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Peer-to-peer (P2P) energy trading allows prosumers to trade energy directly without intermediaries. To providea payment system and record transaction information, public blockchain is designed to match the decentralizedfeature of the P2P market. The incentive for nodes outside the microgrid is removed but it is maintained forthe prosumers within the microgrid. Therefore the number of miner competitors is limited to decrease themining difficulty and its power consumption. Proof-of-Stake (PoS) consensus protocol defines the functionof blockchain with its mining mechanism. Miners sacrifice part of their stake to compensate for the powerlosses and reduce the price gap from the traditional prosumer-to-grid trading (Feed-in-tariff). Moreover, theproposed model also contributes to increase the social welfare by improving producers’ income and consumers’cost-saving through the designed pricing scheme, which eliminates the price gap between buying and selling.Successful mining is encouraged by rewards accordingly. A case study is introduced where a microgridmodel with 27 prosumers is tested with the PoS public blockchain-based pricing scheme. The process ofmodel implementation and smart contract creation are specifically demonstrated. Numerical results prove thefeasibility and effectiveness of the proposed method.
✩ This research is supported by the National Research Foundation, Singapore, and EMA-ESG, Singapore under its NRF2019NRF-CG002-002 Award and also bythe Agency for Science, Technology and Research (A*STAR), Singapore under its Singapore–Germany Academic-Industry (2+2) International Collaboration underGrant A1990b0060.
∗ Corresponding author.E-mail addresses: jiawei008@ntu.edu.sg (J. Yang), amrit.paudel@ubc.ca (A. Paudel), ehbgooi@ntu.edu.sg (H.B. Gooi), hunghtd@ntu.edu.sg (H.D. Nguyen).
vailable online 7 June 2021
306-2619/© 2021 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.apenergy.2021.117154Received 20 December 2020; Received in revised form 7 May 2021; Accepted 23 M
ay 2021

http://www.elsevier.com/locate/apenergy
http://www.elsevier.com/locate/apenergy
mailto:jiawei008@ntu.edu.sg
mailto:amrit.paudel@ubc.ca
mailto:ehbgooi@ntu.edu.sg
mailto:hunghtd@ntu.edu.sg
https://doi.org/10.1016/j.apenergy.2021.117154
https://doi.org/10.1016/j.apenergy.2021.117154
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2021.117154&domain=pdf


Applied Energy 298 (2021) 117154J. Yang et al.

1. Introduction

The increasing deployment of renewable energy generation in theexisting power systems drives the energy market paradigm shift from acentralized structure to a decentralized one. Peer-to-peer (P2P) energytrading is one of the emerging architectures of the decentralized energymarket in the distribution system and microgrids. P2P energy tradingallows neighboring prosumers that are equipped with a certain capabil-ity of power generation to trade their energy with each other directly.The detailed background of the P2P energy system and conceptualunderstanding of different aspects of P2P energy trading are specificallyintroduced in [1,2]. Local energy consumption reduces service feescharged from intermediaries and provides a more economical tradingenvironment [3–5]. To support the payment system and secure partici-pants’ private information related to energy transactions, a blockchainsystem becomes an ideal tool to be implemented in microgrids [6,7].The idea of using blockchain technology with the P2P energy markethas been progressed from theoretical assumption to simulation or evenpractical implementation, in which the design of the pricing schemeplays a crucial role in transaction execution.An effective pricing scheme could help to reduce the costs of theparticipants and increase the welfare of the P2P market. Several ap-proaches, such as game theory [5,8], price-based demand response [9–11], double auction mechanism [12,13], negotiation approach [14–16],distributed optimization approach [17] are available in the literature todesign the pricing scheme in the energy trading. In classical transactionmodels, the behaviors of participants in energy trading are modeledusing game theory. The model introduced in [5] proposed interactivedemand-side management and the dynamic pricing scheme based ongame theory. The dynamic price is calculated by using the Stackelberggame. In [8], the energy trading game models are realized with itera-tive algorithms to achieve Nash equilibrium (NE) where NE representsthe amount of energy to be traded and the corresponding trading prices.The authors in [9] generalize a pricing mechanism for the energysharing market in which prosumers’ cost-saving and market welfare areenhanced. In [10,11], the real-time pricing mechanisms are designed tomaximize the social welfare. The double auction approach applied in[12,13] facilitates the interaction among participants. Prosumers playthe role of price makers to optimize the trading strategy and increasetheir profits. The authors in [13] propose the double auction methodwith the Ethereum blockchain network to design three uniform pricesfor the P2P energy market. Most of the aforementioned methods areiterative approaches and computationally intensive, but the blockchainsystem is not able to afford intense computation especially when smartcontracts are utilized, which may cause large latency problems [18].In the blockchain-based energy trading systems, Ethereum [19,20]and Hyperledger Fabric [21] are the two most popular and widely usedplatform for P2P transactions. In the Hyperledger-based blockchainsystem, the Byzantine Fault-Tolerant (BFT) protocol [22] includingreputation-based BFT (RBFT) and practical BFT (PBFT) is the mainstandard for all participants to achieve their trading consensus. Theauthors in [23] design a Hyperledger based blockchain to support en-ergy crowdsourcing with batteries and distributed generation facilities.A similar blockchain type is implemented in [24] with a game model toincrease sellers’ profits and reduce buyers’ utility sacrifice. In general,Hyperledger Fabric is an effective blockchain system when the pricingscheme design requires enormous computation. It is because the seriesof BFT protocols mostly support the design of private or permissionedblockchain [21,25] in which the computation load is largely decreasedas the P2P trading is supervised and supported by a centralized agent.However, this feature of Hyperledger-based blockchain violates thedecentralized structure of the P2P market where the transaction needsto be executed without any central authorities. Besides, malicious nodescould dominate private and permissioned chains by controlling onlylimited nodes (central agents). Conversely, in the public chain scenario,
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they need to control at least 2/3 nodes. The same problem also occurs
with the Proof-of-Authority (PoA) consensus protocol which is newlypublished by the Ethereum platform [26].To fulfill the requirement of a decentralized trading structure andensure the security level of energy trading, the public blockchainsystems are more suitable for the P2P energy market. The Ethereumplatform provides a great variety of consensus protocols for the publicblockchain design. These consensus protocols define the way of addingnew blocks into the blockchain. Proof of Work (PoW) has been proven asuccessful protocol in Bitcoin [27], and the right to mining new blocksdepends merely on participants’ computation power. The requirementfor mining power of computation increases with the number of blocksand miners. It will cause high mining expenses with the large amountof energy consumption [7]. To solve this problem, Proof-of-Stake (PoS)[28,29] is invented and the chance of mining is changed to relyon participants’ stake. Thus, the computation load is decreased andthe decentralized trading structure is fulfilled. The authors in [30]demonstrated an Ethereum blockchain-based P2P energy trading frame-work and regional energy balance and carbon emission mitigation areachieved by its proposed pricing scheme. Charging and discharging sce-narios of electric vehicles are taken into consideration with blockchaintechnology in [31–34]. In conclusion, the Ethereum blockchain is betterthan the Hyperledger Fabric in public blockchain implementation andcrypto-currency initialization, which offers a faster payment platformfor the P2P energy market.Since the private or consortium blockchain type is commonly uti-lized by many researchers [23–25,35] in the P2P energy trading whichis always applied with an authorized agent, this study proposed a fullypublic chain to match the decentralized structure of the P2P market.However, for those studies in public blockchain-based pricing schemes,the main problem is the implementation since the smart contractsare primarily created for simple calculation and cannot afford largeiterative computation. Therefore, complex pricing methods like gametheory [3,5,8,36] could not be realized by the public chain. The numberof iterations required should be small to realize with the public chainand our proposed pricing scheme has that feature. More unacceptably,some use of the blockchain system is even based on the theoreticalassumption in many research studies [13,30,32,37]. The process ofimplementation should be demonstrated to prove the feasibility of theproposed ideas.On the other hand, the power losses in the microgrid or electric-ity network while delivering energy from one node to another nodeincrease the trading expense and cause the price gap between thebuying price and selling price [9,38]. To solve this problem, this studydesigns a PoS consensus protocol with consideration of power losscompensation and it is able to cooperate with the pricing scheme togenerate the optimal price for both sellers and buyers. The proposedblockchain method not only realizes its advantages on the transactionlevel but also helps in power losses analysis. Therefore, this studyfocuses on establishing a PoS based public chain with a relativelysimple and feasible pricing scheme. The PoS consensus protocol withthe pricing scheme is able to eliminate the pricing gap and increasesocial welfare. The contributions of this study are:
• A fully public blockchain to match the decentralized P2P energytrading market.
• A PoS consensus protocol application with a proper mining mech-anism considering power losses to reduce the price gap.
• A simple and effective pricing scheme design with a small numberof iterations which could be afforded by smart contracts.
• A clear demonstration of the implementation process and advan-tages of the proposed model over traditional prosumers to utilitygrid trading.
The remaining of this study is organized as follows: Section 2 showsthe proposed pricing scheme design. Section 3 introduces the PoS
based public blockchain considering power losses with smart contract
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creation and welfare analysis. The case study as well as the implemen-tation process of the proposed method is shown in Section 4. Section 5includes the conclusion of the study and its related future researchdirection.
2. Pricing scheme for P2P energy trading

