The smart meter reads the actual power generation and

consumption of the previous transaction and uploads it to

the platform.

5) The platform calculates the difference between the expected

transaction volume and the actual power generation or

consumption in this trading cycle.

6) The platform rewards and punishes users for this transaction

performance according to the incentive policy.

2.2 Incentive policy

Although electricity is continuously generated in real time, it

is usually traded in half-hour segments for ease of settlement.

Both parties predict the supply and demand through the models,

and the actual transaction volume may not be consistent with the

predicted volume. For example, a consumer may purchase

electricity without planning to use an air conditioner, but the

weather is hotter than expected, the consumer finally uses the air

conditioner. In this case, the agreed transaction volume does not

match the actual situation and the system is difficult to maintain

balance and becomes fragile, thereby increasing the operating

cost of the microgrid (Chakraborty et al., 2018). According to

The Incentive Principle of Positive Economics, a person is more

likely to take an action if its benefits rises, and less likely to take it

if its cost rise (Shen et al., 2008). This paper introduces an

incentive mechanism into the contract to minimize the impact of

residents’ behavior and renewable energy uncertainty on P2P

transactions. The contract records the number of users defaults

and rewards or punishes accordingly to regulate electricity

consumption, such as a higher P2P transaction probability as

a reward and an appropriate fine as a punishment.

Referring to the current fault handling standard of the Short

TermOperating Reserve (STOR) of the British power grid (National

Grid, 2015), in order to facilitate settlement of the difference between

the agreed electricity and the actual electricity, the system sets two

unbalanced electricity prices (Elexon, 2020). System Buying Price

(SBP) is the unit price paid by the grid to purchase excess electricity

from prosumers. The System Selling Price (SSP) is the price paid by

prosumers when they purchase energy from the distribution grid,

measured in pennies per kilowatt-hour (p/kWh). User losses can be

controlled within 30%.
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Taking into account the uncertainty of renewable energy, this

contract has been adjusted on the basis of the current STOR

standard. The punishment is controlled within 15% and

incentive measures have been added to the contract to fully

mobilize the enthusiasm of users to participate in the P2P energy

trading market. On the one hand, it ensures that users will not incur

higher costs by participating in P2P transactions. On the other hand,

this distribution method is more easily accepted by small-scale

prosumers, incentivizing them to participate in P2P transactions

and reducing the risk of energy waste. The reward and punishment

incentive mechanism adopted is shown as follows:

For prosumers, if the actual power generation exceeds the

forecast, the contract will record the excess power. Other users

can continue to buy the excess and prosumers can choose to sell to

the grid as well. If the actual power generation is less than the

transaction volume, prosumers are slightly penalized to encourage

them to improve their forecasting models. The specific punishment

mechanism is as follows, and summarized in Figure 1:

1) Considering the uncertainty of renewable energy, the forecast

error of prosumers is allowed to be between −5% and +5%.

Prosumers are not penalized when actual production is higher

than 95% of the forecast and receive payments that match the

actual transaction volume. Consumers need to purchase the

credits from the energy provider themselves. Since SSP is

usually higher than the transaction price, in order to subsidize

consumers, the system will waive the service fee for users

participating in P2P transactions this time and next time.

2) When the actual power generation is less than 95% of the

predicted amount, prosumers receive the amount

corresponding to the actual transaction volume.

Consumers purchase the shortage of electricity by

themselves, and prosumers should subsidize consumers by

10% of the shortage amount. Considering that SSP is usually

higher than the P2P transaction unit price, this contract

waives the service fee for this and the next P2P transaction

for consumers whose interests are damaged.

3) For consumers, if their actual power consumption exceeds the

transaction volume, consumers should purchase the excess

power by themselves. If the actual electricity consumption is

lower than the transaction volume, the user still needs to pay

the prosumers in full. But the consumers can sell the excess

electricity to the grid or other consumers. The SBP is usually

below the contract price, and other consumer bids may also

be lower. Defaulting consumers could face some of the losses,

prompting them to regulate their energy usage.

4) When the actual power generation or power consumption

meets the agreed transaction volume, the user will be rewarded.

