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ABSTRACT Within energy communities, the prosumers can engage in peer-to-peer trading, fostering
local collaborations and increasing awareness about energy usage and flexible consumption. However, even
under these favorable technological and organizational mechanisms, prosumer engagement levels remain
low, requiring trading mechanisms that are aligned with their social values and expectations. In this paper,
we introduce an innovative hedonic game coordination and cooperation model for peer-to-peer (P2P) energy
trading among prosumers which considers the social relationships within an energy community to create
energy coalitions and facilitate energy transactions among them. A heuristic is defined to optimize the
prosumers’ coalitions, considering their social and price preferences while balancing the energy demand
and supply within the community. The proposed hedonic game model was integrated into a state-of-
the-art blockchain-based P2P energy flexibility market and evaluated its performance within an energy
community of prosumers. The evaluation results demonstrate the effectiveness of considering social factors
when creating coalitions, resulting in a 5% increase in the total amount of energy transacted in a market
session compared to other game theory-based solutions and a degree of satisfaction varying between 91-96%.
The results underscore the importance of the social dimensions of P2P energy trading, the positive social
dynamics within the energy community leading to an even greater increase in energy transacted around 30%,
potentially generating daily savings between $34 and $47 and additional carbon savings of approximately
15.4 kgCO2eq.

INDEX TERMS Hedonic games, peer-to-peer energy trading, social factors, social dynamic, prosumers,
energy community.

I. INTRODUCTION

The energy transition towards renewables is changing the
way we produce, consume, and share energy, setting the
stage for decentralized local energy systems [1]. In Europe,
the war in Ukraine has accelerated this process because
it highlighted the security risks associated with centralized
energy production and the energy dependence impact on
energy prices, encouraging the governments to take more
proactive steps towards decentralized and resilient energy
systems [2]. Promising new concepts such as prosumers and
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energy communities have gained a lot of attention as they
have the potential to significantly contribute to the resilience
and flexibility of the energy system facilitating the large-scale
rollout of intermittent renewable energy technologies without
requiring expensive infrastructure upgrades [3].

A prosumer is an individual household that consumes and
produces renewable electricity and may inject the surplus into
the grid and withdraw electricity when the self-production is
not sufficient [4]. Prosumers may participate in the manage-
ment of energy communities, by trading energy and providing
services like demand flexibility and decentralized energy
storage [5]. In this context, peer-to-peer (P2P) energy trading
enables direct transactions between prosumers, fostering a

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

71256

VOLUME 12, 2024


https://orcid.org/0000-0002-4890-838X
https://orcid.org/0000-0003-1177-5795
https://orcid.org/0000-0001-6166-5266
https://orcid.org/0000-0001-6160-9547

D. Mitrea et al.: Social Factors in P2P Energy Trading Using Hedonic Games

IEEE Access

sense of community by allowing neighbors to share their
energy resources. It empowers prosumers to put a value on
their energy flexibility increasing their awareness while at
the same time promoting energy self-sufficiency and encour-
aging local collaboration [6]. P2P energy trading platforms
are often implemented using blockchain to record energy
transactions transparently and in a tampered-proof manner
reinforcing the trust among prosumers. The blockchain’s
decentralized nature and cryptographic algorithms can pro-
vide the needed security for data sharing providing support
for the interactions within the energy communities [7].
With the help of Internet of Things (IoT) devices (that can
be themselves powered through renewable harvesting sys-
tems [36]), real-time data on prosumers’ energy production
and consumption can be collected, allowing for identify-
ing energy-saving opportunities and optimizing the usage
of energy resources using Artificial Intelligence (AI) [8].
Innovative incentivization and financing models enable pro-
sumers to directly trade excess energy with each other,
pushing the development of a more economically viable and
community-driven decentralized energy system [9].

Howeyver, even under these favorable conditions, there is an
issue that still needs to be addressed in terms of the level of
engagement of prosumers in P2P energy trading. The lack of
engagement may have the potential to jeopardize the auton-
omy and reliability of energy community [10]. Prosumer
engagement is seen as one of the effective tools to unlock
the potential of P2P energy trading and energy communities.
However technological mechanisms need to be aligned with
their social values and expectations (e.g., social relations,
prices, and other values). Consideration of social relations
may foster a sense of community and cooperation, encourag-
ing prosumers to actively trade their energy inside the energy
community [11]. They are more willing to participate in P2P
energy trading if they have positive social relationships with
other peers within the energy community [12]. They tend
to be more open to creating local coalitions with prosumers
who have strong social connections, such as friends or fam-
ily members. This can be particularly important in small
communities, where players may already have established
social ties [13]. Similarly, prosumers are more likely to find
mutually acceptable solutions if they value their positive rela-
tionships with other peers. Thus, avoiding energy transactions
among peers with negative relations can also be beneficial for
increasing prosumers’ engagement. By minimizing interac-
tions with peers with whom there is a negative relationship,
prosumers may feel more encouraged to participate in energy
trading activities within the community. Prosumers may also
prefer forming coalitions with other prosumers with whom
they have a history of positive cooperation, as this can help
to mitigate the risk of conflicts [14]. Social relations can
provide information, and support to newcomers, making P2P
trading more accessible, the prosumers being more willing to
join in trading with community members who share similar
environmental values [11].
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At the same time from a technical perspective, a significant
body of literature is dedicated to cooperative game theory for
P2P energy trading [15]. Authors are focusing on optimized
trading strategies by considering the collective interests of
prosumers. The goal is to increase the engagement levels
due to consideration of collective goals [16]. The cooperative
games enable prosumers to form coalitions over P2P trading
platforms, the reward being provided by the collective actions
of the members and not solely by individual actions [17].
Moreover, such solutions ensure a fair distribution of energy
resources, and of the benefits derived from P2P energy
trading [18]. However, most of the approaches discussed
in existing literature tend to overlook social aspects in the
cooperative game models developed for P2P energy trading
such as the social connections among prosumers within the
community.

