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Abstract
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 on Medium Voltage (MV) 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 MV networks and to contribute

to mitigating problems at the system level, coordination mechanisms between the P2P markets and

the System Operators (SOs) are required. This dissertation introduces a set of mathematical models

considering P2P �exibility trading in the distribution system, while assisting the DSO and TSO in solving

congestion, voltage, and frequency problems. In this dissertation 5 models have been developed. The

�rst model consists of a full P2P market structure without considering possible network limit violations

and is de�ned as a benchmark, allowing the comparison with the other developed models. The second

and third models are based on product differentiation to avoid violation of the line's thermal limits and

the exceeding of the node's voltage limits, respectively, through weights applied to the trades that may

be causing these constraints. The third model also considers reactive power control to impact voltage

constraints. The fourth model uses a virtual load, connected to the TSO network (before the power

transformer), to model frequency regulation services. The �fth model proposes an integration of all

methods. The models are assessed on an IEEE 37-bus distribution network with high DER penetration.

Every model uses an Alternating Current Power Flow (AC-PF) to check for feasibility, validating the

results from the P2P market clearing. Results showed that each model was effective in solving its

constraint. However, they do not dismiss the use of the peer's �exibility assets to assure an overall

feasible techno-economic solution.

Keywords
Coordination mechanisms; Distributed energy resources; Flexibility; Grid operation; Peer-to-peer mar-

kets; System operators.
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Resumo
O aumento da penetração de recursos energéticos distribu�́dos (RED) na rede de distribuição tem con-

tribu�́do para o aumento de importância dos mercados entre pares (P2P). Contudo, as trocas nos mer-

cados P2P podem levar a congestionamentos ou problemas de tensão nas redes de média tensão

(MT) operadas pelos entidades gestoras das redes de distribuição (GRD). Em simultâneo, as enti-

dades gestoras das redes de transporte (GRT) podem necessitar de resolver problemas ao n�́vel do

sistema, pedindo participação dos RES em serviços de regulação de frequência. De forma a assegurar

a participação de todos os pares, a competição entre eles e, em simultâneo, o bom funcionamento do

sistema elétrico, são necessários novos mecanismos que permitam a interacção e coordenação com

as GRD e GRT. Nesta dissertação são propostos modelos matemáticos considerando negociação de

�exibilidade, localizadas nas redes de distribuiç ão, em mercados P2P, enquanto as mesmas contribuem

para a resolução de congestionamentos, problemas de tensão e de frequência, a n�́vel do GRD e do

GRT, respetivamente. Nesta dissertação foram desenvolvidos 5 modelos. O primeiro modelo utiliza

um mercado full P2P sem considerar poss�́veis violações dos limites operacionais da rede, e é de�nido

como a referência para comparação com os outros modelos desenvolvidos. O segundo e terceiro mod-

elos baseiam-se na diferenciação das ofertas de mercado para evitar a violação dos limites térmicos

das linhas e dos limites de tensão nos barramentos, respetivamente, através de pesos aplicados �as

trocas que estão a causar estes problemas. O terceiro modelo também considera controlo de energia

reativa para resolver os problemas de tensão. O quarto modelo faz uso de uma carga virtual, ligada �a

rede do GRT (a montante do transformador de potência) para modelar a necessidade de regulação de

frequência. O quinto modelo propõe a integração de todos os mecanismos descritos anteriormente. A

pertinência dos modelos é veri�cada numa rede IEEE de 37 barramentos com elevada penetraç ão de

RED. Todos os modelos usam um trânsito de potência em corrente alternada (AC-PF) para veri�car a

viabilidade das soluções, e validar os resultados obtidos no mercado P2P. Os resultados mostram que

todos os modelos propostos são e�cazes na resoluç ão das restrições para os quais foram desenvolvi-

dos. Contudo, não dispensam o controlo da �exibilidade dos agentes de mercado para assegurar uma

solução tecno-económica viável.

Palavras Chave
Flexibilidade; Gestor da rede de distribuição; Gestor da rede de transporte; Mecanismos de coordenação;

Mercados peer-to-peer ; Recursos energéticos distribu�́dos.
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1.1 Motivation

In recent years, the increase in awareness related to climate change has led the European Union (EU)

to set different targets for decarbonization. In 2021, a series of legislative proposals were adopted to

achieve climate neutrality in the EU by 2050. This includes an intermediate target of at least 55% net

reduction in greenhouse gas emissions by 2030 [1].

These targets to �ght climate change along with the development of the idea of sustainability have

been leading to an increase in the integration of Distributed Energy Resources (DER) in the power

system. Consequently, the decentralization of the production of electrical energy and the appearance of

new concepts such as prosumers have been gaining strength. From a grid perspective, DER integration

can create bene�ts by providing �exibility to improve network performance and reducing issues such as

voltage or frequency deviations. From a prosumer perspective, it brings a reduction in energy costs by

trading energy surplus [2].

However, current electricity markets are not ready to accommodate small prosumers due to their

capacity and behaviour. A way to have consumer-centric electricity markets is by adopting a Peer-to-

Peer (P2P) structure, which can exist with different degrees of decentralization or topology, as shown

in [3,4]. In this architecture, prosumers can choose their preferences over the electricity they are buying.

A P2P model based on multi-bilateral trades was proposed in works such as [5,6] 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 corresponding trading price.

Yet, the P2P structure does not take into account the impact of the bilateral settlements on the

operation and management of the distribution and transmission systems, operated by Distribution Sys-

tem Operator (DSO) and Transmission System Operator (TSO), respectively. This can lead to line and

transformer congestion and/or voltage constraints. At the same time, peers can contribute to frequency

regulation services managed by the TSO.

1.2 Objectives and contributions

The main purpose of this dissertation is to develop a methodology that allows the coordination between

a full P2P market and the management of distribution and transmission systems by DSO and the TSO,

respectively. More speci�cally, the goal is to create a mechanism that can validate market trades and use

the peer's �exibility in order to achieve P2P market clearing and grid operation feasibility. As the market

is implemented at the distribution level, an Alternating Current Power Flow (AC-PF) is more adequate

than an Direct Current Power Flow (DC-PF), which is more suitable at transmission level [7]. Regarding

the proposed methodology, the following questions can be addressed:
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• How can P2P market models consider technical constraints of the distribution system?

• How can P2P market models consider frequency regulation services?

• Is it possible to provide services to the DSO and TSO in the same P2P market mechanisms?

• What is the economic (Social Welfare) impact of the internalization of network constraints in the

P2P market?

This work aims to consider system and network constraints in the context of a P2P framework, avoid-

ing operational limitations. The methodologies are evaluated considering different scenarios allowing the

validation of the contribution of this work to solve each constraint. The main contributions can be divided

into general contributions and original contributions. The general contributions are:

• Implementation of a full P2P market with AC-PF validation;

• Design of an iterative P2P market, taking into account the validation of network limits with AC-PF

validation.

The original contributions can be divided into:

• Addition of a product differentiation mechanism in the iterative P2P market model to penalize trades

causing congestion or voltage constraints;

• Addition of a mechanism for reactive power control in the iterative P2P market model to solve

voltage constraints;

• Inclusion of control over peers �exibilities in the iterative P2P market models, to assure the solving

of congestion or voltage constraints;

• Conceptualization of a frequency regulation service to be offered to the TSO, in the P2P frame-

work;

• Design of a model gathering all developed mechanisms, to guarantee the respect of all network

constraints through the P2P framework.

1.3 Related projects and publications

The work developed in the scope of this dissertation partially concerns the objectives and results of two

research projects, namely:
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• DECARBONIZE – Development of strategies and policies based on energy and non-energy appli-

cations towards CARBON neutral cities via digitalization for citizens and society (NORTE-01-0145-

FEDER-000065);

• DECMERGE – Decentralized decision-making for multi-energy distribution grid management

(2021.01353.CEECIND).

The developed work has resulted in the writing of a scienti�c paper submitted to the Sustainable

Energy, Grids and Networks (SEGAN) journal, currently under review. The following should be referred

to:

• João Marques, Tiago Soares, Hugo Morais, “P2P �exibility markets to support the coordination

between the transmission system operators and distribution system operators”, SEGAN, under

review.

1.4 Thesis outline

This document is structured as follows. The present chapter introduces the main motivation and contri-

butions of this thesis.

Section 2 addresses the de�nition and structures of P2P markets. Then, TSO/DSO coordination in

market environment is studied, and a brief overview of real-life P2P market platforms is given. On top of

that, works in the literature related to the presence of grid operation constraints in the P2P markets are

studied.

In chapter 3, a set of models for coordinating P2P markets with the distribution and transmission

network operation is proposed. Initially, a benchmark model to be used as a reference is described.

This model is then updated using mechanisms such as product differentiation, to deal with network

constraints originating within the P2P markets.

In chapter 4, a 37-bus distribution network is presented and used as a study case, where the pro-

posed models are assessed in terms of P2P market clearing and grid operation feasibility. Different

operation scenarios were created to evaluate each model's operation, and the results were compared to

the benchmark case.

Finally, chapter 5 gives the most important conclusions and proposes future work to be done in

further investigation.
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This chapter intends to introduce P2P markets and their coordination with grid operation as handled

in the literature. Section 2.1 provides a background on P2P markets. Afterwards, section 2.2 gives

some comprehension of how TSO/DSO coordination is performed in the market environment. Then,

section 2.3 studies real-life P2P markets for energy trading. Finally, section 2.4 looks into the literature

relating P2P markets and coordination with both DSO and TSO, to solve network constraints created by

this novel market structure.

