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a b s t r a c t

The increasing integration of Distributed Energy Resources (DER) in the distribution network has
brought more importance to Peer-to-Peer (P2P) markets. However, energy traded in P2P markets can
lead to voltage and congestion constraints in distribution networks operated by Distribution System
Operators (DSOs). At the same time, Transmission System Operators (TSOs) may need to solve system
problems, requesting the participation of DERs in frequency regulation services. To ensure competitive
participation in P2P markets, as well as to ensure a correct operation of distribution networks and to
contribute to mitigate problems at the system level, coordination mechanisms between the P2P market
and the System Operators (SOs) are required. This paper introduces a set of mathematical models
considering P2P flexibility trading at the distribution system, while assisting the DSO and TSO in solving
the congestion, voltage and frequency problems, respectively. The models are assessed on an IEEE 37-
bus distribution network with high DER penetration. The first and second models are based on product
differentiation to avoid violating the lines’ thermal limits and the nodes’ voltage limits, respectively.
The second model also considers reactive power control in order to impact voltage constraints. The
third model uses a virtual load, connected to the TSO network (before the power transformer), to
model frequency regulation services. The last model proposes the integration of all methods. Results
showed that each model was effective in solving its constraint. However, they do not dismiss the use
of the peers’ flexibility assets to assure an overall feasible techno-economic solution. The use of the
methodology proposed in the present paper can significantly facilitate the adoption of full P2P markets
as well as the confidence of the system operators in the integration of these markets.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Context and motivation

Prosumers are consumers with generation technology (mainly
V) that can self-consume and, to a certain extent, generate
urplus power to inject into the distribution network. They are
ften categorized as flexible resources due to their ability to
ontrol their consumption and generation and therefore enable
lexibility [1]. However, current electricity markets are not ready
o accommodate small prosumers due to their capacity and be-
aviour. A way to have consumer-centric electricity markets is by
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adopting a P2P structure, which can exist with different degrees
of decentralization or topology, as shown in [2,3]. In a P2P mar-
ket architecture, prosumers (also called peers) can choose their
economic or environmental preferences over the electricity they
are buying.

A P2P model based on multi bilateral trades was proposed
in works such as [4,5] to replace the current pool market. In
this model, different prosumers could trade with each other,
deciding both the amount of power exchanged and the corre-
sponding trading price. However, this structure did not take into
account the impact of the bilateral settlements on the operation
and management of the distribution and transmission systems,
operated by DSO and TSO, respectively. This can lead to line and
transformer congestion and/or voltage constraints, increasing the
complexity of operation of both distribution and transmission
system operators. At the same time, prosumers can contribute
for solving congestion and voltage issues by providing flexibility
(in the form of services), but this requires proper coordination
between the TSO and DSO. The coordination implies that both the
TSO and DSO need to be aware of the available peers’ flexibility
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Nomenclature

Sets and Indices

Ω Set of peers
Ωc Set of consumers
Ωp Set of producers
ΩpRES Set of producers with renewable gener-

ation
ωn Set of trading peers of peer n
k Index for iteration
l Index for lines
t Index for time periods
n,m Indices for peers
i, j Indices for nodes

Parameters

Pn, Pn Upper and lower active power limits of
agent n

Pmax
n Maximum active power of agent n

an, bn, dn Coefficients of agent n in cost function
Cn

α Penalization factor for the activation
extra flexibility

Functions

Cn Cost function of agent n
Cn Product differentiation cost function of

agent n
CnT Product differentiation cost function of

agent n including congestion and volt-
ages factors

Decision variables

Pn Net active power of peer n
Pn,m Bilateral active power between peers n

and m
λn,m Dual variable, shadow prices
cgn Trade coefficient, preference coefficient

of agent n for criterion g
γ

g
n,m Trade characteristic, value of criterion g

of agent m from perspective of agent n
PFlexExt
n,t Activated extra flexibility by peer n in

period t
Ll Line load level of line l
Vi Voltage magnitude of node i

to run preventive management mechanisms that can use this
flexibility to mitigate voltage and congestion issues if their own
mechanisms are not sufficient [6].

The main aim of the work presented in this paper is to accom-
odate the inclusion of all these concepts in a set of models that
an coordinate the negotiation of prosumers’ flexibility in a P2P
tructure with the operation and coordination of the DSO and TSO
ystems.

.2. State of the art

Some works are emerging in the literature to study how
etwork operating issues can be solved using demand response
DR) flexibility and TSO/DSO coordination as key methods [7–11].
3

The methods proposed in the literature can be classified in two
different ways. First, the mechanisms to solve grid constraints
could be classified into two options, (i) conventional reinforce-
ment of the grids and (ii) the use of flexibility to avoid or delay
he investments in the reinforcement of the network [12]. The
econd classification is related to the types of flexibility that
an be procured. In that case, two sources of flexibility can be
dentified, namely: (i) when the system operators use their own
esources to solve network constraints such as reconfiguration,
LTC tap changing, etc., and (ii) the procurement of flexibility
ervices (products) using market mechanisms or other alterna-
ives (dynamic tariffs, connection agreements, bilateral contracts,
tc.) [13]. Regarding markets, the TSO currently uses ancillary
ervices markets to solve congestion and balancing problems [14],
nd, with regards to DSO, some initiatives are testing local mar-
ets (including P2P) to procure flexibility to solve congestion and
oltage problems in the network. The present state-of-the-art is
entred on the use of flexibility mainly the ones that are procured
n P2P markets.