In this paper, we address the gaps identified in the literature
by providing a prosumer coordination and cooperation model
over a P2P energy flexibility market set up within an energy
community. The cooperation model is based on hedonic
games addressing the creation of coalitions of prosumers
that can have preferences over the peers they are willing to
collaborate with or not. Prosumers’ preferences are expressed
through their social connections with other peers within the
community. These preferences guide the formation of coali-
tions, which are then optimized for energy trading through a
genetic heuristic. The coalitions are matched for trading to
balance local demand with supply, ensuring energy equilib-
rium within the community. The model implementation was
done in the context of a P2P energy flexibility market based
on blockchain and smart contracts. The paper contributes
to a broader understanding of P2P energy trading and its
social dimensions by showing how social connections can
be used to guide the process and increase the level of energy
traded. Also, it shows that it’s possible to create coalitions that
satisfy the social relationship preferences of prosumers while
simultaneously minimizing the overall difference between
surplus and deficit of energy at the community level.

The novel contributions of the paper are the following:

o A cooperation model for P2P energy trading using a
hedonic game that considers the social relationships
among prosumers within an energy community to cre-
ate energy coalitions and facilitate energy transactions
among them.

o A heuristic to optimize the coalitions of prosumers in
the hedonic game model for P2P energy trading, con-
sidering the prosumers’ social and price preferences and
balancing the energy demand and supply within the
community.

o The hedonic game model integration with a state-of-the-
art blockchain-based P2P energy flexibility market and
evaluation in the context of an energy community of
prosumers.

The rest of the paper is structured as follows: Section II

presents the state of the art on cooperative games for
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TABLE 1. Nomenclature table.

lnd§x and Unit or term
variables

Aprice Price variation

Cy Coalition of prosumers k

Epia Energy bid

Eoper Energy offer

Earder,pi Prosumer orders energy quantity

Vprice Price preference value for joining a coalition

avGprice(Ci) Average energy price for a coalition

foref Function for calculating the hedonic score of a
coalition

Pk Prosumer k

Wi Weight vector for the relative importance

Zi Ideal value of the function

pi Social relationship preference of prosumer i

Al Artificial Intelligence

E Enemy

ERC20 Fungible tokens Ethereum Request for Comment 20

ERC721 Non-fungible tokens Ethereum Request for Comment
721

F Friendships

1 Individual in the genetic algorithm

loT Internet of Things

N Neutrality

P2P Peer-to-Peer

R Relationship between prosumers

r Energy threshold for initiation or join a coalition

Jacccardindex  Jaccard Index

Cd(l JH Population) Diversity contribution of a chromosome

d Distance between the two individuals

fn Objective function aiming to maximize the number of
preferences satisfied among the players

m Control parameter that determines the type of
distance used for individuals’ evaluation

n The number of coalitions composing an individual

price(Epiq) Energy price associated with the prosumer bid

price(Eo ffgr) Energy price associated with the prosumer offer
v Hedonic value

peer-to-peer energy trading considering social connec-
tions among prosumers, Section III presents the hedonic
game-based cooperative trading model emphasizing the
incorporation of social preferences of prosumers in creation
and optimization of coalitions, Section IV presents the rel-
evant results in the context of blockchain-based P2P energy
flexibility market, Section V discusses the impact of various
parameters on the hedonic game outcomes while Section VI
presents conclusions and future work. Table 1 presents the
index and variables used throughout the paper.

Il. RELATED WORK

The state-of-the-art game theory applications in peer-to-
peer energy trading focus on cooperative games to facilitate
market-level interactions and prosumer engagement [15],
[19]. They investigate how and why certain prosumers might
relax some of their goals, and form market-level coalitions
collaborating to achieve a better collective outcome [20].
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Cooperative games over peer-to-peer energy trading systems
are used to guarantee the efficiency, stability, and safety
of community-level energy operations, and enforce opera-
tional constraints [17], [21]. Prosumers’ primary objective
is to reduce their energy expenses and increase their profit
while using different update strategies to reduce commu-
nication burdens between them [22]. However, a limited
number of strategies consider social factors as motivators for
encouraging collaboration among prosumers within energy
communities and very few apply hedonic games [44] to cap-
ture the social preferences of prosumers [43].

Malik et al. [43] describe an energy trading approach based
on optimal coalition creation using a fractional hedonic game.
A bipartite directed graph is formed in work after calculating
the trading price of the coalition created initially after which
the solution tries to identify all potential coalitions and select
the stable and optimal one. The player’s preference in the
game and the social welfare (sum of all the player utilities) are
considered in the hedonic game algorithm. Kemp et al. [44]
propose a community energy management system that is
based on a hedonic community formation game. Reinforce-
ment Learning is used to determine prosumers’ energy
consumption towards their needs while maximizing payoff.
Both the prosumers’ energy features and the operator rewards
are used as inputs for communities’ formation.

