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Bilateral Peer-to-Peer Energy Trading
via Coalitional Games

Aitazaz Ali Raja and Sergio Grammatico

Abstract—In this article, we propose a bilateral peer-to-
peer (P2P) energy trading scheme under single-contract
and multi-contract market setups, both as an assignment
game, a special class of coalitional games. The proposed
market formulation allows for efficient computation of a
market equilibrium while keeping the desired economic
properties offered by the coalitional games. Furthermore,
our market model allows buyers to have heterogeneous
preferences (product differentiation) over the energy sell-
ers, which can be economic, social, or environmental. To
address the problem of scalability in coalitional games,
we design a novel distributed negotiation mechanism that
utilizes the geometric structure of the equilibrium solution
to improve the convergence speed. Our algorithm enables
market participants (prosumers) to reach a consensus on a
set of “stable” and “fair” bilateral contracts which encour-
ages prosumer participation. The negotiation process is ex-
ecuted with virtually minimal information requirements on a
time-varying communication network that in turn preserves
privacy. We use operator-theoretic tools to rigorously prove
its convergence. Numerical simulations illustrate the bene-
fits of our negotiation protocol and show that the average
execution time of a negotiation step is much faster than the
benchmark.

Index Terms—Distributed algorithms, mechanism de-
sign, multi-agent systems, smart grids, transactive energy.

I. INTRODUCTION

MODERNIZATION of power systems is rapidly materi-
alizing under the smart grid framework. A major part

of this transformation is taking place on the consumer side,
due to the increasing penetration of distributed energy resources
(DER) along with the deployment of communication and control
technologies. These technologies enable consumers to have an
active interaction with the grid by an informed control over their
energy behavior, thus, they are referred as “prosumers.”

To realize their full potential, prosumers should engage more
actively with energy markets. Currently, the direct participation
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of prosumers in the whole sale energy market is technically and
economically nonviable. Hence, small-scale prosumers interact
with aggregating entities such as retailers to deliver their excess
energy to the grid [1]. Retailers usually offer a considerably
lower price for the energy sold by prosumers, e.g., feed-in-tariff
(FiT), compared to the buying price that they charge [2]. To en-
sure an economically appealing role of prosumers, peer-to-peer
(P2P) energy trading represents a disruptive demand side energy
management strategy [3]. In fact, P2P markets enable prosumers
to locally exchange energy on their own terms of transactions.
This direct control over trading allows prosumers to make prof-
itable interactions, thus, it encourages wider participation [4].
Furthermore, such a local exchange of energy at the demand
side also provides significant benefits to the system operators
for example in terms of peak shaving [5], lower investments in
grid capacity, and improvement in overall system reliability [1].

However, there are strong mathematical challenges in de-
signing a comprehensive P2P energy market mechanism which
seeks a market equilibrium while incorporating a self-interested
decision-making attitude by the participants [6]. Despite its
mathematical sophistication, the mechanisms need to be easily
interpretable for the participation of laypersons, e.g., residential
prosumers. Along this direction, researchers have recently pre-
sented several interesting formulations. In the literature, P2P en-
ergy markets are proposed under various architectures that can be
broadly categorized as centralized markets (community-based
trading), decentralized markets (bilateral trading), and combina-
tions thereof. The features of centralized market architecture in-
clude an indirect interaction of market participants via assisting
platforms, no negotiatory role for market participants, and single
market wide energy trading price, evaluated centrally. Among
others, in [5] Moret and Pinson present a centralized local energy
market where groups of prosumers (energy collectives) interact
with each other and with the system operator via a commu-
nity manager to make energy exchanges. In [7], Morstyn and
McCulloch treat energy as a heterogeneous product that can be
differentiated based on the attributes of its source. Centralization
is achieved by a platform agent that is supposed to maximize so-
cial welfare by setting prices and that enables energy exchanges
among prosumers and with the wholesale electricity market.
In [8], Vazquez et al. present a community-based market that
models the decision-making into three sequential steps, solved
using distributed optimization, where the energy is exchanged
via a local pool at single clearing price.

Decentralized P2P markets can allow for direct buyer–seller
(bilateral) interaction with possibly different energy trade price
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for each bilateral contract. In [9], Sorin et al. formulate a de-
centralized P2P market architecture based on a multibilateral
economic dispatch with a possibility of product differentiation,
where the solution is obtained by solving a distributed optimiza-
tion problem. Another decentralized P2P market is presented
by Morstyn et al. in [10], which is formulated as a matching
market that seeks a stable bilateral contract network. In both
works, prosumers are allowed to make bilateral contracts, i.e.,
each energy transaction can take place at a different price.
In [11], Nguyen also presents a decentralized P2P market with
a clearing mechanism based on the alternating direction method
of multipliers.

Within the industrial informatics community, P2P energy
platforms have received strong research attention under both
centralized and decentralized architectures. Recently, in [12],
the authors propose a two-tier market corresponding to inter
and intraregion interactions where a DSO acts as a representative
for each region and the price of energy trade between regions is
evaluated centrally. In [13], the authors also present a two-level
market for trading energy with and within energy communities.
Each community is represented by an aggregator that decides
intercommunity trading price whereas intracommunity trading
is done at a fixed price. Both the works propose distributed
optimizationbased market solutions and do not allow for bilateral
economic interaction on prosumer (peer) level. A decentralized
P2P market is analyzed in [14] with the possibility of a bilateral
trade, however, their focus is on the trading preferences of
prosumers rather than the mechanism design. The blockchain-
based implementations to address privacy and security in P2P
platforms are also addressed [15]. Most of the works reviewed
above lack any discussion on the economic properties of the
proposed trading strategies, which are critical for the practicality
of any market mechanism. Next, we build a case for our proposal
of a P2P market mechanism that allows for a decentralized (fully
P2P) interaction and also ensures desirable economic properties.