Concerning the activation of flexibilities, works that relate to
2P markets and DSO operation to solve either congestion or
oltage constraints can be referred. Orlandini et al. [15] uses
n iterative approach with a product differentiation mechanism
o solve line congestion. This model penalizes trades causing
ongestion based on the Euclidean distance between the peers.
imilarly, Botelho et al. [16] resorts to topological distribution
actors to proportionally penalize only the trades causing conges-
ion, ensuring a feasible solution. A different approach based on
ensitivity analysis is proposed by Guerrero et al. [17] to solve
oltage limit violation, by evaluating the impact of P2P trades in
he grid operation. Another sensitivity-based analysis is provided
y Dynge et al. [18] who studies the impact of P2P trading on
oltage variations and network losses.
A completely different perspective to take into considera-

ion these constraints is presented in [19], where a two-stage
arket is used: in the first stage a local P2P market (without
roduct differentiation) is established, and in the second stage
rosumers trade flexibility through a local market, in order to
olve congestion and voltage issues.
Other works take into account the impact of DER in the grid

requency, which is regulated by the TSO. An example is the
ork in [20], where a multi-market nanogrid trading for real-time

mbalance elimination and frequency regulation procurement is
roposed, based on P2P architecture. This work considers the
articipation in three markets: P2P bilateral energy market, the
alancing market and the ancillary services market.
Finally, it is important to mention works related to the TSO-

SO coordination for DER integration. Methodologies presented
n [21] analyse the coordination, monitoring and dispatch of
esources between aggregators, DSOs, and TSOs.

The coordination aspect is deepened in [22], contributing to
wo different coordination schemes between TSOs and DSOs:
ne centralized and another decentralized that facilitate the in-
egration of distributed generation. In the resulting decentralized
cheme, TSOs and DSOs collaborate to optimally allocate all re-
ources in the system. Another methodology to coordinate TSOs
nd DSOs giving an active role to the DER is proposed in [23].
owever, while the purpose of Najibi et al. [22] was to minimize
perating costs and relieve congestion, Radi et al. [23] aims to
rovide balancing across different timescales.

.3. Main contributions

Even though the works presented in the literature present a
eep level of analysis within the topic presented in this paper,
hey mainly focus on solving a specific constraint. For example,
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n category (i) the works in [15,16] centre on solving congestion,
nd Guerrero et al. [17], Dynge et al. [18] pivot on solving voltage
onstraints. Only the work in [19] has the ability to solve both
hose constraints, but it lacks the implementation of a model
uch as product differentiation to fix the network operating is-
ues without needing a flexibility market. A positive aspect of
ll works in this category is that they all deal with network
onstraints in a P2P market context.
Taking into account the works in category (ii), Hu et al. [20]

nly aims to solve frequency issues in the presence of a P2P
arket.
Finally, in category (iii), despite all works studying TSO-DSO

coordination mechanisms, none of them do so considering a
P2P market, but only considering the presence of DER. Further-
more, each work focus on solving only one network operating
constraint: congestion [22] or frequency [23]. In summary, con-
sidering all the literature analysed and presented in this section,
it is possible to mention that procurement of flexibility using a
full P2P market model and TSO/DSO coordination is a gap in the
existing state-of-the-art.

The proposed work focus on the implementation of method-
ologies to solve congestion, voltage and frequency constraints,
always in the context of a P2P market. The proposed methodology
is evaluated considering several network operating scenarios al-
lowing the validation of the contribution to solve each constraint.
The main contributions of the present work are threefold:

• To explore iterative coordination methods between the P2P
market and the DSO, namely with product differentiation
mechanism and reactive power control, to solve congestion
and voltage issues;

• To conceptualize a frequency regulation service to be offered
to the TSO, in the context of a P2P market;

• To explore an iterative coordination method between the
TSO and the DSO to solve congestion, voltage and frequency
issues through the P2P framework.

1.4. Paper organization

The paper is structured as follows: after this introduction, Sec-
tion 2 introduces a P2P market formulation (basis) and the power
flow method to check the feasibility of the market outcomes.
Section 3 describes four P2P market models to solve different
network operating issues based on the formulation presented
in Section 2. A description of product differentiation strategies
is also introduced in this section. A distribution network with
37 nodes is presented in Section 4 and is used as a study case,
where the proposed models described in the previous sections
are assessed and compared to a benchmark model (using a full
P2P market model without differentiation). Section 5 assembles
the main conclusions and some directions for future work.

2. Use of P2P trading in power systems

Even though different P2P market structures can be defined
[3], such as full P2P, community-based and hybrid P2P markets,
the present work focus on the first ones, namely, full P2P markets.
In this market, peers are allowed to freely trade energy among
themselves at the distribution grid level. The full P2P market
is a completely unsupervised and decentralized market, where
multiple peers can negotiate establishing bilateral trades. This is
illustrated in Fig. 1.

For the correct implementation of a full P2P market, two
components are essential: (i) the P2P market clearing process,
which matches the selling and buying bids of the prosumers, and
(ii) the power flow validation, performed by the DSO, to check if
the technical and operational limits of the distribution network
are respected. These components are explained in the following

sub-sections.

4

2.1. P2P market model

The P2P market is solved for each period (one hour in the pro-
posed method), where T corresponds to all hours of a single day.
Note that all time-varying input data is updated every hour. Peers
n,m are assumed to have full control over their consumption
and DER assets. It was considered that they, in each hour, could
only act as either producers or consumers in bilateral trades. If
producers in the P2P market cannot supply all the demand, it
is assumed that the consumers can buy energy from external
suppliers (connected in the transmission network). The set of
producers and consumers are given by Ωp and Ωc , respectively.
Within Ωp it can be considered a set exclusively for producers
with renewable generation, ΩpRES . The set of trading partners of
n is given by ωn.

