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Abstract: Smart grids are developing rapidly, offering significant benefits but also major challenges.
Among the main issues are trust between network players, transparency of energy transactions and data
confidentiality. To address this, it is crucial to create energy transaction systems that ensure
transparency, trust, and minimization of energy losses, while preserving the confidentiality of the
information exchanged. An in-depth study led to the design of an innovative architecture in 7 layers,
including a specific layer for energy transfer in order to accurately monitor consumption in smart grids.
The division of smart grids into geographical areas aims to optimize energy transmission and reduce
losses. In this article, a smart contract-based mechanism was developed, deployed on an Ethereum
testnet to manage financial and energy transactions, to ensure transparency and build trust. A
decentralized application (Dapp) has also been created to facilitate the management of these
transactions. This architecture has been validated by comparative simulations between our market
model and the one based on the double auction mechanism. The results show that our system, using
energy consumption tokens on the Ethereum Virtual Machine (EVM) of the Sepolia testnet, reduces
transaction losses, stabilizes prices, and maintains a high level of satisfaction through transparent and
reliable transaction management and consumption tracking.

Keywords: Bidding system, Blockchain, Energy transaction system, Ethereum, Peer-to-peer (P2P) energy trading, Smart
contract.

1. Introduction

In smart grids, smart meters act as interfaces between homes and the power grid. Their role is to
ensure two-way communication between the actors and the network operator, they provide information
and indicators related to energy use by time intervals[17]. One of their advantages is that they make it
possible to transform previously passive actors into active actors, leading to the evolution towards a
new form of so-called decentralized management.

The emergence of blockchain as a decentralized management system facilitates this management
while guaranteeing the anonymity of participants and the security of the information shared. Each
player can thus participate serenely in the management of the energy system [27] , assuming well-
defined roles as consumer, producer, or both (prosumers). Consumers express their demands, while
producers offer their surplus energy for peer-to-peer exchange [37.

In practice, blockchain-based peer-to-peer (P2P) energy trading allows producers to sell their
surplus electricity directly to local consumers, eliminating the need for a central player and promoting
win-win transactions[4]. To foster better collaboration among stakeholders, it is essential to establish a
strong, fair and transparent link between members. To this end, each system operator must ensure that
the measured data respects four fundamental properties: accuracy, traceability, security and
confidentiality. This means that it must allow all members to track the origin of transactions, ensure the
anonymity of exchange participants, and protect personal data from unauthorized access or
tampering[57].
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The layered explanation of the Energy Transaction Systems (ETS) presented in [67][7][87[9],
lacks precision and detail, in particular with regard to energy exchange mechanisms and the
management of energy transfers. These gaps create grey areas that complicate the understanding and
effective implementation of ETS. It is interesting Develop a new, more tailored layered architecture that
meets the needs for accurate and transparent management of energy transactions while effectively
integrating regulatory and operational requirements.

In addition, in energy transaction systems, smart meters play a vital role in measuring and
recording energy consumption. However, their potential to improve transparency and trust in
transactions is not fully exploited. In particular, the ability of smart meters to interact directly with a
blockchain, allowing for immutable and verifiable recording of consumption data, is an issue that is
rarely addressed. This lack of integration is a key challenge. There is a need to ensure that information
on energy flows, collected by smart meters, is reliably and securely transmitted to a blockchain that is
accessible to all stakeholders. Such an approach would not only increase transparency, but also build
greater trust between energy market participants. It is relevant to develop a mechanism that would
allow smart meters to directly transfer energy consumption data to a blockchain system. This system
would be open to all market participants, thus ensuring mutual trust and better management of energy
transactions.

To this end, we propose a zone-based energy trading system and a mechanism for monitoring
energy transactions, while guaranteeing the anonymity of the players. The main contributions are
summarized as follows:

e Proposal of a layered architecture of the energy transaction system taking into account the
energy transfer process offering a much clearer view and understanding.

e Proposal of a consensus model for the energy market allowing a reduction in energy losses and
a gain in consumer satisfaction.

e Proposal of a model for monitoring energy transactions for better transparency in exchanges.

e The smart contract for financial transactions on the market and that of consumption monitoring
transactions have been implemented.

e An energy transaction flow was proposed highlighting the role of smart meters in the entire
process.

2. Literature Review

Blockchain as a decentralized management system, starting especially from generation 2.0 with the
introduction of smart contracts, thus producing a significant impact on many sectors of activity [107]. It
was used for the first time in 2014 in energy market management [117. In 2015, thanks to the version
of BLOCKCHAIN 3.0 that integrates decentralized applications, researchers explored the use of
BLOCKCHAIN for the decentralization of the management of an IoT E-business model[127]. Some
work on the decentralized management of smart grids by blockchain is summarized in Table 1.

According to the data presented in Table 1, blockchain is used in smart grids to transform each
participant in smart grids into a proactive actor, rather than just a passive one. This management model
gives each stakeholder the ability to interact with their counterparts, thus fostering a collaborative
dynamic. The decentralized aspect of the blockchain allows all participants to have instant access to all
energy purchase or sale transactions carried out in the energy market. This new management approach
is attracting growing interest in the research community, prompting some authors to explain the
functioning of energy transaction systems (ETS) through a layered structure.

[6] offers an explanation of ETS in two layers, a physical layer that represents the physical
network that facilitates the transfer of electricity once the transaction has taken place between the seller
and the buyer. It consists of the physical interconnection system that connects the different actors, and a
smart meter that allows them to interact

with the energy market and a communication infrastructure that allows them to exchange
information. The virtual layer allows each player to enter their energy sales and purchase parameters. It
ensures equitable participation between the actors and defines the mechanism in the market. It is
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composed of an information system that allows communication between the different players, the
market operations that defines the rules of transactions and the price mechanism. This division does not
give

only a summary description of the energy transaction system and an idea of the functional
organization but no details on the energy exchange mechanism and the management of energy
transfers. [77] offers a 3-layer slicing, the user layer, represented by the systems

transaction control systems whose mission is to control energy stocks and execute the Request
Response DR algorithms and carry out all communications with the IT infrastructure. The
communication layer, made up of all the components necessary to allow the actors to communicate with
each other. The data center owned by the aggregator, where the virtual energy exchange takes place,
The main components of this layer are the publish-subscribe servers, the smart meter database, and the
analytics component. This description offers an idea of the broad outlines of the structural organization
of the STE. The details regarding the decentralized management system remain The data center owned
by the aggregator, where the virtual energy exchange takes place, The main components of this layer
are the publisher-subscription servers, the smart meter database, and the analytics component. This
description offers an idea of the broad outlines of the structural organization of the STE. The details of
the decentralized management system remain unclear. The concept and principle of operation of the
market is poorly illustrated, as well as the data collection mechanism.