Hussain et al. [48] address the optimization of the social
welfare of prosumers in P2P energy trading for commu-
nity microgrids. The approach uses a stochastic optimization
algorithm based on a non-cooperative game-theory model
for planning prosumers’ consumption/production while min-
imizing costs, preserving privacy, and considering their
personal preferences. A continuous double auction P2P
energy trading solution is proposed by Liaquat et al. [49].
The general objective is to maximize social welfare in a
dynamic P2P market. Wang et al. [23] propose a two-level
hierarchical incentive mechanism to motivate prosumers to
join electricity peak-shifting in a P2P decentralized energy
market. The incentivization is based on prosumers having
to meet the energy-shifting values they have agreed upon
and a reward penalty approach. Luo et al. [24] use a game-
theory-based decentralized trading scheme to separate the
original coordination problem, which would be the job of
a market coordinator, into several sub-problems for each
prosumer. The updates on global prices and quantities are
done in a sequential manner, such that the next prosumers
can use the latest information to optimize their actions,
increasing their economic benefits and reducing electricity
costs. Intermittent renewable production might cause insta-
bility in P2P energy trading and cooperative games can be
used to ensure stability [25]. Opportunistic usage of pro-
sumer batteries for peer-to-peer trading is studied in [20]
considering that prosumers want to maximize the usage of
renewable. Prosumers can either sell their energy surplus
without discharging their battery or use their batteries for
trading purposes to maximize their utility by considering a
charging / discharging action. To form coalitions, a prosumer
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first must meet its demand from its solar panels, then calculate
its surplus or deficit, and then, based on price thresholds
of coalitions and available energy prices will be engaged in
P2P trading. Coalitional game theory is used in [26] to find
the winning coalitions that will play the game of optimizing
the energy transfer within a community of prosumers that
aim to operate independently from the main grid. Frequent
changes in energy demand and generation are considered
as well as a utility function that computes the coalition
energy availability when all prosumers act together. The
management of energy communities based on variations of
demand and supply is addressed in [27]. To join coalitions,
each prosumer generates a list of preferences that might
change over time and uses the Bayesian theorem to update
these beliefs about others. Zu et al. [28] integrate energy
trading and energy management, such that consumers can
manage their consumption and schedule their green energy
storage. The energy control is done using the Lyapunov
Theory, allowing prosumers to independently determine their
energy order for each time slot, based on their current energy
supply conditions. These allow prosumers to join a coordi-
nated mechanism of influencing their energy consumption
and green energy charge/discharge and find the best solution
for the entire community. Li et al. [29] use game theory to
construct two computationally efficient mechanisms for gen-
erating stable coalitions of prosumers in P2P energy trading,
one that involves a benefit distribution scheme, and another
that deals with a novel pricing mechanism. How prosumers
decide which coalition to join is based on a dissatisfaction
level, which can change as they join different coalitions,
determine potential benefits from other coalitions, or consider
the option of remaining independent. In [30] the authors
proposed a P2P energy trading scheme to establish a grand
energy coalition of prosumers and a suitable incentivization
mechanism. Cooperative optimization of energy storage units
is required, with the cost function quantizing the energy cost
saving. The Shapley Value method is used to define a unique
distribution of the total monetary benefit of the grand coali-
tion, to all its prosumers, showing a decrease in the energy
price. A model based on game theoretic approaches that
incentivize prosumers to actively interact with the smart grid,
all while preserving the privacy of participants, is presented
in [31]. The game assumes that prosumers first choose a price,
then consumers observe the prices and decide the amount
of power to be purchased. Quadratic functions are used to
model the Nash equilibrium assuming that users are willing to
consume as much power as needed to balance the generation.
Jin et al. [32] use game theory for P2P energy flexibility
trading in energy communities. The leader of the game is
the producer, and the followers are the consumers. The leader
will propose the trading price, and then, the trading quantity,
based on multiple factors such as load profile and demand.
The price is continuously adjusted as in a Stackelberg game,
to reach an optimal value, by comparing the demand with
the supply. The solution is beneficial to the entire community
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because if the seller sets a high price, the buyer will react by
reducing his allocated traded quantity. This is done multiple
times until the prices and quantities converge. Lee et al. [33]
combine three types of games that are played sequentially
until the convergence point is met. An evolutionary game is
used among buyers with strategies that might evolve, a non-
cooperative game between sellers, and a Stackelberg game
between sellers and buyers. In the evolutionary game, the
community manager updates all members with a loss function
that helps them improve over time.

Behavioral models and social motivational models for
prosumers to join P2P energy trading schemes are consid-
ered in [34]. The norm activation theory is used to model
the peers’ behavior and to define multiple stages of behav-
ioral change starting with awareness, then responsibility, and
finally, personal norms (i.e., the usage of renewable energy).
Psychological factors for prosumers joining energy trading
schemes related to trust, an ecosystem-friendly and fair dis-
tribution models. Game theory is used to consider them at the
community level to minimize the gap in supply and demand.
Tushar et al. [35] discuss motivational models and social
factors for engaging prosumers in energy trading. Aspects
such as attitude, rational-economic, information, or posi-
tive reinforcement are considered concerning environmental,
social, or economic advantages. A trading scheme is designed
based on a canonical coalition game to obtain the best energy
price and to target the social aspects. Yap et al. [37] use a
motivational game theory-based approach to solving efficient
P2P energy trading among prosumers, both for multi-cities
and intra-city scenarios. The price of the market is set as
the average price for residential, commercial, and indus-
trial customers. A cooperative energy market model using
a generalized Nash bargaining scheme is proposed in [38]
considering social welfare maximization and optimal energy
trading. The network operator can trade with prosumers
and the prosumers can also P2P trade among them. The
socioeconomic optimization problems are transformed from
nonconvex problems to linear ones, using a grid propagation
algorithm to increase social welfare and fairness in profit
allocation. The challenge in P2P energy trading is designing
pricing schemes that motivate prosumers to cooperate and
participate in managing network congestion [39]. Long et al.
address it by proposing a P2P energy trading solution using
cooperative games [40]. The parameters for the game are the
prosumer load, the energy quantities bought or sold, energy
prices, the prosumer electricity bill, and battery energy. Coali-
tions are formed driven by the income they receive when
trading with the supplier while the Shapley Value method is
used to allocate resources and fairly distribute cost savings
among prosumers. Malik et al. [25] consider multiple time
intervals in energy trading, and various priorities such as
energy quantity, geographic location, pricing mechanism, etc.
After pairs are created, a grand coalition is generated to
maximize social welfare and energy savings. Annual profit
and energy reliability index are considered to compute a
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multi-objective optimization function in [41] and perform
planning for P2P and P2G energy trading. Game theory and
a particle swarm optimization algorithm are used to form
coalitions, find the optimum sizes of the players, and payoff
value showing that the profits are maximized when consider-
ing both criteria. Bao et al. [45] describe a blockchain-based
energy trading system that uses a two-stage consensus mech-
anism (i.e. proof-of-energy). It uses mainly monetary rewards
to motivate prosumers to participate and a variable block
reward as an incentive to regulate the market. The obtained
simulation results show improvement of the social welfare
of prosumers. Guo et al. [46] define a negotiation mechanism
for P2P energy trading focused on maximizing social welfare.
The optimization problem is approached using a closed form
alternating update algorithm for improving computational
efficiency. An incentive mechanism is defined for motivating
prosumers to participate in the P2P energy trading using a
proof-of-solution consensus mechanism. Wang et al. [47]
develop a distributed reputation-distance-driven iterative auc-
tion energy trading mechanism. It considers the historical
trading performance and the distance between prosumers.
Game theory is involved in driving the auction process to
reach the Nash equilibrium. Evaluation results show that the
market share of users with good reputations can be increased
while improving social welfare.

We address the gaps in literature by considering the P2P
energy trading’s social dimensions and proposing models
for prosumers to coordinate and cooperate within an energy
community. Hedonic games are used to form coalitions based
on social connections and preferences, which are optimized
using a genetic heuristic for energy trading. The prosumers
are matched in coalitions to balance local energy supply and
demand, while ensuring equilibrium within the community
and achieving good social satisfaction levels. By utilizing
social connections, the levels of energy traded locally are
increased levels, the positive social dynamics inside the com-
munity leading the additional monetary and carbon savings.