The P2P mathematical model inspired on [24] can be formu-
lated as,

min
D

∑
n∈Ω

Cn(Pn) + C̃n(Pn) (1a)

s.t. Pn =

∑
m∈ωn

Pn,m ∀n ∈ Ω (1b)

Pn ≤ Pn ≤ Pn ∀n ∈ Ω (1c)

Pn,m + Pm,n = 0 ∀(n,m) ∈ (Ω, ωn) (1d)

Pn ≥ 0 ∀n ∈ Ωp (1e)

Pn ≤ 0 ∀n ∈ Ωc (1f)

where D = {Pn, Pn,m ∈ R} and the decision variable is Pn, the net
active power of peer n. Constraints are necessary to guarantee the
orrect functioning of the P2P market.
The objective function have to parcels. The first parcel consid-

rs the cost Cn for each peer as a quadratic curve, as proposed
n [25,26]:

n =
1
2
anP2

n + bnPn + dn (2)

The product differentiation parcel of the cost function (3) is
given by a combination of non-monetary preferences between
peers n and m [27],

˜n =

∑
m∈ωn

∑
g∈G

cgnγ
g
n,mPn,m (3)

where a particular preference g ∈ G is monetized through the
trade coefficient, cgn . The trade characteristic, γ

g
n,m, differentiates

each peer m from the perspective of peer n. This differenti-
ation will lead to variable shadow prices λn,m. The definition
of the product differentiation parcel based on the impact that
peers have in the network and system constraints is the main
contribution of the present paper.

This work considers two preferences, both to solve constraints
at the DSO level: (i) one based on the Euclidean distance be-
tween peers, to solve congestion constraints, and (ii) another to
solve voltage constraints, based on the sensitivity between the
peers that can offer flexibility and the node where the voltage
constraint is located. As for the frequency regulation, which is
managed by the TSO, product differentiation was not needed as
all peers have the same impact on this service. For this service,
a virtual load was added to the system, before HV/MV power
transformer, in order to model the requirements of the TSO
for frequency services. Product differentiation is only applied to
this virtual load. More details about the product differentiation
proposed in this work will be provided in Section 3.

The active power of each peer n is equal to the sum of all
bilateral trades Pn,m in which n is involved (1b) with peers m. Pn

has a given degree of flexibility for both type of peers, hence the
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Fig. 1. Schematic representation of a full P2P market on a distribution grid.
ower and upper boundaries are defined in (1c). Constraint (1d)
uarantees the bilateral agreements between peers n and m are

respected. The price for each trade is obtained by calculating the
dual variable λn,m of constraint (1d). The producers will have a
positive Pn (1e), while the consumers will have a negative Pn (1f).

2.2. Power flow modelling

The feasibility of P2P transactions should be validated using a
power flow model. As this work is applied to distribution grids, an
AC power flow model is used. This model is more accurate than
the DC power flow which is used in many studies in the literature,
such as in [28]. The present work considers a distribution network
with radial topology, which can be represented as a graph G(N ,
L), composed by a set of lines l ∈ L which connect the nodes
i ∈ N . A short summary of the power flow model used in the
present work and available in the PandaPower library is described
in the following sentences.

Each peer n is located in a node, which has voltage magnitude,
Vi, angle θi, and injects/consumes apparent power, Si, where Pi
and Qi corresponds to the active and reactive components of
Si (4). Each node can have several prosumers.

Si = Pi + jQi (4)

Line l connects a pair of nodes (i, j) and its impedance is
characterized by (5), where Ri,j is the resistance and Xi,j is the
reactance. Eq. (6) represents the active, Pi,j, and reactive, Qi,j,
components of the power flow, respectively.
Zi,j = Ri,j + jXi,j (5)

5

Si,j = Pi,j + jQi,j (6)

Graph G(N , L) starts with a root node that represents the
transmission network, and which is used as a slack bus for the
AC power flow model. The slack bus has voltage level and angle
fixed in 1 pu and 0◦ and is connected to the distribution system
by a power transformer that can be modelled in pu system as a
line with specific characteristics.

The AC power flow model from the pandapower tool [29] was
used, where Pn results from (1), described in Section 2.1, as a
steady active power for each peer n. The consumers have a fixed
tg(φ), while the producers reactive power is variable depending
on the used technology: Combined Heat and Power (CHP) plants,
Photovoltaic (PV) units or Wind farms.

Frequency constraints can be anticipated by TSO due to imbal-
ances between production and consumption creating frequency
variations. The other targeted constraints can be predicted by
DSOs after the AC-PF validation. A line/transformer congestion
occurs if the load level of a line l is above 100%, Llmax (7). A voltage
constraint emerges when the voltage magnitude of a node i is not
between the lower Vimin and upper limits Vimax of 0.95 p.u. and
1.05 p.u., respectively (8) [16].

Ll ≤ Llmax , l ∈ L (7)

Vimin ≤ Vi ≤ Vimax , i ∈ N (8)

To evaluate the highest possible social welfare (SW), a model
which disregards grid constraints, the so-called benchmark, was
developed. This model is non-iterative and consists of two steps.
In the first step is executed the P2P market model. Here, the

bilateral power traded and trading prices are obtained, along with
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he power that should be generated by the sellers and that should
e consumed by the buyers. The second step is an AC power flow
alidation, to determine if the results from the P2P market respect
or not) the technical and operational limits of the distribution
etwork.
The benchmark model will be compared with the models

roposed in this work showing its capacity to solve the network
onstraints.

. Participation of TSO and DSO in P2P market

To solve the P2P market taking into account the technical
perating limits of the network, different methodologies were
onsidered: (i) coordination between the P2P market and the
SO, to solve congestion and voltage constraints; (ii) coordination
etween the P2P market and the TSO, to solve frequency con-
traints; (iii) TSO-DSO coordination with the P2P market to solve
ll constraints simultaneously.
The following sub-sections will describe the modelling of the

ervices that can be contracted by the DSO and TSO, for achieving
oth market clearing and grid feasibility.