2.1 Peer-to-peer electricity markets

The decentralization of the power system through the increasing penetration of DER, aligned with the

existing electricity markets, has been leading to a new way of rethinking these markets, making them

consumer-centric.

In this context, P2P markets emerge. In a P2P architecture, peers can cooperate by sharing re-

sources, such as electricity, in a decentralized way [4]. Even though a centralized controller may partially

in�uence the decision-making process of a prosumer, it cannot directly control what a prosumer chooses

to trade with other community members [2].

This section intends to give some comprehension regarding P2P markets: the premises that lead to

their existence, in section 2.1.1; and the different types of P2P markets, in section 2.1.2.

2.1.1 Premises leading towards P2P markets

The existing electricity market is designed for unidirectional power �ows from conventional generators

to consumers. It is divided into:

• Wholesale market: pool where large consumers and producers interact through a mechanism

that collects bids, the amount of energy that can be produced or consumed, and the bidding

price. Once the market is cleared to match production and demand, a market-clearing price is

determined;

• Retail market: the retailer provider resells the energy purchased in the wholesale market to small

consumers, such as households.

Nevertheless, electricity markets must evolve as the continuous penetration of DER empowers con-

sumers to play a different role. In this case, P2P markets are an alternative that can make a twist in

the electricity markets. More precisely, P2P market works under bilateral agreements between different

agents [4]. This has a strong impact on the grid operation since its existence does not naturally take

into account possible network constraints caused by these new bilateral trades. Therefore, the current

markets do not take full advantage of the DER integration [8].
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The works in [9, 10] introduce two formulations in the P2P structure to take network constraints into

account by in�uencing participants' decision-making.

One formulation internalizes network constraints into the P2P market model, where the state of the

network is solved at the same time as the P2P trades. The other formulation uses network fees to

in�uence P2P market clearing rather than enforcing the network constraints. These network fees are

implemented through product differentiation in the P2P formulation and they can be the following: fees

shared equally by all community members, network costs allocated according to electrical distance, or

a zonal cost allocation policy by dividing the network into zones and setting a fee for each zone.

2.1.2 P2P market structure

P2P markets can be divided into three structures, according to their degree of decentralization or topol-

ogy: Full, Community-based, and Hybrid [4].

2.1.2.A Full P2P market design

A full P2P market, as illustrated in Figure 2.1, is based on peers negotiating electricity trades, without

centralized supervision [4]. This decentralization relies on multi-bilateral economic dispatch between

individual prosumers [5].

Figure 2.1: Representation of a full P2P market design.

For this structure, a model with product differentiation is proposed by [9], which allows consumers to

choose who they want to trade energy with according to their preferences, such as local or green energy.
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As a Full P2P market model with product differentiation is used in this work, its mathematical formu-

lation is presented in section 3.1.1.

2.1.2.B Community-based market design

A community-based P2P market is established with a community manager, who manages trading activ-

ities inside the community and between the community and the rest of the system.

The community manager cannot directly control the import or export of energy by different prosumers

within the market, but he can in�uence prosumers to participate in trading via suitable pricing signals [2].

The goal is to achieve the optimal exchange between peers. Regarding the negotiation process, it can

be solved in a distributed manner: each agent solves its own problem and only shares the required

information with the central node (community manager) [4].

This market structure can be easily applied to microgrids [11] or to a group of neighbouring pro-

sumers [12], who are geographically close to each other. It is also important that everyone inside the

same community has the same goals, such as sharing green energy.

2.1.2.C Hybrid market design

A hybrid P2P market consists of a combination of the two previous designs, where energy collectives

and single peers can interact directly with each other.

At the upper level, individual peers or energy collectives engage in transactions between themselves

and with the existing market. At the bottom level, the energy collectives behave like the community-

based approach, where a community manager oversees the trading inside its community [4].

2.1.2.D P2P market comparison

A comparison between the main advantages and main challenges in the existing P2P market structures

is presented in Table 2.1.
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Table 2.1: P2P market comparison (adapted from [4]).

P2P market structure Advantages Challenges References

Full P2P

! Freedom of
choice and autonomy;
! Alignment
with agents preferences.

! Scalability: Investment with
ICT infrastructure;
! Foresee system behaviour
by grid operators: lack of
centralization.

[13], [9],
[5], [14]

Community-based
! Improvement of relationship
between members;
! Mobilizing social cooperation.

! Reaching energy preferences of
every member;
! Management of expectations
by the community manager.

[15], [16],
[17], [18]

Hybrid

! ICT infrastructure and
computational effort
scalability;
! More predictable to
grid operators.

! Coordinating trades between
the upper and lower levels.

[19], [15]

2.2 TSO/DSO coordination in market environment

Overall system balancing is crucial in order to ensure the security of supply. Balancing services are

usually provided at TSO level directly by the Balancing Service Provider (BSP). However, the integration

of Renewable Energy Sources (RES) at distribution level makes the system more unpredictable and not

observable to the TSO [20].

To solve these problems, the TSO needs to bene�t from the participation of the DER connected in

the distribution system in such services. Hence, it is necessary to enhance the information and data

exchange between TSOs and DSOs in order to ensure the effective and ef�cient use of �exibility-based

services, as depicted in Figure 2.2, across the whole system [21].

Figure 2.2: Flexibility services (adapted from [22]).

Ancillary services are provided to the DSO and TSO to keep the grid operation within the limits for

the security of supply and are delivered mainly by BSP or by the TSO and DSO themselves. These

services are classi�ed as: frequency ancillary services (mainly for balancing), services for congestion

management and non-frequency ancillary services such as voltage control [22].
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2.2.1 Coordination of distributed �exibility services in a marketplace

Flexibility can be used in electricity markets to obtain the system services, which result, for instance,

from congestion management in the transmission and distribution networks (at day-ahead and intraday

markets), and to ensure power system security (balancing market).

While the TSO procures �exibility services from large industrial consumers or aggregators, the DSO

procures �exibility from aggregators and from DER connected to the distribution grid with the purpose

of maintaining the required quality of service and security of supply.

Coordination between the TSO and the DSO is needed since the same �exibility resources may be

activated for balancing (TSO services) and congestion management (TSO and DSO services). Thus,

this coordination is necessary to avoid double activation of the same service at the same time.

To manage this coordination, let us take into account a scenario where the Flexibility Operator (FO)

provides services for both TSO and DSO in a single market, where the activation of the offers should be

agreed by both TSO and DSO. This market structure works as follows [23]:

• The FO sends the �exibility offers to the market. These offers are acknowledged by the Market

Operator (MO) which proceeds to close the market gate;

• The TSO should identify the margin of activation of �exibility offers taking into account the impact

of these offers in the transmission network. The margins can be imposed by the operation of some

transmission lines near their limits in n � 1 security analysis. The use of margins should avoid

the activation of offers to solve the DSO needs but creating congestion issues in the transmission

system;

• The DSO should identify the margin of activation of �exibility offers taking into account the impact

of these offers in the distribution network. The margins can be imposed by possible congestion in

power transformers in primary substations or some lines, or even due to voltage problems. The

use of margins should avoid the activation of offers to solve the TSO needs but creates congestion

issues in the distribution system;

• The MO acknowledges the needs and margins imposed by the TSO and the DSO. If the offers

cannot be changed, market clearance takes place and the market results are published;

• If the offers can be changed, the MO proceeds to offer pre-validation, where it can propose

changes in the power, time frame, or point of activation of the �exibility (if the FO is an aggregator).

The price of the offers should remain the same. Then, the FO can change the offer according to

the market operator demand;

• These new offers are acknowledged by the MO and market clearance takes place. Finally, the

single market results are published.
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2.3 Peer-to-peer market platforms

This section has the purpose of exploring some entities working on energy trading. In [24], multiple R&D

projects have been developed in order to:

• Work on market design and business models for P2P markets, such as the Enerchain1 or NRGcoin2

projects, which have the purpose to develop a P2P wholesale trading platform;

• Implement local control and Information and Communication Technologies (ICT) platforms for pro-

sumers and microgrids, such as the EMPOWER3 project, which developed a platform for trading

within a local community (community-based P2P structure), or the P2P-SmartTest4 project, which

is exploring control with ICT to enable local markets on a distribution grid.

There have also been start-ups emerging by focusing on P2P energy trading [25], such as LO3

Energy5 or Hive Power6, which allow prosumers to exchange their energy surplus with their neighbours.

Vandebron7 and Powerpeers8 are two platforms that allow prosumers/consumers to directly choose with

whom they want to buy energy.

2.3.1 Piclo Flex

Piclo Flex9 consists of a platform at DSO level, in the United Kingdom, which allows DSO to publish �exi-

bility needs based on demand location, enabling �exible resources connected to distribution networks to

act as Flexibility Service Provider (FSP). In this way, DSO books �exibility in advance through availability

contracts, which would support the operation of the network in peak load periods and help with speci�c

location requirements of the grid because of faults or maintenance [26].

This market structure works as a full P2P market, where the provided �exibility can be used for

congestion management or voltage control [27].

2.3.2 GOPACS

GOPACS10 works at TSO/DSO level in The Netherlands and is an intraday market platform where grid

operators collaborate to manage congestions at all voltage levels. It increases the available �exibility for

re-dispatch, improving TSO/DSO coordination [28].