Similarly, the creation and follow-up of energy transactions are not taken into account. Unlike the
previous two, [87] explains the operation of the STE by a structure in 5 layers, The user layer which
brings together all the actors of the system and the domestic consumption management devices that
evaluate and transmit the needs and offers of users to the energy market. The Energy
Management/Microgrid Operator (MGO) layer, it collects information on the supply and demand of
grid players while promoting grid balance and stability. The market layer centralizes the energy
proposals of the participants to establish the market equilibrium price. It ensures a fair and transparent
approach. The communication layer, it allows secure data exchanges between participants with good
communication technology offering a good speed at an acceptable cost.

Table 1.
Use of blockchain in decentralized smart grid management.
Years References | Road repairs
2017 [11] Propose a photovoltaic energy exchange market model using a private

blockchain as a platform allowing each partner to offer its price and the
amount of energy available in a decentralized way.

2018 [138] The Ethereum blockchain is used to decentralize demand-to-answer
management in a smart power grid. The smart contract is used to
verify compliance with the participation criteria and to ensure the
balance between demand and supply in the market.

2019 [147] Based on the principle of forming a smart electricity grid through the
association of microgrids, Zhiyi Lia et al. propose a model for the
exchange of information of inter-microgrid transactions in a
[15] decentralized way via the blockchain.

Suhail et al. Uses the blockchain to store information from the
transactions of an energy exchange between two entities in a network
in a decentralized way.

2020 [16] Rabiya Khalid et al. proposed a two-tier energy exchange system.
Blockchain has been used to make this system functional in a
decentralized way. The first level takes into account the peer-to-peer
exchange of energy within the smart grid and the second level an
exchange between peers and the power grid itself.
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2021 [17] The decentralized management of energy and service sales on a virtual
power plant by the blockchain has been studied by Qing Yanga et al.
[187] Subin Kwak and Joohyung Lee have created an energy exchange

platform using the ethereum blockchain, the smart contract is used for
the validation of energy sales conditions.

2022 [19] They propose the development of blockchain-compatible smart
microgrids (BSMG). This proposed BSMG configuration uses the
Ethereum, Tendermint, and HyperLedger Fabric platforms. It
introduces a semi-decentralized system for three-tier energy
transactions. BSMGs thus transform electrical systems from
centralized grids to distributed grids.

The regulatory layer, it is responsible for developing the legal framework and regulatory policies
for energy transactions. It determines the market structure, tax regulations, and the integration of the
microgrid into the traditional energy market. In addition, it ensures the governance and regulation of
the ERS, putting in place procedures and policies to promote smooth and transparent energy exchanges
between participants. However, this representation does not highlight the electricity grid layer or a
layer that would better explain the mechanism of energy transfer between the actors. In addition, the
distributed database layer needs to be defined to discuss the architecture of DLTs, smart contracts, and
their implementation in the context of STS. [97 Explained from a 7-layer structure, the user layer
brings together all the actors of the system and the equipment used for the exchange of information
between actors. The network layer represents the microgrid with all the physical electrical
infrastructure and communication network. The system operator layer is responsible for storing and
analyzing data for grid management and monitoring during energy transactions. It offers a statistical
report on the participants. The market layer is responsible for collecting proposals from participants'
offers, aggregating them to determine a market price for transactions. It also defines the mechanism for
penalties for members who attempt to defraud. The distributed database layer is responsible for making
transaction management decentralized while providing a means of information exchange for each
participant. It uses smart contracts and consensus protocols. The communication layer represents the
communication infrastructures used to update the information in the distributed database. And finally
The regulation layer takes into account the policies and regulations that set the framework to enable the
evolution of the traditional electricity system to a decentralized electricity system. It is noticeable that
this representation does not clearly show how the monitoring of energy transfers is carried out after the
validation of exchanges on the energy market. The regulatory layer does not participate directly in
energy transactions; rather, it establishes the necessary framework for the creation of a decentralized
management system. Policies and regulations precede the energy transaction system. We are seeing
confusion between the network layer and the communication layer. The communication layer, which
includes technologies such as fiber optics, DSL, and 8G/4G/5G networks, could be integrated into or
clearly distinguished from the network layer to better represent the separation between the power grid
and communications.

The following remarks emerge: segmentation into two layers, as presented in[67], lack of precision
regarding energy exchange mechanisms and the management of energy transfers. Similarly, the
reference [77]is considered simplistic, offering a summary view of the structural organization of an
energy transaction system (ETS). Although [87seems to provide more information, details about the
power grid layer and the distributed database layer are lacking, making it difficult to fully understand
how the ERS works. The seven-layer representation proposed by [9 provides a detailed view of how an
ETS works, but has some nuances. In addition [97] does not sufficiently clarify how energy transfers are
monitored after the validation of exchanges on the energy market. Therefore, we propose a new seven-
layer architecture.

The energy market, managed via a blockchain system, uses a price consensus mechanism that varies
according to the researchers' approaches to achieve several social objectives. According to Table 2, the
objectives include achieving common goals, optimizing negotiations to maximize profits, meeting
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consumer preferences, promoting renewable energy, reducing costs and losses, and improving well-
being and privacy in the energy sector. Table 2 illustrates some of the approaches.

An analysis of this table shows that most of the work focuses more on commercial mechanisms and
the management of the energy market. However, the use of smart meters and blockchain for the
management and monitoring of energy transactions remains an issue that is not often addressed in the
literature. It is therefore relevant to develop a mechanism that allows smart electricity meters to
transfer information on the flow of energy consumed to a blockchain system that is accessible and open

to all stakeholders, thus ensuring trust between stakeholders.

Table 2.

Market consensus mechanism and social impact.

Mechanism

Descriptive Summary

Social objectives

[20] | - multi-agent coalition: is a
fundamental concept of multi-

agent systems (MAS) where

In this system, autonomous agents
collaborate by forming coalitions to
achlieve common goals, such as

several —autonomous agents | electricity negotiation, where they
collaborate  to achieve a | submit proposals, evaluate offers,
common goal that none of | make counteroffers, and finalize
them can achieve individually. | agreements.

Achieve a goal that
only a collective
effort can achieve.

bilateral contractual networks
as a new, scalable market
design for P2P energy trading.

[o1]

This system offers a two-tier market:
real-time  markets and  futures
markets. Real-time markets are for
immediate energy transactions, while
futures markets are used to negotiate
contracts for future deliveries. The
process of price adjustment ends
when agents agree on a set of
contracts from which none wishes to

To allow bilateral
negotiation between
market participants
in order to enable
them to maximize
their profit.

turn away.