.1. DSO related services

Regarding grid operation, the DSO can contract services to
anage congestion and voltage level violations. Two iterative
odels were developed, one for each type of constraint. The
athematical model for the P2P market used in both methods
an be presented as an improvement of P2P model (1), described
n Section 2.1:

in
D

∑
n∈Ω

Cn(Pn) + C̃n(Pn) + αPFlexExt
n,t (9a)

s.t. constraints in (1) (9b)

0%.Pmax
n ≤ Pn + PFlexExt

n,t ≤ 100%.Pmax
n , n ∈ Ωc, t ∈ T (9c)

α ≫ 1 (9d)

At the beginning of every time period t , the flexibility of-
ered by the loads is at 30% of their baseline, in both upward
nd downward directions. This flexibility is already modelled in
q. (1c) where the variable Pn is limited between Pn and Pn. The
xtra load flexibility is initially set at 0% of the maximum active
ower Pmax

n . In every hour, if when the iteration k limit is reached
he constraint has not been solved, then PFlexExt

n,t will update the
otal flexibility offered. This flexibility is limited by (9c), and its
ncrease is penalized by coefficient α (9d). This forces the system
o use as little of the extra flexibility as possible.

During every time period t and at any iteration k, the flexibility
ffered by the RES is of 100% in the downward direction, meaning
he operation point can be anywhere between zero and their
orecast power.

It is important to notice that, nowadays, activation of flexi-
ility services are not allowed in most of the systems. The pro-
osed methodology implies a change in the policies and reg-
latory framework to allow the use of flexibility services and,
onsequently, the increase of DER connected in the system.

.1.1. Congestion management services
The iterative model that deals with grid congestion, P2P_Cong ,

s presented in Fig. 2.
The first step of P2P_Cong is the P2P market to obtain optimal

rading between peers (9a) through the bilateral trades, Pn,m, and
he shadow prices, λn,m. Initially, the market is cleared without
ny differentiation of market offers. The second step is the DSO
6

peration, where an AC power flow is used to determine if the
etwork technical limitations are respected.
In case a line congestion is detected, violating (7), the product

ifferentiation mechanism will penalize every trade causing the
ongestion using the euclidean distance between peers through
g
n and γ

g
n,m. Then, new values of cgn and γ

g
n,m are sent to the P2P

market, initiating the first step again, until the network limits are
finally respected. This allows the process to move to step four.

The choice of cgn and of the parameter that will penalize γ
g
n,m

in each iteration are of utmost importance as they control the
penalization given to the trades. If given a low value, a big
computational effort may be needed to differentiate market offers
in order to solve the constraints. However, if this value is too high,
the penalization given to the generators further away from the
loads may be higher than needed to solve the constraint.

If the product differentiation is not enough to solve the con-
gestion, iteration k limit is reached. So, in step three, the flexibility
adjustment enforces that the loads flexibility increases and the
P2P market is run from step one. The adjustment of the flex-
ibilities is made in fixed steps defined by each peer. Once the
congestion is solved, the process moves to step four and the
market results under grid constraints are obtained.

3.1.2. Voltage control services
The iterative model that deals with grid voltage constraints,

P2P_Volt , is presented in Fig. 3.
Similarly to model P2P_Cong , P2P_Volt uses the P2P market

in step one, and starts the DSO operation (step two) with the
AC power flow. However, in P2P_Volt , the product differentiation
penalizes the trades causing voltage issues by violating (8), using
a sensitivity criteria. As this constraint may be found in different
nodes, the node with the worst constraint was considered for
this mechanism. The sensitivity was based on resistance of the
common path of two paths: the one between the node with worst
constraint and the slack bus, and the one between the node with
the peers that can offer flexibility and the slack bus.

In case the product differentiation is not enough to solve the
voltage constraint, the iteration k limit is reached. This initiates
step three, where a flexibility adjustment enforces the loads flexi-
bility to increase. The new flexibility bids will be used in step one,
resetting the number of iterations k. Once the voltage constraint
is solved, the process moves to step four and the market results
complying network constraints are obtained.

An extra stage is considered in step 2, by applying reactive
power control to the peers with most impact on the existing
constraint. For example, in case there is a low voltage constraint,
the value of tg(φ) on the loads could be reduced. This would
be done for every load in the feeder where the constraint is
located, from the load with most impact until the load with less
impact. This impact is known from the sensitivity criteria in the
product differentiation mechanism. In the case of a high voltage
constraint, the same process is applied but to the tg(φ) of the
RES. In reality, this process could be done to the RES, but not to
the loads, as they correct their power factor in order to not pay
for reactive power. Therefore, rules for the payment of reactive
power for the loads would be needed, as well as capacitor banks
in the loads, to allow them to go over the correction of the
minimum power factor.

The methodologies in both P2P_Cong and P2P_Volt assume a
feedback mechanism from the DSO operation to the P2P mar-
ket, with peers having the chance to re-negotiate the transac-
tions made. This mechanism is used until a solution is obtained,
satisfying the DSO and peers in the market.

In case both constraints come up simultaneously, the mecha-
nisms meant to solve each constraint will be applied and market
transactions will be renegotiated. If one of the problems is not
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Fig. 2. Flowchart of the P2P market model, handling congestion issues at the DSO level, P2P_Cong .
Source: Adapted with authorization from [24].

Fig. 3. Flowchart of the P2P market model, handling voltage issues at the DSO level, P2P_Volt .

7
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Fig. 4. Flowchart of the P2P market model, handling frequency issues at the TSO level, P2P_Freq.
I
t

olved, the flexibility offered in the system will be increased and
he new offers will be used in the P2P market. The coordination
equired between these services for this mechanism to work is
escribed in Section 3.3.

.2. TSO related services

In the case there is imbalance between generation and con-
umption in the system, a frequency regulation service can be
rovided to the TSO. The mathematical model for this P2P market
an be presented as in (1).
As the TSO can ask for upward or downward frequency reg-

lation, a virtual load with the ability to have either positive or
egative consumption has been add in the primary of the power
ransformer. In case of regulation up service the virtual load
hould be positive and in the case of regulation down services
he load should be negative.