Market design: The key desirable properties of electricity
market design are market efficiency, incentive compatibility,
cost recovery, and revenue adequacy [16]. Unfortunately, by
Hurwicz’s impossibility theorem, no market mechanism can
satisfy all four properties simultaneously and a tradeoff has to
be found. Centralized electricity markets are usually cleared
based on the locational marginal pricing, which only satisfies
cost recovery and revenue adequacy. Similarly, the VCG mech-
anism, utilized in several P2P market designs satisfies market
efficiency, incentive compatibility, and cost recovery making
financial deficit possible for the market operator. In our context
of P2P market design where the participants are relatively small
prosumers, hence are not generally capable of exercising market
power, we can reasonably assume them to be truthful, thus,
enforcing incentive compatibility. The other market properties
can be satisfied by the solutions of canonical coalitional games,
thus, they provide the required mathematical foundation for the
design of P2P markets. We refer the reader to [17] for details
about the classes (canonical, coalition formation, and coalitional
graph) of coalitional games. In the general setup of coalitional
games, the solutions with the required properties, such as the
core, suffer the issue of scalability as all possible subcoalitions,

TABLE I
COMPARISON WITH THE STATE-OF-THE-ART EMPLOYING COALITIONAL

GAME THEORY

i.e, 2N − 1 for N agents, must be considered. Based on these
considerations, here we model the P2P electricity market as an
assignment game, a special class of coalitional games, for which
the solution requires the information about coalition pairs only.
This solves the scalability issue while keeping the desired market
properties [18]. Furthermore, our model also allows for bilateral
interactions where buyers can exercise their preferences over the
sellers, as well as their energy sources which, in our opinion,
captures the true spirit of P2P trading. Specifically, in this arti-
cle, we propose an easily interpretable decentralized (bilateral)
P2P energy market that allows for a heterogeneous treatment
of energy by utilizing concepts from coalitional game theory
for mechanism design and for proving the plausibility of the
equilibrium solution.

Coalitional game theory provides rigorous analytical tools for
the cooperative interactions among agents with selfish interests,
and in fact it has received a strong attention from smart-grid
researchers recently. For instance, the authors in [4] propose a
P2P energy trading scheme in which prosumers form a coalition
to trade energy among themselves at a (centralized) midmarket
rate which in turn ensures the stability of the coalition [19].
In [20], the authors formulate a coalition formation game for P2P
energy exchange among prosumers, and the resulting coalition
structure is shown to be stable. The price of exchange is deter-
mined by a central auctioneer based on a double auction mech-
anism. Another coalition formation game is presented in [21],
which allows prosumers to optimize their battery usage for P2P
energy trading. The outcome is shown to be stable, optimal,
and prosumer-centric. The authors in [22] propose decentralized
bilateral negotiation among prosumers for energy exchange via
coalition formation, but without considering coalitional-game-
theoretic stability. Coalition formation games have also been
utilized for cooperative charging of electric vehicles (EVs).
The authors in [23] consider EVs in different regions with
different discharging prices. Based on this difference, EVs form
a coalition structure to exchange energy. Then in [24], the
authors formulate a coalition formation game among private
charging piles to optimally provide charging services to EVs
by sharing their resources. In both works, the considered games
are nonsuperadditive, thus they employee a merge-and-split
protocol to reach a stable coalition structure. The protocol does
not determine the price of exchange but only a stable match.
In Table I, we provide a comparison between the features of
our P2P market model and those of the most relevant literature.
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We note that in Table I, stability is considered in the context of
coalitional game theory and we mark the presence of guarantees
on the market properties only if they are explicitly discussed in
the article.

To the best of our knowledge, the literature on coalitional
game theoretic formulation of P2P markets lacks a development
of bilateral P2P model via most widely studied and easily in-
terpretable class of coalitional games, i.e., canonical coalitional
games. Along with the mathematical rigor provided by the game
formulation, its straight forward interpretation is also an impor-
tant feature for a P2P market design, intended to encourage the
participation of small prosumers with low technical knowledge.
Though canonical games seem the most natural approach to
model bilateral market, the hindrance in its adoption comes from
high computational complexity and coalition stabilizing contract
prices might not exist, i.e., the core set might be empty. To
address these, here, we model P2P energy trading as a canonical
coalitional game that allows for bilateral energy trading con-
tracts and guarantees the existence of stable contract prices that
represent a competitive equilibrium of the market. Furthermore,
the negotiation mechanism enables market participants for an
efficient and convenient settlement on the stable and fair contract
prices.

Contribution: Our key contributions are summarized next.
1) We formulate P2P energy trading as a bilateral assignment

game (coalitional game), which is easily interpretable and
allows for product differentiation to accommodate the
heterogeneous preferences of buyers. This novel formu-
lation ensures the existence of a “stable” set of bilateral
contracts that is an equilibrium (see Section III). Fur-
thermore, our market formulation ensures the desirable
economic properties of the mechanism, which are market
efficiency, cost recovery, and revenue adequacy.

2) We develop single-contract and multi-contract setups of
bilateral P2P energy market with different computational
burdens and features (Sections III-B and III-C).

3) We develop a novel distributed negotiation mechanism
presented as a fixed-point iteration where buyers–sellers
communicate locally over a possibly time-varying com-
munication network. We exploit the geometrical struc-
ture of the core solution together with operator theory
to formulate our algorithm via linear operations, thus,
considerably reducing the computational complexity of
the negotiation, strongly improving over [25], [26]. We
show that the mechanism converges to a payoff allocation
in the core of the assignment game (see Section IV).

4) We present our algorithm in a generalized form which
enables fast convergence and allows participants to nego-
tiate for “fair” contracts in the interior of the core set [18].
The level of information requirement in our mechanism
preserves privacy among the market participants. Fur-
thermore, our algorithm is based on consensus protocols,
which are easier to analyze and embed on real hardware,
instead of dual variables (e.g., in [11]), to reach a common
price vector among the participants.

Notation and definitions: Given a mapping M : Rn →
Rn,fix(M) := {x ∈ Rn | x = M(x)} denotes the set of its

fixed points. Id denotes the identity operator. For a closed set
C ⊆ Rn, the mapping projC : Rn → C denotes the projec-
tion onto C, i.e., projC(x) = argminy∈C ‖y − x‖. An over-
projection operator is denoted by overprojC := 2projC − Id.
For a set S the power set is denoted by 2S . A⊗B denotes the
Kronecker product between the matrices A and B. IN denotes
an identity matrix of dimension N ×N . For x1, . . . , xN ∈
Rn, col((xi)i∈(1,...,N)) := [x�

1 , . . . , x
�
N ]�.dist(x,C) denotes

the distance of x from a closed set C ⊆ Rn, i.e., dist(x,C) :=
infy∈C‖y − x‖. For a closed set C ⊆ Rn and N ∈ N, CN :=∏N

i=1 Ci. A continuous mapping M : Rn → Rn is a paracon-
traction, with respect to a norm ‖ · ‖ on Rn, if ‖M(x)− y‖ <
‖x− y‖, for all (x, y) ∈ (Rn\fix(M))× fix(M).