[227 | Mechanism based on the | This mechanism relies on the | Respect for
Relaxed Consensus and | common agreement of stakeholders | preferences and
Innovation (RCI) method. to make a decision, providing a more | maximization of

flexible approach to consensus. It | consumer well-being
allows us to accept a solution that,
although not optimal for each party,
is satisfactory enough for the
majority.
(28] | new  decentralized digital | The system aims to encourage the | To encourage energy

currency, called NRGcoin.

transition to sustainable energy
sources and maintain an economic
balance in the energy sector by
introducing  NRGecoins, which are
awarded to renewable energy
producers as an incentive to increase
production.

production, thus
increasing supply
and reducing the
purchase cost of

consumers.

[24]

Discrete-time bidding models
for energy price determination

The  system  allows  market
participants to submit bids, followed
by elimination based on specific
criteria, and allows the operator to
cancel a transfer for a better bid. This
is intended to achieve the theoretical
market equilibrium price and protect

reduce the costs of
purchasing on the
market,
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proactive buyers from suboptimal
trades.

[257] | Two-step  energy  sharing | This system enables efficient sharing | Facilitates exchange
strategy ~ with  distributed | of energy and transactions between | between close
transaction technology interconnected buildings. Buildings | neighbours and

can develop energy programs based | therefore avoids

on predictive values, such as daily | energy loss, allows

renewable energy production profiles | players to plan their

and baseloads. supply and demand
in advance.

[267] | Theoretical approach to games | This double-auction game system | Improving  profits,
based on double bidding for | optimizes  energy  trading by | privacy and social
the optimization of energy | matching buyers and sellers to adjust | well-being in  the
trading. prices, while ensuring the | energy sector.

confidentiality of bids for fair
competition. [terative optimization
aims to achieve an efficient balance
between supply and demand.

[47] | Double bidding process. The proposed system allows people | To enable an

who produce and consume electricity | exchange of energy
(prosumers) to directly exchange | between network
electricity using a private blockchain | players while
network through a dual auction | allowing consumers
process. to  reduce  their
electricity bills.

To demonstrate the management mechanism of our ETS market system, we simulated and
compared our model with that of the double auction, in order to highlight the relevance of our method.
We also implemented a Dapp and ran tests on an Ethereum test blockchain for the generation and
tracking of consumer tokens.

3. Seven-Layer Architecture and Interaction Flows
3.1. Architecture a Sept Couches

The proposed architecture responds to the inadequacies noted in the previous development. In this
proposal, we replace in the [97 the regulation layer by the energy transaction layer. Our architecture is
as follows: The User Layer, The Power Grid Layer, The Communication Layer, The Market Layer, The
Energy Transaction Layer, The System Operators Layer, The Distributed Database Layer.

e The user layer

This layer represents all the actors and equipment that exchange data with all the other elements of
the system. Each actor must have a communication account, as well as a HEMSThe HEMS consists of a
EMS Coupled with a smart electricity meter[27]. The EMS is a technology platform comprising
hardware and software[287], designed to measure and control the state of the house's loads, thus making
it possible to define the user's profile. The communication account is the main element for accessing
energy market operations and energy transactions. All transactions are signed using the initiator's
private key and verified by the other actors using the public key[297. The user layer is directly
interfaced with the power grid layer, the communication layer, and the distributed database layer.

e Power grid layer

It refers to the electrical physical grid, which can be the traditional distribution grid provided and
managed by the independent system operator, or an additional, separate physical microgrid network, in
addition to the traditional grid. Its role is to facilitate the transfer of electricity from sellers to buyers
once financial settlements between the two parties have been finalized on the energy market
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platform[67. It includes all production systems (domestic and industrial energy, solar energy, wind
energy, generator energy) including the distribution network.
This layer is interfaced only with the user layer.

e The communication layer

It serves as a channel for the transmission of information between the different players and is the
means of communication with the market layers, energy transactions and distributed databases. It
consists of a set of communication technologies, including wired technologies such as DSL, PLC, and
fiber optics, as well as wireless technologies such as Zigbee, Z-wave, GSM, and Wi-Fi, among others
[97], [80]. The choice of a communication architecture must comply with the performance criteria
recommended by IEEE 1547.8-2007 [67].

e  The market layer

This layer establishes the operations and pricing mechanisms in the P2P network, allowing for near
real-time negotiation and adjusting rates as fluctuations. It sets payment rules and a clear offer format
for participants. Its objective is to ensure efficient negotiation and optimal energy allocation[67]. She can
be implemented on a blockchain system, recording bids and requests, and recording completed
transactions, including payer, payee, and amount. Payments are secured via smart contracts[4]. This
layer interacts with the user layer to receive offers, requests and stakeholder profiles via the
communication layer, and interferes with the energy transaction layer to transmit information related to
energy transactions. The energy transaction layer.

e The Energy Transaction Layer

The energy transaction layer manages the exchange of energy between network participants,
ensuring transparency, security, and efficiency. Distinct from the market layer, it focuses solely on the
traceability of energy consumption. For each consumption, a transaction is issued to a blockchain for
recording and verification, ensuring the integrity of the data. Smart contracts automate the execution of
transactions according to predefined conditions, such as the equivalence between kWh and tokens
recorded by smart meters. This layer facilitates the traceability of energy flows, maintains user trust and
ensures decentralized and reliable energy management.

e System Operator Layer

This layer interacts with the market layer and the energy transfer layer, playing a critical role in
monitoring and readjusting the energy market to maintain grid balance and stability. By accessing
aggregate supply and demand data in real-time, it analyzes and stores this information to ensure the
necessary energy supply for participants while meeting their goals. Thanks to its interface with the
mentioned layers, it monitors the operation of the power system during transactions. In short, this layer
is the backbone of the system, ensuring its transparency and promoting greater social acceptance.[97].

e The distributed database layer.

It represents all the transactions carried out on the market layer and the energy transfer transaction
layer that have been validated and stored in blocks, linked together and distributed among all the nodes
of the network. It traces the history of transactions using the blockchain's timestamp system.

3.2. Interaction Flow Between Layers

(1): User layer interface directly with the power grid layer
(2): User layer interface with the communication layer

(3): User layer interface with the market network layer

):
):
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Figure 1.

Interaction between layers.

: User layer interface directly with the energy transfer transaction layer

: User layer interface directly with the distributed database layer

: The communication layer interfaces directly with the market layer.

