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A B S T R A C T   

With an increase of distributed generation growing attention is paid to the possibilities of its utilization in the network. 
The peer-to-peer market represents one of the possible ways to address this question. Largely driven by distributed 
ledger technologies, the peer-to-peer market architectures ignored network constraints for a long time, paying more 
attention to the organization of the financial transactions. In this paper we propose a peer-to-peer market design, 
incorporating network constraints, user preferences, and trade-independent network fees. In this way, we ensure a 
meeting of three requirements critical to the practical implementation of the peer-to-peer market as secure operation, 
consumer-centric nature of the market, and the provision of benefits for the grid. We develop a distributed procedure 
and demonstrate the applicability of the proposed algorithm using the IEEE 39-bus power system, and compare it with 
the correction-based algorithm.   

1. Introduction 

Today power systems operate in more stressed conditions than was 
forecasted at the planning stage. With the growth of energy consumption the 
generation reserves and transmission capacities did not always increase 
appropriately. Failure to conduct necessary long-term planning studies and 
insufficient resources that can be relied upon to meet demand in certain 
hours are some of the reasons for blackouts [1,9]. To introduce additional 
generation capacities to the system, Market Operators consider possibilities 
for deeper integration of distributed energy resources (DER). DER represent 
one of the new technologies attractive for users and, if correctly integrated, 
capable of releasing the network stress and minimizing the number and 
impact of blackouts [1]. 

To uncover the potential of distributed generation, novel market 
structures besides a feed-in-tariff operation could be proposed. Authors 
in [27] identify three possible market models to integrate prosumers and 
distributed generators: peer-to-peer (P2P) market, prosumer-to-grid 
operation, and utilization of organized prosumer groups. Each of these 
approaches has its specifics [27]. This work focuses on the design of the 
P2P electricity market, offering more independence and freedom of 
action to market participants. The P2P trading scheme enables new 
types of services and proposes additional value as differentiated con
tracts, enforced consumer preferences, and increased utilization of 
distributed generation [17]. 

The organization of the P2P trading scheme is recently emerged and 
still an open question. What are the requirements for the P2P electricity 
market? Authors in [32,29] emphasize several important aspects of P2P 
market organization necessary for its practical implementation. They 
suggest a market to be consumer-centric at the same time providing 
benefits for the grid. Special attention is paid to the security re
quirements, possible privacy issues, complications related to asynchro
nous communication in the system, and computational complexity of 
the proposed solutions. Applicable model of the P2P market has to be 
able to work with incomplete information and need to incorporate the 
physical laws. As summarized in [31], different techniques can be 
applied to design the P2P trading schemes as auction based, game theory 
based and constrained optimization approaches. 

While the requirements for the P2P market have been formulated, 
the development of the P2P market concept to meet these requirements 
is in progress. In a considerable measure, interest in P2P markets was 
stimulated by the emergence and spread of distributed ledger technol
ogies, particularly, blockchain technology, and the investigation of its 
possible applications in the energy sector [11,26,33]. This explains that 
the early works in this direction focus on the organization of the 
financial transactions or other aspects of the P2P market [2,18], 
ignoring network constraints. In the meantime, the need to distinguish 
the market-clearing dispatch and feasible dispatch is critical for secure 
market and network operation. Additionally, for the P2P market it is 
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important to avoid, as far as it’s possible, market interventions. It is 
essential to eliminate the revealing of information, which may lead to 
welfare losses and gaming, mainly the cost functions of agents. 

The second issue relates to the point that bilateral models in the 
original form do not include payments for grid maintenance and 
modernization. However, this aspect and an ability to reach energy 
policy objectives, usually through tariffs, play an essential role in 
practical implementation. For this purpose, when energy consumers pay 
directly to the generators, the trade-independent network fees should be 
envisioned and introduced. 

Thirdly, the P2P market architecture needs to be adapted to incor
porate agents’ preferences. User preference in this context is the will
ingness to trade with the specific agents more than others. An additional 
instrument should be proposed to integrate the decision rules based on 
the type of generation, CO2 footprint, distance, time preferences, and 
others. 

In this article we propose a P2P market design that addresses the three 
issues above. It works as a unified framework incorporating network 
constraints, user preferences, and trade-independent fees responsible for 
network charges, energy policies, and taxes. Some of these aspects are 
discussed in the literature. We present the main works in Table 1. These 
articles differ in the applied technique to the organization of the P2P 
market (continuous double auction mechanism, distributed price- 
adjustment process, optimization-based market, etc.) and in coverage of 
the three previously mentioned issues. The + (− ) sign in Table 1 means 
that the proposed decentralized algorithm is supplemented by the 
centralized permission procedure. 

As stated early, the physical layer is pivotal in power markets, and 
adherence to operational limits and network constraints is obligatory. 
Existing approaches to address this question can be divided into three 
groups. Firstly, one can use an iterative procedure when the market 
operator verifies market participants’ trades to enforce line limits like in 
[34,28]. A similar permission-based structure is applied in [16]. Such 
approaches require the presence of a third-party entity to validate the 
transactions. 

Another logic accounts for network constraints in an endogenous 
manner, including them in the constraints of the optimization problem, 
similarly to the optimal power flow task. In this case, information about 
bus voltage angles across the network is required to set the trades. This 
implies a tight connection with the system operator (SO) side, resulting 
in weakening the peer-to-peer market concept. Besides that, special 
attention has to be paid to the decentralization of the algorithm. 