If the forecast by the prosumers is accurate or the consumer’s

power consumption is consistent with the agreed amount, it is

considered that the user has performed well in this transaction,

and the system will record it. If the user has accumulated five

good performances, each transaction can be reduced by 20% of

the service fee. Accumulate ten good performances and get a

40% discount. Twenty well-performing user transactions get

60% off. And so on.

2.3 Safety measures

1) Function encapsulation. Encapsulates one ormore functions and

only provides a simple calling interface to external programs.

The caller cannot access the internal logic of the function. Key

variables and functions are declared as internal calls.

2) Declare main storage type variables and basic functions as

internal parameters. In order to reduce the cost of data

storage, data in the blockchain is divided into two types:

storage variables and memory variables. Storage variables

refer to variables stored in the blockchain, while memory

variables are only for temporary storage. For example, public

variables are forced to be of storage type, while function

return parameters are defaulted to memorized types. For

security reasons, critical storage variables and functions

cannot be called directly by external accounts.

3) User transaction authorization. Users need to obtain

transaction authorization from the management node

before calling the contract function, which further helps

the trading platform to screen individual users.

Authorization information will be stored in the user structure.

4) Use a mapping structure to ensure that variables are unique.

A map is a key-value store structure. In the Solidity language,

“msg. sender” is a special mapping that represents the

Ethereum address of the current function caller. When the

user calls the contract function, this variable is automatically

set as the sender’s address, which ensures the unique

correspondence between key values.

3 Smart contract based trading
platform

The main functions of the contract include user registration,

quotations uploaded by prosumers, sealed bids by consumers,

system matching, smart meter reading, transaction balance

settlement, and incentives for rewards and punishments. The

contract also provides auxiliary functions to query order status

based on ID or address. Figure 2 shows the logical relationship

between contract functions.

3.1 User registration

Users participating in P2P energy trading need to register for a

blockchain account. The account corresponds to a pair of public

key and private key. The key serves as the account address and can

be used to activate the account. The user enters information such
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as name, email address, zip code and smart meter number, and the

registration is successful after obtaining authorization.

3.2 Upload quotation

The system queries the authorization information of the

prosumers to ensure that only authorized prosumers can call

this function. After passing the inspection, the prosumers enter

the following information: 1) the quotation ID, which is used as

an index label to find the quotation; 2) the total transaction

volume, which represents the electricity expected by the

prosumers; 3) the expected electricity price, the prosumers can

decide the expected price selling price. After the quotation is

submitted, the system automatically records the time

stamp. Quote details are permanently stored on the

FIGURE 1
Illustration of incentive policy.

FIGURE 2
Logical relationship of contract functions.
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blockchain as transactions. The system defaults to this quote as

“valid.”All consumers are free to participate in bidding unless the

prosumers actively mark the offer as invalid.

3.3 Sealed bid

After entering the address and quotation ID corresponding to the

quotation, the consumer creates a bid ID and determines his expected

unit price and demand. The system first verifies that the electricity

purchased by the consumer does not exceed the electricity provided by

the prosumers and then checks whether the bid already exists. If a bid

already exists, duplicate submissions are not allowed, preventing

malicious bidding behavior. After the bid passes the checks, the

function will execute and record the bid on the blockchain. Bids in

this contract can only be set to four states of “create,” “reserved,”

“confirmed” and “rejected.”At this point, the bid is in the “created” state

andwill be added to the sequence of consumers participating in the bid.

3.4 Contract matching

The bid confirmation function is called, and the system

checks all bids and selects the best bid according to the

transaction mechanism. The best bid is not selected based on

unit price, but is prioritized based on the total bid amount. It can

not only maximize the interests of both users, but also reduce

energy waste. In the case of multiple users bidding the same total

amount, the system will give priority to matching consumers

with higher demand. Successfully matched bids have their status

changed to “Accepted.”

3.5 Smart meter reading

Call the smart meter to obtain the actual power generation

and consumption of the user. Enter the smart meter number to

verify against the smart meter number stored in the sealed user

structure. After validation, the data will be imported into the

corresponding user structure.

3.6 Transaction settlement

The system calculates the difference between the predicted

transaction volume and the actual amount of electricity

generated or consumed, and settles between prosumers and

consumers, as well as energy suppliers. The blockchain stores

the calculation results, and the user completes the token transfer.

This function can only be called by the contract owner.