: The communication layer interfaces directly with the energy transfer transaction layer

: the market layer interfaces directly with the distributed database layer(9): the market layer
erfaces directly with the energy transfer transaction layer

10): The power transfer transaction layer interfaces directly with the distributed database layer

11): The operating system layer interfaces with the energy transfer transaction layer

12): the operating system layer interfaces with the market layer

3)=(2) + (6): user layer interface with the network layer market via the communication layer

4)= (2) + (7): user layer interface with the energy transfer transaction layer via the communication

[ e i e
o —

4. Modele Du Systeme
Our model consists of a participant, an electricity grid, an energy exchange market and a space for
managing energy transfer transactions as presented in Iig 2.

4.1. Participants

As considered in[317, a participant is an actor who has above all a communication account that is
tull of a private/public key pair[327. There is a relationship between these two keys, where the private
key cannot be easily inferred from the knowledge of the public key alone[ 337. It is also equipped with a
EMS and a smart meter. The role of theEZMS is to collect all the participant's energy consumption
information in real time. This data allows the system to determine the consumption profile and the
amount of energy needed for its well-being or available for sale. The smart meter connects the
participant to their peers on the grid, allowing an interface with the power grid and the communication
network. It receives information from theEMS and transmits them to the energy market via the
communication layer. It also has an internet communication system, allowing it to send information
about its needs and receive information from the exchange network. Producers can represent energy
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producing companies, prosumers are households with means and an energy production system such as
solar energy, wind [177] example of large factories and others. Consumers are households that demand
electricity.

The operation of each participant is governed by algorithms 1, 2.

Réseau de
distribution

Figure 2.
Model architecture.

Algorithm 1 : customer

1: Store energy required en threshold
energy emin
2:  Measures energy et at a date t3:
Calcul de = et- en
4: If Ae < emin go to 5 else return to
25: Send demand6: Receive information
from market7: Accept the transactions:
Call smart contract fonction
‘BuyerEnergy’

9: Receive tokens9: Measure consumption
ec

10: While ec < ea (ea energy buy) call
Smart contract function debitEnergy °
11: Return to 2

4.2. Energy Trading Market

Algorithm 2 : prosumer

1: Store energy required enm threshold energy emin
2: Measures energy et at a date t3: Calcul de = et- en
4: If Ae < emin requester take status = buyer else
status=seller5: Send demand or offer6: Receive
information from market

7: Accept the transaction

8:If status =buyer go to 9 else go to 109: Call smart
contract fonction BuyerEnergy’ and go to 11
10: Received Ether and go to 211: Measure
consumption ec

12: While ec < ea (ea energy buy) call smart contract
function debitEnergy ‘
13: Return to 2

The layered structure of the energy transaction system presented above shows that the market layer
interacts directly with the user layer. In the energy market, players directly exchange their offers for
energy transfer, with a guarantee of security, resilience, scalability, adaptability and trust [187.

4.2.1. Proposed Market Exchange Model
4.2.1.1. Input Data And Constraint

Unlike the market mechanism proposed by the other authors presented in Table 3, our mechanism
takes into account three constraints: market price, quantity of energy and distance. We start from the
principle that on the market we can have only two profiles of actors: V.= {V1, V2,...... Vn} and A= {Al,
A2,....... Am}. Consumers participate with profile A and producers with profile V. Prosumers can have
both profiles V and A. The total number of market participants is then estimated at N=n+m. On each
date t all participants N sending: ID_Blockchain, code_zone, the Vi complete the information with Qd, Pv
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and A;j with Ob, Pa. ID_Blockchain is used to maintain anonymity, code_zone assigned when joining the
network for the participant's geo-location in order to plan participation lists to minimize losses during
energy transfers.

— S 2R
AP = 3 (=) "is)

AP =3I?R (9)
R ="~ (10)

To satisty the social objectives of the actors, as indicated in the table above, we set the condition the
selling price to the Pvg network < Pvm sales price on the market as[847]. Market M groups bids by
Zone Z and by list L = {L1, Le,...... Lz} . The organization by zone aims to limit losses in the
transmission and distribution of electricity, which become important with distance. This loss can be
estimated from formulas (8), (9) presented by [357 : § is the transmitted power measured in kVa, One is
the nominal voltage of the power line in kV , R the resistance of a phase in () and I- the current flowing
in A. Equations (9) and (10) indicate that the increase in the distance between the actors leads to an
increase in resistance, which leads to considerable losses and justifies the zoning adopted.

4.2.1.2. How our Model Works
Table 3 presents the modeling of the operating principle of our model.

4.2.1.3. Double Auction Model

The double bidding model used by [267is an adaptation of Vickrey's auction method, a sealed
auction where bidders submit their prices without knowing those of the other participants.

In this model, buyers participate with the objective of optimizing their profit. Sellers, on the other
hand, seek to make a profit on the market rather than selling this energy to the main grid. The bidder
acts as coordinator. The rule for determining the winners starts as soon as the bidding process is
initiated. The bidder sorts buyers in descending order of their reservation price and sellers in ascending
order of their reservation request price. The A's are therefore ordered as A1 > A2> ... > Am and the
Vsfor V1 < V1 < ... < Vn
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Table 3.
Modelling the mechanism of energy market transactions.

5904

1. Initializing active buyer and seller lists:
buyers = { p Eparticipants | p.role = 'Acheteur' A
p-quantity > 0 }

sellers = {p€ participants |
p.role="Vendeur'Ap.quantity>0 }

2. Sort Buyers by Descending Purchase Price:
Buyers = sort( buyers, key=p.price,
reverse=True)

3. Sort sellers by ascending selling price:
Sellers = sort( sellers, key=p.price)

4. IFor each buyer b Ebuyers:
remaining_quantityb=b.quantity
accumulated_quantityb=0
accumulated_costb=0

Browse nearby locations:

Zonesb={z | max(0, b.zone—1) < z < min
(zones—1, b.zone+1)}

For each z-zone € zonesb:

valid_offersz = { s € zone_listsz |
s.role="Vendeur’A s.quantity > 0 }

Selection of the optimal offer:

best_offerz = arg sealid_offersmin (sprice | S.price <
transmission_capacity_mt)

Si best_offer, existe et best_offer,.price < b.price

Distance=| b.zone — best_of fer,.zone|

Si distance < max_distance :
transaction_quantity = min
(best_ofter,.quantity, remaining_quantityy)
current = transaction_quantity /
transmission_capacity_mt

loss = calculate_loss (distance, current)
actual_quantity = transaction_quantity — loss
You actual_quantity > 0:
accumulated_quantityb += a ctual_quantity
accumulated_costb += actual_quantity x
best_offer,.price

remaining_quantityb —= transaction_quantity
best_offerz.quantity —= transaction_quantity
transactions. Append (( b.id, best_offer,.id,
actual_quantity, loss))

Si remaining_quantity, < 0:

break

Update the remaining quantity for buyer b:
b.quantity —= accumulated_quantitys

5.Wait for a time frame:

yield env.timeout(1)

6.Repeat the process for the following
simulation period:

while True :

After sorting the buyers and sellers, the bidder generates the aggregated supply and demand curves.
These curves are used to determine the number of buyers K and sellers J who satisty condition aK > vJ .
The point of intersection of the two curves, obtained via standard numerical methods, makes it possible

to determine this number.