II. BACKGROUND ON COALITIONAL GAMES AND

ASSIGNMENT GAMES

A. Coalitional Games

Let us first provide some mathematical background on coali-
tional game theory and then describe assignment games, a
special class of coalitional games. A coalitional game consists
of a set of agents, indexed by I = {1, . . . , N}, who cooperate
to receive a higher individual return compared to that due to
noncooperative actions. The utility generated by this cooperation
is defined by a value function v.

Definition 1 (Coalitional game): Let I = {1, . . . , N} be a
set of agents. A coalitional game is a pair G = (I, v) where
v : 2I → R is a value function that assigns a real value, v(S),
to each coalition S ⊆ I. v(I) is the value of so-called grand
coalition. By convention, v(∅) = 0. �

In a coalitional game, the value generated by a coalition S,
v(S), is distributed among the members of S as a payoff. For
each i ∈ S, the elementxi of a payoff vectorx ∈ R|S| represents
the share of agent i of the value v(S). For a game with a grand
coalition I we assume that each agent i ∈ I is rational and
demands an efficient payoff vector. Mathematically, this means
that the payoff vector proposed by each agent must belong to its
bounding set.

Definition 2 (Bounding set): For a coalitional game G =
(I, v), the set

Xi :=

{
x ∈ RN |

∑
j∈I xj = v(I)

∑
j∈S xj ≥ v(S) ∀S ⊂ I s.t. i ∈ S

}

(1)
denotes the bounding set of an agent i ∈ S. �

We note from (1) that bounding half space is closed and
convex, a polytope with special geometry, thus, we can represent
the bounding set as the intersection of bounding half-spaces.

Definition 3 (Bounding half-spaces): For a coalitional game
(I, v) and a coalition S ⊂ I the bounding half-space is a set
H(S) := {x ∈ RN |

∑
i∈S xi ≥ v(S)}. Moreover, let the set

Hi := {H(S) | S ⊂ I, i ∈ S} (2)
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denote the set of all bounding half-spaces corresponding to
the set of rational and efficient payoffs for an agent i, i.e., the
bounding set Xi in (1). �

Now, using half-spaces as in Definition 3, we can write the
bounding set as Xi =

⋂
S⊆I|i∈S H(S).

Since a rational agent i agrees only on a payoff in its bounding
set Xi thus, a mutually agreed payoff shall belong to the inter-
section of the bounding sets of all the agents. Interestingly, this
intersection corresponds to the core, the solution concept that
relates to the stability of a grand coalition [17].

Definition 4: (Core) The core C of a coalitional game (I, v)
is the following set of payoff vectors:

C :=
{
x ∈ RN |

∑
i∈I

xi = v(I),
∑

i∈S
xi ≥ v(S) ∀S⊆I

}
(3)

where the term
∑

i∈I xi = v(I) ensures the efficiency and∑
i∈S xi ≥ v(S) shows the rationality of a payoff. �
We note from (3) that the core set C is closed and convex, a

polytope with special geometry. These facts allow us to represent
the core by using the bounding sets, as in Definition 2. We can
in fact write the core as C =

⋂N
i=1 Xi.

In the sequel, we deal with the grand coalition only, therefore,
we use the core C as the solution concept. Next, we give some
background on a subclass of transferable utility (TU) coalitional
games called assignment games.

B. Assignment Games

An assignment game models a bilateral one-to-one matching
market with the primary objective of finding optimal assign-
ments between the two sides, for example, matching buyers to
sellers [18]. Thus, let us refer to the sets of agents on the two sides
of the market as buyers and sellers and denote them by IB and
IS , respectively. Here, each seller j ∈ IS owns a good for which
declares the value of at least cj ; whereas, for each buyer i ∈ IB,
the ceiling worth of the good of seller j is hi,j . Then, the value
function that gives value to a simplest meaningful coalition, i.e.,
a buyer–seller pair, reads as

v(i, j) = max{0, hi,j − cj}. (4)

Here, with a slight abuse of notation, we refer to v({i, j}) by
v(i, j). We note that any assignment which is favorable to both
parties must satisfy hi,j > ci. Furthermore, one-sided coalitions
generate no value, i.e., v(S) = 0 ifS ⊆ IB orS ⊆ IS , thus, only
mixed coalitions are meaningful.

Interestingly, the buyer–seller pairs alone suffice to determine
the market completely. Using this observation, we define an
assignment matrix M = [v(i, j)] for all pairs (i, j) ∈ IB × IS .

Definition 5 (Value function): Let IB = {1, . . . , NB} and
IS = {1, . . . , NS} be the sets of buyers and sellers, respec-
tively. LetM = [v(i, j)](i,j)∈IB×IS be an assignment matrix with
v(i, j) as in (4). Given B ⊆ IB and S ⊆ IS , let P(B,S) be the
set of all possible matching configurations between B and S ,
where a matching configuration is a set of two-sided matchings
such that a seller (buyer) is matched with at most one buyer
(seller). Then, the value function vM : IB ∪ IS → R is defined
as, vM (B ∪ S) = maxP∈P(B,S)

∑
(i,j)∈P v(i, j). �

Let us now formally define an assignment game.
Definition 6 (Assignment game): Let IB = {1, . . . , NB} and

IS = {1, . . . , NS} be the sets of buyers and sellers, respectively.
An assignment game is a pair M = (IB ∪ IS , vM ), where the
value function vM is as in Definition 5. �

Next, we reformulate the core in (3) for assignment games.
Definition 7 (Core of assignment game): The core CM of an

assignment game (IB ∪ IS , vM ) is the following set:

CM := {(x,′ x′′) ∈ RNB × RNS |
∑

i∈IB x
′
i +

∑
j∈IS x

′′
j =

vM (IB ∪ IS), x′
i + x′′

j ≥ v(i, j) for all (i, j) ∈ IB × IS}.
(5)

�
Remark 1 (Non-emptiness of core [18]): An assignment game

(as in Definition 6) has a nonempty core. �
We note that the core of an assignment game is defined by

two sided pair coalitions instead of all possible coalitions in
(3), which considerably reduces the complexity of solving an
assignment game. Thus, an assignment game presents a more
practical approach, compared to the general coalitional game
theory, towards formulating a bilateral P2P market.