1https://enerchain.ponton.de/
2https://nrgcoin.org/
3https://empower-project.eu/
4https://www.p2psmartest-h2020.eu/
5https://lo3energy.com/
6https://hivepower.tech/
7https://vandebron.nl/
8https://www.powerpeers.nl/
9https://piclo�ex.com/

10https://en.gopacs.eu/
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Congestion management needs are forecasted and announced through GOPACS by the grid opera-

tors. The �exibility providers make offers to solve this congestion through the market platform, and these

offers are placed as a combination of two orders (buy and sell).

GOPACS functions as a two-sided market, where market participants determine the demand and

supply sides in a market exchange, and through a market clearing determine the cleared prices and

quantities. The �exibility bids are matched when they are adequately located in the network to solve

the selected congestion, and the DSO or TSO pay the price difference between the matched buyer and

seller offers [27].

2.3.3 Powerledger

Powerledger11 developed the world's �rst renewable energy blockchain trading platform. Its platform

provides a transparent, auditable, and automated market trading and clearing mechanism for residential

and commercial businesses to decide who they want to sell their surplus energy and at what price.

Powerledger offers xGrid, which consists of P2P electricity trading across the regulated electricity

network, with real-time settlement [29]. xGrid enables households and businesses to sell energy gen-

erated from their solar panels to other energy consumers connected across the same electricity grid.

It also allows consumers and DSO that set up a Local Energy Market (LEM) to relieve congested net-

works, while providing consumers with better pricing. In the LEM, people transact energy from their

homes under a range of possible pricing schemes, which are then selected by the DSO to maximise

local transactions and minimise more distant and expensive ones [30].

xGrid allows [29]:

• Competitive advantage for innovative retailers to obtain and retain customers;

• More customers to access low-carbon energy;

• More competitive electricity prices for consumers;

• Better returns for customers generating excess energy;

11https://www.powerledger.io/
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2.4 Coordination of peer-to-peer markets with grid operation

One of the points that are not completely addressed in the literature is how P2P markets can internalize

the network's technical limitations. Thus, when studying this market structure, constraints at operating

level may arise. Some works are emerging in the literature to study how network operating issues can

be solved using Demand Response (DR) �exibility and TSO/DSO coordination as key methods [31–35].

Other solutions coming up in the literature can be divided into: (i) Mechanisms to solve constraints

at distribution level; (ii) Mechanisms to solve constraints at transmission level; (iii) Coordination methods

between TSOs and DSOs for DER integration.

The �rst category includes works that relate P2P markets and DSO operation to solve either con-

gestion or voltage constraints. Orlandini et al. [36] uses an iterative approach with product differentiation

mechanism to solve line congestion. This model penalizes trades causing congestion based on the

euclidean distance between the peers. Similarly, [37] resorts to topological distribution factors to propor-

tionally penalize only the trades causing congestion, ensuring a feasible solution. A different approach

based on sensitivity analysis is proposed by [38] to solve voltage limit violation, by evaluating the impact

of P2P trades in the grid operation. Another sensitivity-based analysis is provided by [39] who studies

the impact of P2P trading on voltage variations and network losses. A completely different perspective

to take into consideration these constraints is presented in [40], where a two-stage market is used: in

the �rst stage a local P2P market (without product differentiation) is established, and in the second stage

prosumers trade �exibility through a local market, in order to solve congestion and voltage issues.

The second category includes works that take into account the impact of DER in the grid frequency,

which is regulated by the TSO. An example is the work in [41], where a multi-market nanogrid trading for

real-time imbalance elimination and frequency regulation procurement is proposed, based on P2P archi-

tecture. This work considers the participation in three markets: P2P bilateral energy market, balancing

market, and ancillary services market.

The third category includes works related mainly to TSO/DSO coordination for DER integration. The

methodologies presented in [42] analyze the coordination, monitoring, and dispatch of resources be-

tween aggregators, DSOs, and TSOs. The coordination aspect is deepened in [43], contributing with two

different coordination schemes between TSOs and DSOs: one centralised and another decentralised

that facilitate the integration of Distributed Generation (DG). In the resulting decentralised scheme,

TSOs and DSOs collaborate to optimally allocate all resources in the system. Another methodology to

coordinate TSOs and DSOs giving an active role to the DER is proposed in [21]. However, while the

purpose of [43] was to minimize operating costs and relieve congestion, [21] aims to provide balancing

across different timescales.

Even though the works presented in the literature present a deep level of analysis within the topic

presented in this paper, they mainly focus on solving a speci�c constraint. For example, in category
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(i) the works in [36, 37] centre on solving congestion, and [38, 39] pivot on solving voltage constraints.

Only the work in [40] has the ability to solve both constraints, but it lacks the implementation of a model

such as product differentiation to �x the network operating issues without needing a �exibility market.

A positive aspect of all works in this category is that they all deal with network constraints in a P2P

framework. Taking into account the works in category (ii), [41] only aims to solve frequency issues in the

presence of a P2P market. 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.

Furthermore, each work focus on solving only one network operating constraint: congestion [43] or

frequency [21]. An overview of the studies mentioned in the literature is presented in Table 2.2.

Table 2.2: Literature overview.

Reference P2P framework Congestion management Voltage control Frequency regulation TSO/DSO coordination
[36], [37] X X � � �
[38], [39] X � X � �

[40] X X X � �
[41] X � � X �
[43] � X � � X
[21] � � � X X

Taking these points into consideration, this dissertation aims to develop methodologies, described in

chapter 3 that allow to solve frequency, congestion, and voltage constraints, always in the P2P frame-

work.
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This chapter intends to introduce the models developed under the full P2P market design. The

�rst model, the benchmark, described in section 3.1, is used to study the challenges of managing the

distribution grid when a P2P architecture is implemented. The benchmark model is used as a reference

for the results obtained with the other models. To solve the P2P market taking into account the technical

operating limits of the network, different methodologies were considered: (i) coordination between the

P2P market and the DSO, to solve congestion and voltage constraints, in section 3.2; (ii) coordination

between the P2P market and the TSO, to solve frequency constraints, in section 3.3; (iii) TSO-DSO

coordination with the P2P market to solve all constraints simultaneously, in section 3.4.

3.1 Benchmark

To compare the impact of product differentiation strategies in the market mechanism it is necessary to

evaluate the Social Welfare (SW). A benchmark model disregarding grid constraints, was developed

as reference scenario. This model is non-iterative and consists mainly of two steps. The �rst step is

the P2P market model optimization. Here, the bilateral power traded and trading prices are obtained,

along with the power that should be generated by the producers and absorbed by the consumers. The

second step is an AC-PF validation, to determine if the results from the P2P market respect the technical

and operational limits of the distribution network. These steps are seen in more detail in sections 3.1.1

and 3.1.2.

The �owchart describing this model is presented in Figure 3.1.

Figure 3.1: P2P market benchmark model �owchart.

For each hour, the input data to the P2P market are the peer's power, �exibility, and cost functions.

These cost functions are described in section 4.1.3, and represent the price that loads are willing to pay

to cover the demand and the price of producing a certain amount of power by the generators.

The results obtained from the P2P market are given as an input to the AC-PF to determine whether

the P2P market clearing results respect the network constraints. The benchmark model is assessed in
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section 4.2 and its results are compared to the models proposed in sections 3.2 to 3.4.

3.1.1 P2P mathematical model

The optimization of the P2P market, with the minimization of Equation (3.1a), aims to maximize the SW

by determining the cheapest way to cover electricity demand. The P2P market is solved for each period

of time (one hour in the proposed method), and the set of periods, T , corresponds to all hours of a single

day. Peers 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 
 p and 
 c, respectively. Within 
 p it can be considered a set exclusively for producers with

renewable generation, 
 pRES . The set of trading partners of n is given by ! n .

The P2P mathematical model inspired on [7] can be formulated as,

min
D

X

n 2 


Cn (Pn ) + C̃n (Pn ) (3.1a)

s.t. Pn =
X

m 2 ! n

Pn;m 8n 2 
 (3.1b)

Pn � Pn � Pn 8n 2 
 (3.1c)

Pn;m + Pm;n = 0 8(n; m) 2 (
 ; ! n ) (3.1d)

Pn � 0 8n 2 
 p (3.1e)

Pn � 0 8n 2 
 c (3.1f)

where D = f Pn , Pn;m 2 Rg and the decision variable is Pn , the net active power of peer n. Constraints

are necessary to guarantee the correct functioning of the P2P market.

The active power of each peer n is equal to the sum of all bilateral trades Pn;m in which n is involved,

as in constraint (3.1b). Pn has a given degree of �exibility for both types of peers, hence the lower and

upper boundaries are de�ned in constraint (3.1c). Constraint (3.1d) guarantees the bilateral agreements

between peers n and m are respected. The price for each trade is obtained by calculating the dual

variable � n;m of constraint (3.1d). The producers will have a positive Pn and the consumers will have a

negative Pn , as in constraints (3.1e) and (3.1f), respectively.