Comparative study between our model and the double auction model proposed by[267].

4.8. Management of the Energy Transaction

Considering three types of participants as in [167], representing consumers by a set C with an index
i € C = {1,..,C}, the producers by a set P with an index j € P = {1,..,P} and the prosumers by a set S.

with an index s€ S = {1,..,S}. It is assumed that producers produce to resell, prosumers produce and
consume their energy produced[ 197 and can only sell the remaining surplus energy. All of them can

trade energy on the electricity market at every time interval t € T = {1,.., T} with the same duration.
By laying no, e.g. , e respectively 17Total energy of 7, j and s, We obtain the energy exchange equation

(1), (2), (3) -

e, =AY + T AL + X A% (1)

e =V + LVi + XVjs (2)
es=VE+ XVG+AS + T AL (3)
Balance constraint:

Af + AS+ YAL+ YA+ YAL = VE+VE+ X

SV =3 4f (5)
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XV =L A5 (6)
LVsi =X A (7)

In order to strengthen trust between actors, beyond the security measures offered by the
blockchain, it is necessary to implement a decentralized mechanism to monitor the effectiveness of
transactions carried out on the energy market respecting equations (5), (6) and (7).

For these equations to be satisfied, the constraint of minimizing energy losses during exchanges
must be respected.

4.8.1. Working Principle

Once the financial transaction has been concluded between the seller Vj and the buyer Ai, the
system operator (GR) orders Vj to transfer the energy to the grid and Al to transfer the funds to Vj's
account. In return, GR funds Ai's account with an amount of EGM tokens equivalent to Qa.

Unlike the work of[ 867 and [37] To avoid the forking problems that can arise, for example, when a
malicious individual decides to sign and forge blocks to create a sidechain, the producer does not
generate tokens. Only the network operator generates the EGM corresponding to the amount of energy
injected into the grid, which are then sent to the buyer by calling the creditEnergy. An equivalence is
established between EGM and the quantity of energy. Thus, for each consumption of x kWh, the nodes
initiate a transaction by calling the debitEnergy of the smart contract.

Each time Ai uses electricity, the EGM corresponding to the value of this consumption is
transferred to a grid account [307]

Figure 3 summarizes the B&C.

4.3.2. Energy Purchase

Once a transaction is concluded between the seller Vj and the buyer Ai, the buyer sends Ether to the
seller. This triggers the buyEnergy feature. The amount of energy (in kilowatt hours, kWh) purchased
is then calculated by dividing the amount of Ether sent by the price of energy agreed in Ether per kWh.
Then, the internal creditEnergy function is called to credit the user with the amount of energy
purchased in EGM tokens (1 EGM = 1 kWh * 10"18). Thus
The user becomes a "buyer" recognized by the contract, and their energy balance is updated.

4.3.3. Energy Credit

The creditEnergy function assigns EGM tokens to the buyer corresponding to the amount of
energy purchased. It updates the user's energy balance and records the total amount of energy
purchased.

4.8.4. Energy Flow

Users can spend their energy using the debitEnergy feature. This function first checks that the user
has purchased energy and that their balance is sufficient for the amount they want to spend according to
algorithm 1. Then, the user's balance is reduced by the amount of energy debited in EGM tokens.

4.8.5. Purchasing Consultation

Users can check the total amount of energy they have purchased by calling the getBuyerInfo
tunction. This function returns the total amount of energy (in kWh) purchased by the user and the
tokens consumed.

4.3.6. Modeling the Operating Mechanism
Table 4 gives a mathematical expression of the principle of operation.

5. Implementation
Figure 4 provides an overview of the functional architecture of the mechanism of our entire system.
It gives us a global view of the functions to be highlighted. On the figure,
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Represents the sending of the data collected by EMS to the smart electricity meter.
Represents the mechanism in the trading market

) Represents the initialization of transactions once the agreement has been reached in the market
Represents the mechanism for monitoring consumption on the blockchain

For all of our simulations, we used a laptop with the following configurations: Windows 11, 16GB
RAM, 8th Gen Core i5 processor, and a 256GB SSD hard drive.

Table 4.

Mathematical modelling of energy transactions.

Variable reporting

Energy purchase/Credit

Energy Flow / Consultation

Ej: Amount of energy (in
kWh) purchased by the
buyer Ai from the seller V.
Peth : Ether energy price per
kWh.

Meth: The amount of Ether
sent by the buyer.

EGM : Amount of energy
tokens, where 1 EGM = 1
kWh * 10"18.

[f: Ai user's energy balance.

Energy Purchase:

When the transaction is concluded,
the amount of energy purchased L
is calculated as follows:

Ej = Mea/ Pen

Next, the 'creditEinergy’ function is
called to credit the user Ai with the
amount of energy purchased in
EGM tokens:

Tokens EGM = E;x 10"18

User Al becomes a buyer and their
energy balance is updated:

If=1f+ E;

Energy Credit:

The 'creditEnergy' function updates
the energy balance of the user Ai
and records the total amount of
energy purchased:

Energy Flow:
When user Ai spends his energy,

the 'debitEnergy' function checks
that the balance is sufficient: If
>Ej

Then, the user's balance is reduced
by the amount of energy debited
in EGM tokens:

Si=Si- Ej

Purchasing Consultation:

Users can check the total amount
of energy purchased by calling the
'getBuyerInfo' function, which
returns the total amount of energy
purchased Ecoar:

Etotal = Y3_; Ej

Where n is the total number of
purchases made by the user.

Offer_1 (ID_Blockchain, code_zone, Qa, Py)

If=1If+ E
ZifLisy Loyl L.}
Zy=f{L2y, Lo, ........ L3y}
— Zi={Lis, Liny ... ... Lind
1)

MARKET:

Offer_2 (ID_Blockchain,

cade zone, Qg Py 1-Received offer and

Offer_3 (1D_Blockchain, code_zone, Qu, Py,

demand
2-Consensus on prix

demand_1 (1D _Blockchain, code _zone, Qy, Pa

SELLER:

1-send offer

2-Received confirmation
3-Transfer energy
4-Received coins

Send bying cofirr];v-‘_;:-m
S

3class by zone and
by list

demand_i (1D _Blockchain, code _zone, Qp, Pa

4-send List to buyer

Transfert coins

OK

Chedk
préférence in list
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\ I matching

o
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Send Token equivalant to Qy

7
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"

Send offer by List

BUYER:

1-send demand
2-received offer by list
3-Checkin list

4-send confirmation
5-send coins
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CONSUMPTION:

“a)
N
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L 4
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Figure 3.
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Functional architecture of the model.
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Figure 4.
Different functional branches of the model and the role of the smart meter.