Therefore, there is no interface for the user to input

parameters. Supplementary Material shows the three basic

built-in functions of this process.

3.7 Query function

The query function does not change any data in the

blockchain, so calling the query function does not consume

Gas. The query function returns the data in the caller’s

structure and outputs the requested information. Users can use

the ID to get order details, including bid quantity, expected unit

price, total supply and demand, and remaining unsold electricity.

4 Deploy contracting

All node data in the blockchain is synchronized (Vranken,

2017) and each node can fully participate in the negotiation

process. Public blockchains allow everyone read and write access,

while private blockchains limit the read or write rights of nodes.

Public chains are open and allow anyone to access the blockchain

network. There are many public chain nodes, it takes a lot of time

to propagate transactions, the throughput of operations is

limited, the latency is high, and the processing efficiency is

relatively low (Hahn et al., 2017). The private chains are

managed by administrators, and only specific nodes are

allowed to join the negotiation process. Compared with public

chains, private chains are in a sense more centralized and operate

more efficiently (Xiaoling et al., 2019). This contract is more

suitable to be deployed in a private chain with internal control,

faster processing, lower cost and higher security.

Deploying a smart contract can be understood as a special

transaction on the blockchain. Before deploying the contract, the

destination address is empty. Transactions are sent from the

deployer address and the destination is the contract address.

When a transaction is recorded on the blockchain, a new address

is automatically generated for the contract.

First, the constructor function which only executes once in a

contract is called to input the necessary initial information,

FIGURE 3
Platform data flow.
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including the address of the grid, SBP, SSP, and the service fee.

Then, Web3 Provider is adopted to deploy smart contracts

compiled with Remix to a private blockchain created by

Ganache. Call the constructor and enter the necessary

information, including the energy provider address, SBP, SSP,

and service charge. Constructors can only be executed once in a

contract. Several accounts can be created to test the smart

contract. Specially, the first address who deploys the smart

contract is default as the owner of the contract. Each account

has an initial amount of ethers, which can be used to pay gas for

making transactions on the blockchain. Those test account can be

used to call the previously constructed functions in turn, and the

running result of each function are written in the contract log.

However, the blockchain cannot store the calculation details

of the smart contract. This is because the blockchain technology

stores data in blocks of the blockchain network. Each node will

get a copy of the data on the chain to be kept synchronized with

the network. Therefore, there is no specific data storage zoom for

the operating details of the smart contract. To further test the

function of the contract, this paper uses the flask API to interact

with Python as a tool for storing and analyzing contract

operation data (Atia, 2016) The data flow is shown in Figure

3. After system interaction, the following functions can be

realized: 1) Send ether from wallet to smart contract address

in exchange for energy; 2) Call functions in the contract to

execute transactions or access certain inform.

5 Case analysis

5.1 Evaluation standard

Based on the evaluation system of literature (Zhou et al.,

2018a), this study uses two technical indicators and two

economic indicators to evaluate the P2P energy trading

platform. Technical indicators include validation basis and

condition adaptation index. Economic indicators are made up

of value utilization index and participation willingness index.

5.1.1 Verification basis
According to Magazzeni et al. (2017), verifying the validity of

a smart contract should be based on five criteria: 1) whether the

natural language contract accurately and adequately expresses

the mutual intent of both parties; 2) whether the computer code

is compiled correctly natural language contract; 3) whether the

computer program can do what it is supposed to do; 4) whether

the program only does what it is designed to do; 5) if multiple

programs run in parallel, does the system operate only as

expected and no errors. Through the five criteria, developers

can test whether the contract structure conforms to the logical

paradigm and requirements of the research, check whether the

contract can adapt to different usage scenarios, and ensure the

efficiency and effectiveness of the test.

Criteria 1 and 2 verify the validity of the contract’s natural

language and encoding. The most basic attribute of a smart

contract is the accurate coding of requirements, and this contract

conforms to the trading wishes of all users. Criteria 3 and

4 validate individual program properties. The contract is

completed and only what is required to be done, subject to

the agreement of the parties. Input that meets the criteria can lead

to the desired result, whereas incorrect input will lead to incorrect

results. Criterion 5 verifies the effectiveness of the platform as a

whole. All nodes cooperate to execute the contract, the data in the

block is kept synchronized, and the contract is locally valid, that

is, globally valid. In conclusion, the contract conforms to the

logical paradigm and requirements of this research.