The objective function considers the cost Cn for each peer as a quadratic curve, as proposed in

[14,44]:
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Cn =
1
2

an P2
n + bn Pn + dn (3.2)

The product differentiation parcel of the cost function (3.3) is given by a combination of non-monetary

preferences between peers n and m [9],

C̃n =
X

m 2 ! n

X

g2 G

cg
n  g

n;m Pn;m (3.3)

where a particular preference g 2 G is monetized through the trade coef�cient, cg
n . The trade char-

acteristic,  g
n;m , differentiates each peer m from the perspective of peer n. This differentiation will lead

to variable shadow prices � n;m .

This work considers two preferences, both to solve constraints at DSO level deepened in section 3.2:

(i) one based on the euclidean distance between peers, to solve congestion constraints, and (ii) another

to solve voltage constraints, based on the sensitivity between the peers that can offer �exibility 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 High Voltage (HV)/Medium Voltage (MV) power

transformer, in order to model the requirements of the TSO for frequency services, as it will be seen in

section 3.3.

3.1.2 Power �ow

The AC-PF [45] validates the P2P clearing market results, using as input the agents power set-points,

Pn . The loads and generators are de�ned with steady active power, with the reactive power only being

�xed for loads, whilst generators' reactive power depends on the type of generation technology [7].

A slack bus needs to be created, which is usually done using the generator that has the highest

power capacity, with �xed voltage magnitude and angle. The active and reactive powers are computed

by the AC-PF.

The AC-PF is done using the Pandapower tool [46], which allows to model electric grids, by de�ning

elements such as lines, generators, loads, and transformers, and their respective parameters.

Frequency constraints can be anticipated by TSO due to imbalances between production and con-

sumption 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%,

L l max , as set in Equation (3.4). A voltage constraint emerges when the voltage magnitude of a node i is
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not between the lower Vi min and upper limits Vi max of 0.95p:u: and 1.05p:u:, respectively, as in Equation

(3.5) [37].

L l � L l max ; l 2 L (3.4)

Vi min � Vi � Vi max ; i 2 N (3.5)

To account for these limitations, changes in the P2P market optimization must be performed, for

example with product differentiation with grid tariffs that modify agents' behaviour. Further description of

the power �ow modeling done is described in section 4.1.4.

3.2 DSO related services

Regarding the grid operation, the DSO can contract services to manage congestion and voltage level

violations, as described in sections 3.2.1 and 3.2.2. Two iterative models were developed, one for each

type of constraint. The mathematical model for the P2P market used in both methods can be presented

as an improvement of Equation (3.1):

min
D

X

n 2 


Cn (Pn ) + C̃n (Pn ) + �P F lex Ext
n;t (3.6a)

s.t. constraints in (3.1) (3.6b)

0% � PF lex
n + PF lex Ext

n;t � 100% ; n 2 
 c; t 2 T (3.6c)

� >> 1 (3.6d)

At the beginning of every time period t, the �exibility offered by the loads is at 30% of their baseline,

in both upward and downward directions, PF lex
n . The extra load �exibility is initially set at 0%, PF lex Ext

n;t .

In every hour, if when the iteration k limit is reached the constraint has not been solved, then PF lex Ext
n;t

will update the total �exibility offered. This �exibility is limited by constraint (3.6c), and its increase is

penalized by coef�cient � , in constraint (3.6d). This forces the system to use as little extra �exibility as

possible.

During every time period t and at any iteration k, the �exibility offered by the RES is of 100 % in

the downward direction, meaning the operating point can be anywhere between zero and their forecast

power.

Since now there will be differentiation mechanisms in place, there will not be a global clearing market
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price, but rather different marginal prices � n;m , which include marginal and product differentiation costs.

3.2.1 Congestion management services

The iterative model that deals with grid congestion, P2P Cong, is presented in Figure 3.2.

Figure 3.2: Flowchart of the P2P market model, handling congestion issues at the DSO level, P2P Cong (adapted
from [7]).

The �rst step of P2P Cong is the P2P market to obtain optimal trading between peers, as in Equation

(3.6a), through the bilateral trades, Pn;m , and the shadow prices, � n;m . Initially, the market is cleared

without any differentiation of market offers. The second step is the DSO operation, where an AC-PF is

used to determine if the network technical limitations are respected.

In case a line congestion is detected, violating the limitation from Equation (3.4), the product dif-

ferentiation mechanism will penalize every trade causing the congestion using the euclidean distance

between peers through cg
n and  g

n;m . A deeper look into this mechanism is presented in section 3.2.1.A.

Then, new values of cg
n and  g

n;m are sent to the P2P market, initiating the �rst step again, until the

network limits are �nally respected. This allows the process to move to step four.

The choice of cg
n and of the parameter that will penalize  g

n;m in each iteration, up, is 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 congestion, iteration k limit is reached. So, in

step three, the �exibility market enforces that the load's �exibility increases, and the P2P market is run
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from step one. Once the congestion is solved, the process moves to step four and the market results

under grid constraints are obtained. Model P2P Cong is assessed in sections 4.3.1 and 4.3.2.

3.2.1.A Product differentiation for congestion management services

To solve congestion issues, the most appropriate criteria is the euclidean distance between the peers

[47], translated to the trade characteristic  n;m [km], which will always be positive,  n;m > 0.

In the �rst iteration with product differentiation, the trade characteristic is composed of the euclidean

distance between the generators and the loads. The trade characteristic is updated in every iteration,

penalizing the trades causing congestion. The coef�cient used to update  n;m is named up and its impact

intends to reduce the power �ow in the targeted distribution lines, in order to solve the congestion issues.

As the objective is to penalize trades, cg
n  g

n;m Pn;m > 0, in Equation (3.3), as it is seen as an additional

cost. Thus, as for the loads Pn;m < 0 and  n;m > 0, then cn < 0. The trade coef�cient, cn , is assumed

to be the same for all peers and is the same during the whole process. It monetizes the willingness to

pay for an electricity trade considering the distance.

In these circumstances, let us analyze an example on how the product differentiation process works,

using two generators, G2 and G3, and one load, L1, as in Figure 3.3.

Figure 3.3: Illustrative example of a network with two generators and one load.

L1 is located 5 km away from G2 and 10 km away from G3. Using P2P Cong, the �rst iteration

is run without differentiation (cL 1 = 0 ), which enables L1 to buy from either G3 or G2 without any

preference. However, let us assume that in the result of the AC-PF a congestion was detected in the

line connecting L1 and G3. Applying the differentiation, in iteration two, cn is given a constant value, for

instance cn = � 2C=(km � MWh ), while  n;m is de�ned as the euclidean distance between the loads and
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generators. Then, the coef�cient penalizing  n;m can be given an arbitrary value, for example, up = 1 , to

increase the penalization of the trades causing the congestion in each iteration, until the line overloading

is solved. Note that since the trade between L1 and G2 does not create the congestion,  L 1;G 2 is not

affected by coef�cient up. This process is exempli�ed in Table 3.1.

Table 3.1: Product differentiation parameters for the example in Figure 3.3.

Parameter It. 1 It. 2 It. 3
cL 1 [C=(km � MWh )] 0 -2 -2

 L 1;G 2 [km] 0 5 5
 L 1;G 3 [km] 0 10 11

3.2.2 Voltage control services

The iterative model that deals with grid voltage constraints, P2P V olt, is presented in Figure 3.4.

Figure 3.4: Flowchart of the P2P market model, handling voltage issues at the DSO level, P2P V olt.

Similarly to model P2P Cong, P2P V olt uses the P2P market in step one and starts the DSO op-

eration (step two) with the AC power �ow. However, in P2P V olt, the product differentiation penalizes

the trades causing voltage issues by violating the limitation in Equation (3.5), 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 the resistance of the common path of two paths:
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the one between the node with the worst constraint and the slack bus, and the one between the node

with the peers that can offer �exibility and the slack bus. Further description of this process is given in

section 3.2.2.A.

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 �exibility market enforces the load's �exibility to increase.

The new �exibility 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 with network

constraints are obtained.

An extra stage is considered in step 2, by applying reactive power control to the peers with the most

impact on the existing constraint. For example, in case there is a low voltage constraint, the value of

tg(� ) 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 the most impact to 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(� ) of the RES. The process applied in this stage is described

in section 3.2.2.B. 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 V olt assume a feedback mechanism from the DSO

operation to the P2P market, with peers having the chance to re-negotiate the transactions made. This

mechanism is used until a solution is obtained, satisfying the DSO and peers in the market. Model

P2P V olt is assessed in section 4.3.3.

In case both constraints come up simultaneously, the mechanisms meant to solve each constraint

will be applied and market transactions will be renegotiated. If one of the problems is not solved, the

�exibility offered in the system will be increased and the new offers will be used in the P2P market. The

coordination required between these services for this mechanism to work is described in section 3.4.

3.2.2.A Product differentiation for voltage control services

This product differentiation mechanism takes a sensitivity-based approach. The trade characteristic  n;m

will now be obtained based on the total line resistance of the common path between: the path between

the bus with the worst constraint (the one to be solved) and the slack bus, and the path between the bus

where �exibility can be offered (loads or generators) and the slack bus.

Knowing this common path for both loads and generators, it is possible to combine them into a new

matrix, the trade characteristic  n;m , which characterizes the impact of each trade on the constraint. The

higher the impact of the trade between a load and a generator on the constraint, the higher the value in
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 n;m will be. If a trade does not have any impact on the constraint, then the value is given in  n;m will be

zero. As a normalization of these values was done in order to obtain  n;m � 0, the product differentiation

parameters for this process are adimensional.