5.1. Simulation of the Mechanism of Our Market Model vs Double Bidding Model

This simulation was carried out with the python language. Here is a detailed description of the
process:

-Import of several essential Python modules: simpy for process-based simulation, random for
random number generation, matplotlib.pyplot for graphing, networkx for graph manipulation and
visualization, numpy for numerical calculations, and 'pandas' for structured data management and
analysis.

e  Calculate_loss(distance, current): Calculates losses based on distance and current.

e  Get_participant_coords(participants, participant_id): Returns a participant's contact information
(area and price) from their ID.

e Ourmodel(env, participants, zone_lists, transactions): Implements a model where each buyer
searches for the best sellers in their area to make transactions based on price criteria and quantity.
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e Double_auction(approx, participants, transactions): A model where buyers and sellers submit
competitive bids and transactions are made when prices match.

e Plot_transactions(transactions, participants, title): Plots the network of transactions between
participants on a chart.

e Plot_satisfaction_comparison(time_steps, satisfaction_our_model, satisfaction_double_auction):
e Compares the satisfaction rates between the two models over a timeline.

e Plot_market_balance(satisfaction_our_model, satisfaction_double_auction): Displays the overall
market balance in terms of total satisfaction.

e Plot_loss_by_distance(transactions_our_model, transactions_double_auction, participants):
Visualize the losses based on the distance traveled for each transaction in both models.

5.1.1. Satisfaction Rate

The satisfaction formula can be defined as:

Si= Wq(Qt/Qi) + Wp(Pf/P1), avec Wq + Wp =1

This formula calculates Si of participant i by combining two criteria:

Quantity: Qf/Qi represents the proportion of the final quantity obtained in relation to the quantity
initially requested. A result of 1 means that the participant has obtained all the requested quantity.
Price: Pf/Pi represents the proportion of the initial price that the participant was willing to pay
compared to the price actually paid. A result of 1 means that the participant paid exactly the price they
were willing to pay or less.

5.2. Stmulation of the Energy Transaction Mechanism

We wrote a smart contract in Solidity, in line with the mathematical modeling of energy
transactions presented in Table 6, and deployed it on the Ethereum Sepolia testnet. Next, we developed
a decentralized application (Dapp) with the Next.js framework and the Shadcn library for component
management.

To automate transaction and consumption tracking by plotting transaction graphs, we installed a
MySQL database and used Prisma.io to interconnect the Dapp and MySQL database. The Next.js API
was used to insert and retrieve the data into the graph database. Finally, we used Ethers.js to interact
with the Ethereum blockchain.

Importer: Simpy, mndom . Chsse Participant, Attribut: identifiant, le role Fonctions: calaulate_loss(distance,
matplothb pyplot, networks, mumpy, (acheteur ou vendeur), la quantité, le prix et la zane current), get_participant_coords(participants,
andas géographique articipant id
DERUT P geograptg paticipant id)
Visualisation: plot_transactions(transactions, participants, title), .
e . P Mod éle de marché: notre_modéleenv,
plot_satisfaction_comparison(tim e_steps, satisfaction our_model, . ¥ -
Calcul d es statistiques satisfaction_dauble_auctiof), gmﬁlp ants:hon:_ TSE’ t{a{lsacu ons), .
plot_market_balance(satifaction_owr_model, ouble_auctionenv, participarts, ransactiors)
d satisfaction_deuble_auction),
FIN plot_loss by _distance(transactions_our_model,
transactions_dauble_auction participants)
Figure 5.

Simulation methodology of the energy transaction mechanis.

6. Results
6.1. Mechanism For the Accumulation of Requests and Interactions Between Actors

In this section, we present the cumulative aspect of the amount of energy required by applicants to
meet their needs, as well as the interactions of these players in the market.
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Figure 6 illustrates the principle of cumulation of consumers to meet their energy demand, as well
as the number of tokens received in equivalence to the amount of energy purchased from each seller. . It
can be seen that the User_5 user satisfied his energy demand in transactions 1 and 2: he acquired 47
kWh from Seller_2 in transaction 1 and completed the remaining 11 kWh in transaction 2 from
Seller_5, receiving 18.8 and 4.4 tokens, respectively. Similarly, user User_7 satisfied their request in
transactions 3 and 4.

Figure 7 illustrates the interactions between the different players in the market according to our
model. The blue dots marked with an 'A' represent the buyers, i.e. the consumers. The red dots marked
with a 'V'indicate the sellers, who can be both prosumers with a surplus of energy and producers. The
arrows between the dots represent the exchange transactions, indicating the amount of energy
exchanged.

Consommation de KWH par transaction

50 +
User_5 . Seller_2, 47 kWh, 18.8 tokens

40 4 User_a.seller_1. 3 h, 15.2 tokens User_7.Seller_3, 33 kWh. 15.6 tokens
@
£
g 30 1
S User_7 . Seller_a; kwh, 10.4 tokens
=

20 4

User_5.Seller_5, kWh, 4.4 tokens
10 4
o ™ T + T T
-1 o 1 & 3 4 5
Numéro de transaction
Figure 6.

Principle of energy purchase accumulation to meet their needs.
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Graphique des Transactions entre Pair-a-Pair (Notre Modéle)

Figure 7.
Interaction between buyer and seller.

6.2. Comparison of Our Model and the Double Auction Model
6.2.1. Impact of the Multiplication of Zones

For this study, we varied the number of zones from 1 to 15 in order to test the behavior of the two
models. We consider the following data constant: max_distance: 20km, Participants = 500 and the
transmission capacity 100 Kwh. For the calculation of the satisfaction rate we have Wq and Wp = 0.5,
the quantity of offers and demand randomly selected from [10, 507 and the prices between [0.20, 0.557]
per kwh. The variables measured include average losses, average satisfaction rate, and average cost of
energy purchase as shown in Table 7 and Figure 8.

Average losses represent the amount of energy lost during transmission. Our model shows
significantly lower average losses (around 0.00047) compared to the Double Auction model (around
0.00106) for all participant configurations. This suggests that our model is more efficient in terms of
minimizing energy losses, which is crucial for optimized energy distribution management.