5.1.2 Performance indicators
Zhou et al. (2018b) have developed an evaluation system P2P

energy trading mechanism. The evaluation method of these

contracts is adapted and built on this indexing scheme. Two

economic indexes and one technical index are eventually

adopted. The meaning of each indicator is described below.

1) Condition adaptation index, which measures how the

contract operates under different conditions. This study

explores the operation of the contract under two

conditions of high supply-demand ratio and low supply-

demand ratio.

2) Value mining index. Compare the energy cost of residents

under the traditional transaction framework, measure the

energy cost saved by P2P transaction, and reflect the overall

benefit of CVPP. The higher the indicator value, the higher

the CVPP return, that is, the higher the value obtained.

3) Participation willingness index. In addition to evaluating the

overall benefit, the income per household is equally

important. Participation willingness index reflects the

benefits obtained by users after participating in the

contract, thereby affecting the willingness of residents in

the region to join the CVPP and P2P markets, which is

crucial to the long-term development of the P2P

ecosystem. If participating in P2P transactions leads to an

increase in user energy costs, users will have sufficient

incentives to return to the traditional transaction state.

Therefore, the willingness to participate index measures

the willingness of residents to participate in CVPP and

P2P energy sharing mechanisms through user interests.

5.2 Example description

5.2.1 Power data
Al-Ammari and Al-Thani (2019) tested and compared

blockchain transaction throughput for 10, 20, 30 to

140 nodes, proving that smart contracts in this range are

capable of handling large numbers of transactions without
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sacrificing performance. Network expansion within a reasonable

range will not affect the efficiency of the network. Therefore, this

study tests 10 nodes of the system and performs economic

analysis on each node.

In this paper, the photovoltaic power generation of each

household collected by the Thames Valley Vision project (Potter

et al., 2015) is selected as the data of the virtual power plant. The

photovoltaic penetration level is 30%, the statistical accuracy is

30 min, and the data of smart meter uploaded in 24 h, the unit is

watt per hour (Wh). This accuracy is not only in line with the

general settlement time of the electricity trading market, but also

better understand the customer’s electricity consumption

behavior.

The types of energy storage devices that provide or absorb

energy are not discussed separately herein. Although energy

storage technology can provide greater versatility for P2P

energy trading, they are also very costly. The energy storage

facility is equivalent to a special prosumer, which does not affect

the feasibility and validity of the contract.

The blue part of Figure 4 is the energy consumption of all

participants in the P2P market over a 24-h period. The orange

part represents the net electricity generation after CVPP

actual electricity generation minus electricity consumption.

Assuming that all consumers put their excess electricity into

the P2P market for sale, the net electricity generation is equal

to the electricity available for sale. Figure 4 shows the daily

power generation curve of prosumers participating in P2P

transactions. Assuming that all consumers put their excess

electricity into the P2P market for sale, the net electricity

generation is equal to the electricity available for sale. Figure 5

shows the net production curve after integrating the power

consumption of CVPP.

According to the electricity consumption characteristics of

CVPP, electricity consumption is concentrated in lighting,

kitchen supplies and electronic equipment. The use of home

appliances is not completely random, which is largely affected by

the living habits of residents (Torriti, 2017). Also, electricity usage

varies by household size. These differences and fluctuations are

verified in the SupplementaryMaterial. This study focuses onwhole-

household energy costs and overall CVPP benefits and therefore

does not consider the specific size within each household.

5.2.2 Pricing model
The electricity price of each user varies according to their

needs, usage habits and the frequency of electricity price package

updates. The price gap between energy suppliers does not exceed

10% (Quarterly Energy Prices, 2019). Therefore, the average

electricity price is used for settlement between users and

energy suppliers in this study. In 2019, the average retail price

of electricity in the United Kingdom was 18 pence per kilowatt-

hour (p/kWh) (Sönnichsen, 2021).