The model that deals with frequency regulation, P2P_Freq, is
resented in Fig. 4.
Similarly to models P2P_Cong and P2P_Volt in Section 3.1,

2P_Freq starts in the P2P market to obtain the optimal trading
etween peers (1a). Entering the second step, TSO operation,
SO can request frequency regulation services to the market. As
entioned, this regulation service is modelled by a virtual load

ocated in the TSO bus.
The third step relates to the DSO operation, where an AC-PF

s ran to determine if the network limitations are obeyed. This
ethodology does not assume a feedback mechanism from the
SO to the P2P market place, as the TSO contracts a service to
olve the frequency problem. Once this is done, the process moves
o step four, containing the final market results.

Coordination between services offered to the TSO and DSO for
ituations where all targeted constraints can exist is studied in
ection 3.3.

.3. TSO-DSO related services coordination

The TSO and DSO can be coordinated in order to solve all
revious mentioned problems simultaneously. The mathematical
odel for the P2P market model used in this method can be
resented as an improvement of the results from (1) described
n Section 2.1, given by

in
D

∑
n∈Ω

Cn(Pn) + C̃nT (Pn) + αPFlexExt
n,t (10a)

s.t. constraints in (1) (10b)

0% ≤ PFlexExt
n,t ≤ 100% , n ∈ ΩpRES , t ∈ T (10c)
α ≫ 1 (10d)

8

where the product differentiation is now the sum of two parcels:
the one that solves congestion issues, and the one that solves
voltage issues. As mentioned in Section 2.2, product differenti-
ation is not applied for frequency regulation, as every peer has
the same impact on this constraint.

At the beginning of every time period t , the flexibility offered
by the RES is at 0%, as is the extra flexibility from RES, PFlexExt

n,t .
n every time period t , when the iteration k limit is reached and
he constraints have not been solved, then PFlexExt

n,t will be updated,
making the total flexibility offered increase in the downward
direction. The RES flexibility is limited by (9c) and its increase is
penalized through α (10d), to enforce the system to use as little
extra flexibility as possible.

In each period t and in any iteration k, the flexibility offered
by the loads is at 30% of their baseline, in both upward and
downward directions.

The model presented in Fig. 5, P2P_Full, has the purpose of
solving all possible grid constraints at once.

The described steps work as explained in Sections 3.1 and 3.2.
After the P2P market optimization (step one), the services offered
to the TSO (step two) take place, to regulate grid frequency.
Then, come the services that can be contracted by the DSO (step
three), with the AC-PF to check if network limits are respected.
In case there are congestion or voltage issues, then it is applied
product differentiation to solve these problems. If only voltage
issues are found, an extra stage for reactive power control is
included. Only if the flexibility negotiated in the P2P market to
support the DSO services is insufficient to solve both constraints
will the RES flexibility be increased (step four). The new flexibility
bids will be sent to step one, and the number of iterations k is
reset. The process will be completed once no grid operating issues
are detected, and the market results are obtained (step five). It
is noteworthy that the proposed process can deal with different
directions of TSO and DSO needs, as it is an iterative process
that aims to find a compromise solution between the different
requests.

4. Evaluation of P2P flexibility markets and TSO/DSO opera-
tion

This sections intends to assess the models described in previ-
ous section. The main goal is to demonstrate that the proposed
architecture allows the trading between peers and, at the same
time, provides services to DSO (congestion management and volt-
age control) and TSO (frequency regulation). After the description
of the distribution network that is used in this case study, three
DSO service scenarios considering, (i) power transformer bound-
aries, (ii) lines thermal limits constraints, and (iii) bus voltage

constraints are presented. In the end, a scenario considering TSO
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Fig. 5. Flowchart of the P2P market model, handling congestion and voltage issues at DSO level, and frequency issues at the TSO level, P2P_Full.
Table 1
Considered scenarios and respective characteristics.
Scenario Benchmark 1 2 3 4 5
Model P2P_Cong P2P_Cong P2P_Volt P2P_Freq P2P_Full

24 hours ✓ ✓ ✓ ✓ ✓ ×

Reduced power transformer capacity × ✓ × × × ×

Reduced distribution lines capacity × × ✓ × × ✓

Increased distribution lines impedance × × × ✓ × ✓

Frequency regulation need × × × × ✓ ✓
service and another including all the DSO and TSO services are
illustrated.

To have different constraints in each scenario, consumption
nd production profiles were changed and limits of lines and
ower transformers have been adjusted. An overview of the con-
idered scenarios and their characteristics is given in Table 1.

.1. Distribution network description

This work uses a 37-bus MV distribution network, with a bus
oltage of 11 kV, as in Fig. 6. The original network is presented
n [30], the update of the network is taken from [31], including an
nergy mix in 2050 proposed in [32]. There is generation from 27
lexible DERs, specifically 3 CHP units, 2 wind turbines and 22 PV
ystems. The network is connected to the high voltage network
hrough an upstream connection, which is limited by a 20 MVA
ower transformer.
There are 22 consumers on the network who have 30% upward

nd downward flexibility from their baseline in every scenario.
heir reactive power is set with a tg(φ) equal to 0.3 [24].
9

The RES are non-dispatchable but can be given flexibility
on the downward direction from their forecast power. Spatial–
temporal scenarios were generated based on the forecast data for
the PV and wind systems from [34] and [35], respectively. For the
RES a tg(φ) of 0.4 was used.

The CHP units are considered dispatchable units with a maxi-
mum and minimum power capacities of 0.5 MW and 0.1 MW. For
these units, a tg(φ) up to 0.3 was assumed.

In addition, the CHP units use quadratic cost functions, while
RES and the external supplier follow linear cost functions. All the
loads have a linear marginal cost function [24].

The data used for all models can be found in [36].