The proposed pricing scheme aims to generate a more acceptableprice for both buyers and sellers than trading with a utility grid. Thereshould be no price gap between the buying price and selling price sothat all traders could achieve their maximum benefits. The gap causedby power losses will be addressed in Section 3. In this study, prosumersof a microgrid are assumed to be equipped with PV panels and batterysystems. After their power generation and stored energy run out, thedemand of prosumers is firstly fulfilled by P2P energy trading withother prosumers. Their surplus power or unbalanced demand will besatisfied by trading with the utility grid as the last resort. Since thebuying price and selling price for trading with the utility grid areconstant values, the proposed pricing scheme only calculates the pricefor the transactions within the microgrid. The payment system in thisstudy is supported by the blockchain system. To provide a fast tradingplatform, a proposed crypto-currency named 𝑒𝑙𝑒𝑐𝑜𝑖𝑛 is applied and thusthe value of every product mentioned is measured by it.In a microgrid with 𝑁 prosumers, every trading could be set up asan element of a matrix 𝑃 of order 𝑛𝑐 × 𝑛𝑝, where 𝑛𝑐 and 𝑛𝑝 denotes thenumber of consumers (buyers) and the number of producers (sellers)and are indexed by 𝑖 and 𝑗 respectively. It should be noted that 𝑛𝑐 and
𝑝 are not constant values in different time slots. It relies on prosumers’espective demand and generation to define the role of prosumers.rosumers in the microgrid could assume different roles in differentime slots based on their demand and generation. In each time slot 𝑡,he matrix 𝑃 could be expressed as:
=
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⎢
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𝑡 ∈ [𝑡1, 𝑡2,… , 𝑡ℎ] (1)
here 𝑛𝑐 + 𝑛𝑝 <= 𝑁 , and 𝑝𝑖𝑗 refers to the amount of power transferredetween consumer 𝑖 and producer 𝑗.Accordingly, the power losses of every transaction can be repre-ented as
𝐿 =
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(2)
Therefore, the total amount of power exported by producers is

𝑡
𝑒𝑥 =

𝑛𝑝
∑

𝑗=1

𝑛𝑐
∑

𝑖=1
𝑝𝑡𝑖𝑗 (3)

The amount of power purchased by consumer 𝑖 within the microgrids:
𝑡
𝑖 =

𝑛𝑝
∑

𝑗=1
𝑝𝑡𝑖𝑗 (4)

The total amount of power needed by all consumers is the sum ofhe energy imported from producers and the utility grid, which can beefined as
𝑡
𝑖𝑚 =

𝑛𝑐
∑

𝑖=1
(𝑝𝑡𝑖 + 𝑝𝑡𝑢𝑖 ) (5)

here 𝑝𝑡𝑢𝑖 refers to the amount of power purchased from the utility gridy consumer 𝑖. It could be 0 if 𝑝𝑡 − 𝑝𝑡 >=
∑𝑛𝑝 ∑𝑛𝑐 𝑝𝑡 .
3

𝑒𝑥 𝑖𝑚 𝑗=1 𝑖=1 𝑙𝑖𝑗
t

The supply–demand ratio 𝜖𝑡 for the microgrid in each time slot 𝑡 isdefined as
𝜖𝑡 =

𝑝𝑡𝑒𝑥
𝑝𝑡𝑖𝑚

(6)
According to [39], the correlation between the price of products andthe supply–demand ratio is negative proportional. Therefore, the sellingprice 𝑆 of power could be defined as
𝑆𝑡 = 𝑏

𝜆𝜖𝑚,𝑡 + 1
(7)

where 𝑚 is the exponential number of 𝜖. The value of 𝑚 depends on itsspecific application scenario, which will be defined in the case studysection.The selling price is set as 𝑆(0) offered by FIT and the buying priceis set as 𝐵(0) offered by the utility grid. When 𝜖𝑡 = 0, consumers couldonly purchase products from the utility grid, so that the new sellingprice 𝑆(1) equal to 𝐵(0). Conversely, if 𝜖𝑡 >= 1, consumers’ demand isfulfilled by producers’ supply. The price 𝑆(1) should be no more thanthe price offered by the utility grid 𝑆(0) so that the power could besold from producers. To calculate 𝑏 and 𝜆, substituting (0, 𝐵(0)) and (1,
𝑆(0)) into (10) and extending it to the iteration 𝑛, the price could bedefined as
𝑆𝑡(𝑛 + 1) = 𝐵𝑡(𝑛)