This article refers to energy prices in the market. Octopus

Energy (Octopus Energy, 2020) is a new type of green energy

supplier that emerged in the UK in 2016. The company buys

energy from home solar at 6 p/kWh. Another British company,

Green Energy, proposed tidal electricity pricing strategy (Green

Energy UK, 2020). According to statistics, customers who choose

this package have an average electricity price of 4.9 p/kWh

between 11 p.m. and 6 a.m. However, electricity rates between

4 p.m. and 7 p.m. are five times the nightly rate. The source of

energy supply in this study is solar energy and P2P transactions

are concentrated during the day. Consumers only need to buy

low-cost off-peak electricity from the grid at night, thus cutting

their electricity bills during peak hours. Even taking into account

FIGURE 4
PV daily power generation curve of each prosumer.
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tidal electricity prices, the economic advantages of P2P are

further increased. Therefore, this paper only uses average

prices to model P2P transactions. Although the effectiveness

of the P2P transaction mechanism may be underestimated, this

does not affect the verification results of contract validity.

Taking the above considerations into account, the electricity

price for the user to sell the surplus energy to the grid is 6 p/kWh

in this case. The price the user buys from the grid is 18 p/kWh.

Usually the transaction price of P2P transactions will remain

within this range.

Although prosumers can freely set energy prices under the

auction-based market transaction mechanism, the settlement price

ismainly affected by demand and power generation in the actual P2P

market. Therefore, this study adopts the pricing model proposed by

Amin et al. (2020) to simulate bidding. The purpose of the tender is to

minimize the cost per household and the total CVPP cost to

maximize benefits. Take the settlement time of 11:30 a.m. as an

example. The energy supply in the P2P tradingmarket is higher than

the demand. According to the pricing strategy, the consumer’s bid

and the price of the consumer’s bid are shown in Figure 6.

5.3 Result analysis

5.3.1 Technical performance
The supply-demand ratio (SDR) is defined as the ratio of

total supply to total demand. When the SDR is greater than 1, it

means that the production supply is oversupplied. If the SDR is

equal to 1, it means that supply and demand are exactly the same.

Likewise, if SDR is less than 1, it means that supply is not

sufficient to meet demand. Figure 7 compares the shifts in the

demand and supply curves over a day. Total supply is higher than

demand during the settlement period in 11:30–12:30. In most

other cases, the SDR is less than 1.

Figure 8 shows a trade settlement at 11:30 with an SDR greater

than 1. For prosumers, the bar graph reflects the revenue they earn

from selling energy. And for consumers, this represents their energy

FIGURE 5
The daily net production curve of each prosumer.

FIGURE 6
Auction-based pricing strategy.
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bills. It can be seen that the income of prosumers participating in

P2P transactions is higher than that of directly selling energy to the

grid. For users, the energy cost of P2P transactions is lower than that

of direct transactions with the grid.

Figure 9 shows the settlement results at 17:00with SDR less than

1. Although there is still enough solar energy to generate electricity at

this time, the demand of prosumers has also increased. So there is less

energy available for sale in the market. In this case, as long as the

prosumers also provide electricity, the revenue fromP2P transactions

is much higher than that of selling electricity directly to the grid.

However, if the net power generation is insufficient, participating in

P2P transactions will improve the energy cost very little. At this time,

the power generation in the CVPP area cannotmeet the demand and

some users who participate in the bidding may not be able to trade.

Even for the winning bidder, the savings in energy costs are not

significant due to the smaller transaction volume. However, it is still

economical to participate in P2P transactions when all-day returns

are taken into account.

FIGURE 7
Comparison of daily supply and demand curves.

FIGURE 8
User energy costs (SDR > 1).
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Nomatter how the SDRchanges, theConditionAdaptation Index

and Value Mining Index indicators are within the normal range and

do not affect the validity of the contract. It indicates that the contract

can accurately balance and settle transactions under different

conditions. The contract performed well on the technical level

including the extreme conditions. In addition, users participating in

the energy sharing mechanism reduce energy costs to a certain extent.

5.3.2 Economic analysis
In this paper, all prosumers have their own forecasting

methods and models by default. Does not focus on

optimization of predictive models. The prosumers’ forecast

bias is shown in Figure 10.

Among the seven consumers, consumers 1 and 2 are set as

users with extremely irregular usage behavior. In other words,

FIGURE 9
User energy costs (SDR < 1).

FIGURE 10
Producer forecast bias.
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they are not used to using appliances as planned. Consumers 3,

4 and 5 are considered to be slightly irregular users. Sometimes

they follow the rules and sometimes they don’t follow the plan.