4.2. DSO services participation in P2P market

This section aims to analyse and compare the results of sce-
narios 1, 2 and 3 with the benchmark case, both from a technical

and economic point of view.
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Fig. 6. 37-bus distribution network used.
Source: Adapted with authorization
from [33].
.2.1. Scenario 1 — Power transformer boundaries
The first scenario studies the behaviour of model P2P_Cong

hen there is congestion in the power transformer, i.e., assuming
hat the power transformer capacity is reduced by three times.

As seen in Fig. 7(a), the transformer presents congestion in
ours 20 and 21, where (7) is violated, since these are the hours
n which there is more power being supplied by the high voltage
etwork. After applying the P2P_Cong model, the bottlenecks in
he transformer in these hours were solved, as verified in Fig. 7(b).

In these hours, the lack of RES penetration is directly related
o the inefficiency of the product differentiation mechanism, as
ore injection from the external supplier is required. In order to
olve the congestion, load flexibility must be increased, as seen
n Table 2.

A cumulative representation of the results from Scenario 1
s presented in Table 3, to establish a comparison between the
cenario and the benchmark model.
As expected, the increase of flexibility leads to a reduction

n the consumption. By increasing flexibility, the first iteration
10
Table 2
Scenario 1 — load flexibility results after the
application of P2P_Cong .
Hour 20 21
Load flex (%) 40 35

Table 3
Comparison between the energy dispatch and economic results in
Scenario 1, and the benchmark over a 24-hour period.
Result Benchmark Scenario 1

Grid (MWh) 47.47 44.10
CHP (MWh) 24.09 24.09
Wind (MWh) 114.06 114.06
PV (MWh) 171.20 171.20
Consumption (MWh) 356.82 353.45
Losses (%) 0.61 0.60
SW (e) 22 025.8 21 675.1
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Fig. 7. Scenario 1 — maximum transformer line capacity before (a) and after (b) the application of P2P_Cong model.
Fig. 8. Scenario 2 — maximum distribution line capacity before (a) and after (b) the application of P2P_Cong model.
Table 4
Scenario 2 — load flexibility results after the application of P2P_Cong .
Hour 1 2 3 4 5 6 7 8 9 16 17 18 19 20 21 22 23 24
Load flex. (%) 40 35 30 30 30 30 40 30 30 30 30 30 45 65 65 60 55 50
of the P2P market does not use product differentiation. As RES
generation is prioritized in the P2P market, since its cheaper, a
reduction in the supply from the external supplier is observed.
Reducing the power flow in the transformer is shown to be the
solution for the adjustment of the power transformer limit. It was
noticed that reducing the capacity did not impact the relative
losses in the network. The slight decrease verified is due to the
lower power flow, given by the increase in load flexibility to
solve the congestion issue. This load flexibility increase leads to
a decrease in the SW.

4.2.2. Scenario 2 — Lines thermal limits constraints
The second scenario studies the behaviour of model P2P_Cong

when there is congestion in the distribution lines, i.e., assuming
that all the distribution network lines are at half of their capacity.
This happens when (7) is violated.

This leads to congestion in hours 1 to 9 and 16 to 24, as seen
in Fig. 8(a). Note that these are periods with low PV injection,
which is the generation with most presence in the network. It is
important to notice that the maximum values presented in the
graphics happen in different lines in each one of the simulation
periods. Not having these generators supplying power means less
DER and, consequently, more likely to have congestion issues.
After applying P2P_Cong , the congestion issues in the distribution
lines in these periods will have been solved, as it can be seen in
Fig. 8(b).

The results in Table 4 shows that the product differentiation
mechanism is effective in solving congestion issues in the distri-
bution lines. For instance, in hour 3 the congestion was solved by
maintaining the load flexibility at 30%. Even though in some hours
the loads flexibility had to be increased, the obtained results
for these hours still relied in the differentiation applied to the
market offers. For example, in hour 20 the load flexibility had
to be increased to 65% for the differentiation mechanism to be
effective. By optimizing the product differentiation parameters,
the penalization applied to the ‘‘bad’’ trades was just enough to

solve the congestions, as intended.

11
Table 5
Comparison between the energy dispatch and economic results in
Scenario 2, and the benchmark over a 24-hour period.
Result Benchmark Scenario 2

Grid (MWh) 47.47 29.63
CHP (MWh) 24.09 21.05
Wind (MWh) 114.06 102.05
PV (MWh) 171.20 171.28
Consumption (MWh) 356.82 324.00
Losses (%) 0.61 0.37
SW (e) 22 025.8 18 946.3

A cumulative representation of the results from Scenario 2
is presented in Table 5, establishing a comparison between the
scenario and the benchmark model.

In all hours with congestions, the differentiation mechanism
implemented had impact on the result. By doing so, a major
impact on the SW was verified, as the differentiation gives prior-
ity to the energy provided by external suppliers instead of local
RES generation. Therefore, it is visible a decrease mainly in the
Wind generation, instead of just in the supply from the external
supplier. By no longer having preference over the cheapest gener-
ators, the SW decreased significantly. The reduction in this value
is also affected by the increase in load flexibility. This increase
also lead to a reduction in the overall consumption. Furthermore,
the reduction in the networks power flow allowed a significant
decrease in the losses.

4.2.3. Scenario 3 — Bus voltage constraints
The third scenario studies the behaviour of the P2P_Volt

model when there are nodal voltage constraints. By increasing the
impedance of the distribution lines, e.g., in three times, the volt-
age throughout the network will be affected, and consequently
leading to the violation of (8).

In the hours without PV generation, the most predominant
technology, the overall generation in the network will be lower
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Fig. 9. Scenario 3 — maximum and minimum node voltage before (a) and after (b) the application of P2P_Volt model.
Table 6
Scenario 3 — tg(φ) and load flexibility results after the application of P2P_Volt .