𝐵𝑡(𝑛)−𝑆𝑡(𝑛)
𝑆𝑡(𝑛) 𝜖𝑚,𝑡 + 1

(8)
here 0 < 𝜖 < 1.According to the economic balance of a market, the buying price
𝑡(𝑛 + 1) could be deduced by
𝑡
𝑖𝑚 𝐵𝑡(𝑛) = 𝑝𝑡𝑒𝑥 𝑆

𝑡(𝑛 + 1) + (𝑝𝑡𝑖𝑚 − 𝑝𝑡𝑒𝑥).𝐵
𝑡(𝑛) (9)

hus, the buying price is
𝑡(𝑛 + 1) = 𝑆𝑡(𝑛 + 1)𝜖𝑡 + 𝐵𝑡(𝑛)(1 − 𝜖𝑡) (10)
he iteration stops when 𝑆𝑡(𝑛) = 𝐵𝑡(𝑛) (no price gap). The proof of theonvergence criteria is shown in Appendix section.As the selling price equals the buying price after iterations, the pricef power is symbolized uniformly by 𝑆 for the rest of the paper. Theroposed pricing scheme generates the trading price without a priceap. Both buyers and sellers could trade at the price of the proposedcheme to increase their benefits by improving their income or theirost savings in comparison to trading with the utility grid. The contentsf the pricing scheme are simple inverse-proportion equations thatould be able to afford by the smart contracts. The iteration numberf each equation will be clarified in the case study section to prove itseasibility in smart contract implementation.
. PoS based blockchain design for P2P energy market

The proposed blockchain is set up based on the Ethereum platformith PoS consensus protocol. The reason behind choosing the publiclockchain is that as P2P energy trading provides a distributed structureor trading, the blockchain should also meet the fully decentralizedequirement of the P2P energy market. This means that there is noentral agent. The whole structure of the PoS blockchain-based P2Pnergy trading is illustrated in Fig. 1.A public blockchain is an effective method to record transactionnformation and preserve the privacy of the participants. In a PoS basedlockchain, traders propose their transaction application by broad-asting to the whole network (microgrid), and then, this proposal iserified by the other prosumers. After the approval of the verification,he transactions are executed by smart contracts automatically. Forhe extension of the blockchain, miners are randomly chosen fromrosumers based on their proportional stake (crypto-currency) investedy themselves. In other words, a more personally invested stake leads
o more chances to mine the new block for the network. The chosen
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Fig. 1. The structure of the P2P energy trading supported by blockchain system.

Fig. 2. The role of miners in P2P energy trading.

miners pack the transaction information using the hash function. Thehash function is a cryptographic method to translate practical data intoa set of code that is extremely difficult to trace back to its original data.The hash function in the public blockchain is defined as
𝐶𝑜𝑑𝑒(𝑛) = 𝐻(𝑇 𝑟𝑎𝑛𝑠, 𝐶𝑜𝑛𝑡𝑟𝑠, 𝑇 𝑖𝑚𝑒,𝑁𝑜𝑛𝑐𝑒, 𝐶𝑜𝑑𝑒(𝑛 − 1)) (11)
where 𝑇 𝑟𝑎𝑛𝑠 means the transaction information; 𝐶𝑜𝑛𝑡𝑟𝑠 refers to thesmart contracts; and 𝑁𝑜𝑛𝑐𝑒 represents the block number.From (11), the hash code of the 𝑛th block includes the hashingresult of the code of (𝑛−1)𝑡ℎ block, which establishes the chain linkingevery block. After more than (2∕3)𝑁 prosumers verify the new block asvalid, it is then added to the blockchain, and miners are rewarded witha certain number of 𝑒𝑙𝑒𝑐𝑜𝑖𝑛. Otherwise, it is invalid, and the miners
4

should be punished by losing their previously invested stake and newminers will be chosen.For the security of the public Ethereum chain, a malicious nodeneeds to own the control of more than (2∕3)𝑁 prosumers and overwriteall of the previous transaction contents as well as rehash them [40].This type of attack requires enormous computation expense whichcould be considered as impossible. Besides, users’ privacy is protectedby the anonymity feature of the blockchain system and they couldcheck the details of previous transactions by using their public keywhere transparency is also provided.Another issue of a public blockchain is that large quantities of min-ing engagement or peer participation could enormously increase themining expense which dilutes miners’ incentives [41]. The conventionalmethod to solve this issue is to increase the mining difficulty (Bitcoin).This solution is unacceptable as a high mining difficulty level still leadsto huge power consumption. The proposed method is to provide thefinancial incentive for prosumers within the microgrid but not for thenodes outside the microgrid. In the proposed smart contract design, theelecoin cannot be exchanged for fiat currency. The elecoin is designedonly for energy trading with no purpose of raising funds, thereforenodes outside the microgrid would not compete for being the minersas the elecoin has no investment potential. For the prosumers withinthe microgrid, the elecoin becomes valuable because it could be tradedwith energy to balance their load demand or surplus energy generation.Thus, only prosumers within the microgrid are motivated to engagein the mining process, which is shown in (12), so that the miningdifficulty could be initialized in a low value to prevent large miningconsumption.
(𝑀𝑖𝑛𝑒𝑟𝑠𝑘, 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑟𝑖, 𝑃 𝑟𝑜𝑑𝑢𝑐𝑒𝑟𝑗 ) ∈ 𝑁𝑃𝑟𝑜𝑠𝑢𝑚𝑒𝑟𝑠 (12)
3.1. Mining analysis considering power losses

To eliminate the price gap caused by power loss from electricitydelivery, the miners are responsible to sacrifice part of their rewards inthe proposed blockchain model to compensate for the price gap, whichis shown in Fig. 2. According to Fig. 2, the pricing scheme proposed inSection 2 could be realized in the P2P energy trading market becausethe price gap is filled as
𝑆𝑡

(

𝑃 𝑡
𝑒𝑥 +

𝑛𝑝
∑

𝑗=1

𝑛𝑐
∑

𝑖=1
𝑝𝑡𝑙𝑖𝑗

)

= 𝑆𝑡 ∗ 𝑀𝑖𝑛
[

𝑃 𝑡
𝑒𝑥, 𝑃

𝑡
𝑖𝑚
]

+𝑀 𝑡 (13)

𝑀 𝑡 =
( 𝑛𝑝
∑

𝑗=1

𝑛𝑐
∑

𝑖=1
𝑝𝑡𝑙𝑖𝑗

)

× 𝑆𝑡 (14)
where 𝑆𝑡 refers to the trading price from the pricing scheme; 𝑀 𝑡refers to miners’ sacrifices in time slot 𝑡; 𝑀𝑖𝑛[𝑃 𝑡

𝑒𝑥, 𝑃
𝑡
𝑖𝑚] represents thetotal power of consumers purchased from producers. When prosumerspurchase energy form the utility grid, 𝑃 𝑡