Consumers 6 and 7 are considered to have good electricity habits.

The users’ prediction errors are shown in Figures 11–13

respectively.

The cost of each household is obtained after the simulation

shown in Figure 14. The negative bar represents the revenue

FIGURE 11
Electricity deviation of irregular consumers.

FIGURE 12
Electricity deviation of ordinary consumers.
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that prosumers receive from selling surplus energy. Compared

with trading directly with the grid, some prosumers

participating in P2P transactions have increased their profits

and the rest have also succeeded in further reducing energy

costs. Likewise, consumer energy bills have been reduced to

some extent.

The transaction results of each settlement period are affected

by various factors, including bid price, estimated power

generation or consumption, and user performance in previous

P2P transactions. The contract calculates and compares the

number of deals for each consumer and its deal probability is

shown in Figure 15.

FIGURE 13
Electricity deviation of standardizing consumers.

FIGURE 14
Daily energy consumption of each household.
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While suppliers tend to seek high returns, buyers tend to go

after low costs. However, users not only look at the price but also

give more consideration to the credit of the trading partner under

the incentive mechanism of reward and punishment. It turns out

that the prosumer is more likely to prioritize the Consumer 6 and

Consumer 7 transactions with good performance. It seems

strange that Consumer 5 with normal performance also has a

greater chance of clinching a deal than consumers with similar

credits. This is because Consumer 5 usually has higher demand

and the contract will recommend prosumers to make a deal with

him preferentially. As for the ones with poor performance,

Consumer1 and 2 have a much lower trading chance. The

incentive system allows users who perform well to be

rewarded, encouraging them to maintain a good state, and

actively participate in P2P transactions. The penalty

mechanism, on the one hand, encourages producers to

improve their forecasting models. On the other hand,

consumers who do not use electricity properly are urged to

regulate their usage behaviours. However, the punishment is

very humanized so as not to bring users too much loss, avoiding

affecting their enthusiasm to participate in P2P transactions.

The case study shows that all households participating in P2P

energy trading have reduced energy costs without reducing

demand. In addition, P2P energy trading can balance local

demand and reduce the transmission amount of electricity

between CVPP and the grid, thereby reducing the risk of

power system. The P2P transaction model is worthy of further

promotion and becomes the soil for the growth of distributed

energy.

6 Conclusion

This study proposes a smart contract model for P2P energy

trading by taking advantage of the decentralized nature of the

underlying technology of blockchain. On the one hand, user data

is more secure, which solves the problem of trust between the two

parties of the transaction. On the other hand, heavy maintenance

costs such as unified management and data storage are avoided.

At the same time, the transaction network based on blockchain

technology can also ensure the traceability and real-time

performance of transactions. In addition, this paper

introduces a reward and punishment mechanism into the

energy sharing mechanism to motivate participants to upgrade

the prediction models and regulate electricity consumption

behaviors. The simulation results show that the trading

platform can reasonably and reliably complete resource

allocation according to the trading mechanism and achieve a

partial balance between distributed generation and regional

demand. This paper conducts a preliminary study on the

application of smart contract in the field of P2P energy

trading. The research results provide theoretical basis and

practical knowledge for the research and growth of future

blockchain networks.

Smart contract is still a developing technology. Once the

contract is deployed on the blockchain, it cannot be modified. If

there is a breach, the consequences would be catastrophic. To

avoid unnecessary losses, smart contracts need to be fully verified

and tested. The prosumer data used in this case study is all

photovoltaic power generation and there is almost no excess

energy flow in the nighttime P2Pmarket. Introducing other types

of renewable power generation methods to extend the

transaction time of P2P, the validity and practicality of the

contract needs to be further explored. This paper does not

consider the impact of power flow constraints and

countermeasures on P2P energy trading. Future work can

continue to study smart contracts combined with power grid

models, expand security control and market assessment, and

establish diversified P2P trading mechanism evaluation

indicators. At the same time, the strategic behavior of

participants deserves to be studied and modeled in detail to

design a P2P energy trading mechanism that is more stable and

friendly to the power system, and further develop an integrated,

advanced and reliable P2P energy trading platform.
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FIGURE 15
Consumer transaction probability.
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