For an optimally matched pair (i, j) ∈ IB × IS , the payoff
(x′

i, x
′′
j) determines the contract price λi,j . In a bilateral trade,

buyer i pays to seller j the difference of the price they initially
offered and his payoff, i.e., λi,j = hi,j − x′

i. For brevity, in the
sequel, we use the collective payoff vector for buyers and sellers,
i.e., x = col(x,′ x′′), where x′ ∈ IB and x′′ ∈ IS .

We remark that, for P2P markets modeled as coalitional games
it is not plausible to adopt centralized methods for computation
of a payoff in the core because the core set is not singleton and
different core payoffs can favor different sides (buyers or sellers)
of the market. In fact, each core set has a buyer optimal and a
seller optimal point as the two extremes [18]. Thus, it raises the
possibility of biased behavior of the central operator which may
jeopardize the confidence of market participants. Furthermore,
in practice, bilateral agreements should be directly negotiated
by the self-interested agents. Thus, in Section IV we propose a
distributed solution mechanism in which the agents negotiate to
autonomously reach a mutual agreement, i.e., consensus on the
payoff vector and consequently on the trading prices. Finally,
let us formalize the notion of consensus set.

Definition 8 (Consensus set): The consensus set A ⊂ RN 2
is

defined as

A := {col(x1, . . . ,xN ) ∈ RN 2 | xi = xj ∀i, j ∈ I}. (6)

�

III. P2P MARKET AS AN ASSIGNMENT GAME

A. Modeling

In this section, we present two setups of a bilateral P2P energy
market as assignment games namely, single-contract market
and multi-contract market. The participants of the market are
partitioned into buyers and sellers where, a seller is a prosumer
who owns an energy source including renewable (RES) and/or
energy storage (ES) with an excess energy available, for a trading
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Fig. 1. Illustrative scheme of a bilateral P2P energy market.

period, while a buyer can be a mere consumer as well. The
market is operated by a central coordinator (market operator)
who has complete information of buying and selling bids, and is
also responsible for maximizing the overall market welfare. In
Fig. 1, we illustrate the high level concept of the proposed P2P
energy market structure. Let cj denote the valuation of a seller
j ∈ IS for each unit (e.g., 1 KWh) of energy and let sj represent
the total energy offered; then, an offer of a seller j is given by a
pair (cj , sj). Similarly, we denote the energy demand of a buyer
i ∈ IB by di and his valuation for the energy offered by seller j
by αi,jpi where, αi,j is the preference factor assigned by buyer
i to seller j. The preference factor allows a buyer to differentiate
between the offered energy and can depend on several metrics,
such as source of energy (green vs. brown), location of the seller,
user rating, etc. Furthermore, pi is a base price that the buyer i
is willing to pay for each unit of energy, hence they present their
bid as (αi,jpi, di). Next, we impose some practical limitations
on the valuations of buyers and sellers to make our P2P market
setup economically appealing for the participants.

Prosumers generally sell energy to the grid via a retailer, thus,
an offer higher than the retailer’s remuneration makes it favor-
able for the sellers to join the P2P market instead. Furthermore,
the rationality of the buyer demands that his offers are not higher
than the cost of energy from the grid. Let gb and gs denote the
buying price and the selling price of energy provided by the grid,
respectively. Then, the buyer i should offer a seller j a higher
energy price than that of the grid, but not more than the grid’s
selling price, i.e.,

αi,jpi ∈ (gb, gs]. (7)

Analogously, we require the selling price of seller j to fulfill the
similar limitations

cj ∈ [gb, gs). (8)

We remark that similar assumptions are also made in [20]. These
assumptions are reasonable as the feed-in tariffs have seen a
decreasing trend and were also discontinued in some regions [4].
Nevertheless, if the feed-in tariff offered by the grid is very high,
then it will impact the prosumer participation in the P2P market.

B. Single-Contract Market

In a single-contract P2P market setup, the buyers and sellers
make one-to-one bilateral contracts that generate certain utility
(value) for both. Let buyer i ∈ IB and seller j ∈ IS make a
bilateral contract; then, the contract generates the value

v(i, j) = max{0, αi,jpi − cj}min{sj , di}. (9)

Let us elaborate on the formulation of the bilateral contract
value in (9). First, the contract is only viable when buyer’s
valuation of the energy is higher than seller’s demand, i.e.,
αi,jpi > cj . If sj ≥ di, then the welfare generated by each
traded unit is given by αi,jpi − cj where, the total traded units
are di. Now after the bilateral contract, the excess energy of the
seller (sj − di) is sold to the grid. Analogously if di > sj . We
note that, the value of a nonviable contract will be zero.

Due to the bilateral structure of our P2P market, we can
express the worth of possible contracts in a matrix form, which
further allows us to model the market welfare maximization as an
assignment problem. Let M = [v(i, j)](i,j)∈IB×IS be an assign-
ment matrix where each element v(i, j) represents the value of a
bilateral contract between buyer i and seller j. Then, we denote
the corresponding assignment game by M = (IB ∪ IS , vM ).
The resulting value function of an assignment game vM (S) uti-
lized by the market operator is given by the following assignment
problem, for each S ⊆ I:

P (S) :

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

max
µ

∑
i∈IB∩S

∑
j∈IS∩S

v(i, j)μi,j

s.t.
∑

i∈IB∩S
μi,j ≤ 1 ∀j ∈ IS ∩ S∑

j∈IS∩S
μi,j ≤ 1 ∀i ∈ IB ∩ S

(10)

with matching factors μi,j ∈ {0, 1}, where μi,j = 1 represents
the matching between buyer i and seller j. The problem (10)
determines the optimal assignment of buyers to sellers and the
constraints imposed on the matching factors ensure that one
buyer is matched to only one seller, i.e., one-to-one matching.
By using the results of the assignment problem in (10) the
market operator can evaluate the core of the game, as in (3).
We note that, even though the assignment problem in (10) is
a combinatorial optimization problem, because of its special
structure it can be solved in polynomial time using specifically
designed algorithms like the Hungarian algorithm. Next, we list
the notable features of our bilateral P2P market design.

1) Existence: There always exist a set of bilateral contracts
which is satisfactory for all of self-interested participants.
In other words, the core of a bilateral P2P energy market
is always nonempty (Remark 1).