The third approach [6] enforces network constraints in an exogenous 
manner, supplementing objective function with the trade-dependent 
network charge component, which can be used to release the stress on 
the grid. The methodology, proposed in [6], is optimization-based with 
the power balance ensured through reciprocity constraints. However, 
introducing fees does not guarantee an absence of congestion [6]. In this 
way, exogenous congestion management does not resolve the problem 
of line overloads. Additionally, it negatively impacts the total amount of 
trades, and social welfare [6]. At the same time, we consider the 

framework itself as a great inspiration and the starting point for future 
analysis. Besides that, we observe that it is possible to utilize the form of 
the term used in [6] for congestion management to introduce user 
preferences. The constrained optimization framework, based on the 
mathematical programming techniques, in a certain sense, can be 
considered as a benchmark for other methods, indicating the maximum 
of the total welfare. 

In this article we propose an optimization-based peer-to-peer market 
design that solves the three problems mentioned early. To ensure the 
feasibility of market outcome and the adherence of power flow limits, 
we apply the matrix of loading vectors (power transfer distribution 
factors (PTDF) approach) in a built-in form and exploit an exogenous 
approach to include users’ preferences and network charges. We for the 
first time develop a distributed procedure for the P2P market with built- 
in congestion management and demonstrate the applicability of the 
proposed approach using the IEEE 39-bus power system, and compare it 
with the correction-based algorithms. In this way, we provide a com
bination of the algorithm’s characteristics that make it attractive to 
practical implementation, such as secure operation, consumer-centric 
nature of the market, and the provision of benefits for the grid. 

Summing up, in this article we  

• Solved the problem of congestion management for the optimization- 
based P2P market applying the matrix of loading vectors in an 
endogenous manner and avoiding intermediate power flow calcula
tions and the permission procedure;  

• Effectively introduced user preferences in a way suitable for different 
types of preferences; 

• Developed the original distributed procedure for the proposed al
gorithm. It shows the applicability of the built-in methodology for 
energy systems; 

• Compared the suggested approach with the correction-based algo
rithms and provided insights about possible challenges for 
correction-based options giving hints for the industry;  

• Incorporated into the model trade-independent network fees to 
provide benefits for the grid and ensure money collection for grid 
maintenance and modernization. 

The rest of the paper is organized as follows. In Section 2 we introduce 
notations and state initial problem formulation. Section 3 proposes the 
P2P electricity market architecture with network constraints, user 
preferences, and network charges. In Section 4 we describe the distrib
uted P2P market algorithm. Section 5 contains information about the 
test case and presents the simulation results. In Section 6 we discuss 
additional aspects of the proposed methodology. Section 7 contains 
conclusions of the work. 

2. Design of P2P energy market 

We consider a P2P market as a community of rational agents with 
flexible generation and consumption. The model can be extended to 

Table 1 
Taxonomy table of scientific articles addressing the issues of the P2P market.  

Source Approach Congestion management Preferences Benefits for the 
grid 

Distributed 
procedure 

[25] Real-time and forward markets based on the distributed price- 
adjustment process 

− utility-maximising − +

[34,28] Coordinated multilateral trading model. The reliability is 
ensured by the SO 

permission-based − − + (− ) 

[6] Optimization-based P2P market with exogenous cost allocation exogenous, limited 
application 

− + +

[16] Continuous double auction mechanism permission-based − − + (− ) 
[24] Distributed price-directed optimization procedure, using ADMM − introduced energy 

classes 
− +

Current 
work 

Optimization-based P2P market with built-in congestion 
management 

built-in + + +
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include ”must consume” generation, and ”must supply” loads. The 
proposed formulation is compatible with the presence of prosumers 
inside the community. 

2.1. Notations and network model 

The network consists of a set of buses B = {1,…,Nb} and a set of lines 
L = {1, …, Nl}, where Nb and Nl are the number of buses and lines, 
respectively. Generators and flexible loads in the system form a set of 
agents of the P2P market Ω = {1,…,NΩ} for which Ω = Ωg ∪ Ωc, where 
Ωg is a set of generators, Ωc is a set of consumers, NΩ denotes the number 
of agents participating in the market. Some agents can be located on the 
same bus; at the same time, some buses may not have agents. To describe 
the correspondence between buses and agents we introduce an inci
dence matrix I ∈ ℝNΩ×Nb , for which 

g = I⊤p (1)  

where g is a vector of bus power injections, p is a vector of the total 
amount of power traded by agents. Matrix I is constructed in a such way 
that Iij = 1, if an agent i is connected to the bus j, otherwise Iij = 0. 

2.2. Problem formulation 

P2P market as a set of multiple bilateral trades between the agents 
could be described in the form of an optimization problem [6] with the 
goal to minimize the total cost equal to the sum of individual costs fn(pn)

of agents within community Ω (2a) 

min
P,pn∈Ω ,θi∈B

∑

n∈Ω
fn

(

pn

)

(2a)  

s.t. P = − P⊤, (2b)  

pn =
∑

m∈ωn

pnm, ∀n ∈ Ω, (2c)  

pn ≤ pn ≤ pn, ∀n ∈ Ω, (2d)  

pnm⩾0, ∀n ∈ Ωg, (2e)  

pnm⩽0, ∀n ∈ Ωc, (2f)  

lij = Bij
(
θi − θj

)
,
(
i, j
)
∈ L, (2g)  

lij⩽lij⩽lij,

(

i, j
)

∈ L, (2h)  

where pn represents a total amount of power traded by agent n within 
the operational limits (2d). It is a result of the summation of all trades 
pnm within the trading partnership set ωn of agent n, ωn⊆Ω. Matrix P 
collects all possible bilateral trades within the P2P community with the 
zero-valued elements pnm if the agent n does not trade with agent m 

P =

⎛

⎝
p11 … p1NΩ

… … …
pNΩ1 … pNΩNΩ

⎞

⎠.