𝑖𝑚 >= 𝑃 𝑡
𝑒𝑥. If consumers do notpurchase from the utility grid, the value of 𝑃 𝑡

𝑖𝑚 equals 𝑃 𝑡
𝑒𝑥.As successful mining could be rewarded, the value of rewardsshould be limited on a reasonable scale. Unsuccessful mining leads topunishment of stake loss, and thus, the value of rewards 𝑥 should be lessthan miners’ invested stake. Meanwhile, the power loss compensationis afforded by them. The value of rewards should be larger than miners’sacrifices and mining expenses so that miners are motivated to maintainthe extension of the blockchain system. Assume that the value of theinvested stake is 𝑦, the constraint could be expressed as

(

𝑝𝑡𝑙𝑖𝑗 + 𝑝𝑡𝑐𝑜𝑚𝑖𝑗

)

× 𝑆𝑡 < 𝑥𝑘 < 𝑦𝑘 (15)
where 𝑝𝑡𝑐𝑜𝑚𝑖𝑗

refers to the mining consumption of the transactions
happened between consumer 𝑖 and producer 𝑗 for miner 𝑘 at time slot
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𝑡. For each time slot 𝑡, if the total cost for miners during each time slotis 𝐶 𝑡
𝑒𝑝𝑛, the value of it is calculated as

𝐶 𝑡
𝑒𝑝𝑛 =

𝑛𝑝
∑

𝑗=1

𝑛𝑐
∑

𝑖=1

(

𝑝𝑡𝑙𝑖𝑗 + 𝑝𝑡
𝑐𝑜𝑚𝑡

𝑖𝑗

)

× 𝑆𝑡 (16)
The total amount of rewards for miners is restrained as
𝐶 𝑡
𝑒𝑝𝑛 <

𝑛𝑚
∑

𝑘=1
𝑥𝑡𝑘 <

𝑛𝑚
∑

𝑘=1
𝑦𝑡𝑘 (17)

Since rewarding the miners is the main way to publish the elecoinand to ensure its value, the total number of mined 𝑒𝑙𝑒𝑐𝑜𝑖𝑛 should alsobe regulated by the market balance rule according to the support ofthe total amount of power production (unrestricted number of elecoinpublished will decrease its value as the amount of product is limited).Therefore, the inequality for a day is defined as
𝑡𝑛
∑

𝑡=𝑡1
𝐶 𝑡
𝑒𝑝𝑛 <

𝑡𝑛
∑

𝑡=𝑡1

𝑛𝑚
∑

𝑘=1
𝑥𝑡𝑘 <

𝑡𝑛
∑

𝑡=𝑡1
𝑚𝑖𝑛

[

𝑛𝑚
∑

𝑘=1
𝑦𝑡𝑘,

𝑛𝑝
∑

𝑗=1
𝐺𝑡
𝑗
] (18)

where 𝐺𝑡
𝑗 is the power generation value of producer 𝑗.From inequality (18), the amount of elecoin published in the micro-grid should meet the balance with the total energy generated, whichis expressed by ∑𝑛𝑝

𝑗=1 𝐺
𝑡
𝑗 . Then, considering (17), the value of totalpublished elecoin should be less than the minimum value of miners’total invested stake and the total energy generated. In other words,more generation capability allows more crypto-currency publicationwhich reflects the potential of expansion for the proposed model.The value of mining expense is expressed in (16), in which thepower loss value is related to the distance and the amount of electricitydelivered. The power loss is estimated as a nonlinear function of 𝑝𝑖𝑗with the linear relationship with distance 𝑑𝑖𝑗 as follows

𝑛𝑝
∑

𝑗=1

𝑛𝑐
∑

𝑖=1
𝑝𝑙𝑖𝑗 =

𝑛𝑝
∑

𝑗=1

𝑛𝑐
∑

𝑖=1
𝜎𝑖𝑗 ∗ 𝑑𝑖𝑗 ∗ 𝑝2𝑖𝑗 (19)

where the value of power loss coefficient 𝜎 relies on the configurationand application scenarios of the microgrid [42].The mining consumption value is correlated to the performance ofminers’ computational facilities and mining difficulty initialized for theblockchain. It is calculated as
𝑛𝑝
∑

𝑗=1

𝑛𝑐
∑

𝑖=1
𝑃𝑐𝑜𝑚𝑡

𝑖𝑗
= 𝐷

𝑛𝑚
∑

𝑘=1
𝑔𝑘 𝛾

𝑡
𝑘 𝐴𝑘; 𝛾 𝑡 =

{

1 𝑥𝑘 > 0
0 𝑥𝑘 = 0

(20)
where 𝑔𝑘 is the power consumption ratio of miner 𝑘’s chips (kW/T) and
𝐴𝑘 is its computation capability (T). The mining difficulty is given by
𝐷 and 𝑛𝑚 is the total number of selected miners at time slot 𝑡. 𝛾 refersto the mining engagement of prosumer 𝑘.The approximate values of the mining expenses are given byEqs. (16) and (19). It should be noted that, 𝑛𝑐 , 𝑛𝑝 and 𝑛𝑚 are notfixed values for different time slots. The roles (consumer, producer, orminer) of prosumers are determined by their generation and demandprofile as well as their mining engagement. Prosumers could transfertheir roles in P2P energy trading by rearranging their amount of energyconsumption, generation, and invested stakes.
3.2. Smart contract creation

The proposed smart contracts in this study are categorized into twotypes. The first type is for transaction execution and the second typeis to implement the proposed PoS consensus protocol. The respectiveprocedures of automatic transaction execution and PoS implementationfor both types of smart contracts are presented in Algorithm 1 and Al-gorithm 2, respectively. These smart contracts are written in codes andtheir execution supports a fully decentralized trading market withoutintermediaries.
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lgorithm 1 Transaction execution of smart contract0: for each 𝑠𝑚𝑎𝑟𝑡𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝐼𝑖 ∈ [𝑏𝑙𝑜𝑐𝑘𝑖] do0: price calculation1: if transactions are verified as valid then1: receive elecoin from consumer 𝑖;1: receive the message of power delivery from producer 𝑗;2: elseFail the transaction3: end if3: end for4: if the value of elecoin and that of power are matched then4: execute this transaction;5: else5: return money and give command to stop power delivery;5: transaction fails;6: end if;
5

Algorithm 1 Transaction execution of smart contract0: for each 𝑠𝑚𝑎𝑟𝑡𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝐼𝑖 ∈ [𝑏𝑙𝑜𝑐𝑘𝑖] do0: price calculation1: if transactions are verified as valid then1: receive elecoin from consumer 𝑖;1: receive the message of power delivery from producer 𝑗;2: elseFail the transaction3: end if3: end for4: if the value of elecoin and that of power are matched then4: execute this transaction;5: else5: return money and give command to stop power delivery;5: transaction fails;6: end if;
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lgorithm 2 PoS implementation of smart contract0: for each 𝑠𝑚𝑎𝑟𝑡𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝐼𝐼𝑖 ∈ [𝑏𝑙𝑜𝑐𝑘𝑖] do0: receive miners’ invested stakes1: if Transactions are failed after mining then1: miners lose stakes;2: elseminers get rewards3: end if3: end for=0