2) Product differentiation: Buyers can prioritise sellers or
the categories of sellers via preference factors αi,j , based
on the desired criteria (e.g., green energy).

3) Mechanism properties: Market formulation ensures the
desirable economic properties of the clearing mechanism.

4) Social optimality: The bilateral contracts maximize the
overall welfare of the market and the contract price is
negotiated internally between buyers and sellers.
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C. Multi-Contract Market

The formulation of a P2P market presented in Section III-B
is a one step single-contract bilateral market where each buyer
can make an energy trade with only one seller and vice versa.
Therefore, even though the proposed formulation maximizes the
overall welfare, the market participants on both sides can have
partially fulfilled energy trades. Hence, in this section we extend
the single-contract P2P energy market to accommodate multiple
contracts between buyers and sellers which in turn allows for the
complete fulfilment of energy trades.

For an assignment market, we model multiple contracts be-
tween buyers and sellers by granulation of energy demand or
offered into the units (packets) of fixed size (e.g., 1 KWh).
Consequently, the matching takes place between these units
of energy. Another way of looking at this setup is that each
market participant (buyer or seller) is represented in the market
by multiple agents, with each agent offering or demanding single
unit of energy. Hence, the number of agents representing each
participant in the market are equal to the number of energy
units offered/demanded. To provide further flexibility, in our
multi-contract model, we allow participants to associate differ-
ent trading characteristics (e.g., valuation, energy source) to each
traded unit. For example, a seller can offer energy units from
RES (green) and an energy storage (possibly brown); similarly
a buyer can bid higher for the energy needed for the critical
tasks and lower for the deferrable tasks. In the mathematical
formulation, we interpret each agent as an independent seller or
buyer, thus the resulting value v(i, j) generated by contracts is
similar to the expression in (9) for single traded unit (di = si = 1
unit), i.e., v(i, j) = max{0, αi,jpi − cj}, and the correspond-
ing assignment game M = (IB ∪ IS , vM ) is solved using the
assignment problem in (10).

In the multi-contract setup, in addition to maximizing the
overall welfare, we can maximize the energy traded inside the
bilateral P2P energy market by varying the level of granula-
tion. Specifically, if all the contracts are viable and

∑
i∈IB di >∑

j∈IS sj , then by selecting the appropriate size of single energy
unit, we can ensure that the total energy offered will be traded
inside the P2P market, bilaterally.

The additional features of this multi-contract setup, however,
come at the cost of higher computational burden due to increased
number of agents, representing the trade of each energy unit.
We note that the appropriate size of the energy unit, decided
by the market operator, can limit the number of agents and the
associated computational burden. Furthermore, single-contract
and multi-contract setup can be deployed in different contexts.
For example, the former is more suitable for implementation in
the larger scales, whereas, the later can bring additional features
for localized implementation with lower number of participants
such as in energy communities.

IV. DISTRIBUTED SOLUTION MECHANISM

After the market operator solves (10), in the second stage of
our design, the participants negotiate among themselves for a
bilateral agreement on the trading price. Here, our goal is to
enable the participants to autonomously reach a consensus on

Fig. 2. Flowchart of our proposed bilateral P2P market mechanism.

a set of bilateral contract prices such that no party can raise
any objection on the contracts. Therefore, we propose a novel
negotiation mechanism that allows for faster convergence rates,
thus, it is suitable for both single and multi-contract market
setups. We model our algorithm in a distributed architecture,
where a central market operator with complete information of the
game initially transmits information of the bounding sets in (1)
to the respective agents (market participants). The knowledge of
a bounding set implies that each agent knows the values of their
own coalitions only. After receiving the required information,
each agent distributedly proposes a payoff allocation for all the
agents. We prove that even with the partial information available,
the proposed solution mechanism converges to a stable payoff
distribution. The mechanism for the proposed bilateral P2P
electricity market is detailed in Fig. 2. In particular, we design
a distributed fixed-point algorithm, using which the agents can
reach consensus (6) on a payoff distribution in the core of the
P2P market in (10).

A. Distributed Negotiation Mechanism

We consider a bilateral negotiation process in which, at each
negotiation step k, a buyer (seller) can communicate with a
set of neighboring sellers (buyers) to bargain for their payoff.
Therefore, we model their communication over a time-varying
network represented by a bipartite graph Gk = (IB × IS , Ek),
where for i ∈ IB and j ∈ IS , (i, j) ∈ Ek means that there is an
active link between buyer i and seller j at iteration k and they
are then referred as neighbors. We assume that at each iteration
k an agent i observes only the proposals of its neighboring
agents. Furthermore, we assume that each buyer–seller pair
communicates at least once during a time period of length Q
(arbitrarily large), which ensures that the agents communicate
sufficiently often. In other words, we assume that the union
of the communication graphs over a time period of length Q
is connected. This assumption is fairly common in multiagent
coordination, e.g., [27, Assumption 3.2].

Assumption 1 (Q−connected graph): For all k ∈ N, the
union graph (IB × IS ,∪Q

l=1E l+k) is strongly connected for
some integer Q ≥ 1. �
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The edges (links) in the communication graph Gk are
weighted using an adjacency matrix W k = [wk

i,j ], whose el-
ement wk

i,j represents the weight assigned by agent i to the
payoff proposal of agent j, xk

j where, for some j, wk
i,j = 0

implies that the agent i does not negotiate with agent j at
iteration k, i.e., (i, j) /∈ Ek. We note that in a P2P market
the buyers (sellers) do not negotiate among themselves, hence,
wk

i,j = 0, for all (i, j) ∈ IB (IS). Furthermore, to ensure that
all the agents have sufficient influence on the resulting payoff
distribution, we assume the adjacency matrix to be doubly
stochastic with positive diagonal, which means that an agent
always gives some weight to his previous proposal.

Assumption 2 (Stochastic adjacency matrix): For all k ≥ 0,
the adjacency matrix W k = [wk

i,j ] of the communication graph

Gk is doubly stochastic, i.e.,
∑N

j=1 wi,j =
∑N

i=1 wi,j = 1, its
diagonal elements are strictly positive, i.e., wk

i,i > 0, for all i ∈
I and ∃ γ > 0 such that wk

i,j ≥ γ whenever wk
i,j > 0 [27,

Assumption 3.3]. �
We further assume that the elements of the communication

matrix W k take values from a finite set hence, finitely many
adjacency matrices are available.