In this way, matrix P describes a map of trades. Eq. (2b) ensures power 
balance of each trade in the system. We assume that pnm is positive when 
an agent n is selling electricity (2e), and negative when it is consuming 
power (2f), also pnn = 0. The model can be extended to integrate the 
prosumers as the agents without the prescribed sign of the total trade. 
Optimization problem (2) uses DC approximation of power flows (2g), 
where lij is a power flow through the line (i, j), θi and θj are the voltage 
angles at the ends of the line, Bij is the line parameter. Transmission 
constraints are enforced by (2h), where lij and lij are the upper and lower 

power flow limits. Network constraints in the form (2g)–(2h) is a clas
sical representation of operational requirements. However it is hardly 
suitable for the application in the P2P market. To address this issue, we 
propose a methodology based on the matrix of loading vectors to 
guarantee that bilateral trades do not violate network constraints. 

In the form (2) P2P market is close to the traditional optimal power 
flow task. The fundamental difference consists of introducing the matrix 
P, which makes it possible to potentially individualize prices per trade 
reflecting the nature of the P2P market. As summarized in [31], different 
techniques can be applied to design the P2P trading schemes as auction 
based, game theory based and constrained optimization approaches. 
The use of a particular technique depends on the subject of the analysis. 

The constrained optimization framework based on the mathematical 
programming techniques in a certain sense can be considered as a 
benchmark for other methods, indicating the maximum of the total 
welfare. It provides a solution equivalent to the solution of the set of 
individual agent’s problems and applicable for non-strategic agents, for 
markets without game-related issues, such as cooperation and market 
power. We will use a constrained optimization framework to develop a 
distributed P2P market architecture encompassing network constraints, 
user preferences, and network charges. 

3. P2P electricity market with network constraints, user 
preferences and network charges 

In this paper we develop a distributed optimization framework for 
the P2P electricity market. We propose the utilization of a matrix of 
loading vectors to deal with network constraints. We introduce user 
preferences and exploit a regularization function approach to address 
the second issue of the P2P market - a collection of trade-independent 
fees. 

3.1. P2P market with network constraints 

The P2P electricity market represents a set of bilateral trades deliv
ered by the physical infrastructure. Although the early works focusing 
on other aspects of the P2P market ignore network constraints, they 
have to be accounted for secure network and market operation. An 
optimization problem (2) is a general formulation of the P2P market 
with endogenous enforcing of line limits. It can be addressed and solved 
directly. However, in the current form, the calculation of the agents’ 
trades requires information about bus voltage angles across the network 
at each step of solving the algorithm. Usually this implies a tight 
connection with DSO, weakening a concept of the P2P market. Besides 
that, special attention has to be paid to a decentralization of the algo
rithm. This work suggests a simple suitable for decentralization refor
mulation of the problem (2) using the matrix of loading vectors for 
accounting network constraints. This matrix collects the sensitivities of 
lines’ power flows to the changes in bus power injections. This step 
eliminates the need for θ as an optimization variable. In this way, we 
establish the direct relationship between the trades and the power flows, 
eliminating the calculation of the power flows in a pure form, speeding 
up and simplifying calculations, and enabling the decentralization of the 
algorithm. Firstly the utilization of loading vectors was described in [34] 
to determine the feasibility boundaries for profitable trades of brokers. 
We propose to use this logic to account for network constraints in a built- 
in manner. 

Power flows (2g) in a matrix form can be expressed as 

l = BC⊤θ, (3)  

where l denotes the values of power flows, B represents the diagonal 
matrix with non-zero elements equal to Bij =

1
xij 

with line reactances xij, 

(i,j) ∈ L. Matrix C ∈ RNb×Nl is an incidence matrix with the Ci,ε = 1 if line 
ε = (i, j) is from bus i to some bus j, Ci,ε = − 1 if line ε = (k, i) is from some 
bus k to bus i, and Ci,ε = 0 otherwise. 
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In the same notations, bus power injections g can be described as a 
function of angles 

g = CBC⊤θ. (4)  

Then after selection of the slack bus 

θ = S− 1g, (5)  

where S = CBC⊤. Using this expression in (3), power flows as a function 
of bus power injections take a form 

l = BC⊤S− 1g, (6)  

or in other notations l = Ag, where A = BC⊤S− 1. Matrix A ∈ RNl×Nb is a 
matrix of loading vectors, in which the rows contain sensitivities of the 
lines’ power flows to the changes of bus power injections. Then power 
flow constraints (2 g)-(2 h) read as 
⃒
⃒
⃒Ag
⃒
⃒
⃒⩽l. (7)  

Applying the incidence matrix I, the set of inequalities (7) takes a form 
⃒
⃒
⃒Gp

⃒
⃒
⃒⩽l, (8)  

where G = AI⊤, (8) describes the influence of agents’ power injections 
on the line loading. 