Hour 19 20 21 22 23 24

P2P_Volt Load flex. (%) 35 60 60 55 50 40

P2P_Volt
w/ Q control

Flex. tg(φ) −0.3 −0.3 −0.3 0 −0.3 −0.3
Flex. tg(φ)
load location

12 37,36,34,32,31 37,36,34,32 37,36,34,32 37,36,34,32 37,36,34,32

Load flex. (%) 30 50 50 50 40 30
Table 7
Comparison between the energy dispatch and economic results in
Scenario 3 and the benchmark, over a 24-hour period.
Result Benchmark Scenario 3

Grid (MWh) 47.47 22.57
CHP (MWh) 24.09 24.09
Wind (MWh) 114.06 114.06
PV (MWh) 171.20 171.20
Consumption (MWh) 356.82 331.92
Losses (%) 0.61 1.60
SW (e) 22 025.8 20 287.3

than the consumption. Then, the compensation is made by the
external supplier. So, considering a greater line impedance, low
voltage issues arise, as it can be seen between periods 19 to 24
in Fig. 9(a). After applying P2P_Volt , the voltage constraints in
these hours were solved, as depicted in Fig. 9(b).

Even though the product differentiation mechanism can dif-
ferentiate the market offers, it was not effective in impacting the
voltage level in the network. So, the load flexibility had to be
increased in hours 19 to 24, to solve the existing constraints. The
highest load flexibility is at 60% in hours 20 and 21. The results
are presented in Table 6.

In the case reactive power control is taken into account, re-
ducing the tg(φ) of the loads that have more impact on the (low)
voltage constraint allows less flexibility to be needed in order to
solve the constraints.

A cumulative representation of the results from Scenario 3
is presented in Table 7, establishing a comparison between the
scenario and the benchmark model.

Increasing load flexibility to solve the constraints leads to
lower consumption in the network. Similarly to Scenario 1, with-
out differentiation RES will be prioritized and the injection from
the external supplier is lower. The increase in line impedance
leads to an increase in the relative losses. This value is then re-
duced when solving the constraints by increasing load flexibility,
since these mechanisms contribute to a reduction in the power
flow. Increasing load flexibility leads to a reduction of the SW.

4.3. TSO services participation in the P2P market (scenario 4)

The fourth scenario studies the behaviour of the model
P2P_Freq when there are frequency constraints requested by the
TSO. A positive virtual load simulating a regulation up service is

included. The consumption the virtual load can be seen in Fig. 10.

12
Table 8
Comparison between the energy dispatch and economic results in Scenario 4
and the benchmark, over a 24-hour period.
Result Benchmark Scenario 4

Grid (MWh) 47.47 47.47
CHP (MWh) 24.09 24.09
Wind (MWh) 114.06 127.10
PV (MWh) 171.2 187.75
Consumption (MWh) 356.82 386.41
Virtual load consumption (MWh) – 29.59
Losses (%) 0.61 0.62
SW (e) 22 025.8 21 937.1

The maximum line capacity and nodal voltage level is now
slightly higher between the periods 9 and 16, in comparison
to the benchmark case. This is due to the higher power flow
originated by consumption from the virtual load, as the RES do
not have flexibility. The results can be seen in Fig. 11.

A cumulative representation of the results from Scenario 4
is presented in Table 8, to establish a comparison between the
scenario and the benchmark model.

The consumption in the network increases by 29.59 MWh
through the virtual load to create the need for the regulation up
service. Consequently, RES generation is now higher, since these
generators are forced to operate at their forecast power. The need
for the regulation service makes the SW decrease. Furthermore,
in this scenario, this service showed to lead to an increase in the
losses, as the solution requires the power flow in the network to
increase.

4.4. DSO and TSO services participation in the P2P market (scenario
5)

In the last model, P2P_Full, TSO/DSO coordination is needed
to solve all grid problems at the same time. An extreme scenario
was created in order to obtain high voltage, line congestion, and
frequency constraints. Even though the scenario is extreme, it is
necessary to obtain the aimed constraints. For that reason, it was
only studied the solution for one single hour, e.g., hour 12.

To create this scenario, Scenario 4 from Section 4.3 was taken,
and then all distribution lines capacity was reduced to half and
their impedance was increased five times. This allowed to obtain
congestion and high voltage constraints, respectively, in this hour.
Therefore, the result of hour 12 in Scenario 4 is seen as the
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Fig. 10. Scenario 4 — virtual load consumption after application of P2P_Freq.
Fig. 11. Scenario 4 — (a) maximum distribution line loading, (b) maximum and minimum node voltage after the application of P2P_Freq model.
Table 9
Scenario 5 — results with application of P2P_Full model.
Hour 12 Scenario 4 Scenario 5

After P2P_Full Before P2P_Full After P2P_Full

RES flex. (%) 0 0 20
Worst congested line 13 13 13
Worst congested line (%) 69.75 133.97 97.62
Worst constraint node 14 14 14
Worst constraint node (pu) 1.010 1.051 1.029
Grid (MW) 0 – 0
CHP (MW) 0.3 – 0.3
Wind (MW) 5.37 – 4.,31
PV (MW) 21.58 – 17.52
Consumption (MW) 27.24 – 22.13
Virtual load consumption (MW) 5.11 – 0
Losses (%) 0.23 – 0.96
SW (e) 1 274.6 – 1 289.9
n
t
h
T
i

4

c
s
m
c
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reference, as described in Table 9. Thus, let us assume the RES
generation initially has a flexibility of 0%.

In this scenario, line 13, at L13 = 133.97 %, will have the high-
est loading. Node 14 will have the worst voltage constraint, with a
magnitude rated at V14 = 1.051 pu. Due to the lack of flexibility in
the system regarding the imposed limitations, the product differ-
entiation mechanisms were considered ineffective. For instance,
in this situation, the power flow in the network is too high for
congestion to be solved even with product differentiation. To
solve both constraints simultaneously P2P_Full model increases
ES flexibility from 0% to 20%. The loading percentage of line 13
ill decrease to L13 = 97.62 %, and the voltage magnitude of node
4 will decrease to V14 = 1.029 pu. By doing this, however, it is
ot possible for the DSO to complete the request from the TSO
o perform the regulation service. So, the total consumption will
ecrease to 22.13 MW. As the product differentiation mechanisms
re ineffective and load flexibility is not increased, the SW can
nly be affected by the use of the virtual load. Therefore, the SW
13
will increase. The losses will be higher than in Scenario 4, even
though the power flow is lower, due to the higher impedance
considered in the distribution lines.