Assumption 3 (Finitely many adjacency matrices): The adja-
cency matrices {W k}k∈N of the communication graphs belong
to W , a finite family of matrices that satisfy Assumption 2, i.e.,
W k ∈ W for all k ∈ N. �

This assumption on the adjacency matrices is purely technical
and allows us to exploit important results from the literature,
for proving convergence of our negotiation mechanism. We
remark that the set of adjacency matrices can be arbitrarily
large hence Assumption 3 poses no practical limitation on
our negotiation mechanism, which we propose next. At each
negotiation step k, an agent i bargains by proposing a payoff
distribution xk

i ∈ RN , for all the agents. To evaluate a proposal,
they first take an average of the estimates of neighboring agents,
xk
j such that (i, j) ∈ Ek, weighted by an adjacency matrix W k,∑N
j=1 w

k
i,jx

k
j . Next, agent i utilizes a partial game information

in the form of a bounding half-space Hk
i ∈ Hi as in (2) of

a bounding set in (1). An agent selects the half-spaces from
the set Hi such that each bounding half-space appears at-least
once in every Q negotiation steps with Q as in Assumption
1. In practice, one way of selecting these half-spaces can be
a predefined sequence that is arbitrarily chosen by each agent.
Finally, agent i projects the average x̂k

i :=
∑N

j=1 w
k
i,jx

k
j on the

bounding half-space. Thus, the algorithm reads as

xk+1
i = projHk

i
(x̂k

i ). (11)

The protocol in (11) allows agents to propose a payoff at each
negotiation step that is acceptable for them. Let us further gen-
eralize the iteration in (11) by replacing the projection operator,
proj(·), with a special class of operators namely, paracontrac-
tions. This generalization enables the agents to choose any
paracontraction operator T k

i , for evaluating a payoff proposal
xk
i , which in turn allows for a faster convergence to the interior

of the core in (5). The latter is an important feature because the
interior of the core is associated with the fairness of the payoff in

assignment games. Specifically, for each i ∈ I, we propose the
negotiation protocol xk+1

i = T k
i (x̂

k
i ), that in collective form,

reads as the fixed-point iteration

xk+1 = T k(W kxk) (12)

where T k(x) := col(T k
1 (x1), . . . , T

k
N (xN )) and W k :=

W k ⊗ IN represents an adjacency matrix. In (12), we require
the paracontraction operator T k

i to have Hk
i ∈ Hi in (2) as

fixed-point set, i.e., fix(T k
i ) = Hk

i .
Assumption 4 (Paracontractions): For k ∈ N, T k in (12) is

such that T k
i ∈ T , where T is a finite family of paracontraction

operators such that fix(Ti) = Hi with Hi ∈ Hi in (2). �
Here, for utilizing the negotiation mechanism in iteration

(12), an agent can choose any operator Ti that satisfies As-
sumption 4. This choice can affect the speed of convergence,
as demonstrated in Section V, and also the specific limit point
inside the core. Examples of paracontractions include the pro-
jection on a closed convex set C, projC(·), and the convex
combination of projection and over-projection operators, i.e.,
T = (1 − β)projC(·) + βoverprojC(·) with β ∈ [0, 1).

We also assume that each T k ∈ T N appears at least once in
every Q iterations of (12), with Q as in Assumption 1.

Assumption 5: Let Q be the integer in Assumption 1. The
operators (T k)k∈N in (12) are such that, for all n ∈ N,⋃n+Q

k=n {T k} = T N , with T as in Assumption 4. �
Next, we formalize our main convergence result for the ne-

gotiation mechanism in (12).
Theorem 1 (Convergence of negotiation mechanism): Let

Assumptions 1–5 hold. Let X∗ := A ∩ CN
M with A as in (6) and

CM being the core in (5). Then, starting from any x0 ∈ RN 2
, the

sequence (xk)∞k=0 generated by the iteration in (12) converges
to some x̄ ∈ X∗. �

We provide the proof of Theorem 1 in Appendix. We remark
that, presenting the mechanism as a fixed-point iteration and
in terms of operators allows us to utilize results from operator
theory to keep our convergence analysis general and brief.

B. Technical Discussion

Theorem 1 shows that the repeated proposals by all agents,
generated by our negotiation mechanism, eventually reach an
agreement on a payoff that belongs to the intersection of the
bounding sets, i.e., the core. This core payoff allows us to
compute the stable contract prices. Let the payoff of buyer i
and seller j be xi and xj , respectively, then, the contract price
is λi,j = αi,jpi − xi. We note that the core of an assignment
game has a special structure with two extreme points, i.e., buyer
optimal and seller optimal at its boundary. A buyer optimal
payoff is the worst core payoff for the seller side and vice versa.
Thus, the payoff in the interior of the core corresponds to a fairer
allocation and a consensus on such allocation can be achieved
via the proposed algorithm in (12).

Let us now mention the features of our algorithm that enhance
its practicality.First, for the negotiation, the market participants
do not require full information of the game but only the val-
ues of their own contracts represented by the bounding sets
in (1), which is privacy preserving. Such a lower information
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requirement of our mechanism is a considerable benefit over the
algorithm presented in [26], which requires each participant to
have complete information of the corresponding core set in (3).
Second, utilizing the half-spacesHi ∈ Hi as the fixed-point sets
of the operators Ti ∈ T in (12) allows us to design T as a set of
linear operators. For example, let ek be the vector of coefficients
of the inequality that defines the bounding half-space, i.e.,
Hk

i = {y ∈ RN | e�k y ≥ η}. Then, we can write the iteration
in (11) as

xk+1
i = x̂k

i +
η − e�k x̂

k
i

‖ek‖2
ek

if x̂k
i /∈ Hk

i [28, Example 28.16]. This closed-form expression
reduces the computational burden of our algorithm greatly since
no optimization problem should be solved at each iteration.
Clearly, both privacy preservation and low computational burden
are highly desirable features of a market mechanism.