3.2. P2P market with network charges 

The optimization problem (2) with substituted (2g)–(2h) by (8) ac
counts for network constraints in an endogenous manner. It results in 
the nodal prices, encompassing both generation related and congestion- 
related costs. The structure of electricity and capacity tariff for the end- 
users in Fig. 1 shows that apart from the payments for electricity, it 
includes several extra fees. Electricity retail price additionally covers the 
cost of purchasing capacity on the wholesale market, electricity trans
mission tariff with the share of one third of total tariff, infrastructural 
payments for operational, market-related and financial supporting ser
vices, and revenue of energy retailers. Similarly, the P2P market 
assumed working in parallel with the existing supply scheme can not 
avoid several additional charges. Primarily they relate to the network 
utilization and administration of the P2P electricity trading platform. To 
ensure that the P2P market is cost recovering for the grid agents’ energy 
payments need to include an extra part responsible for the trade- 
independent network and policy-related charges, as well as payments 

for administration of the P2P trading platform. For this purpose we 
introduce β0

n in the objective function of (2). It can be defined for each 
agent n independently. In general case, β0

n is the sum of the individual 
terms responsible for certain additional payments. The values β0

n can 
also be used as an instrument for the implementation of energy policies. 
It should be noted that in the current trade-independent form, β0

n does 
not change the decision as the constant term in the objective function. 
Having this term is useful for individual agents to get information about 
total payments. In practice, individual agents may set the trading limit in 
terms of the maximum acceptable amount of total payment. At the same 
time, there could be proposed the alternative approaches to account for 
network charges: depending on whether an agent trades at this market- 
clearing moment or not; the network charges could be trade-dependent, 
and others. For example, there could be assigned a limit for total trade 
for each agent indicating when the agent utilizes the grid more than 
planned - for instance, in the situation with significant wind fluctuations 
for wind farms. In these cases, network fees could be increased. How
ever, the trade-dependent fees currently are not welcomed in the 
industry. 

3.3. P2P market with user preferences 

The P2P market assumes that every agent is free to choose the 
contractor. The framework (2) supports the individualized prices per 
trade and, in the current form, implements the cost-based decisions. 
However, users’ preferences considered as the willingness to trade with 
the specific agents more than others are not limited to this approach. 
There should be proposed an additional instrument to integrate other 
decision rules based on the type of generation, CO2 footprint, zone of 
trading, time, and others. 

In this article we exploit a regularization function approach and 
assign an additional cost to the undesired trades in the form of βnmpnm, 
where βnm represent preference coefficients. The current work explores a 
preference to trade with the neighboring agents reflecting the tendency 
to support on-place generation [21] and eliminate unnecessary power 
transfer. Following this logic preference coefficients βnm are taking 
proportional to the electrical distance between the agents dnm. Under 
electrical distance we assume Power Transfer Distance, described in 

detail in [10,6], and calculated as dil =
∑

(q,x)∈L

⃒
⃒
⃒Dil,qx

⃒
⃒
⃒, where Dil,qx is the 

power transfer distribution factor on branch q − x for injection at node i 
and withdrawal at node l. 

In that case, βnm = ±snmdnm
2 for agents n and m within the P2P community 

Ω, where snm represents the distance unit fee for the particular trade. The 
higher the value snm, the stronger is the distance preference of agent n. The 
sign of βnm has to be chosen to satisfy βnmpnm⩾0. In the general form, one can 
introduce a matrix of preference coefficients 

B =

⎛

⎜
⎜
⎝

βdist
11 + ⋯ + βCO2

11 … βdist
1NΩ

+ ⋯ + βCO2
1NΩ

… … …
βdist

NΩ1 + ⋯ + βCO2
NΩ1 … βdist

NΩNΩ
+ ⋯ + βCO2

NΩNΩ

⎞

⎟
⎟
⎠,

where elements of the matrix represent a superposition of the existing 
agent preferences as distance-based βdist

nm , CO2-based βCO2
nm and others. 

3.4. P2P Electricity Market with Network Constraints, User Preferences 
and Network Charges 

Applying proposals from previous paragraphs, we can design the P2P 
market with network constraints, agents’ preferences, and trade- 
independent fees as the following optimization problem 

Fig. 1. The structure of tariff for electricity and capacity for the end user in the 
retail market in Russia [13]. 
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min
P, pn∈Ω

∑

n∈Ω

[

fn(pn) + β0
n +

∑

m∈ωn

βnmpnm

]

(9a)  

s.t. P = − P⊤, (9b)  

pn =
∑

m∈ωn

pnm, ∀n ∈ Ω, (9c)  

pn⩽pn⩽pn, ∀n ∈ Ω, (9d)  

pnm⩾0, ∀n ∈ Ωg, (9e)  

pnm⩽0, ∀n ∈ Ωc, (9f)  

⃒
⃒
⃒Gp

⃒
⃒
⃒⩽l. (9g) 

In (9b)–(9f) it coincides with the formulation (2). The primary ob
jectives of algorithm modification are achieved through the introduction 
of constraint (9g) responsible for line limits, and the regularization of 
the objective function to introduce agents’ preferences and trade- 
independent fees. The proposed algorithm acts as a unified 
optimization-based P2P market framework. No corrections and out-of- 
market interventions are required. The setup works for different types 
of preferences and can be applied to investigate an influence of energy 
policies. 

4. Distributed P2P market with network constraints, user 
preferences and network charges 

To solve an optimization problem (9a) we design a distributed al
gorithm based on the consensus alternating direction method of multi
pliers (ADMM) [8]. Alternative distributed optimization techniques are 
summarized in [23]. The derivation of the algorithm can be found in 
Appendix A. The final procedure takes a form 

Pk+1
n = argmin

Pn

fn(pn) + β0
n +

∑

m∈ωn

[βnmpnm +

λk
nm

(
pk

nm − pk
mn

2
− pnm

)

+ (ρ/2)
(

pk
nm − pk

mn

2
− pnm

)2
]

+

ρ1

2
t1n + ρ1

∑

l∈L

(
ll − yk

1l + μk
1l

)(
− Gl,npn

)
+

ρ1

2
t2n + ρ1

∑

l∈L

(
ll − yk

2l + μk
2l

)(
Gl,npn

)

(10a)  

s.t. pn =
∑

m∈ωn

pnm, ∀n ∈ Ω (10b)  

pn⩽pn⩽pn, ∀n ∈ Ω (10c)  

pnm⩾0, ∀n ∈ Ωg (10d)  

pnm⩽0, ∀n ∈ Ωc (10e)  