3.3. Utility and welfare analysis
In this study, the participants of P2P transactions include con-sumers, producers and miners. The cost of energy trading by prosumers’battery systems is considered. 𝐸𝑆𝑡𝑛

𝑛 is set as the amount of energy inprosumer 𝑛’s battery at the end of time slot 𝑡𝑛; 𝜌1 and 𝜌2 are the chargingand discharging efficiencies of the battery. The self-discharging rate isdenoted as 𝜌3. The dynamic of the battery energy level is modeled asfollows
𝐸𝑆𝑡𝑛

𝑛 = 𝐸𝑆𝑡𝑛−1
𝑛 ∗ (1 − 𝜌3) +

[

𝑇𝑐 ∗ 𝐸𝑆𝑐 ∗ 𝜌1 −
𝑇𝑑 ∗ 𝐸𝑆𝑑

𝜌2

] (21)
where 𝐸𝑆𝑐 and 𝐸𝑆𝑑 are charging and discharging power with theirrespective operation time 𝑇𝑐 and 𝑇𝑑 during every time slot.If the annual cost of prosumer 𝑛’s battery system is 𝐶𝑏𝑛, thenthe daily equivalent cost 𝐶𝑑𝑛𝑝𝑟 of the battery system is calculated as
𝐶𝑏𝑛𝑝𝑟
365 . Another cost of energy trading is the generation cost which issymbolized as 𝐶𝑔 . In general, the cost function of prosumer 𝑛 can bedefined as a quadratic convex form of its power generation 𝐺𝑛 [43]
𝐶𝑔𝑛 = 𝑎𝑛𝐺

2
𝑛 + 𝑏𝑛𝐺𝑛 + 𝑐𝑛 (22)

where 𝑎𝑛, 𝑏𝑛 and 𝑐𝑛 are the cost function parameters of prosumer 𝑛 andthese parameters depend on the type of generation source. Since weconsider PV generation, the cost function parameter 𝑎 is zero and theparameters 𝑏 and 𝑐 can be calculated as follows [44]
𝑏 =

𝐶𝑖𝑛𝑣
𝐺𝑝𝑣,𝑟𝑎𝑡𝑒𝑑

× 𝑑𝑠(1 + 𝑑𝑠)𝐿

(1 + 𝑑𝑠)𝐿 − 1
× 1

8760
(23)

𝑐 =
𝐶𝑜&𝑚
8760

(24)
where 𝐶𝑖𝑛𝑣 is the cost of the PV system; 𝐺𝑝𝑣,𝑟𝑎𝑡𝑒𝑑 is the installed capacityof the PV system; 𝑑𝑠 is the discount rate; 𝐿 is the investment lifetime;and 𝐶𝑜&𝑚 is the annual operation and maintenance cost of the PVsystem. The daily cost of producer 𝑗 is ∑𝑡=𝑡ℎ

𝑡=𝑡1
𝐶 𝑡
𝑔𝑗 + 𝐶𝑑𝑗 . With costfunction (22), the proposed blockchain framework is also applicablefor prosumers with thermal generators.
3
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The satisfaction level of consumers related to the quantities ofproducts purchased under various scenarios is modeled by the utilityfunction [45]. A proper utility function which could be used in energytrading should satisfy the following conditions.
• The value of satisfaction level should be 0 with no energy tradinghappens.
• The maximum value could be obtained within the scale of thefunction.

o achieve the above requirements and for the purpose of clear illus-ration, a widely adopted utility function 𝑈𝑝𝑖 in energy field is usedor consumer 𝑖 within the microgrid which is a piece-wise quadraticunction.
𝑡(𝑝𝑡𝑖) =

⎧

⎪

⎨

⎪

⎩

2𝑟𝑡𝑖𝑝
𝑡
𝑖 −𝑤𝑖(𝑝𝑡𝑖)

2 𝑝𝑡𝑖 <
𝑟𝑡𝑖
𝑤𝑖

(𝑟𝑡𝑖)
2

𝑤𝑖
𝑝𝑡𝑖 >=

𝑟𝑡𝑖
𝑤𝑖

(25)
where 𝑟𝑡𝑖 and 𝑤𝑖 are the private parameters of consumer 𝑖 and theyistinguish the consumer from the others. The value of 𝑟𝑡𝑖 may varylong with the time or behavior of consumers, and 𝑤𝑖 is a constantalue that relies on specific energy trading scenarios.As the pricing scheme is already proposed and demand responseanagement is not in the scope of this study, the amount of energy de-ands proposed in each time slot 𝑡 is assumed inflexible and necessaryfor consumer 𝑖. So it is the minimum value to achieve the maximumalue of the utility function and can be defined as
𝑡
𝑖 = 𝑚𝑖𝑛[arg max

𝑝𝑡𝑖=𝑝
𝑡
𝑖+𝑝

𝑡
𝑢𝑖

‖𝑈 𝑡(𝑝𝑡𝑖)‖] (26)
here 𝑝𝑡𝑖 + 𝑝𝑡𝑢𝑖 is the demands of consumer 𝑖 consisting of the powerurchased from producers and the utility grid.If there is no trading between the utility grid and consumer 𝑖,the value of 𝑝𝑡𝑢𝑖 is 0. According to (25), the value of 𝑝𝑡𝑖 + 𝑝𝑡𝑢𝑖 is 𝑟𝑡𝑖

𝑤𝑖
.Therefore,

𝑟𝑡𝑖 = 𝑤𝑖 × (𝑝𝑡𝑖 + 𝑝𝑡𝑢𝑖) (27)
Substituting the result from (26) into (25), the utility function can berewritten as
𝑈 (𝑝𝑡𝑖)

𝑡 =
⎧

⎪

⎨

⎪

⎩

(𝑟𝑡𝑖)
2

𝑤𝑖
𝑝𝑡𝑢𝑖 = 0

(𝑟𝑡𝑖)
2

𝑤𝑖
−𝑤𝑖(𝑝𝑡𝑢𝑖)

2 𝑝𝑡𝑢𝑖 > 0
(28)

With the consideration of power purchased, the welfare function ofconsumer 𝑖 is defined as follows
𝑊 𝑡

𝑖 = 𝑈 𝑡(𝑝𝑡𝑖) − 𝑆𝑡𝑝𝑡𝑖 (29)
The welfare function for all consumers within the microgrid for one dayis
𝑊𝑐 =