V. NUMERICAL SIMULATIONS

In this section, we simulate the proposed bilateral P2P energy
market with prosumers employing the negotiation mechanism
designed in Section IV. We conduct the analysis for the time slots
that incur peak prices and have considerable PV generation and
compare it with the conventional approach of trading with the
grid via aggregators and retailers, to demonstrate the effective-
ness of our algorithm and show the economic benefits for the
prosumers. Next, the size of the time slots should be decided
by the market operator considering the variation in the demand
and production of energy at prosumer level. For our economic
analysis, we use hourly time slots of four peak hours for each
day over a week and for convergence analysis we consider 100
scenarios of prosumer demand and generation to report their
average and spread of samples. Furthermore, as our focus is on
the economic and algorithmic design of the market mechanism,
we do not consider network constraints (as also done in [4]
and [19]) and remark that their incorporation would not effect
the resulting market properties.

A. Simulation Setup

We consider four residential prosumers with energy defi-
ciency and four with surplus to act as buyers and sellers, re-
spectively, for each time slot. During different sessions of the
market, prosumers can vary between the roles of sellers and
buyers, depending on their energy profiles. However, during
each session (time slot) a prosumer acts as either a buyer or
a seller. The energy deficiency and surplus of each prosumer lie
within the range of [2–8]. Next, we purposefully build the pro-
files of prosumers to show diverse participation and to emphasize
various features of our P2P market designs. To buy energy for
a given time-slot, a buyer i enters a P2P market with its bid and
demand (αi,jpi, di) as in (9) where, the factor αi,j represents
his preference valuation for the energy offered by seller j. For
the design of preference factor, we let buyer specify his level
of environmental concern (preference to the green energy) αg

i

on the scale of {0, . . . , 5} and his concern to seller’s user rating
αr
j ∈ {0, . . . , 5} by γr

i ∈ {0, 1}, with 0 being indifference to the

TABLE II
PROFILES OF BUYERS AND SELLERS

Fig. 3. Trajectories of dist(xk,X∗)/dist(x0,X∗) for distributed bilat-
eral negotiation with operators projHk and THk := (1 − β)projHk (·) +
βoverprojHk (·) for single-contract (s-c) and multi-contract (m-c) market
setups.

associated factor. Let us indicate the energy type of seller j by
γg
j ∈ {0, 1} with 1 specifying green energy then, the preference

factor is evaluated as αi,j = 1 + 0.1(αg
iγ

g
j + αr

jγ
r
i). The value

of αg
i is randomly chosen for the buyers who include the en-

vironmental concern in their profiles, given in Table II, and the
consumer rating of each seller is chosen randomly from the range
of [3–5]. We note that our design of preference factor is arbitrary
and the market operator can design it differently to include other
considerations.

The buyers choose base valuation of the energy pi such that
their bid is higher than the grid’s buying price gb = 0.05 £/kWh
and not more than the grid’s selling price gs = 0.17 £/kWh as in
condition (7) [2]. Furthermore, the sellers choose their valuation
cj less than the grid’s selling price gs as in (8).

B. Bilateral P2P Energy Market

In our P2P market setup, at the first stage, the market operator
performs the optimal matching as formulated in (10), which
results in the optimal buyer–seller pairs. Next, the participants
adopt the negotiation mechanism in (12) to mutually decide
the bilateral contract prices. In Fig. 3, we show, for a partic-
ular time slot, the convergence of our negotiation algorithm
using the operators projHk(·) and THk := (1 − β)projHk(·) +
βoverprojHk(·), for single-contract and multi-contract market
setups. We report the average of 100 samples of convergence
trajectories obtained by varying energy offer and demand con-
ditions and the sequence of half-spaces, i.e., negotiation strategy
of each agent (see Section IV-A). We can observe that the
operator THk results in the faster convergence, as we claimed in
Section IV. We remark that the convergence speed of negotiation
in a multi-contract market decreases with an increase in the
level of energy granulation. In Fig. 4 we plot the spread of the
sample trajectories to illustrate the best and worst convergence
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Fig. 4. Sampled average of the trajectories in Fig. 3, with spread of
samples shown by shaded region.

Fig. 5. Comparison of the trajectories of dist(xk,X∗)/dist(x0,X∗) for
our distributed bilateral negotiation (red) and the benchmark (green).

Fig. 6. Average revenue improvement (sellers) and average cost re-
duction (buyers) in single-contract (s-c) and multi-contract (m-c) P2P
setups compared to trading with the grid.

scenario for both single-contract and multi-contract setups using
the operatorTHk . Next, we benchmark the computational perfor-
mance of our algorithm. We choose a static case of a distributed
bargaining algorithm proposed in [29] for payoff allocation in
coalitional games, as a benchmark. In Fig. 5, we present the
trajectories of our algorithm and the benchmark. Since, the
benchmark algorithm utilizes the whole bounding set instead of
just the bounding half space in (2) at each iteration, it proceeds
faster initially. However, in the long run, our proposed algorithm
performs better. Lower information requirement in our approach
makes the execution of a negotiation step considerably faster.
In this simulation scenario, the average execution time of a
negotiation step is about 40× times faster than the benchmark.

Now, to evaluate the economic benefit for prosumers we
setup P2P markets for peak hours and show the average change
in revenues and costs of sellers and buyers, respectively, in
Fig. 6. The revenues of sellers are higher and the costs of
buyers are lower in both the market setups compared to the trade
with the grid/retailer. We also observe that for the market with
similar category of participants (e.g., residential) and adequate
participation from both sides (buyers and sellers), the economic
performance of single-contract and multi-contract markets is

Fig. 7. Reduction in energy traded with the grid via single-contract (s-
c) and multi-contract (m-c) P2P market setups.

Fig. 8. User satisfaction for the buyers with a preference for green
energy in P2P market setups with and without product differentiation.

TABLE III
AVG. NEGOTIATION TIME PER AGENT WITH MARKET SIZE

comparable. This is due the fact that similar excesses and de-
mands of energy reduces the trade outside the P2P market. We
also remark that moving from single-contract to a multi-contract
market can maximize the total amount of energy traded inside
P2P market hence increasing the overall market welfare but it
does not guarantee individual improvements for all parties. This
is because a random payoff inside the core set in (5) can assign
a higher share of the value generated by a buyer–seller pair to
the either side of the market. For instance, this can be observed
in Fig. 6 for seller 2. In Fig. 7, we observe that the proposed
P2P market designs strongly encourage prosumer participation
in bilateral energy trading and, in particular, the multi-contract
setup increases the internal energy trade.