Ill. HEDONIC GAME FOR COOPERATIVE TRADING

In this section, we present how hedonic games can be
used for prosumer coordination over a peer-to-peer energy
flexibility market implemented at the energy community
level. We describe the cooperation model considering the
prosumers’ social preferences and how the coalitions are
optimized and matched using a genetic heuristic.

A. COOPERATION MODEL WITH SOCIAL PREFERENCES
To model the problem of creating coalitions in a P2P energy
trading session, we use a hedonic game approach in which
the prosumers are seen as players and that has a specified
set of preferences over all possible coalitions as presented in
relation (1).

pi = pj such that v (pi) > v(pi) ey

The preferences include the social relations between two
prosumers (i.e., friendship, enemy, neutral established based
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on social factors or the degree of trust among prosumers)
and preferences related to the energy price within the mar-
ket context. The set of preferences enables the creation of
coalitions that not only satisfy the energy requirements of
players but also the social relationships between players in
the game. Environmental values or social connections may
impact prosumers’ decisions in forming coalitions for energy
trading within a peer-to-peer market. At the same time, the
coalition formation process is guided by the community need
or preference to minimize the difference between total energy
surplus and deficit in the energy community thus balancing
them.

The P2P flexibility of market operation in fixed trading
sessions in which prosumers are submitting bids and offers
allows for integrating the dynamic social relationships among
prosumers and market variability in terms of energy availabil-
ity and price. Both factors are incorporated into the coalition
creation process in peer-to-peer energy trading using the
defined hedonic preferences model. As social relationships
change over time (for example, due to prosumers’ interactions
or external influences), the prosumers’ social preferences and
the weights of the coalitions may also change accordingly.
This dynamic aspect will be captured in the next trading ses-
sion allowing the model to adapt to shifting social dynamics
within the community. Similarly, the model is responsive to
changes in market conditions, such as fluctuations in supply
and demand or variations in energy prices as they are directly
linked with the prosumers’ bids and offers submitted in the
market session. Moreover, they are reflected in the coalition
formation algorithm enhancing the efficiency and adaptivity
of peer-to-peer energy trading within the community.

We define the hedonic game model for peer-to-peer energy
trading that incorporates the social relationships among pro-
sumers in a community, categorizing them into three groups
based on their preferences for cooperation. In relation (2) we
have identified the prosumers groups as friends, neutral and
enemies:

R(pi.pj) =val,i#jije{l,n},R={F,N,E} (2

They are categorized using the established social relation-
ship between them that can be one of the friendships (F),
neutrality N, or enemy (E) (relation (3)).

F>N>E 3)

A friendship relation between two prosumers p; and p;,
should meet one of the following conditions: (i) they have
been engaged in positive interactions in previous P2P trans-
actions, (ii) they share common interests, (iii) they have social
connections, such as they are friends or family members, or a
strong friendship relation not influenced by minor conflicts
or external factors. In our model the friendship relation is a
value v defined in relation (4).

W(F (pipj)) = L i #j,i,j € [1,n] “)

An enemy relationship between two prosumers p; and p;
should meet one of the following: (i) they have been engaged
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in negative transactional interactions, such as conflict over
goals, or one of the two failed to deliver the flexibility as
promised in energy transactions and (ii) they have a negative
persistence that is unlikely to change due to minor positive
interactions or external factors. In our model, the enemy
relationship has the value v from relation (5).

V(E (pl’pj)) = _17 l #J’ l’J € [1,}1] (5)

A neutral relationship is established between two pro-
sumers p; and p; only if all of the following conditions
are satisfied: (i) they have not been engaged in a sufficient
number of positive interactions in the game to establish a
friendship relation or lack strong negative interaction and
(i1) they do not express any particular interest or preference
towards each other in the game, and their interactions are pri-
marily focused on achieving their own goals. The neutrality
relationship is modeled as in relation (6).

VN (pi,pj)) = 0,i #j.i.j € [1,n] (6)

Incorporating these preferences for cooperation into the
hedonic game model facilitates the formation of coalitions
among prosumers that are aligned with their social relation-
ship preferences. The friends’ prosumers are more likely
to form coalitions together, while neutral prosumers may
engage in P2P energy trading with a diverse range of part-
ners, and enemies’ prosumers may try avoiding each other in
transactions.

The nature of the relationship among prosumers within a
coalition is utilized to calculate or assign the hedonic value
V1 for the coalition, Cy as in relation (7).

Vet (C) =D }j [F (pi. pj)
+E (pl,pj) +N (pi.pj)1.Vpi.p e Cc (D)

The preferences related to energy prices are different based
on the prosumer role in the market.

The energy sellers will always prefer to maximize their
profit. Considering the energy price associated with the pro-
sumer offer Eyp,, and the average energy price avgprice(C})
of the created coalitions, the prosumer preference will yield
different hedonic values v. Thus, prosumers selling energy
will consistently opt to join coalitions with higher average
prices, thereby maximizing their revenue.

v (C > Eoﬁ‘er)
1, if avgprice(C,) > price (EQ 'er)
=10, if avgprice(C}) > (price(Eofer) — Aprice)
-1, if (price(Eoﬁer) - Aprice) < anprice(Ck)
(3)

Inrelation (8), Apyice is a price variation accepted by the seller
concerning its offer.

The buyers will always prefer to minimize their costs with
energy. Considering the energy price associated with their
energy bids bid Ejp;j; and the average energy price of the
created coalitions their preferences will have varying hedonic
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values as computed in relation (9). Thus the prosumers buying
energy will consistently opt to join coalitions with lower
average price allowing them to obtain a better costs with
energy purchase.

v (Cx, Epia)
L, if avgprice(C}) < price(Epiq)
=10, if avgprice(Cy) < price(Epia) + Aprice )
=1, if price (Epia) + Aprice < avgprice(C,)

The price preferences for joining the coalition are used to
calculate the hedonic values of the coalition.

zzzl v (Ck’ Eoﬂfr,pi) ,Vpi € Ck, pi = seller
Zi:l v (Ck9 Ebid,p,-), Vpl € Ck,pi = buyer

(10)

Vprice (Cr)

In relation (10) Ep;q p, are energy bids of the buyers and
Eofer,p; are the offers of the sellers belonging to the coalition
Cy.