λk+1
nm = λk

nm − ρ
(
pnm

k+1 + pk+1
mn

)/
2 (10f)  

yk+1
1 = max

(
0, − Gpk+1 + l + μk

1

)
(10g)  

yk+1
2 = max

(
0,Gpk+1 + l + μk

2

)
(10h)  

μk+1
1 = μk

1 +
(
− Gpk+1 + l − yk+1

1

)
(10i)  

μk+1
2 = μk

2 +
(

Gpk+1 + l − yk+1
2

)
, (10j)  

where G = AI⊤, G ∈ RNl×NΩ , ρ > 0, and expressions for t1n and t2n take a 
form 

t1n =
∑

(
l∈L

− Gl,npn)
2
+ 2

∑

l∈L

∑Ω

j=n+1
(− Gl,npn)(− Gl,jpk

j ), n ∈ Ω ∪ n ∕= NΩ,

(11)  

t1n =
∑

l∈L
(− Gl,npn)

2
, n = NΩ, (12)  

and 

t2n =
∑

l∈L
(Gl,npn)

2
+ 2

∑

l∈L

∑Ω

j=n+1
(Gl,npn)(Gl,jpk

j ), n ∈ Ω ∪ n ∕= NΩ, (13)  

t2n =
∑

l∈L

(
Gl,npn

)2
, n = NΩ. (14) 

Expressions (11)–(12), and (13-)-(14) describe one of the possible 
approaches to distribute (

∑
n∈Ω − Gl,npn)

2 and (
∑

n∈ΩGl,npn)
2 between 

the agents. Local optimization results 

Pn =
(
pn1 … pnNΩ

)

comprise the trades of agent n. Constraints (10b)–(10e) are included in 
the local optimization problem and calculated at each iteration step. The 
augmented Lagrangian in (10a) contains terms responsible for reaching 
the traded power consensus between the agents and terms accounting 
for an impact of the trades on the network. 

We assume utilization of the quadratic cost function. The conver
gence of the algorithm (10) is ensured for the closed, proper, and convex 
functions [8]. Global stopping criteria is related to reciprocity require
ment (9b) 

rk+1
n =

∑

m∈ωn

(
pk+1

nm + pk+1
mn

)2
,
∑

n∈Ω
rk+1

n ⩽ε2
r , (15)  

dual residuals 

sk+1
n =

∑

m∈ωn

(
pk+1

nm − pk
nm

)2
,
∑

n∈Ω
sk+1

n ⩽ε2
s , (16)  

and the values of Lagrangian multipliers μ1 and μ2 

xk+1
l =

(
μk+1

1l − μk
1l

)2
+
(
μk+1

2l − μk
2l

)2
,
∑

l∈L
xk+1

l ⩽ε2
x . (17) 

Each agent, participating in the bilateral market, firstly solves its 
local optimization problem. Updated values pk+1

nm , m ∈ ωn are reported as 
the trading proposals to the agents from the trading partnership set of 
agent n. Following (10e), the market participant calculates the values 
λk+1

nm based on its trading proposal and counteroffer, and computes the 
residuals (15) and (16), then broadcasted to the trading community. The 
supervisory agent collects the total trading proposals pk+1 and updates 
auxiliary variables yk+1

1 and yk+1
2 , and Lagrangian multipliers μk+1

1 and 
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μk+1
2 . It tests the stopping criteria (17). The simultaneous fulfillment of 

the criteria (15), (16), (17) indicates that the algorithm has converged to 
the equilibrium. The flow of the market clearing process can be followed 
in Algorithm 1. 

Algorithm 1. Consensus ADMM algorithm for P2P market with network 
constraints, user preferences and network charges.  

5. Test case and application results 

This section investigates the behavior of the proposed P2P market 
algorithm. We examine how the map of trades is affected by user pref
erences and network charges, investigate the behavior of the algorithm 
with the presence of congestions in the network and compare it with the 
correction algorithm. 

5.1. Test case 

To run the market, we use the IEEE 39-bus power system with flex
ible generation and loads. The community of agents Ω contains 10 
generators and 21 loads. All agents in the test case have quadratic cost 
function, where parameters an, bn, and operational limits are summa
rized in Table 3 in Appendix B, pn represents a total amount of power 
traded by agent n 

fn(pn) =
1
2
anp2

n + bnpn. (18)  

The total trades of generators and loads lay in their power boundaries. 
The test system contains 46 lines with parameters specified in [20]. We 

set the line limits to be high enough for the lines not to be overloaded, 
except the limit for the specific line described in the simulation cases 
further. We run the simulation setup in MATLAB on personal computer 
(Intel Core i5-7200U CPU, 2.50 GHz, RAM 8 GB, 64-bit Operating Sys
tem). Not considering parallelization (individual agents’ tasks are solved 
sequentially on one computer), algorithm (10) converges with the pri
mal and dual tolerances 10− 5 and power flow tolerance 10− 3 (ρ = 1.5, 
ρ1 = 0.00028) in 59 s. In this way, considering parallelization, it takes 
around 2 s for the market to be cleared, which is adequate for the P2P 
market and has potential for scaling. Optimization of individual prob
lems was done using built-in MATLAB function quadprog. 

5.2. P2P market without network constraints, user preferences and 
network charges 

The first test case describes the P2P market without congestion 
management, trading preferences, and network charges. The map of 

Fig. 2. New England test case. Map of P2P trades without network constraints, 
with equal user preferences and network charges. 

Fig. 3. New England test case. Map of P2P trades without network constraints, 
with network charges and different user preferences. 
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trades, in this case, is quite dense and not presented here. The most 
explicit description is that each generating agent trades with each con
sumer from its partnership set ωn. The market converges to a uniform 
price. 