Now, observe from (10) that allowing for product differen-
tiation (e.g., on environmental or social basis) can increase
the overall social welfare of the market compared to mere
economic considerations. This increase comes from the higher
user satisfaction which is achieved by catering to their personal
preferences. Therefore, we define a metric of user satisfaction
as the number of times the buyers with green energy preferences
are matched to the green sellers in 100 scenarios of our study.
In Fig. 8, we compare this user satisfaction with a traditional
market that only considers economic factors. The figure shows
that product differentiation offers higher user satisfaction and
thus encourages prosumer participation.

Finally, in Table III, we present the computational times of an
agent’s negotiation process in proposed P2P market mechanism
to numerically show the scalability with respect to the market
size. We note that because of the distributed implementation the
negotiation protocol of agents run in parallel on their personal
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computational resource. Here, the simulations are executed in
MATLAB 2020b installed on a laptop computer with 2.3 GHz
Intel Core i5 and 8 GB RAM. These numerical results can
help in deciding how far ahead in time from the actual en-
ergy delivery should such markets operate, depending on the
expected level of prosumer participation (e.g., the size of energy
community). Furthermore, we can conclude that the adoption of
the assignment game formulation provides opportunity for the
practical implementation of reasonably large P2P markets while
guaranteeing contract prices that represent a competitive market
equilibrium. We note that the regulator can also decide the
market size systematically, e.g., on geographical basis and also
put the eligibility criteria on the power capacity of installed gen-
eration source. Such regulatory restrictions are often imposed
on trading mechanisms for example, in Queensland, Australia,
a prosumer cannot participate in a feed-in-tariff program if they
have solar panels beyond 5 kW capacity [21].

VI. CONCLUSION

We have formulated P2P energy trading as an assignment
game (coalitional game) over time-varying communication net-
works and proposed a novel distributed negotiation algorithm
as a clearing mechanism that guaranteed stable trading prices
in a coalitional game theoretic sense and satisfied the desired
economic properties. The proposed bilateral P2P energy market
designs, namely, single-contract and multi-contract, encouraged
prosumers to participate by making P2P trading a favorable
choice, considering their economic and social priorities. Further-
more, enabling product differentiation increased user satisfac-
tion and allowed for a higher overall market welfare. Finally, the
negotiation mechanism via paracontraction operators enabled
faster convergence to a consensus on a set of bilateral contract
prices that represented a competitive equilibrium and belong to
the core.

An interesting extension of our work would be the design
of online mechanisms for real-time markets where the core
set varies over time, thus accommodating for the short-term
uncertainty in RES generation and demand.

APPENDIX

To prove the convergence of (12), as stated in Theorem 1, we
first provide useful results regarding paracontractions.

Lemma 1 ([30], Th. 1): Let T be a finite family of para-
contractions such that

⋂
T∈T fix(T ) �= ∅. Then, the sequence

(xk)k∈N generated byxk+1 := T k(xk) converges to a common
fixed-point of the paracontractions that occur infinitely often in
the sequence. �

Lemma 2 (Doubly stochastic matrix ([31], Prop. 5)): If W
is a doubly stochastic matrix then, the linear operator defined
by the matrix W ⊗ In under Assumption 2 is a paracontraction
with respect to the mixed vector norm ‖ · ‖2,2. �

Lemma 3 (Composition of paracontracting operators ([31],
Prop. 1)): Suppose T1, T2 : Rn → Rn are paracontractions
with respect to same norm ‖ · ‖ and fix(T1) ∩ fix(T2) �= ∅.
Then, the composition T1 ◦ T2 is a paracontraction with respect
to the norm ‖ · ‖ and fix(T1 ◦ T2) = fix(T1) ∩ fix(T2). �

Lemma 4 (Stacked vector of paracontractions ([31], Prop.
4)): Suppose each map T1, . . . , Tm is a paracontraction with
respect to ‖ · ‖2. Then, the map T := col(T1, . . . , TN ) is a
paracontraction with respect to ‖ · ‖2,2. �

Using these properties, we now show that the sequence of
operators generated by the iteration in (12) is a paracontraction
and the set of its fixed-points is a consensus in the intersection
of the fixed-point sets of the operators.

Lemma 5: Let Q be the integer in Assumption 1. Let
T 1, . . . ,TQ be paracontraction operators with

⋂Q
r=1 fix(T r) =:

C and let WQWQ−1 · · ·W1 be the composition of the adja-
cency matrices where Wr ∈ W , with W as in Assumption
3. Let W r := Wr ⊗ IN . Then, the composed mapping x �→
(TQWQ ◦ · · · ◦ T 1W 1)(x)

1) is a paracontraction with respect to norm ‖ · ‖2,2;
2) fix(TQWQ ◦ · · · ◦ T 1W 1) = A ∩ C

where A is the consensus set in (6). �
Proof: (i): It follows directly from Lemmas 2 and 3.
(ii): By Lemmas 2 and 3, fix(TQWQ ◦ · · · ◦ T 1W 1) =

fix(TQ) ∩ · · · ∩ fix(T 1) ∩ fix(WQ) ∩ · · · ∩ fix(W 1). Again,
by Lemmas 2, 3

⋂Q
r=1 fix(W r) = fix(WQ · · ·W 1) and since

the composition WQ · · ·W 1 is strongly connected, by the
Perron–Frobenius theorem, fix(WQ · · ·W 1) = A. Further-
more, as

⋂Q
r=1 fix(T r) = C, fix(TQWQ ◦ · · · ◦ T 1W 1) =

A ∩ C. �
With these results, we are now ready to prove Theorem 1.
Proof: (Theorem 1) Let us define the subsequence of

xk for all k ∈ N as zt = x(t−1)Q for each t ≥ 2 with Q being
the integer in Assumptions 1 and 5. Then

zt+1 = T tQ−1W tQ−1 ◦ · · · ◦ T (t−1)QW (t−1)Qzt (13)

for t ≥ 2. It follows from Lemma 4 and assertion 1
of Lemma 5 that the maps x �−→ (T tQ−1W tQ−1 ◦ · · · ◦
T (t−1)QW (t−1)Q)(x), t ≥ 2 are all paracontractions. Also, un-
der Assumption 3, there can be only finitely many such maps.
Furthermore, by assertion 2 of Lemma 5, the set of fixed-points
of each map is X∗. Thus, by Lemma 1, the iteration in (13)
converges to some z̄ ∈ X∗. �
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