B. COALITIONS CREATION AND OPTIMIZATION

A genetic algorithm is used to determine the coalitions for
P2P energy trading while considering the prosumer’s social
relationships and price preferences. It allows us to create
coalitions of sellers and buyers based on social preferences
during a market session and then to use the coalitions to
match the demand and the offer. In the genetic algorithm,
an individual is represented as a set of potential coalitions of
prosumers either sellers or buyers as defined in relation (11).

I ={Cy,...,Cy} where Cx = {pr|px = seller ® buyer}

(In

The prosumers in the coalitions of an individual are fetched
from the market session using relation (12).

C1U..., C, = all prosumers of the market session (12)

An objective function is defined to assess the quality of
an individual aiming to maximize the number of preferences
satisfied among the players participating.

F=C3""

Inrelation (13) n = |I| is the number of coalitions composing
an individual, m is a control parameter that determines the
type of distance used and w; is a weight vector for the relative
importance of each preference function fy.; of a coalition
(C)) of the individual and z; is the ideal value of the function.
The weight vector has non-negative values that sum up to 1 as
defined in relation (14)

Zz; wi=1 (14)

The hedonic score for a coalition C; is computed using
relation (15) as the sum of the hedonic values for all players

1/m
Wik [forer (C) = 2™ (13)
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Pk in the coalition depending on its type (i.e., coalitions of
sellers or coalitions of buyers).

fpref (C) = Vi (C) + Vprice(Ci) (15)

To generate the initial population, we will consider all
prosumers’ orders in the market session (i.e., either offer or
bid for energy), and only those orders that have an energy
quantity above a certain threshold I will initiate coalitions
(relation (16)).

Eofer p;» pi = seller

(16)
Epia p;» pi = buyer

Eorder,p,- >T, Eorder,p,- =

The initial coalitions will be populated by distributing all
the other orders equally to them. This step is performed mul-
tiple times, with a random distribution of orders, to explore
different configurations of coalitions by keeping the initial
set of orders consistent while varying the composition of the
coalitions.

After generating the initial population of chromosomes
(see Algorithm 1), each chromosome is evaluated by comput-
ing the fitness function, using relation (13), while considering
several factors such as the hedonic scores of the individual’s
coalitions, control parameters, and the weight vector. Then
a selection process is employed to identify the most suitable
parents for the new population based on their fitness scores.

Algorithm 1 Prosumers Hedonic Coalitions

Inputs:P = py,pa, ..., pn the set of prosumers with energy bids or offers submitted
in the market session, p the maximum number of iterations, I' threshold for initiating
coalitions
Outputs: Ij,,; — the best individual holding the optimal coalitions created
Begin
1. No = COMPUTE_COALITION _NUMBER(P, bids, offers, I')
Hpopulation = GENERATE_INITIAL_POPULATION (P, Nc)
Finess (HPopu/ation) =0
Foreach I in Hpypylation do
f1 = COMPUTE_FITNESS(I, Wy, Zj, m)
Fitness(Hpopulation) = Fimess(Hpopulation) Y J1
End Foreach
Fori=0,to p do
9. parenty =TOURNAMENT _SELECTION (Hpopyiation, Fitness(Hpopulation))
10.  parenty =TOURNAMENT _SELECTION (Hpypylation Fitness(Hpopuiation))
1. Offsprings = CROSSOVER (parent, parenty)
12. Foreach offspring in Offsprings do

X NN R WD

13. offspring* = MUTATE((offspring)
14. faﬂ&pring* =COMPUTE_FITNESS (offspring*, Wujfxpring* + Zoffspring* » m)
15. Hpopulation = UPDATE (HPapulation soffspring™)

16.  End Foreach

17. Ipest = UPDATE_BEST _INDIVIDUAL(H popyiation Fitness(Hpopulation))
18. End for

19. return Ipq5

End

The process is repeated for a predetermined number of iter-
ations, and during each iteration, it remembers the individual
from all the resulting populations with the best global fitness
value (lines 4-6). The process of updating the population uses
a tournament selection procedure to select the two most fitted
individuals from the population (lines 9-10). Then we will
perform the reproduction process, where the selected parents
are used to create a new generation of chromosomes using the
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crossover and mutation operators. The crossover operation is
used to diversify the population (line 11) and is performed
by swapping randomly between two individuals. The coali-
tions that correspond to this chosen point in both parent
individuals will be selected and we will look for prosumers in
those coalitions, with more enemy relationships than neutral/
friendship.

Swapping prosumers between coalitions might lead to
cases in which an individual will not contain all energy orders
but will have some duplicated orders. The fitness function for
individual evaluation considers the diversity of an individual
and will be greater for an individual with a higher diversity.
The fitness function considers the relationship between the
prosumers, so will favor the individuals with more friendship
relations. The movement of prosumers can lead to situations
where an individual might not have all the distinct energy
orders, some orders are duplicated, or some are absent. The
fitness function used for evaluating individuals considers
their diversity. Individuals with a greater variety of prosumers
and energy orders are assigned a better fitness score. Also,
it favors individuals with more friendship relations among
their members, the social relationships being important fac-
tors in determining an individual’s fitness. However, the
duplication of prosumers in a coalition will interfere with the
fitness function computation because their relationships are
also duplicated. Thus, we are not considering the duplicate
relationships in the fitness function evaluation. In the case
of the mutation operator (lines 12-16), we have selected the
two most unstable coalitions in the individual. The instability
is computed based on the relationships between prosumers
in the coalition. The ones with the worst relationship scores
will be considered. The goal is to guide the search space
exploration towards coalitions with more favorable relation-
ships. The mutation operator improves the overall quality of
the solutions and avoids getting stuck in local optima. Our
approach involves swapping prosumers between coalitions
with significant differences in hedonic score and ideal score.
Only prosumers in an enemy relationship are selected for
exchange. The fitness value of offspring is then calculated by
removing duplicates.

Finally, the population of individuals is updated with the
newly generated offspring. To update the population (see
Algorithm 2), we use a strategy that considers not only the
fitness values but also the contribution to population diversity.