5.3. P2P market without network constraints, with user preferences and 
network charges 

We propose a framework to account for line overloads, user prefer
ences, and trade-independent fees in the one-step algorithm. To assess 
an impact of algorithm extensions, we apply them separately. In this 
subsection, we examine how the matrix of trades is affected by user 
preferences and network charges. We apply the distance-based user 
preferences for all agents in the system and set the values of the distance 
unit fees equal to snm = 10. Trade-independent values of network 
charges are chosen to be β0

n = 0.1, n ∈ Ω. This approach results in the set 
of power trades presented in Fig. 2. Comparison with the market without 
preferences and network fees from Section 5.2 states that the number of 
trades significantly decreases. For the chosen parameters of distance 
unit fees, agents prefer to trade with a low number of neighbors forming 
small clusters of trades. The exogenously enforced agents’ preferences 
make the trading with agents out of preferences more expensive and, 
therefore, disadvantageous, suggesting its redistribution or refusal. 
More generally, in the market with flexible generation and demand, 
agents’ preferences lead to the decrease of total power traded in the 
market. Setting the line limit 16–19 to 200 MW one can observe an 
overload. 

Fig. 3 illustrates the changes in trades when the distance unit fee for 
the agents within the zone specified by green dashed box is decreased to 
snm = 5. In comparison with Fig. 2, the number and the value of some 
trades in this zone increases. We observe the new trades between agents 
at buses 33 − 15, 34 − 16, 34 − 24, 36 − 21, as well as an increase of trade 
35 − 21. The values of distance unit fees snm determine the clustering of 
the agents and intensity of trades. The proposed regularization-based 
approach works effectively ensuring both individual and collective 
user preferences. 

5.4. P2P market with network constraints, user preferences and network 
charges 

As was stated early, the application of algorithm (9a) or (10) without 
network constraints for the case with equal distance unit fees leads to an 
overload of the line 16–19. With activated congestion management we 
can observe the new map of power trades, shown in Fig. 4. The overall 
pattern of trades is similar to the case in Fig. 2. The congestion is 
eliminated, resulting in a slight decrease in total welfare from 27979.6 
with overloaded line 16-19 to 27955 with active congestion manage
ment. To address the overload, the trades between the agents at buses 33 
and 16, and 33 and 24 were decreased. Since the load at bus 24 is ready 
to pay a higher price than the load at bus 23, in a situation when the 
trade between agents at buses 33 and 24 was decreased due to the 
congestion management requirements, the agent at bus 36 uses an op
portunity to increase trade with load at bus 24, in this way, the 
congestion management framework matches the logic of the market. In 
Fig. 4, the decreased trades are shown in solid red lines while the 
increased trades - in green lines. The dashed blue line denotes the 
cleared congestion. The proposed approach works for several active 
network constraints. 

Algorithms (9a) and (10) represent the P2P electricity market 
framework with built-in congestion management, user preferences, and 
trade-independent fees. This approach results in the feasible trades, do 
not require correction actions and works in a distributed manner. To 
assess the proposed algorithm, we can compare it with an algorithm 
from another branch of approaches - algorithm of post-trade correction. 

5.5. Correction alternative 

The decentralized procedure (10) defines a P2P market with network 
constraints, user preferences, and trade-independent fees. It ensures the 
simultaneous fulfillment of economic and operational decisions, pro
posing a one-step solution. One can notice that the same logic of using a 
matrix of loading vectors can be applied to correct initial market pro
posals if the market architecture does not contain network-related 
constraints, in our case (9g). Firstly the logic of correction was pro
posed in [34] to modify power flows after the free trades. It is considered 
as a method to achieve a division between the economic and feasibility 
decisions. In this case, an optimization algorithm without network 
constraints will be supplemented by the second-step optimization 
problem. The advantages of the approach, besides simplification of the 
algorithm and objectives separation, include lowering of communica
tion overheat. 

At the first stage, the declared trades and the sizes of congestion 
through the lines are determined as a result of power flow calculation. 
The second stage executes the curtailment of the trades following the 
chosen logic as minimum correction cost, the minimum size of correc
tion, and others. The second-stage algorithm which minimizes the cost 
of correction takes a form 

min
Δpn

∑

n∈Ω

[

fn

(

pn + Δpn

)

+
∑

m∈ωn

βnm

(

pnm + Δpnm

)

− fn

(

pn

)

−
∑

m∈ωn

βnmpnm

] (19a)  

s.t. ΔP = − ΔP⊤, (19b)  

Δpn =
∑

m∈ωn

Δpnm,∀n ∈ Ω, (19c)  

pn⩽pn +Δpn⩽pn,∀n ∈ Ω, (19d) 

Fig. 4. New England test case. Map of P2P trades with active network 
constraints. 
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pnm +Δpnm⩾0, ∀n ∈ Ωg, (19e)  

pnm +Δpnm⩽0, ∀n ∈ Ωc, (19f)  

⃒
⃒
⃒G
(

Δp+ p
)⃒
⃒
⃒⩽l, (19g)  

where Δpn is a correction of the total amount of power traded by agent n, 
Δpnm depicts the correction of individual trades with agents m within the 
trading partnership set ωn. Elements (n,m) of matrix ΔP correspond to 
the values Δpnm, l denotes line flow limits. 