In the �rst iteration with product differentiation, the trade characteristic is composed the initial matrix

 n;m . This trade characteristic is then updated in every iteration, penalizing the trades causing the

voltage constraint. The coef�cient used to update  n;m is named up and it aims to reduce/increase the

voltage level in bus i depending on the type of constraint.

As the objective is to penalize trades, cg
n  g

n;m Pn;m � 0, in Equation (3.3), as it is seen as an additional

cost. Thus, as for the loads Pn;m < 0 and  n;m � 0, then cn < 0. The trade coef�cient, cn , is assumed

to be the same for all peers and is the same during the whole process. It monetizes the willingness to

pay for an electricity trade considering the ”sensitivity”.

Let us see an example of how this mechanism is supposed to function. To keep the simplicity, let us

take that the slack bus, in node 0, is on the secondary side of the transformer and that there is one load

L2 and one generator G1 on a feeder of the network, and another generator G3 on the other feeder.

This is pictured in Figure 3.5. Using P2P V olt, the initial iteration is run without differentiation (cL 2 = 0 ),

which enables L2 to buy from either G1 or G3 without any preference.

Figure 3.5: Illustrative example of a network with two generators and one load.

Let us assume that in the result of the AC-PF a low voltage constraint in node 2 appears. Applying

the differentiation, in iteration two, cn is given a constant value for example cL 2 = � 1, while  n;m is

de�ned according to the impact of each trade on the constraint. In this process, for a constraint located

in node 2, it is considered that the trade between L2 and G3 has a bigger impact than the trade between

L2 and G1. Thus,  L 2;G 3 >  L 2;G 1. Then, the coef�cient penalizing  n;m can be given an arbitrary value,
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for example, up = 1 , in order to keep increasing the penalization of the trades that cause the constraint

in each iteration until it is solved. This process is exempli�ed in Table 3.2.

Table 3.2: Product differentiation parameters for the low voltage constraint example in Figure 3.5.

Parameter It. 1 It. 2 It. 3
cL 2 0 -1 -1

 L 2;G 1 0 1 2
 L 2;G 3 0 2 3

3.2.2.B Reactive power control for voltage control services

The reactive power control introduced presents an extra step in case the product differentiation mech-

anism described in section 3.2.2.A is not effective. This process consists on reducing the tg(� ) of the

loads (low voltage constraint situation) or RES (high voltage constraint situation).

This reduction is done in two steps for the loads: (i) setting tg(� ) to 0, and (ii) setting tg(� ) as the

negative of its initial value. As for the RES, only step (i) of setting tg(� ) to 0 is considered.

By doing this, the reactive power will vary between the 1st and 4th quadrants regarding its relation

to the active power. In fact, reducing the tg(� ) corresponds to absorbing capacitive reactive power, as

seen in Figure 3.6.

Figure 3.6: Relation between reactive (Q) and active (P) power.

Within each step, the reduction is done by order of impact on the constraint. First, it is reduced the

tg(� ) of the load or RES with the most impact. This is done successively until there are no more loads

or RES in the feeder where the constraint is located. The loads or RES present in feeders other than

where the constraint is are not considered in this process.

Let us now take the example from section 3.2.2.A, considering the product differentiation mechanism

was not effective.

In the case of the low voltage constraint in node 2, reactive power control is considered in the loads,

which let us assume initially have tg(� ) = 0 :3. As L2 is the only load in the feeder of node 2, only its
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tg(� ) is affected. First by reducing it from (i) 0.3 to 0. If this is not enough to solve the constraint, from

(ii) 0.3 to -0.3. If there was a load in node 1, L1, the initial reduction step, (i), would be taken for L2 and

only afterward, if the constraint had still not been solved, for L1. This is done since reducing the tg(� ) of

L2 has more impact on the voltage of node 2 than reducing the tg(� ) of L1.

3.3 TSO related services

In the case there is an imbalance between generation and consumption in the system, a frequency

regulation service can be provided to the TSO. Frequency regulation services can be requested by TSO

but the causes are not analyzed in the present work. The mathematical model for this P2P market can

be presented as in Equation (3.1).

As the TSO can ask for upward or downward frequency regulation, a virtual load with the ability to

have either positive or negative consumption has been added in the primary of the power transformer. In

the case of regulation-up service, the virtual load should be positive, and in the case of regulation-down

services, the virtual load should be negative.

The model that deals with frequency regulation, P2P Freq, is presented in Figure 3.7.

Figure 3.7: Flowchart of the P2P market model, handling frequency issues at the TSO level, P2P F req.

Similarly to models P2P Cong and P2P V olt in section 3.2, P2P Freq starts in the P2P market to

obtain the optimal trading between peers in Equation (3.1a). Entering the second step, TSO operation,

TSO can request frequency regulation services to the market. As mentioned, this regulation service is

modeled by a virtual load located in the TSO bus.

The third step relates to the DSO operation, where an AC-PF is run to determine if the network

limitations are obeyed. This methodology does not assume a feedback mechanism from the DSO to

the P2P market, as the TSO contracts a service to solve the frequency problem. Once this is done,
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the process moves to step four, containing the �nal market results. Model P2P Freq is assessed in

section 4.4.

Coordination between services offered to the TSO and DSO for situations where all targeted con-

straints can exist is studied in section 3.4.

3.4 TSO-DSO related services coordination

The TSO and DSO can be coordinated in order to solve all previously mentioned problems simultane-

ously. The mathematical model for the P2P market model used in this method can be presented as an

improvement of Equation (3.1), given by

min
D

X

n 2 


Cn (Pn ) + C̃n (Pn ) + �P F lex Ext
n;t (3.7a)

s.t. constraints in (3.1) (3.7b)

0% � PF lex Ext
n;t � 100% ; n 2 
 pRES ; t 2 T (3.7c)

� >> 1 (3.7d)

where the product differentiation is now the sum of two parcels: the one that solves congestion

issues, and the one that solves voltage issues. Product differentiation 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 �exibility offered by the RES is at 0%, as is the extra

�exibility from RES, PF lex Ext
n;t . In every time period t, when the iteration k limit is reached and the con-

straints have not been solved, then PF lex Ext
n;t will be updated, making the total �exibility offered increase

in the downward direction. The RES �exibility is limited by constraint (3.6c) and its increase is penalized

through � , in constraint (3.7d), to enforce the system to use as little extra �exibility as possible.

In each period t and in any iteration k, the �exibility offered by the loads is at 30% of their baseline,

in both upward and downward directions.

The model presented in Figure 3.8, P2P Full , has the purpose of solving all possible grid constraints

at once.

The described steps work as explained in sections 3.2 and 3.3. 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 is applied product differentiation

to solve these problems. If only voltage issues are found, an extra stage for reactive power control is
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Figure 3.8: Flowchart of the P2P market model, handling congestion and voltage issues at DSO level, and fre-
quency issues at the TSO level, P2P F ull .

included. Only if the �exibility negotiated in the P2P market to support the DSO services is insuf�cient

to solve both constraints will the RES �exibility be increased (step four). The new �exibility 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 �ve). Model P2P Full is

assessed in section 4.5.
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This chapter intends to assess the models described in the previous section. The main goal is to

demonstrate that the proposed architecture allows trading between peers and, at the same time, pro-

vides services to DSO (congestion management and voltage control) and TSO (frequency regulation).

After the description of the distribution network and of the agents used in this case study, in section 4.1,

the results for the benchmark case are shown in section 4.2. Then, the results obtained for DSO ser-

vices are presented in Section 4.3. This section presents 3 scenarios considering, (i) power transformer

boundaries, (ii) lines thermal limits constraints, and (iii) bus voltage constraints. Section 4.4 presents

a scenario where the TSO requests frequency regulation services. Then, Section 4.5, consists of a

scenario where all the mentioned services are required at the same time is presented. Finally, Section

4.6 intends to discuss the results obtained in the previous sections.

4.1 General data description

This section presents the distribution network used to evaluate the proposed methodologies (section 4.1.1).

Then, the agents characterization and cost curves are presented in sections 4.1.2 and 4.1.3. Then, the

modeling for the AC-PF setup is described, which was implemented using the Pandapower tool, in

section 4.1.4.

4.1.1 Distribution network description

This work uses a IEEE 37-bus MV distribution network, with a bus voltage of 11kV, as presented in

Figure 4.1. The original network was proposed in [48], the update of the network is taken from [49],

including an energy mix in 2050 proposed in [50]. The distribution network has 22 �exible loads and 28

generators, including one external supplier and 27 �exible DER:

• 3 Combined Heat and Power (CHP) plants

• 22 Photovoltaic (PV) generators

• 2 Wind farms (Wind)

In this con�guration, the network cannot be disconnected from the external grid, as that would require

investment in equipment such as batteries, or the addition of more conventional generation units to

guarantee the covering of demand in the hours where PV production is lacking.

4.1.2 Agents characterization

The external supplier has its maximum power limited by a 20 MVA power transformer (PGrid ), and the

minimum supplied power is considered zero, meaning the external supplier can only sell electricity to
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Figure 4.1: 37-bus distribution network used (adapted with authorization from [51]).

the network, as in Equation (4.1). The external supplier can both inject and absorb reactive power.