This approach is applied to each offspring individually
and aims to replace an individual in the population with a
lower fitness value and less diversity contribution with the
offspring. The strategy begins by identifying the chromo-
some with the least diversity contribution, among those with
lower fitness values than the offspring. The diversity contri-
bution of a chromosome is calculated using the similarity
between the chromosome and its closest neighbor in the
population.

cd (I» HPopulation) = min dd, 1/) (17)

I’ ePopulation, Il
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In relation (17) d (I,1') is the distance between the two
individuals I and I’ computed as:

SICR

d(1,1')= -

(18)

Relation (18) refers to the number of coalitions that make
up a chromosome (in our case it is assumed that all chro-

mosomes have the same dimension), and d (CII , Cl.I /) is the
distance between corresponding pairs of coalitions from the
two individuals computed using the Jaccard Index.
cIncl
T+ elT-1c] — ]
(19)

JacccardIndex (C,] , CiI /) =

In formula (19) CiI , Cil/ are two coalitions of prosumers,
C{EI and Cil/el’.

Algorithm 2 Update Population of Hedonic Coalitions
Inputs: offspring, Hpopulation — hedonic population at the start of the current iteration
Outputs: Hpypyiation- updated hedonic population at the end of the current iteration
Begin

1. Foreach I in Hpypylation do
if (fnﬁ‘xpring > f1) H;opulation = HPopulation 2

End foreach
CD=0
- Foreach I* in H;opulation
CD* = COMPUTE_DIVERSITY (I*, Hﬁo})ulati(m);
CD = CD U CD*
. End foreach

9. Cmin = SELECT H;opu/alion’

/ .

10. HPa ulation = ;(rpulation ~ Cmin
11. CD" = COMPUTE_DIVERSITY (offspring, H;,

apulation)
12. if (CD’ > Cpin) & (—Duplicate(offspring, H;opulmion)

© N oL e w N

MIN(CD))

* — * . S
13. HPopulation - REPLACE(HPopulativn" Cmins Offspring)
14. else
15.  Foreach[inH ;Olm Jation 40
. * S
16. Flmem(HPopulmiun) - Flmess(Hi*’upulation) U

17. End Foreach
18.  Lyorst = SELECT _WORST(

19.  if (—mDuplicate(offspring, H;apu Jation)

oo HTF
Fitness (HPapulation

)

*
HPvpulation >

20. H;’upulatian = REPLACE(H;apulution’ Lyorst, offspring)
21.  endif
22. endif

23. return Population

End

Within the current population, the individuals having the
lowest fitness and diversity contribution scores are identified.
When an offspring displays both better fitness and increased
genetic diversity compared to the least fit individual in the
current population, that offspring is introduced to the pop-
ulation. In cases where the offspring doesn’t substantially
enhance diversity but still outperforms the least fit individ-
ual in terms of fitness, the offspring takes the place of the
least fit individual. This ensures an ongoing improvement in
the population’s overall fitness, even if genetic variety isn’t
significantly boosted.

After updating the population, we repeat all the steps above
for a predefined number of iterations, keeping track of the
individual with the best global fitness value in all iterations.
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TABLE 2. Energy profiles of prosumers used for order generation on the
P2P market.

Prosumers
Buyers Sellers
Ids Energy Interval Ids Energy Interval
[Min-Max] [Min-Max]
1 [1,14] 4 [0, 9]
2 [1,4] 5,6 [0, 11]
3 [1,20] 7 [0, 12]
4 [2,15] 8 [0, 14]
9 [0, 16]
10 [0, 17]
11 [1,23]
12 [1,19]
13 [1,20]

For each coalition belonging to the best individual, the total
amount of energy is determined by summing the amount
provided by the prosumers in their bids and offers while the
price is determined as an average of the price in the bids and
offers (relation (20)):

Eorder (Ck)
n
_ (Z;‘lzl Eoﬁ‘er,piv avg (pricep,-))» pi € Ck, p; = seller
(Zizl Epida.p;» avg (pricep,)), pi € Ck, pi = buyer
(20)

IV. EVALUATION RESULTS

To evaluate the hedonic game solution, we have used a P2P
energy flexibility market that was introduced in [9]. The
flexibility market operates over a blockchain network which
keeps in a tamper-proof manner the energy transactions of
prosumers, the bids and offers submitted in a market session,
etc., as shown in Figure 1.

The market is set up at an energy community level and
each prosumer will have his smart contract deployed on
the private blockchain network to manage their interactions.
Using monitored energy data of prosumers, their flexibility is
assessed and digitized using ERC721 and ERC20 tokens [42].
The market is operated using specific smart contracts to
handle market registration and verifications, keeping track
of session type, the energy flexibility orders that are placed
for each session, as well as resulting transactions from these
orders. We modeled the transfer of energy flexibility over
the P2P energy market using monitored energy data from
14 prosumers, 4 energy buyers, and 10 energy sellers [9]. The
energy profiles of prosumers are presented in Table 2.

The following actions are carried out for P2P energy trad-
ing. The prosumers register with the market manager smart
contract and using their contracts will place day-ahead offers
or bids in the market session (i.e., for each hour of the
next day). After all the orders are placed, the P2P match-
ing in transactions is done with our hedonic game solution.
We have implemented it as a layer 2 solution to address the
cost issues for running complex algorithms on-chain. The
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FIGURE 1. P2P energy market operation and hedonic game solution integration.

generated transactions are stored in the blockchain, and the
next day, the commitment energy and financial settlement
are carried out. The prosumers delivered energy values based
on the monitored values from power meters are compared
to the committed ones in energy transactions and tokens are
delivered to their wallets.

Initially, we assess the viability of the hedonic game solu-
tion in creating P2P energy transactions while adhering to
the social, energy and price preference of the prosumers.
The parameters under examination include the reduction in
the desired number of transactions and the increase in the
amount of energy transferred and their alignment with the
preferences and constraints of the prosumers involved. They
are important to reduce the overheads while increasing the
system’s throughput. Moreover, we are interested in the prices
at which prosumers will trade energy and how much profit
they can make. The energy bids and offers and social relations
are used as input data for our Hedonic Game solution and
assess the amount of energy transferred and if the balance
between the demand and generation is ensured.

The results are reported in Figure 2 where we have focused
only three hours for the day. They illustrate the buyer/seller’s
distribution in transactions and the balance that is achieved
among the energy bought and sold inside the community. This
pattern persists throughout the remaining trading hours of the
day. The hedonic game solution for P2P trading achieves an
equilibrium between community-level demand and genera-
tion, despite the variations in the energy transferred during
each hour. Moreover, the solution generates a relatively low
number of energy transactions for the market session, propor-
tional to the total amount of energy and the number of orders
that were placed for each hour.
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FIGURE 2. Energy transactions for hours 10,11,12.