The dispatch results before the application of P2P_Full were
ot considered, as the grid results were not feasible. Only af-
erward they were taken into account. The hour considered was
our 12, a daylight hour, where RES generation is predominant.
herefore, there is no supply from the external grid and the CHP
s at its minimum operating point.

.5. Results analysis

The possibility of choosing their source of energy enables
ustomers to get the best solution from an economy sharing
tandpoint. Comparisons between each scenario and the bench-
ark case, described in Section 2.2, were presented through the
umulative results for one day, in Tables 3, 5, 7 and 8, to validate
he proposed models.
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The results show that the higher price makes the grid (external
upplier) and CHP the least dispatched technologies. When they
re predominant, the loads consumption is taken to their lower
lexibility limit, in order to decrease consumption and avoid high
osts. Despite this, these technologies are essential for the proper
peration of the network, as they can cover the load consumption
hen RES are unavailable.
Since the price for RES is very low, they will be the most

ispatched technologies. In the hours where these technologies
re the most dispatched, the consumption is pushed to the upper
imit of its offered flexibility, i.e., consumers are encouraged to
onsume at their maximum available capacity.
As anticipated, the developed methods present a lower SW

han the benchmark, in order to meet the network constraints.
he use of product differentiation mechanism gives preference to
eneration which is local rather than cheaper, as the ‘‘distance’’
reference is considered. As RES generation is not prioritized,
he cost is higher, reducing the SW. Furthermore, after the in-
rease of flexibility being penalized, a decrease in SW is expected.
oreover, the need for balancing makes the market non ‘‘ideal’’,
aking the SW decrease.
Regarding the losses, even though the reduction of capacity

id not impact this result, the increase of line impedance did.
y solving the constraints, the losses relative to the dispatched
onsumption were reduced. In general, this reduction comes from
reduction in the network power flow originated by these mech-
nisms. However, using the regulation up service contributed to
n overall increase in these losses, since the scenario created
Scenario 4) requires an increase in the power flow to solve the
onstraint.

.6. General discussion

The study highlights the importance of designing new market
echanisms focused on the proliferation of prosumers towards

he decarbonization of the power system, while assessing the
mpact of integrating them into the power system operation per-
ormed by the system operators. Such developments are needed
o promote prosumers’ flexibility integration and make it useful
o support system operation. More precisely, prosumers’ flex-
bility could be crucial in future power systems not only to
ecarbonize the system, but also to keep the distribution net-
orks running smoothly. In this case, better coordination of the
SO/DSO operation is essential for the maximum integration of
hese small-scale energy resources.

However, the authors acknowledge that the proposed models
ave limitations that must be taken into account. The proposed
odels are based on an iterative process between market and
ystem operation. The models successfully found feasible market
nd system operation solutions, however, the iterative solving
an be slow depending on several factors, such as the initial
lexibility made available by peers in the market and the prod-
ct differentiation preferences. More precisely, when running
he product differentiation mechanism, the penalization factor
n each iteration must be tuned according to the characteristics
f the problem. On the one hand, if a low penalty value is set,
large computational effort may be required to differentiate
arket offers to solve network constraints. On the other hand, a
igh penalty factor may induce generators to further away from
onsumers, leading to feasible but less economically efficient
olutions.
Another limitation is the flexibility made initially available

y the peers, which may not be enough for the product differ-
ntiation mechanism to solve all voltage and congestion issues.
n this case, the iteration k limit is reached, then the loads are
nforced to provide flexibility, and the process is restarted from
14
that point. The iteration limit number can also be tuned and, for
that, heuristics can be used.

In this context, it is clear that the proposed iterative models
can take a little or a long time to solve the problems, depending
on several intrinsic factors related to the characteristics of the
system they are solving. It should be noted that in the present
test case, the proposed models took less than 30 seconds to find
the solution and up to 15 minutes.

5. Conclusions

Recent literature has been giving increased importance to
the coordination between markets and system operators, mostly
because of the spread of flexibility services and, consequently,
P2P markets.

In the present work, P2P market models considering product
differentiation representing network and system constraints are
proposed and several scenarios have been designed to demon-
strate the effectiveness of the mentioned models.

For each scenario, an optimization of the parameters has to
be performed, even if in a heuristic manner. Since every sce-
nario takes into account different grid constraints, their results
cannot be compared between each other. They can, however, be
compared to a benchmark case.

In general, the product differentiation mechanism is effective
in solving line congestion. On the other hand, it is not as effective
to deal with voltage control, even though it can differentiate
the market offers. However, adding a mechanism for reactive
power control creates a greater impact in this type of constraint.
The increase of flexibility offered in the system was effective in
solving any of these grid constraints. It was also shown that it is
possible to provide a frequency regulation service in a P2P market
context.

An important conclusion is that, even though all the proposed
models are effective to solve their specific network operating
issues, the TSO/DSO coordination is essential to assure an overall
feasible techno-economic solution.

Future work can go in different directions, such as: (i) us-
ng different criteria in the product differentiation mechanism
uitable to solve voltage issues more smoothly, (ii) include stor-
ge systems in the distribution network, addressing their impact
n network operation and flexibility availability, (iii) improve
SO/DSO coordination to prevent TSO requests from causing con-
traints at the DSO level, and (iv) adoption of improved infor-
ation exchange platforms to facilitate coordination between
takeholders and P2P markets.
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