𝑡ℎ
∑

𝑡=𝑡1

𝑛𝑐
∑

𝑖=1

(

𝑈 𝑡(𝑝𝑡𝑖) − 𝑆𝑡𝑝𝑡𝑖 − 𝐶 𝑡
𝑔𝑖

)

−
𝑛𝑐
∑

𝑖=1
𝐶𝑑𝑗 (30)

For producers, the welfare function is calculated as their incomes minusthe cost of battery systems and PV generation
𝑊𝑝 =

𝑡ℎ
∑

𝑡=𝑡1

[

𝑆𝑡 (𝑝𝑡𝑒𝑥 +
𝑛𝑝
∑

𝑗=1

𝑛𝑐
∑

𝑖=1
𝑝𝑡𝑙𝑖𝑗

)

−
𝑛𝑝
∑

𝑗=1
𝐶 𝑡
𝑔𝑗

]

−
𝑛𝑝
∑

𝑗=1
𝐶𝑑𝑗 (31)

The welfare function for miners within the microgrid is the differen-tials between their rewards and power loss compensation with miningconsumption:
𝑊𝑚 =

𝑡ℎ
∑

( 𝑛𝑚
∑

𝑥𝑡𝑘 − 𝑆𝑡
𝑛𝑝
∑

𝑛𝑐
∑

𝜎𝑖𝑗𝑑𝑖𝑗𝑝
2
𝑖𝑗 −𝐷

𝑛𝑚
∑

𝑔𝑘𝛾
𝑡
𝑘𝐴𝑘

) (32)
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Finally, the optimization problem is to obtain the value of theexponential number 𝑚 in (8). The optimal value of 𝑚 should achieve themaximum of the welfare functions of consumers, producers and miners(social welfare) for one day. Mathematically,
𝑚 = arg max

𝑚
‖(𝑊𝑐 +𝑊𝑝 +𝑊𝑚)‖ (33)

4. Case study
In this section, the proposed PoS based public blockchain is appliedto a microgrid model with 27 prosumers. The blockchain system isestablished on the Ethereum platform where 𝐺𝑒𝑡ℎ𝐶𝑙𝑖𝑒𝑛𝑡 is installedto initialize the genesis block and mining mechanism. The content ofsmart contracts is written in 𝑆𝑜𝑙𝑖𝑑𝑖𝑡𝑦 programming language. WEB3.jsand the 𝑇 𝑟𝑢𝑓𝑓𝑙𝑒 software package are installed to call the smartcontracts. The mining difficulty is initialized from 130,000 to 300,000and the computation capability of each miner is modeled by a commonAMD Radeon 7650 A DDR3 MXM over 1.8 ∗ 10−5 TH/s. The value ofcrypto-currency depends on the market and it is realized by Initial CoinOffering (ICO) which is beyond our research scope. In this study, the

𝑒𝑙𝑒𝑐𝑜𝑖𝑛 is set up relying on the ERC-777 Token standard and its value isbased on 𝐸𝑡ℎ𝑒𝑟 whose value is stabler than the other published crypto-currency. In this study, the value of 𝑒𝑙𝑒𝑐𝑜𝑖𝑛 is defined by the powergeneration capability of the microgrid with the total number of elecoininitialized for the blockchain system. As the elecoin has no investmentpotential, it can be seen as a product (money equivalence) to be tradedwith energy. To better quantify the value of the elecoin, it is set as aconstant value as an example for the case study.
1 𝑒𝑙𝑒𝑐𝑜𝑖𝑛 = 0.42 𝑐𝑒𝑛𝑡𝑠 (34)
As the buying price is 22.93 cents/kWh (Singapore dollars) and theselling price is 9.3 cents/kWh offered by the utility grid and FITrespectively, based on (34), the buying price and selling price aredefined as 56.7 𝑒𝑙𝑒𝑐𝑜𝑖𝑛 and 22 𝑒𝑙𝑒𝑐𝑜𝑖𝑛 respectively. The value of rewards
𝑥𝑡𝑘 is selected randomly within the constraint, inequality (18).An OPAL-RT real time digital platform with MATLAB software isused to set up the proposed microgrid model. Lithium-ion batteries areconsidered and its charging/discharging efficiency is taken as 90% andthe annual cost of maintenance is considered 3.7 ∗ 104 𝑒𝑙𝑒𝑐𝑜𝑖𝑛. SincePV panels are considered as the local power generation source, it isassumed that the active period of the P2P market is from 7:00 to 18:00.The parameter 𝑤𝑖 of utility function is taken as 0.25 so that the valueof 𝑟𝑡𝑖 could be calculated based on the amount of power purchasedand (27). The other parameters of PV systems and power loss arelisted in Table 2, Appendix A.2. Since our main objective is to developblockchain system for energy trading, the values of the parametersshown in Appendix A.2 are assigned for the simulation purpose onlyand the detail calculation of those parameters is beyond the scope ofthis paper.After the above initialization, the proposed blockchain system isstarted by 𝐺𝑒𝑡ℎ which is shown in Fig. 3. Then, in Fig. 4, according tothe demands of consumers and extra generated power of producers, thetrading prices of different time slots are calculated by smart contractsbased on the proposed pricing scheme (PS).Taking time slot 10, for example, and with different values of theexponential number 𝑚, the proposed price without gap in time slot 10is shown in Fig. 5. It could be observed that the trading price could beconfirmed when the iteration number of calculations is over 5, whichis completely affordable for smart contracts. Fig. 6 demonstrates theproposed trading prices of the whole active hours compared with theprices offered by the utility grid (UG) and FIT.To find the optimal value of integer 𝑚, the welfare values (𝑊 𝑡

𝑐 +𝑊
𝑡
𝑝+

𝑡
𝑊𝑚) for different 𝑚 are calculated depending on the method offered in
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Fig. 3. The activation of PoS based blockchain system.

Fig. 4. The power demands and generation of prosumers.

Fig. 5. The price calculation of time slot 10 with different 𝑚.

Fig. 6. Comparison of the proposed trading price with FIT price during a day.

7

Fig. 7. The publication of elecoin for the blockchain system.

Fig. 8. The mining process of the PoS based blockchain.