Figure 3 shows the prices for trading energy in the selected
hours concerning the prosumer ID of each participant in the
market session, its role either as buyer or seller, and the
price in Gwei. The transactional prices are scattered on the
graph, as they depend on the coalitions in which buyers and
sellers are matched by the hedonic game solution proposed.
Moreover, the prices at which prosumers trade energy have a
similar average value for the selected hours.

Next, we will analyze the coalitions from the perspective
of the social factors considered. We assess the number of
friendship-neutral and enemy relations from the coalitions
created using the hedonic game (see Table 3 ). If we take
a closer look at each coalition, namely at the prosumers
forming them, we can see a tendency to have good relation-
ships. Most of the prosumers in each coalition have friendly
relationships, with small exceptions due to the small sample
size of the scenario.
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FIGURE 3. Energy transaction prices for hours 10, 11, and 12.

TABLE 3. Social relationships among prosumers in coalitions.

Hour Progumers Friendship Neutral Enemy
Coallriltion
<6,13> 0 1 0
10 <7,12,4> 3 0 0
<1,2> 2 0 0
<6,13,5> 1 2 0
<4,12,7> 3 0 0
" <11,9> 1 0 0
<3,1,2> 3 0 0
<5,6,7> 2 0 1
<11,13,9> 2 1 0
12
<4,12,8> 2 1 0
<2,1,3> 3 0 0

For a comprehensive understanding of the entire market
dynamics and coalition formation throughout a market ses-
sion, we’ve used the hedonic score defined in relation (7)
(see Figure 4). This index shows the collective social status
of all coalitions during a given hour. Positive values above
0 indicate favorable social interactions among prosumers
within the coalitions, with higher values denoting stronger
social bonds.
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FIGURE 4. Social factor value for the entire market session coalitions of
prosumers.

We have evaluated the proposed solution in a more com-
plex scenario involving a higher number of prosumers and
compared the results with other game theory-based solutions
(G-T) [17]. For this goal, we have generated the energy pro-
files for 48 prosumers (i.e., 24 energy buyers and 24 energy
sellers) and a random energy price for each prosumer. The
first aspect compared was the number of energy transactions
generated under increased prosumer participation during
the market session. The results in terms of the transaction
amounts that were completed in an hour of the next market
session are presented in Figure 5. The results show that the
Hedonic game and G-T are capable of matching supply and
demand in P2P energy trading. However, the Hedonic game
approach commits more energy to transactions, potentially
increasing market liquidity.

Both solutions have similar prices, but G-T outperforms
the Hedonic game solution due to lack of social factors con-
sideration (see Figure 6, the energy price is reported in Gwei).

V. DISCUSSION

In this section, we discuss the impact of several relevant
parameters of the hedonic game solution outcomes. The
parameters analyzed are the number of coalitions, the dis-
tribution of social relationships in the community, and the
fitness function value. For all these parameters, we have used
the same prosumers energy profiles and price values, and we
varied each parameter three times and compared the results
obtained.

First, we analyzed the number of coalitions’ impact on
the total amount of energy transferred in an energy market
session, as well as on the energy prices. We have varied the
threshold set (I" see relation 16) for initial coalitions forma-
tion and for joining existing coalitions allowing the creation
of (i) 4 coalitions — 2 buying and 2 selling energy, (ii) 13 coali-
tions — 6 buying and 7 selling energy, and (iii) 23 coalitions —
11 buying and 12 selling.

Figure 7 shows that having a lower I" value in the hedonic
game solution leads to more coalitions and more energy being
transacted in an energy market session. In the defined model
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only prosumers whose energy quantity exceeds the threshold
I' will initiate coalitions. A lower threshold is associated
with lower minimum requirements for prosumers to initiate
and join coalitions, thereby facilitating the formation of more
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FIGURE 8. Price analysis when varying the threshold for creating
coalitions.

coalitions and increasing the overall amount of energy trans-
acted in the flexibility market session. A broader range of
coalitions are generated due to the lower threshold leading
to a more dynamic and efficient energy market. Conversely,
a higher threshold imposes stricter requirements for pro-
sumers to initiate coalitions, resulting in fewer coalitions
being formed and a reduced volume of energy transactions.
As can be seen in Figure 7 for higher I" fewer coalitions are
created leading to a significant reduction in the amount of
transferred energy, while for lower value of I', the amount
of energy transferred increases. This is because the hedonic
game solution performs a more accurate matching if there
are more energy orders to be matched. Increasing the total
number of coalitions from 4 to 13 resulted in 15% more
energy transferred while increasing it to 23 transferred energy
increases by 5%.

In terms of energy price variation Figure 8 shows that
the more coalitions created (i.e., lower threshold), the more
scattered the prices will be because, after choosing the best
individual, each coalition forming this individual will become
a new order and it will be matched by the hedonic game
solution.

The second parameter analyzed is the social relation-
ship distribution in the community. More precisely, we have
varied the proportions of enemy, neutral, and friendship rela-
tionships between prosumers in the energy community and
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determined the impact on the amount of energy traded in a
market session as shown in Figure 9.

The amount of energy transacted is influenced by the
fitness function that considers the relationships between pro-
sumers. The selection of the best individual is affected if
there is an increased number of neutral relationships as it can-
not differentiate between social relations among prosumers.
However, a community with more friendship relationships
has an increase in total energy transacted. The clear defini-
tion of social relationships among prosumers is important as
largely neutral prosumers can eventually lead to decreased
energy trading.

The fitness function is determined by the weight of coali-
tions, which is influenced by both the relationship status
of the prosumers forming the coalition and the variation in
energy prices among the submitted bids and offers. We main-
tained a consistent distribution of social relationships among
prosumers while adjusting the weights for the coalitions in
the genetic heuristic individuals. All coalitions with a positive
total relationship value among the prosumers forming them
will have their weights summing up to 0.6. Coalitions with a
neutral value of relationships (i.e., meaning an equal number
of friendships and enemy relationships) will have a combined
weight of 0.3. Finally, coalitions within individuals that have
a negative sum of relationships within them will have a
combined weight sum of 0.1. Thus, the fitness function will
promote the coalitions that have prosumers who are mostly
friends, so these individuals will be more favored and will
have a greater contribution towards finding the most fitted
individual.