Average satisfaction appears to be an indicator of the overall performance of the system in terms of
participant satisfaction. The satisfaction values for both models appear to be extremely high (in the
range of 10"16 to 10"33). However, it seems that for participants ranging from 100 to 1500, our model
tends to show a higher average satisfaction. On the other hand, for configurations with more
participants (2000 and 3000), the values are comparable.

The average purchase price reflects the average cost of energy for participants. Our model has a
slightly lower average purchase price (around 0.0284) than the Double Auction model (around 0.0290).
This difference, while small, could indicate better profitability or greater attractiveness for participants
in our model. Our model shows superior energy efficiency with significantly reduced losses compared to
the Double Auction model. Satisfaction levels, calculated as a weighted average of the quantity

of energy obtained and the price paid, are high for both models. In addition, our model seems to
offer slightly more of energy obtained and the price paid, are high for both models. In addition, our
model seems to offer slightly more advantageous prices, which can be beneficial for the attractiveness of
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the system. In conclusion, our model seems to have significant advantages in terms of energy efficiency
and cost for participants, while maintaining a comparable or even higher level of satisfaction depending

on the configuration. These results can be used to argue for the adoption of our model in practical
energy network management scenarios.

Table 7.
Model No. of Average Average Prix Moyne
zone losses satisfaction d'Achat
Our model 1 (0] 0.408268 0.301698
Double auction 0 0.452342 0.306571
Our model 3 0.000473 7.06E+22 0.299796
Double auction 0.001016 3.63E+22 0.310712
Our model 5 0.000445 1.58E+27 0.296288
Double auction 0.001338 1.11E+27 0.310781
Our model 8 0.000427 7.20E+29 0.294146
Double auction 0.00157 4.37E+29 0.299752
Our model 10 0.000424 2.19E+25 0.291592
Double auction 0.001676 1.48E+25 0.290567
Our model 15 0.000424 8.97E+18 0.291119
Double auction 0.001861 9.19E+18 0.276095
Our model 20 0.000416 2.38E+18 0.290877
Double auction 0.001872 1.71E+18 0.264146
Our model 25 0.000413 8.89E+13 0.290228
Double auction 0.0019138 1.09E+14 0.25408
Our model 30 0.000411 3.97E+18 0.290309
Double auction 0.002039 1.51E+18 0.24982
Pertes moyennes/ nombre de zones Satisfaction moyenne/ nombre de zones Prix moyen/ nombre de zones
000200 127 tre Enchares | il /\ —toansen]] ™14 ot scichyross M
000175 10% . 0.30 - .
. ¥ % 029 e
g : 3
000050 e . i
026
0.00000 e ) 025
o S 10 15 20 25 30 o S 10 15 20 2s 30 o S 10 15 20 25 30
Noimbee de Zones Noinibr de sories. Nownbre 06 zones
Figure 8.

Impact of increasing the number of zones on our model and the double auction model.

6.2.2. Impact of Population Increase in an Area

Table 8 presents simulation data for two energy transaction management models, using fixed
parameters: a maximum distance of 20 km, three zones, and a transmission of 500 kW. The indicators
compared include the number of participants, average losses, average satisfaction and the average
purchase price Average losses represent the amount of energy lost during transmission. Our model
shows considerably lower average losses, around 0.00047, compared to the Double Auction model,
which shows average losses of around 0.00106, regardless of the configuration of the participants. This
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difference suggests that our model is more efficient at minimizing energy losses, a crucial factor for
optimized energy distribution management.

Table 8.
Model Participants Average Average Prix moyne d'achat
Losses satisfaction
Our model 100 0.000471 2.52E+16 0.028355
Double auction 0.001106 1.12E+16 0.029018
Our model 150 0.000477 3.82E+17 0.028809
Double auction 0.00108 4.88E+17 0.028999
Our model 200 0.000487 5.19E+30 0.028474
Double auction 0.001021 5.11E+30 0.02905%
Our model 500 0.000473 7.06E+22 0.028554
Double auction 0.001016 3.63E+22 0.02949
Our model 800 0.000467 2.43E+32 0.028492
Double auction 0.001061 3.18E+32 0.028981
Our model 1000 0.0004:74 5.49E+33 0.028488
Double auction 0.001087 3.28E+33 0.029119
Our model 1500 0.000466 7.16E+32 0.028411
Double auction 0.001002 1.37E+33 0.028979
Our model 2000 0.000462 4.45E+29 0.028353
Double auction 0.001014 4.63E+29 0.029167
Our model 3000 0.000479 1.47E+32 0.02838
Double auction 0.000975 1.36E+32 0.028886
Pertes moyennes/ nombre de participants Satisfaction moyenne/ nombre de participants Prix moyen/ nombre de participants
000114 ¢ . —o~ Notre modéle o P  { =&~ Notre modéle
< e~ Double Enchéres 10 d > o 0.0294 &~ Double Enchéres
ooor0{ ¥ . ® 0 ‘
® 10% [ / o
a \ 0.0292 ™
g 0.0009 E \ “ E o
¢ = 107 \ 2 2
§ {.» ‘ | © 00290 “ o o
& 0.0008 e / $
¢ g 104 \( &
“t' 0.0007 {' f_ 0.0288
3 10 ‘ €
0.0006 00286
01 § -~ Notre modéle \‘\\
hisadady [ TSP S @ o~ Double Enchéres 0,034 ————
0 500 1000 1500 2000 2500 )OI)O 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Nombre de participants Nombre de participants Nombre de participants

Figure 9.
Impact of increasing the population in a zone on both models.

The average satisfaction, calculated as a weighted average of the amount of energy obtained and the
price paid, is extremely high for both models. For participants ranging from 100 to 1500, our model
tends to show a higher average satisfaction. On the other hand, for configurations with more
participants (2000 and 3000), the satisfaction values between the two models are comparable. This trend
indicates that our model can offer better participant satisfaction in certain configurations.

The average purchase price reflects the average cost of energy for participants. Our model shows a
slightly lower average purchase price of around 0.0284 compared to the Double Enchéres model, which
shows an average price of around 0.0290. While the difference is small, it could indicate better
profitability or attractiveness for participants in our model.

In summary, this study highlights the advantages of the proposed energy transaction management
model compared to the Double Auction model. By taking into account geographical distance and
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transmission capacity, the proposed model allows for better optimization of energy losses, which is
crucial for efficient power grid management, especially when distance plays an important role. In
addition, it ensures higher participant satisfaction, especially in various configurations, which is a
testament to its robustness. The comparison table indicates that our approach is particularly suitable for
environments where proximity is essential, as it minimizes distance-related losses. On the other hand,
the Double Auction model, although it is simpler to implement, shows a lower performance in terms of
loss reduction and satisfaction. Thus, our model stands out for its ability to optimize energy losses while
maintaining high satisfaction and favorable economic conditions, making it particularly effective for the

management of smart grids.