0 � PGrid � PGrid (4.1)

The CHP units are dispatchable and have a maximum operating point of 0.5 MW (PCHP ), and a

minimum operating power of 20% the maximum output, at 0.1 MW (P CHP ), as de�ned in Equation

(4.2). It is assumed that they can produce at the same marginal cost at all times. Their reactive power

production is limited as in Equation (4.3), where tg(� ) = 0 :3. So, it is assumed that they can only inject

reactive power while producing active power.

P CHP � PCHP � PCHP (4.2)

0 � QCHP � PCHP � tg(� ) (4.3)
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For the RES, the maximum operating point is the mean forecast power (Pn ), adapted from [52, 53]

for the PV systems and for the wind turbines, respectively. The adaptation of the forecast was made

so that RES was able to cover the load total demand during daylight hours, as in [47]. These units are

non-dispatchable but �exible, as their production can vary between their forecast power and zero, as

set in Equation (4.4). The RES are able to generate reactive power according to Equation (4.5), where

tg(� ) = 0 :4.

0 � Pn � Pn ; n 2 
 pRES (4.4)

0 � Qn � Pn � tg(� ) ; n 2 
 pRES (4.5)

A visual representation of the maximum and minimum generation in the network is pictured in Figure

4.2.

Figure 4.2: Total maximum and minimum generation in the network.

The loads in the system were given a 30% �exibility of their base load in both downward ( Pn ) (Equa-

tion 4.7) and upward (Pn ) (Equation 4.8) directions, as de�ned in Equation (4.6). Regarding the reactive

power generation, it is set for the loads according to Equation (4.9), where tg(� ) = 0 :3. This equation

establishes dependency between reactive and active power consumption, which results from the P2P

market clearing.

Pn � Pn � Pn ; n 2 
 c (4.6)

Pn = Pbase � (Pbase � 0; 3) ; n 2 
 c (4.7)

Pn = Pbase + ( Pbase � 0; 3) ; n 2 
 c (4.8)

Qn = Pn � tg(� ) ; n 2 
 c (4.9)

A representation of the network's total demand and respective �exibility is illustrated in Figure 4.3.

An example for the DER generation and loads consumption in hour 12 is given in Tables A.1 and A.2.
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Figure 4.3: Total network demand and �exibility in the network.

Flexibility is crucial for P2P markets, since it helps to achieve market clearing by balancing the sys-

tem. Moreover, without �exibility the loads consumption would not be affected by the electricity price

that results from the mix of generation technologies. It is important that the loads' and generators'

marginal curves are designed in a way that they can intersect. If the loads' marginal curve is always

under the generators', then the loads will always consume their minimum demand. Otherwise, if the

loads' marginal curve is always above the generators', the loads will always consume their maximum

demand [47].

4.1.3 Agents cost curves

In general, the cost curve for conventional generators is computed considering a marginal curve. This

curve corresponds to the marginal cost, which is de�ned as the additional cost of producing one MWh

of energy. However, this work considers another way to design the generators' cost curves.

For the external supplier it was assumed a constant importing price, which sets an from Equation

(3.2) to zero. The import price was assumed to be a sum of the Iberian Electricity Market (MIBEL) aver-

age price and the grid tariff. To give relevance to the CHP results, it was assumed a price slightly lower

than the wholesale market price imposed by the external supplier in bn . Furthermore, an is considered

a non-zero coef�cient, making this price vary with the amount of injection from the CHP units.

The RES (Wind and PV) were modeled as nearly zero marginal cost generators, to steer clear of

hours where the electricity price is null, mainly during daylight hours. This happens as in these hours

the demand can be covered by renewable generation since it is when maximum production occurs. A

low price was set with the same bn for every RES. This means that any load can choose to buy electricity

from any RES without any difference, as they all will offer the same price.

For every generator, start-up costs were disregarded, so dn is always zero. The coef�cients of the

cost function in Equation (3.2) for the generators are presented in Table A.3. These coef�cients were

set according to the work in [47].

The low price associated with the RES means that the Wind and PV units will be the �rst to cover
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electricity demand in the P2P market. Only if this supply is not enough will the CHP units come into

play, being followed by the external supplier as a last resort. The external supplier needs to be present

to cover peak demand, mainly when RES are not available.

The loads are willing to pay a certain price to cover their electricity demand. A quadratic function,

as in Equation (3.2), was considered, with an and bn being computed through a marginal utility function.

This is obtained using two points for each load, A and B , and considering their �exibility, as set in

Equations (4.10) and (4.11). Coef�cient dn from Equation (3.2) was considered to be zero for every

load.

A(Pn ; 58C=MWh) ; n 2 
 c (4.10)

B (Pn ; 4C=MWh) ; n 2 
 c (4.11)

The marginal utility function for each load is the straight line passing through An and Bn , as showed

in Figure 4.4.

Figure 4.4: Loads marginal cost curve (adapted from [47]).

Where An is the load minimum consumption, with the loads being prepared to pay the highest price

to cover it. As for Bn , it is the load maximum consumption, where the loads are willing to pay the

cheapest price to cover it.

4.1.4 Power �ow modeling

The feasibility of P2P transactions should be validated using a power �ow model. As this work is applied

to distribution grids, an AC-PF model is used. This model is more accurate than the DC-PF which is

used in many studies in the literature, such as in [54]. 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 2 L
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which connect the nodes i 2 N .

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-PF model since it is the generator with highest power capacity. The slack bus

has voltage level and angle �xed in 1 pu and 0 � and was considered on the primary side of the power

transformer to take into consideration constraints that may exist in this component.

The slack bus is connected to the distribution system by this power transformer which is modeled in

pu system as a line with speci�c characteristics, in the Pandapower tool, as described in appendix A.4.

Each peer n is located in a node, which has voltage magnitude, Vi , angle � i , and injects/consumes

apparent power, Si , where Pi and Qi corresponds to the active and reactive components of Si , as in

Equation (4.12). Each node can have several prosumers.

Si = Pi + jQi (4.12)

Line l connects a pair of nodes (i ,j ) and its impedance is characterized by Equation (4.13), where

Ri;j is the resistance and X i;j is the reactance. Equation (4.14) represents the active, Pi;j , and reactive,

Qi;j , components of the power �ow, respectively. Appendix A.5 presents the data used for the modeling

of the distribution lines.

Z i;j = Ri;j + jX i;j (4.13)

Si;j = Pi;j + jQi;j (4.14)

Both generators and loads can be located in the same node. For both peers, the active power result

is a steady value equal to the P2P market value, Pn , from Equation (3.1). The reactive power generated

by the loads is set as in Equation (4.9). As for the generators, their generated reactive power is computed

by the AC-PF, within the limits de�ned in section 4.1.2. Only the external supplier does not have a �xed

active power result from the P2P market, with it being variable as de�ned in Equation (4.1). This allows

the external supplier to compensate the losses in the network in the AC-PF, as the P2P market does not

take network losses into consideration.

Figure 4.5 shows the representation of the network using Pandapower. In the hours without daylight,

the PV generators were erased from the network. This avoids problems in the AC-PF caused by zero

power generation, that could prevent convergence from being reached.
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Figure 4.5: Representation of the distribution network on pandapower.

4.2 Benchmark case

In this section the benchmark model described in section 3.1 is used on the IEEE 37-bus distribution

network presented in Figure 4.1. Firstly, section 4.2.1 provides an analysis on the P2P market clearing

results, including network losses and SW. Then, section 4.2.2 provides an assessment on grid operation

feasibility, to validate the results obtained in the P2P market.

4.2.1 P2P market clearing

The P2P market, described in section 3.1.1, is optimized using Gurobi [55], applied in an interface with

Python. The objective function will minimize the total costs and is equal to the sum of the generators

and loads cost curves, as in Equation (3.1a), mentioned in section 4.1.3.

The total electricity demand in the network, obtained for the benchmark, is depicted in Figure 4.6.

The total consumption will range between the minimum and maximum load de�ned by the 30% �exibility,

as de�ned in Equation (4.6).

Figure 4.6: Benchmark - P2P clearing results for loads.

Figure 4.7 shows the generation mix determined by the P2P clearing. In the periods between hours 1

and 3, and hours 19 and 24, the lack of PV generation leads to the import of electricity from the external

suppliers. During the hours with high RES penetration, speci�cally in hours 9 to 16, the CHP generation
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exists due to the imposed minimum operating point in Equation (4.2), as the RES generation has the

ability to match all the consumption in the network.

Figure 4.7: Benchmark - P2P clearing results for generators.

Figure 4.6 shows that in hours 1 to 3 and 19 to 24, load consumption will be at its minimum. This

response results from the de�nition of the loads cost curve: import from the external supplier leads to

an electricity price equal to the price in the wholesale market, 58 C=MWh. Therefore, loads will pay this

price that allows them to cover their minimum demand, as de�ned in Equation (4.7). In these hours the

power set point for the loads is in point A of the marginal cost curve in Figure 4.4.

During hours 9 to 16, the demand will be covered by the RES, with exception of the CHP minimum

operating point. As the cost for the RES generation is considered to be 4 C=MWh, it matches the

minimum cost loads are willing to pay for consuming one MWh. Consequently, the load consumption

will be at its maximum, as in Equation (4.8). In these hours the power set point for the loads is in point

B of the marginal cost curve in Figure 4.4.

In the remaining hours, CHP generation is needed, but not only at its minimum operating point.

As there is no import from the external supplier, CHP generation can be variable within its limits, as

in Equation (4.2). Thus, the loads' power set point can vary along the cost curve depending on this

generation, and the clearing point will determine the electricity price through the dual variable � n;m , in

Equation (3.1d). In these hours the power set point for the loads is in point C of the marginal cost curve

in Figure 4.4.