Frequently in the P2P electricity market, agents do not want to 
disclose their cost functions to curtailment agent (DSO) to maintain 
privacy and exclude the possibility for gaming. In this case, the logic of 
the minimum size of correction is usually proposed 

min
Δpn

∑

n∈Ω

∑

m∈ωn

⃒
⃒
⃒
⃒
⃒
Δpnm

⃒
⃒
⃒
⃒
⃒

(20a)  

s.t. ΔP = − ΔP⊤ (20b)  

Δpn =
∑

m∈ωn

Δpnm, ∀n ∈ Ω (20c)  

pn⩽pn +Δpn⩽pn, ∀n ∈ Ω (20d)  

pnm +Δpnm⩾0, ∀n ∈ Ωg (20e)  

pnm +Δpnm⩽0, ∀n ∈ Ωc (20f)  

|G(p+Δp)|⩽l. (20g)  

The minimum correction cost algorithm (19), after the cost-based de
cisions at the first stage, results in the same map of power trades as 
depicted in Fig. 4. The trading pattern for the minimum size of correc
tion approach is shown in Fig. 5. Algorithm (20a) also eliminates 
congestion, however, the map of trades differs from Fig. 4. Similarly to 
the previous case, there is a reduction in the power trades between the 
agents at buses 33 and 24, and 33 and 16. However, the sizes of these 
corrections are smaller than in the preceding case, which is shown by the 
thickness of red lines. Additionally, we observe new trades initiated to 
reduce the congestion of the line 16–19. The sizes of these trades are 
small (thin green lines in Fig. 5). 

Table 2 summarizes the results of congestion management per
formed by the proposed one-step algorithm and correction algorithm 
(20a). We can see that algorithm with built-in congestion management 
achieves the minimum cost of correction, preserving as much as possible 
the total welfare. The algorithm (20a) is aimed to adjust initial trades to 
satisfy network constraints with minimal intervention. This problem 
setup, as shown in Table 2, can lead to suboptimality, increasing the cost 
of congestion management, and the number of trades involved in the 
correction. At the same time, the algorithm achieves its primary goal of 
correction with minimum intervention, resulting in the decreased 
average size of correction trade. 

Although additional correction conditions can be specified in the 
formulation (20a) as a limited number of trades participating in 
correction and others, without the utilization of information about 
agents’ cost functions, there is a risk of an expensive correction. Thus, 
however, a variety of not cost-based approaches can be offered for the 
correction of P2P trades one needs to investigate their possible influence 
on the trading pattern and total welfare. Besides that, correction-based 
P2P market requires the calculation of power flow distribution after 
the initial trades to reveal the possible overload, which lengthens the 
process of trading. In contrast to correction-based approaches the pro
posed market design avoids intermediate power flow calculation. 

The suggested one-stage algorithm provides a solution which co
incides with the solution of algorithm (19) and surpasses in terms of 
total welfare the solution in the case of minimum size of correction logic 
(20a). 

6. Discussion 

The paper aims to design a P2P market architecture able to work 
with the presence of network constraints. For this purpose, we propose a 
distributed framework, when each agent firstly solves its local problem. 
Agents exchange their trading proposals pk

nm across the trading part
nership set ωn and utilize the values of total trading proposals pk

j , j ∈ Ω,

j ∕= n. To solve the local optimization problem agents do not need in
formation about the division of the total trade pk

j between the individual 
trades and the cost functions of other agents which make information 
exchange applicable for the market applications. 

At the same time during this iterative process the leakage of data 
privacy still may arise. To address this problem privacy preserving 
modifications of the algorithm could be proposed. Authors in [12] 
propose an algorithm where each agent approximately solves a per
turbed optimization problem that is formulated from its local private 
data in an iteration, and then perturbs the approximate solution with 

Fig. 5. Map of P2P trades with active network constraints under the minimum 
size of correction algorithm. 

Table 2 
Comparison of congestion management algorithms.  

Parameter Built-in congestion 
management 

Correction-based 
approach 

Total welfare, $ 27955 26481 
Cost of correction, $ 24.6 1498.6 
Number of trades,  

participated in 
correction 

4 10 

Average size of  
correction trade, MW 

9.87 2.24  
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Gaussian noise to provide the distributed privacy guarantee. In [35] the 
methods of dual variable perturbation and primal variable perturbation 
to provide dynamic differential privacy are proposed. If we have 
incomplete data due to privacy issues or communication problems, we 
can apply the heuristic solutions. We can use a trading proposal from the 
previous iteration step or calculate projection of the proposal. Several 
consecutive data skips may lead to the agent’s exclusion from the 
trading set for this market calculation round. Alternatively, the Bayesian 
games approach could be applied for the P2P market. 

An optimization problem (9), (10) is a general formulation of the P2P 
market with network constraints, user preferences and network charges. 
Besides the consensus ADMM approach it can be distributed using other 
methods described in [23]. Several extensions and convergence rate 
improvements can be proposed following [15,3]. The interval of 
calculation can be reduced by:  

• Introducing either y1l, μ1l or y2l, μ2l for all or several lines in the 
system;  

• Applying congestion management for the critical lines or lines with a 
high probability of overload;  

• Using warm starts based on the historical data;  
• Reducing the trading partnership set ωn of agent n to the ”most 

probable” graph of trades based on the historical information;  
• Varying penalty parameters ρ and ρ1 independently or jointly to 

ensure the fastest convergence [7].  
• Applying over-relaxation [7].  
• Applying accelerated versions of ADMM algorithm [19], that 

demonstrated faster convergence for distributed state estimation 
problem in power systems [30] 

The proposed P2P market could be adopted for distribution systems 
following one of the methods [22,5,14]. The PTDF approach to control 
line overloads could be applied in low-voltage networks. The scheme 
can be extended to account for voltage through the voltage sensitivity 
matrix and account for losses through the loss sensitivity matrix. All 
market mechanisms proposed in work will remain functional after the 
changes. 