Table 5.

Comparison table of the two models.

Feature criterion |Our model: Distance aware [Double bidding with no distance
transaction constraint
Main approach Sequential: Shoppers are actively [ Competitive: Buyers and sellers

looking for the best deals available in
their region.

submit their bids simultaneously,
transactions concluded when a
buyer's price meets a seller's.

Objective Geographic realism: Suitable for | Market price determination: more
modeling  environments  where [ suitable for evaluating the direct
proximity and transmission play a|interaction of supply and demand to
crucial role. achieve market equilibrium.

Sorting Buyers by descending price, sellers |Buyers by descending price, sellers

Participants by ascending price. by ascending price.

Selection Buyer's price > seller's price, [Buyer's price = seller's price,

Criteria geographical distance, transmission | transmission capacity.
capacity.

Calculation of | Energy losses calculated as a function | Energy losses calculated solely as a

Losses of distance and current. function of current.

Optimization Individual: Each buyer seeks to[Market equilibrium: aims to achieve
maximize the quantity purchased by [an equilibrium price where supply
minimizing losses due to distance and [ and demand meet naturally. Less
current. focused on individual optimization.

Performances Potential optimization of energy|Simplicity of implementation. -
losses. - Increased complexity due to [ Adaptability to environments where
managing geographical distances. distance is not critical.

Applications Environments where geographic | Environments where speed and

distance significantly affects energy
costs and losses.

simplicity of execution are prioritized
over geographic optimization.

6.3. Mechanism For Monitoring Energy Consumption Transactions

e Simulate an energy purchase (A Transfer the Ether to B for the amount of energy purchased)
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Figure 10 illustrates an energy purchase where A transfers 0.00112 ETH to B via Metamask to
purchase 20 kW of energy, equivalent to 20 Energium tokens (1 kW = 1 EGM), and a confirmation of
receipt of the EGM.

Having seen details of the power purchase transaction on Sepolia Testnet

rar tion Fee

Figure 10. (b).

0x963a3a3dd9b3385a85a1132a954e95d861a3b6d4961fc25f6bbS7b16763357f54

©s
© 6327556 137 Block Confrmations

@® 30 mins ago (Jul-17-2024 01:20:48 PM UTC)

Call BuyEnergy Function by 0x8298F460...63d0FC514 on x7bB1CE

bB1C895¢cD8bF6ELD9748bEG147ade1bBt (-]
LUREUECEN  Net Transfers
From 0x00000( 000000000 To Ox8298F460...63d0OFC514 For 20

¢ 0.007112ETH (S0.00

0.000643672411081456 ETH (S0.00

Energy purchase transaction details.

Viewing and tracking transactions on Spelio ethereum.scan.
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Figure 10. (c)
Energy purchase and consumption transactions.

For each energy consumption, A sends a transaction to the address of the network operator with the
equivalent amount of EGM.

The Buynergy transaction represents the power purchase transactions and the DébitEnergy
represents the energy consumption transactions. This result highlights the preservation of the
anonymity of the various actors.

e Visualization and monitoring of consumption in July on the Dapps interface

I Creit Token  Delit Token

n | July 2024

o CredtToken  83EGM
DebiToken ~ TOEGM

Tokens values (EGM)
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Chart showing the number of energium tokens credited and debited per month

Figure 10 (d).
Energy transactions for the month of July.

Figure 10 (e) shows the energy transactions of a consumer in the month of July, he bought 83 Kw
on the market and consumed only 70 Kwh.
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Figure 10. (e)
Tracking of energy purchases and consumption for the month of July.

Figures 10 (a), (b), (d), and (e) illustrate solutions to the equations essential to smart grid
management, including equations (4), (5), (6), and (7). These solutions highlight the mechanism for
monitoring energy consumption by each player in the network, in direct correlation with their financial
transactions on the market layer. This real-time monitoring helps to maintain a balance between the
amount of energy purchased and that consumed, while ensuring total transparency of operations.
Transparency is crucial because it builds trust between participants, ensuring that all transactions are
fair and compliant with the established rules. In short, these results demonstrate that the proposed
model is not only theoretically valid, but also applicable in practice to ensure optimized, transparent,
and equitable energy management. This approach is essential for the future of smart grids, as it allows
for effective cooperation between the different actors, while ensuring optimal use of energy resources.

7. Conclusion

In this work, we proposed a seven-layer architecture of ETS, integrating a specific layer for energy
transactions. This layer makes it possible to manage the monitoring of energy transfers independently
of the transactions of the market layer. We have also set up a sales and purchasing management
mechanism by zone, aimed at limiting energy losses while guaranteeing an acceptable satisfaction rate
for the players. Finally, we have created a token called Energium and developed a Dapp for monitoring
energy consumption, in order to promote a climate of trust between stakeholders.

The results highlighted the importance of the energy transfer layer in monitoring compliance in
energy purchases and consumption, and that our energy transaction management model is characterised
by superior energy efficiency. It has significantly lower average losses compared to the Double Auction
model. In addition, it maintains high levels of participant satisfaction, especially for configurations of up
to 1500 participants, while displaying a slightly lower average purchase price. These results
demonstrate that our model offers advantages in terms of reduced energy losses, attractive purchase
cost and participant satisfaction, making it more competitive and efficient for the management of energy
transactions in smart grids.
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Nomenclature
AiG Energy purchased by the
Asg consumer 1 from the grid.
VG Energy purchased by the
VsG prosumer from the grid.
AP Energy sold by producer j to the
Ay grid
Energy sold by the prosumer s to
Aiss the grid.
Energy purchased by consumer i
trom producer .
ViiC Energy purchased by the
VisS prosumer from the producer j.
VsiC Energy purchased by the
code_zone consumer 1 from the prosumer s.
ID_Blockchain
Participants Energy sold by producer j to

remaining_quantity

accumulated_quan
tityb
accumulated_costb

consumer .

Energy sold by producer j to
prosumer s.

Energy sold by the prosumer to
the consumer i.

Geolocation area code
Blockchain address

List of all participants

Quantity remaining to be

purchased for buyer b.

Amount of energy available.
Amount of energy required.

Initial quantity requested by
participant i.

Final quantity obtained by the
participant i .Initial price that
participant i is willing to  pay

Final price that
participant 1 has paid.

'Weight of quantity in satisfaction
The weight of price in satistaction
Sale price.

Purchasing power.

Tokens energium
Energy Seller
Energy Buyer
Buyer satisfaction i
Specific Conductor Resistance
Conductor length.

Virtual Machine Conductor
Section
Home Energy Management
System
Energy Management System
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