The results for the electricity price in the P2P market clearing are presented in Figure 4.8.

It is clear that RES generation is highly used in the P2P market, and has the ability to fully cover the

electricity demand in some hours. In the hours where this is possible, the loads will make use of their

�exibility to consume as much as possible, as the price is cheaper, at 4 C=MWh. However, when power

needs to be supplied by the external supplier, the loads will use their �exibility to consume as minimum

as possible, due to the higher electricity price, which will be 58C=MWh. Thus, it can be seen that

�exibility is important as it allows to prioritise the power output from RES to satisfy the loads' demand,

enabling the maximization of the SW.

Furthermore, results for the network losses, relative to the total dispatched consumption in each
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Figure 4.8: Benchmark - electricity price in the P2P market.

hour, and the SW, were obtained, as presented in Table 4.1. These results are used as reference values

to compare to the results obtained with the remaining models developed for this work. It can be veri�ed

that the hours with higher RES penetration correspond to lower losses, as there is more generation

throughout the network, and higher SW, since the electricity price is cheaper, bene�ting the consumers.

Table 4.1: Benchmark - results from the losses and SW in each hour.

Hour 1 2 3 4 5 6 7 8 9 10 11 12
Losses (%) 1.09 1.05 1.11 1.13 1.32 1.39 0.9 0.62 0.37 0.22 0.12 0.12

SW (C) 604 599 584 570 565 542 667 824 985 1146 1212 1290

Hour 13 14 15 16 17 18 19 20 21 22 23 24
Losses (%) 0.1 0.1 0.15 0.29 0.33 0.52 0.82 1.41 1.35 1.31 1.26 1.16

SW (C) 1288 1271 1264 1253 1258 1215 984 839 826 801 747 692

So, from the peer's perspective, the P2P market is the best solution as it allows consumers the

freedom to choose the cheapest generator, through bilateral contracts. Additionally, without any differ-

entiation mechanisms in play, all loads pay the same price. Therefore, there is a global clearing market

price, equal for every agent, � n;m .

4.2.2 Grid operation feasibility

After the P2P clearing, an AC-PF validation is done to check if the load level of the lines and the volt-

age magnitude of each node in the network respect the limits imposed in Equations (3.4) and (3.5),

respectively.

Regarding the obtained market results in the benchmark, it can be seen in Figure 4.9 that no conges-

tions emerged, as the load threshold of 100% is respected in every period. The maximum line loading

is higher in the periods without PV generation, as the lack of DER leads to higher usage of the same

lines. In particular, hour 20 has the highest loading of any hour, at 98,3% in line 26, which connects

nodes 1 and 27. In this feeder there are only PV generators, as seen in Figure 4.1. So, to supply the

loads, high usage of this line is required, leading to a higher load level, since in this hour there is no PV

generation. Looking more speci�cally, Figure 4.10 shows that no congestion in the power transformer
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occurred. It can be observed that the highest loading also comes in hour 20, which is the hour with the

most injection from the external supplier to supply the demand.

It can also be noted that in the hours where there is no injection from the external supplier in the P2P

market, for example between hours 10 and 15 in Figure 4.7, that the loading in the power transformer line

very low, but not at 0%, as seen in Figure 4.10. This happens because, as described in section 4.1.4, the

P2P market does not take into consideration the losses in the network. As these are taken into account

in the AC-PF validation, and the output from the external supplier can be variable, it will compensate the

losses in the network.

Figure 4.9: Benchmark - maximum line capacity.

Figure 4.10: Benchmark - maximum power transformer capacity.

With respect to the voltage magnitude level, presented in Figure 4.11, the maximum and minimum

limits were obeyed in every hour. Explicitly, it can be seen that the PV generation, when predominant

(e.g., hours 11 to 14), allows stabilization of the minimum and maximum voltage levels near each other.

For example, in hour 12, the minimum voltage is in node 20, at 0.99p:u: and the maximum voltage is

rated at 1.00p:u: in node 14.

In this model, no frequency, congestion, or voltage constraints were found. However, if they were,

the P2P market clearing results would not be valid. This happens as the pure P2P formulation does not

take into account network constraints in the peers' decisions. The developed models, assessed in the

sections sections 4.3 to 4.5, aim to show that when internalizing these constraints, they can be solved

and feasibility achieved.
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Figure 4.11: Benchmark - maximum and minimum nodal voltages.

4.3 DSO services participation in P2P market

This section aims to compare the results of scenarios 1, 2, and 3 to the benchmark case from section 4.2,

and to analyze the results obtained from both technical and economic points of view. Scenarios 1 and 2

analyze the behaviour of model P2P Cong, described in section 3.2.1, in the presence of congestions

in the power transformer and the distribution lines, respectively. Then, Scenario 3 analyzes a situation

with voltage constraints, solved with the application of model P2P V olt, described in section 3.2.2.

4.3.1 Scenario 1 - Power transformer boundaries

The �rst scenario studies the behaviour of model P2P Cong, described in section 3.2.1, when there is

congestion in the power transformer, i.e., assuming that the power transformer capacity is reduced by

three times.

As seen in Figure 4.12, the power transformer presents congestion in hours 20 and 21, where the

limitation in Equation (3.4) is violated. This happens as these are the hours in which there is more power

being injected by the external supplier.

Figure 4.12: Scenario 1 - maximum power transformer capacity before the application of P2P Cong.

After applying model P2P Cong, the bottlenecks in the transformer in these hours are solved, as

veri�ed in Figure 4.13.
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Figure 4.13: Scenario 1 - maximum power transformer capacity after the application of P2P Cong.

Analysing the obtained results, it was veri�ed that only in hours 20 and 21 there were changes from

the results obtained in the benchmark, in section 4.2. This happens as the iteration that starts P2P Cong

is run as in this case. So, only in the hours with constraint will the mechanisms of P2P Cong impact the

results. The results for the hours where constraints emerged are presented in Table 4.2.

Table 4.2: Scenario 1 - results in hours 20 and 21 with the application of P2P Cong.

Hour 20 21

Benchmark
Losses (%) 1.41 1.35

SW (C) 839 826
Before P2P Cong Losses (%) 1.41 1.35

After P2P Cong
Load �ex. ( %) 40 35

Losses (%) 1.23 1.26
SW (C) 614 700

Results show that a congestion in the power transformer can only be solved by reducing the power

�ow in this component. Using the product differentiation mechanism, as in section 3.2.1.A, the trades

causing this congestion were penalized. However, due to the lack of RES penetration available in these

hours, this mechanism was not effective in reducing the power �ow in the power transformer.

In order to solve this congestion, the power being supplied by the external supplier must be reduced.

Therefore, load shedding is needed. This is achieved when increasing load �exibility, by activating the

loads' extra �exibility, as described in section 3.2. The congestion was solved in hours 20 and 21 by

increasing the total load �exibility from 30 % to 40% and from 30% to 35%, respectively.

However, the increase of load �exibility is penalized in Equation (3.6a) and leads to a reduction in the

SW, as the market is no longer ”ideal”. This decrease can be seen for example in hour 20, as the SW is

reduced from 839C to 614C. The reduction in the external supplier output power does not in�uence this

value, as in these hours there is still supply from this generator, and thus the electricity price remains

the highest. Hence, the loads consumption is at their minimum demand, as discussed in section 4.2.1.

In contrast, increasing load �exibility reduces the networks' power �ow and contributes to a reduction

in the losses. In hour 20, this decrease is from 1.41% to 1.23%. Table 4.2 also shows that by decreasing

the capacity of the power transformer (before solving the congestion), losses were not affected.
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The increase of load �exibility can be noted in Figure 4.14, in hours 20 and 21, where a decrease

in consumption is veri�ed in comparison to the same hours in the benchmark result, in Figure 4.6. In

the iteration following this increase in P2P Cong, no differentiation is applied and so the P2P market

prioritizes RES generation, as it is cheaper. Consequently, the only reduction in the generators' output

in these hours is in the external supplier, in order to match the decrease in consumption in the network.

This is veri�ed in Figure 4.15, when comparing to the benchmark result in (see 4.7).

Figure 4.14: Scenario 1 - P2P clearing results for loads after the application of P2P Cong.

Figure 4.15: Scenario 1 - P2P clearing results for generators after the application of P2P Cong.

A cumulative representation of the results from Scenario 1 is presented in Table 4.3, to establish a

comparison between the scenario and the benchmark model.

Table 4.3: 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 (C) 22 025.8 21 675.1

As discussed, the increase in �exibility leads to a reduction in the overall consumption of 3.37 MWh .
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By increasing �exibility, the �rst iteration of the P2P market does not use product differentiation. As

RES generation is prioritized in the P2P market, since it is cheaper, a reduction in the injection from

the external supplier is observed, which decreases by also 3.37MWh . Reducing the power �ow in

the transformer is shown to be the solution for the adjustment of the power transformer limit. It was

noticed that reducing the capacity of the power transformer did not impact the losses in the network.

The decrease of 1.6% veri�ed in the losses is due to the lower power �ow, originated by the increase in

load �exibility to solve the congestion issue. This load �exibility increase leads to a decrease in the SW

of 1.5%.