Figure 10 shows the total energy transacted in the market
session. In scenarios where predominantly unfavorable inter-
actions exist among prosumers, the energy transfer is reduced
compared to scenarios with positive social dynamics, which
can significantly increase the traded amount by around 30%.

The energy prices, even though are scattered for all cases,
are better with 4% for coalitions with predominant friendship
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FIGURE 11. Energy price for mostly neutral and positive social relations.

social relationships compared with the ones with predomi-
nant neutral ones as shown in Figure 11.

In Table 4 we have conducted an analysis of the social,
economic, and environmental impacts of our solution in the
context of energy community and peer to peer energy trading.

For social satisfaction assessment we have looked at the
degree of meeting the prosumers social preferences as result
of using our hedonic game solution. We computed the social
satisfaction factor by determining the frequency of energy
transactions between prosumers with friendly relationships
from the total transactions established in a market session.
We have considered two cases: the negative and positive
social dynamics. In the negative social dynamics’ scenario,
across the entire community, an average of 91% of prosumers
engaged in transactions with their friends, while only 9%
were involved in interactions with perceived adversaries.
However, in the positive social dynamics’ scenario, the social
satisfaction increased to 96%, demonstrating the potential
of our solution to meet prosumers’ preferences and enhance
their engagement in peer-to-peer energy trading. We observed
that our hedonic game solution not only enhances social sat-
isfaction but also increases the volume of energy trade within
the community. In the positive social dynamics’ scenario,
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TABLE 4. Social, economic and environmental impact assessment.

Economic

Environmental

Social Energy Traded
) Satisfaction
Soma_l Preferences Average Amount
Dynamics Meet (%) (kWh)
Community Daily Yearly
Negative 91% 123.29 45,000.85
Positive 96% 169.39 61,827.35

Revenue (%)

Daily Yearly
34.76 12,690.56
47.76 17,435.56

Carbon Footprint
(KgCO02)
Daily Yearly

41.2 15,038
56.6 20,661

where prosumers’ preferences are better accommodated,
we noted a rise in the amount of energy traded within the
market session. This demonstrates the effectiveness of our
solution in matching prosumers considering the energy bids
and offers on one side and social relationships on the other
side.

The increase in the volume of energy traded results in
improved market efficiency and potential savings at the
community level, ranging between 34$ and 47$ per day,
depending on the community’s social dynamics. For this
estimation, we used an energy price of 0.28% per kWh,
which reflects the market price in our country. While these
savings may seem modest at first glance, especially in com-
munities with predominantly unfavorable relationships, the
cumulative revenue generated can be significant. In such sce-
narios, the community could potentially generate a revenue of
12,690.56$ annually. However, if relationships between com-
munity members were to improve, as discussed, the yearly
revenue could increase by 4,745$.

In addition, we assessed the environmental impact of our
solution in terms of carbon footprint reduction resulting
from peer-to-peer (P2P) energy trading. Our solution enables
the trading and consumption of renewable energy generated
locally by prosumers within the community, thereby reducing
or even avoiding energy imports and subsequently decreasing
the carbon footprint. To quantify this reduction, we used the
average emissions from electricity generation in Italy, which
is 0.334 kgCO2eq/kWh. Our analysis revealed a reduction in
carbon emissions of 41.2 kgCO2eq per day in communities
with unfavorable social dynamics. However, in communities
with improved relationships among prosumers, we observed
an even greater reduction of 56.6 kgCO2eq per day. This sug-
gests that fostering better relationships within the community
can lead to an additional daily carbon emission reduction of
15.4 kgCO2eq.

VI. CONCLUSION

In this paper, we have presented a prosumer hedonic
game-based coordination and cooperation model for P2P
energy flexibility trading in an energy community of pro-
sumers. The hedonic game model proposed addresses the
creation of coalitions of prosumers, considering their pref-
erences expressed as social connections with other peers,
and uses genetic heuristics to optimize the prosumers’ coali-
tions to balance the energy demand and supply within the
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community. The implementation and evaluation were done
with a P2P energy flexibility market based on blockchain and
smart contracts.

The evaluation results demonstrate the effectiveness of our
solution, which integrates the hedonic game, genetic heuris-
tic, and blockchain technology in the peer-to-peer (P2P)
energy market. The social relationships and energy and price
preferences of prosumers are effectively considered when
forming coalitions with an average degree of preferences sat-
isfaction of between 91 and 96%. Additionally, the proposed
solution is managing to match the local prosumers generation
with the demand within the community due to the increase in
the amount of energy traded.

The results within the energy community context are
promising, showing the potential of the hedonic game model
to enhance the effectiveness of P2P energy trading. Our solu-
tion increases the participation of prosumers in trading as
well as the total amount of energy transacted in a market
session ranging between 5% and maximum around 30%.
The improvement degree is corelated with the positive social
dynamics inside the community showing the importance of
the social dimensions of P2P energy transactions, providing
insights into the role of cooperation and social dynamics in
community-driven energy trading systems.

For our future research, we aim to go deeper into under-
standing how the behavior of prosumers influences actions
within P2P energy markets. The prosumers may have varying
objectives and strategies, which may not solely focus on
maximizing community benefits, thus we will explore these
dynamics further and assess their impact on local energy
trading. We plan to assess new negotiation and conflict man-
agement models, considering the diverse trading strategies
and personal goals of individual prosumers. In this context,
we believe that drawing inspiration from evolutionary biol-
ogy, particularly the Hawk-Dove game, can provide valuable
insights into understanding the potential strategies within
populations as it offers the framework for interpreting the
potential payoffs associated with different interactions and
understanding how mixed prosumer strategies can coexist and
stabilize under specific environmental conditions. Prosumers
may exhibit diverse behaviors and interaction strategies,
which we categorize as either Hawk (selfish, acting primarily
in their self-interest) or Dove (acting for the greater good
of their energy community). Thus, we see the Hawk-Dove
game as a tool to promote social cooperation in P2P flexibility
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markets by examining the trading behaviors of prosumers
within energy communities over extended periods. Finally,
we aim to explore the impact of various types of incentives
(i.e., financial, social, and environmental) on the decisions
made by prosumers, developing methods to quantify these
incentives to encourage cooperative and sustainable behavior.
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