Table 1The value of welfare for different m (𝑒𝑙𝑒 ∗ 103).Time W(PAG) W(m = 1) W(m = 2) ... W(m = ∞)
7 −184.99 −18.98 −19.22 ... −19.238 −139.85 351.75 348.73 ... 348.279 −92.46 338.85 333.86 ... 332.3510 −39.76 385.33 381.05 ... 373.111 −16.32 121.14 121.02 ... 118.8412 15.47 63.85 63.85 ... 63.8513 −4.27 114.96 114.96 ... 114.9614 10.26 55.26 55.26 ... 55.2615 −10.33 57.89 57.87 ... 57.2116 −20.41 135.58 134.13 ... 129.417 −71.8 179.54 176.09 ... 175.1718 −165.43 −168.32 −168.32 ... −168.32
Sum −719.9 1616.9 1599.3 ... 1580.9

Section 3. The results compared with conventional prosumer-and-grid(PAG) trading are shown in Table 1.From Table 1, it could be found that the optimal value of 𝑚that maximizes the total welfare is observed at 𝑚 = 1. In addition,the proposed method increases the welfare of prosumers when it iscompared with the PAG trading strategy. The welfare value remainsunchanged in time slots 12, 13 and 14. Because in these time slots, thepower generation of solar panels reaches its peak and the amount ofpower to be sold in the market exceeds that of demands, so the priceremains unchanged at the least value of 22 ele/kWh regardless of thevariation of 𝑚.Taking 𝑚 = 1 for the blockchain implementation, the ERC-777crypto-currency 𝑒𝑙𝑒𝑐𝑜𝑖𝑛 (ele) is created and initialized in the smartcontracts and published to the blockchain. It is shown in Fig. 7.Once the transaction application is proposed within the microgrid,the mentioned verification and validation process begins under thecondition of PoS consensus protocols. Depending on the quantities ofmining competitors’ invested stake, the miners for the correspondingtime slots are selected and start mining the trading transactions. Fig. 8illustrates the mining process and Fig. 9 shows the content of a minedtransaction in a block.
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Fig. 9. The hashed transaction in a block.

Fig. 10. The hash transaction in a block.

Fig. 11. The respective welfare of consumers in proposed method and PAG scenarios.

Since the miner selection is restrained within the microgrid, themining speed observed in Fig. 8 is extremely fast as the mining diffi-culty could be set at a low level. Fig. 9 demonstrates a mined trans-action where its hash code and the addresses of transaction traders(consumers and producers) and its smart contract are all presented.The consumer referred in this figure spent 805 𝑒𝑙𝑒 for energy purchas-ing which realizes the transparency feature of the blockchain system.Furthermore, traders’ privacy is protected as the specific identity be-hind the address is unknown. The information of a block with itstransactions is shown in Fig. 10 where the block shown contains 19transactions with their respective smart contract creation (known ascontract internal transactions in Fig. 10).The respective welfare of producers and consumers by using theproposed method compared with traditional PAG trading is shown inFigs. 11 and 12. Finally, the welfare of all prosumer types by using theproposed PoS blockchain-based pricing scheme is shown in Fig. 13.Both producers and consumers improve their welfare from theproposed method according to Figs. 11 and 12. During the early hours(7 am to 9 am), the welfare of consumers is equivalent to or even

8

Fig. 12. The respective welfare of producers in proposed method and PAG scenarios.

Fig. 13. The welfare of consumers, producers and miners.

slightly lower than the welfare they obtain from the PAG trading. Itis because consumers’ load demand is satisfied mostly by PAG tradingas prosumers’ generation capability is relatively lower during thosetime slots. This From Fig. 13, compared with another two types ofparticipants, the consumers are more sensitive to the proposed methodas their welfare value fluctuates most in different time slots and theyalso benefit most from the pricing scheme. The welfare value of minersis always positive, thereby being a strong incentive for them to keepextending the PoS based blockchain system.
4.1. Discussion

In the proposed PoS public blockchain-based pricing schememethod, the crypto-currency is published by the mining system used inenergy transactions. The incentive for prosumers to becoming miners isensured by the elecoin. To maintain the value of 𝑒𝑙𝑒𝑐𝑜𝑖𝑛, the number of
𝑒𝑙𝑒𝑐𝑜𝑖𝑛 is ensured to meet the balance of energy generation. Althoughthis requirement reveals the expansion potential of the blockchainsystem, the public blockchain still needs to increase its mining difficultyonce the number of miners is over-congested and uncontrollable likeBitcoin. This is because the total number of crypto-currency is finiteand the mining speed should be controllable. Thus, the number of pro-sumers within the proposed model is supposed to achieve its maximumbased on different scenarios of microgrids.The proposed 𝑒𝑙𝑒𝑐𝑜𝑖𝑛 is created based on the ERC-777 standard.The reason for not adopting the conventional ERC-20 standard isthat consumers’ payment cannot be returned if the transaction failsunder the condition of ERC-20 [46]. This is obviously unacceptable for
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consumers. When all of the 𝑒𝑙𝑒𝑐𝑜𝑖𝑛𝑠 are mined out, miners could berewarded for their successful mining by the 𝑔𝑎𝑠 − 𝑙𝑖𝑚𝑖𝑡 and 𝑔𝑎𝑠 − 𝑝𝑟𝑖𝑐𝑒echanism [40] as the proposed method is established based on thethereum platform. According to this mechanism, miners are paid byhe transaction applicants (consumers or producers) with transactionees, whose value is calculated by multiplying the values of 𝑔𝑎𝑠𝑙𝑖𝑚𝑖𝑡 and
𝑎𝑠𝑝𝑟𝑖𝑐𝑒. In summary, the crypto-currency-based monetary system is stilllive even if there is no more production of 𝑒𝑙𝑒𝑐𝑜𝑖𝑛.From the results of the case study, the social welfare of the mi-rogrid is improved enormously compared with that of the traditionalrosumer-to-grid trading. All transaction participants benefit from theroposed pricing scheme as their respective welfare is increased.
. Conclusion