In this article we assume that the lines are lossless. If we relax this 
assumption one can apply the loss allocation approaches proposed in 
[34,16]. In the current formulation, similarly to the trade-independent 

network fees, there could be proposed trade-independent slack-bus 
payments aiming to compensate losses; however, this approach can not 
be considered as the fair allocation of losses. Additionally, other types of 
user preferences can be introduced and investigated. 

7. Conclusion 

With an increase of distributed generation, growing attention is paid 
to the possibilities of its utilization in the network. The P2P electricity 
market represents one of the possible ways to address this question. This 
work focuses on the design of the P2P electricity market, offering more 
independence and freedom of action to market participants. The P2P 
trading scheme enables new types of services and proposes additional 
value as differentiated contracts, enforced consumer preferences, and 
increased utilization of distributed generation. 

In this paper, we propose a P2P market design, incorporating 
network constraints, user preferences, and trade-independent fees. In 
this way, we ensure a meeting of three requirements critical to the 
practical implementation of the P2P markets as secure operation, 
consumer-centric nature of the market, and the provision of benefits for 
the grid. We propose a distributed framework and compare the results 
with an alternative correction-based algorithm. The simulation results 
demonstrate the successful elimination of line congestions and show the 
advantage of the one-step algorithm with built-in congestion manage
ment. We propose an effective way to ensure individual and collective 
agents’ preferences and include trade-independent fees. The algorithm 
could be adopted for the unbalanced distribution networks and extended 
for other types of user preferences. 
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Appendix A 

We propose to use a consensus ADMM approach to address the problem (9a) and develop decentralized procedure. While a method to incorporate 
(9b) in the augmented Lagrangian and distribute it between the agents discussed in [6], the steps required to include the network constraints into the 
framework can be found below. 

Using notation G = AI⊤, where A is the matrix of loading vectors, I describes the correspondence between buses and agents, line power flow 
constraints read 
⃒
⃒
⃒Gp

⃒
⃒
⃒⩽l. (21)  

Then moving from the absolute values of power flows, introducing slack variables for the inequalities, expression (21) comes to the form 
{
− Gp + l − y1 = 0|μ1, y1⩾0
Gp + l − y2 = 0|μ2, y2⩾0.

(22)  

Based on (22) the Lagrangian will be augmented by 

Ladd =
ρ1

2

⃒
⃒
⃒

⃒
⃒
⃒ − Gp + l − yk

1 + μk
1

⃒
⃒
⃒

⃒
⃒
⃒

2
+

ρ1

2

⃒
⃒
⃒

⃒
⃒
⃒Gp + l − yk

2 + μk
2

⃒
⃒
⃒

⃒
⃒
⃒

2
, (23) 
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with the addition of extra equations to the algorithm 

yk+1
1 = max

(
0, − Gpk+1 + l + μk

1

)
, (24)  

yk+1
2 = max

(
0,Gpk+1 + l + μk

2

)
, (25)  

μk+1
1 = μk

1 +
(
− Gpk+1 + l − yk+1

1

)
, (26)  

μk+1
2 = μk

2 +
(

Gpk+1 + l − yk+1
2

)
. (27)  

Continuing derivations for the first term of (23), one can obtain 

ρ1

2

⃦
⃦
⃦ − Gp + l − yk

1 + μk
1

⃦
⃦
⃦

2
=

ρ1

2
∑

l∈L

(
∑

n∈Ω
− Gl,npn + ll − yk

1l + μk
1l

)2

. (28)  

Expression (28) can be written as 

ρ1

2
∑

l∈L

(
∑

n∈Ω
− Gl,npn + ll − yk

1l + μk
1l

)2

=
ρ1

2
∑

l∈L
(αl + ηl)

2
=

ρ1

2
∑

l∈L

(

αl
2 + 2αlηl + η2

l

)

, (29)  

where αl =
∑

n∈Ω − Gl,npn, ηl = ll − yk
1l + μk

1l. In the next step 

ρ1

2
∑

l∈L
(αl

2 + 2αlηl + η2
l ) =

ρ1

2
∑

l∈L

((
∑

n∈Ω
− Gl,npn

)2

+ 2

(
∑

n∈Ω
− Gl,npn

)

ηl + η2
l

)

=
ρ1

2

(
∑

l∈L

(
∑

n∈Ω
− Gl,npn

)2

+ 2
∑

n∈Ω

∑

l∈L
ηl

(

− Gl,n

)

pn +
∑

l∈L
η2

l

)

.

(30)  

The first term of (30) after the distribution between the agents takes a form for n ∕= NΩ 

t1n =
∑

l∈L

(
− Gl,npn

)2
+ 2
∑

l∈L

∑Ω

j=n+1

(
− Gl,npn

)(
− Gl,jpk

j

)
, (31)  

if n = NΩ, then 

t1n =
∑

l∈L

(
− Gl,npn

)2
. (32)  

We can repeat the same procedure for the second term of (23) getting 

t2n =
∑

l∈L

(
Gl,npn

)2
+ 2
∑

l∈L

∑Ω

j=n+1

(
Gl,npn

)(
Gl,jpk

j

)
, n ∕= NΩ, (33)  

and 

t2n =
∑

l∈L

(
Gl,npn

)2
, n = NΩ. (34) 

Applying (31) and (32), (33) and (34), and omitting 
∑

l∈Lη2
l , the decentralized P2P market algorithm takes a form (10). 

Appendix B 

Parameters of the P2P market agents are summarized in Table 3. It contains information about the agents’ location, parameters of their cost 
functions, and operational limits. 
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Appendix C. Supplementary material 

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.ijepes.2021.106981. 
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