This study presents a PoS public blockchain-based pricing schemeor the P2P energy trading market, where miners are rewarded withuccessful mining or punished by losing their stake adversely. Theayment system is supported by the proposed blockchain system withhe utilization of a crypto-currency type named 𝑒𝑙𝑒𝑐𝑜𝑖𝑛. Transactionsre verified by all prosumers with the microgrid. Miners are selectedased on their invested stake. part of their invested stake is sacrificedor power loss compensation. The price gap from the traditional tradingetween prosumers and the utility grid is reduced by the mining systemith consideration of power losses. The calculation method for welfareunctions is specifically presented.In the case study section, the proposed method is tested by usingmicrogrid with 27 prosumers. The process of blockchain implemen-ation and smart contract creation is demonstrated. The transparencyf transactions and the security of customers’ privacy are ensured byhe blockchain system. The role of prosumers in different time slotss flexible according to their power generation and demand profiles.he results show that the proposed PoS public blockchain-based pricingcheme is an effective and feasible way in matching the decentraliza-ion structure of P2P energy trading and increasing the social welfaref microgrids.Although nowadays various types of blockchain have been simu-ated or implemented for P2P energy trading, the general bottlenecks that the blockchain application used in the power system is stilltaying at the transaction level. Therefore, the future research directions to explore the application of blockchain technology into the technicalperations of power systems. A transaction could be treated as a simpleontrol system where money and products are taken as the input andeedback respectively. This idea inspires us to focus our future workn implementing blockchain technology in the distributed control ofower systems to expand its application scenarios.
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omenclature
𝜖 Supply–demand ratio
𝛾 Mining engagement parameter of miner 𝑘
𝜆, 𝑏 Pricing parameters
𝜌1, 𝜌2, 𝜌3 Charging/discharging/self-dischargingrate
𝜎 Power loss coefficient
𝑎𝑗 , 𝑏𝑗 , 𝑐𝑗 Cost function parameters of producer 𝑗
𝐴𝑘 Computation capability of miner 𝑘
𝐵 Busing price of energy
𝐶𝑔 Generation cost
𝐶𝑏 Annual cost of a battery system
𝐶𝑑 Daily cost of a battery system
𝐶𝑖𝑛𝑣 Cost of PV system
𝐶𝑜&𝑚 Annual operation and maintenance costof the PV system
𝐷 Mining difficulty
𝑑𝑖𝑗 Power delivery distance betweenproducer 𝑗 and consumer 𝑖
𝑑𝑠 Discount rate
𝑒𝑙𝑒 Unit of crypto-currency 𝑒𝑙𝑒𝑐𝑜𝑖𝑛
𝐸𝑆 Energy level of battery
𝐹𝐼𝑇 Feed-in-tariff
𝐺𝑗 Power generation of producer 𝑗
𝑔𝑘 Power consumption ratio of miner 𝑘’schip
𝐺𝑝𝑣,𝑟𝑎𝑡𝑒𝑑 Installed capacity of the PV system
𝐻 Hash function
ℎ Number of time slots
𝐼𝐶𝑂 Initial Coin Offering
𝐿 Investment lifetime
𝑀 Power loss compensation
𝑚 Exponential parameter for pricing scheme
𝑁 Number of prosumers within a microgrid
𝑛 Number of iterations
𝑛𝑐 Number of consumers
𝑛𝑚 Number of miners
𝑛𝑝 Number of consumers
𝑃 Power trading matrix
𝑃 2𝑃 Peer to peer
𝑝𝑒𝑥 Total power exported by producers
𝑝𝑡𝑖𝑗 Power trading from producer 𝑖 toconsumer 𝑗 at time slot 𝑡
𝑝𝑖𝑚 Total power imported by consumers
𝑝𝑡𝑙−𝑖𝑗 Power loss caused by power trading fromproducer 𝑖 to consumer 𝑗 at time slot 𝑡
𝑃𝐿 Power loss matrix
𝑝𝑢𝑖 Power purchased from utility grid byconsumer 𝑖
𝑃𝐴𝐺 Prosumers and Grid
𝑃𝑜𝑆 Proof-of-Stake
𝑃𝑆 Pricing Scheme
𝑟𝑖, 𝑤𝑖 Utility function parameters of consumer 𝑖
𝑆 Selling price of energy
𝑇 Operation time
𝑡 Time slot, goes from 𝑡1
𝑈 (𝑝𝑖) Utility function of consumer 𝑖
𝑈𝐺 Utility Grid
𝑊𝑐 ,𝑊𝑝,𝑊𝑚 Welfare functions forconsumers/producers/miners
𝑥𝑡𝑘 Rewards of miner 𝑘 at time slot 𝑡
𝑦𝑘 Invested stake of Miner 𝑘 at time slot 𝑡

A.1. Convergence proof
𝐵(0) and 𝑆(0) are set as the initial trading price for the pricing
scheme where 𝐵(0) > 𝐴(0).
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𝑆

T
𝑆

Table 2Parameters of generators and power loss.Prosumer b c 𝜎 ∗ 𝑑(ele/kWh) (ele/h) (ele)
1 10.55 43 0.000082 4.33 51 0.000543 9.88 28 0.000614 3.28 32 0.000435 10.13 19 0.000686 2.31 54 0.000697 7.84 49 0.00058 5.14 31 0.000169 9.49 11 0.0002210 5.15 16 0.0001911 8.49 35 0.0000912 7.12 14 0.0001413 5.19 51 0.0004914 8.58 30 0.0007115 4.74 70 0.0003116 9.22 61 0.0003517 3.78 47 0.0007418 9.01 14 0.0007219 11.23 39 0.0005320 5.31 21 0.0007521 9.91 47 0.0005922 7.67 19 0.000323 13.36 30 0.0005224 8.92 7 0.0002325 10.69 54 0.0002726 8.89 14 0.0005327 10.81 28 0.00043

From (8),
𝑡(𝑛 + 1) = 𝐵𝑡(𝑛)

𝐵𝑡(𝑛)−𝑆𝑡(𝑛)
𝑆𝑡(𝑛) 𝜖𝑚,𝑡 + 1

(35)
hen it could be calculated as
𝑡(𝑛 + 1) − 𝑆𝑡(𝑛) = 𝐵𝑡(𝑛)

𝐵𝑡(𝑛)−𝑆𝑡(𝑛)
𝑆𝑡(𝑛) 𝜖𝑚,𝑡 + 1

− 𝑆𝑡
(𝑛) (36)

𝑆𝑡(𝑛 + 1) − 𝑆𝑡(𝑛) = (𝐵𝑡(𝑛) − 𝑆𝑡(𝑛)) ∗ (1 − 𝜖𝑚,𝑡)
𝐵𝑡(𝑛)−𝑆𝑡(𝑛)

𝑆𝑡(𝑛) 𝜖𝑚,𝑡 + 1
(37)

Because before the convergence stops, 𝐵𝑡(𝑛) >= 𝑆𝑡(𝑛) and 1 > 𝜖𝑚,𝑡,therefore 𝑆𝑡(𝑛 + 1) − 𝑆𝑡(𝑛) > 0. So it is guaranteed that the value ofselling price is increasing. Obviously, with the increase of 𝑛, the valueof 𝑆𝑡(𝑛) will remain as a constant value when 𝑆𝑡(𝑛 + 1) = 𝑆𝑡(𝑛).From (11),
𝐵𝑡(𝑛 + 1) = 𝑆𝑡(𝑛 + 1)𝜖𝑡 + 𝐵𝑡(𝑛)(1 − 𝜖𝑡) (38)
The value of the subtraction could be calculated as
𝐵𝑡(𝑛 + 1) − 𝐵𝑡(𝑛) = 𝑆𝑡(𝑛 + 1)𝜖𝑡 + 𝐵𝑡(𝑛)(1 − 𝜖𝑡) − 𝐵𝑡(𝑛) (39)
𝐵𝑡(𝑛 + 1) − 𝐵𝑡(𝑛) = 𝜖𝑡 ∗ (𝑆𝑡(𝑛 + 1) − 𝐵𝑡(𝑛)) (40)
Since 𝑆𝑡(𝑛 + 1) − 𝐵𝑡(𝑛) < 0, it is guaranteed that the value of buyingprice is decreasing until its value equals to the selling price which is
𝑆𝑡(𝑛+1) = 𝐵𝑡(𝑛). Finally, the buying price and selling price will achievean equal constant value, which is proven by Fig. 5.
A.2. Parameters of generation unit and power loss

See Table 2.
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