4.3.2 Scenario 2 - Lines thermal limits constraints

The second scenario studies the behaviour of model P2P Cong, described in section 3.2.1, when there

is congestion in the distribution lines. This happens when the limitation set in Equation (3.4) is violated.

To have constraints, it was assumed that all the distribution network lines are at half of their capacity.

This leads to congestion in hours 1 to 9 and 16 to 24, as seen in Figure 4.16. Note that these are

periods with low PV injection, which is the generation with the most presence in the network. Not having

these generators supplying power means less DER and, consequently, more likely to have congestion

issues.

Figure 4.16: Scenario 2 - maximum distribution line capacity before the application of P2P Cong.

After applying P2P Cong, the congestion issues in the distribution lines in these periods were solved,

as it can be seen in Figure 4.17.

Analysing the obtained results, it was veri�ed that only in hours 1 to 9 and 16 to 24 were changes

from the results obtained in the benchmark, presented in section 4.2. This happens as the iteration that

starts P2P Cong is run as in this case. So, only in the hours with constraint will the mechanisms of

P2P Cong impact the results. The results for the hours where constraints emerged are presented in

Tables 4.4 and 4.5.

Results show that the product differentiation mechanism, as in section 3.2.1.A, is effective in solv-

ing congestion issues in the distribution lines. For instance, in hour 17 the congestion was solved by
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Figure 4.17: Scenario 2 - maximum distribution line capacity after the application of P2P Cong.

Table 4.4: Scenario 2 - results in hours 1 to 9 with the application of P2P Cong.

Hour 1 2 3 4 5 6 7 8 9

Benchmark
Losses (%) 1.09 1.05 1.11 1.13 1.32 1.39 0.9 0.62 0.37

SW (C) 604 599 584 570 565 542 667 824 985
Before P2P Cong Losses (%) 1.09 1.05 1.11 1.13 1.32 1.39 0.9 0.62 0.37

After P2P Cong
Load �ex. ( %) 40 35 30 30 30 30 40 30 30

Losses (%) 0.82 0.81 0.84 0.59 0.62 0.62 0.68 0.37 0.27
SW (C) 452 511 563 429 414 385 544 772 985

maintaining the load �exibility at 30 %. A further look into the effect of this mechanism is provided in

section 4.3.2.A. Even though in some hours the loads' �exibility had to be increased, as described in

section 3.2, the obtained results for these hours still relied on the differentiation applied to the market

offers. For example, in hour 20 the load �exibility had to be increased from 30 % to 65% for the differ-

entiation mechanism to be effective. Note that the line that has the highest loading and is causing the

congestion in Figure 4.16 does not have to be necessarily the line with the highest loading after the

application of P2P Cong, as presented in Figure 4.17. It can happen that by applying differentiation to

the market offers, the new trades in the P2P market cause a higher loading in another line, to solve the

congestion.

Facing the results, it is clear that the SW is impacted by both the product differentiation mechanism,

and the increase of load �exibility. As with this differentiation, the P2P market no longer prioritizes

cheaper generation. In some hours injection from the external supplier is favoured. Therefore, con-

sumers can no longer choose the cheaper generator to satisfy their demand, and consequently, the

SW will decrease. For example in hour 5, the SW decreases from 565C to 414C. If a closer look is

taken, comparing the generation mix in Figures 4.7 and 4.19, it is visible that the differentiation led to

an increase in the external supplier injection in this hour, leading to a lower SW. In contrast, by giving

preference to generators who are closer to the loads, losses in the network will decrease, as seen for

example in hour 5, where it is reduced from 1.32% to 0.62%. Similarly to scenario 1, in section 4.3.1, it

can be seen that the increase of load �exibility contributes to the reduction in the SW and lower losses

in the network, as the power �ow is reduced. Furthermore, it is also veri�ed by the results in Tables 4.4

and 4.5 that decreasing the capacity of the distribution lines (before solving the congestion) does not

51



Table 4.5: Scenario 2 - results in hours 16 to 24 with the application of P2P Cong.

Hour 16 17 18 19 20 21 22 23 24

Benchmark
Losses (%) 0.29 0.33 0.52 0.82 1.41 1.35 1.31 1.26 1.16

SW (C) 1253 1258 1215 984 839 826 801 747 692
Before P2P Cong Losses (%) 0.29 0.33 0.52 0.82 1.41 1.35 1.31 1.26 1.16

After P2P Cong
Load �ex. ( %) 30 30 30 45 65 65 60 55 50

Losses (%) 0.2 0.23 0.3 0.54 0.76 0.74 0.77 0.82 0.78
SW (C) 1253 1247 1186 699 390 391 412 418 425

affect the losses.

The impact of the mechanisms considered can be seen in the results of the P2P clearing in hours 1

to 9 and 16 to 24. The product differentiation does not prioritise RES generation, which will lead to an

increase in injection from the external supplier in hours 2 to 6, as seen in Figure 4.19, in comparison to

the benchmark result of Figure 4.7. The impact of the load �exibility increase can be seen more accu-

rately between hours 19 and 24, as seen in Figure 4.18, where a signi�cant decrease in consumption

is veri�ed in comparison to the benchmark result, in Figure 4.6. It can be noticed that when there is

injection from the external supplier, as in Figure 4.19, the loads total consumption will be close to its

minimum, as in Figure 4.18. However, it can be noticed that in these hours the total consumption is not

at its minimum. This happens because of the differentiation process to solve the congestion issues. Due

to the penalty, the consumption of a certain load may not be at its minimum, as it can be negotiating with

a generator located in the same bus as it.

For example, in hour 5 (no PV generation) congestion issues emerged in lines 12 (connects bus

1 to bus 13) and line 13 (connects bus 13 to bus 14). In bus 14 the trades between the load and

the generators (Wind and CHP) were bene�ted, as they are located in the same bus. Therefore, the

consumption in this load increased. An increase was also veri�ed in the consumption of the load located

in bus 16, whose trade with the CHP generator in the same bus is bene�ted. The other loads in the

network were at their minimum demand.

Figure 4.18: Scenario 2 - P2P clearing results for loads after the application of P2P Cong.

A cumulative representation of the results from Scenario 2 is presented in Table 4.6, to establish a

comparison between the scenario and the benchmark model.
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Figure 4.19: Scenario 2 - P2P clearing results for generators after the application of P2P Cong.

Table 4.6: 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 (C) 22 025.8 18 946.3

As discussed, the differentiation mechanism implemented was effective. Consequently, a big impact

on the SW was veri�ed, as the differentiation can give priority to the energy provided by external suppli-

ers instead of RES generation. Therefore, it is visible a decrease in the Wind generation, of 12.01MWh ,

instead of just in the external supplier, as happened in scenario 1, in section 4.3.1. By no longer having

preference over the cheapest generators and by increasing load �exibility, the SW decreased 14 %. The

reduction in the overall generation of the network is mainly due to the increase of load �exibility, which

consequently leads to a reduction in the consumption of 32.82MWh . It was noticed that reducing the

capacity of the distribution lines did not impact the losses. Then, the product differentiation criteria along

with the increase of �exibility to solve the congestions, allowed a reduction in the network's power �ow,

leading to a signi�cant decrease in the losses, of around 40 %.

4.3.2.A Product differentiation effect: hour 17

In hour 17, the limitation in the distribution lines capacity causes a congestion line 13, which connects

buses 13 and 14, with L 13=134.9%.

A feasible solution was achieved with P2P Cong using product differentiation, as mentioned in sec-

tion 3.2.1.A, in 64 iterations. The �rst iteration has that cn = 0 , which means that the product differ-

entiation in the objective function, in Equation (3.1a) is zero. However, feasibility is not achieved, as

the loading of line 13 is higher than the 100% threshold. The process is applied as described in sec-
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tion 3.2.1.A. From the second iteration onwards, the trade coef�cient was set as cn = -1 [C=(km�MWh )].

The trade characteristic,  n;m [km], was de�ned as presented in appendix B.1. The coef�cient penal-

izing  n;m , up, was set to up = 0 :05. This value will penalize the trades causing congestion in every

iteration. Low values were given to cn and up to allow the penalization to affect the trades just enough

to solve the congestion, avoiding the loading of line 13 to drop further from the 100% threshold.

Note that in hour 17, the benchmark result from Figure 4.6 shows that the total load consumption is

between the base and maximum possible demands. When introducing the congestion and applying the

differentiation mechanism, the ”distance” criteria will bene�t the trades between the loads and generators

that are closer to each other.

Speci�cally, the trades between the load and generators located in bus 14 are bene�ted, as they will

not cause the congestion veri�ed in line 13. As this load was not at maximum demand, its consumption

will increase from 1367.5kW to 1509.2kW , as presented in Table B.2. Thus, after the P2P Cong model,

the load in bus 14 trades only with the generators in this bus and absorbs at its maximum demand, as

in Equation (4.8).

As for the trades involving the generators in bus 14 and the remaining loads in the network, they

cause congestion in line 13, and thus the penalization is applied to them. As these loads are not

at their minimum demand, the mechanism will make use of the offered �exibility to slightly decrease

their demand, as seen in Tables B.2 and B.3. This allows the generators in bus 14 to reduce their

power output: the output from the Wind generator is reduced from 3225.6kW to 2683.5kW , and the PV

generation decreases from 1190.7kW to 1001.9kW . The output from the CHP generator will remain at

its minimum of 100kW , as de�ned in Equation (4.2). The power output from the remaining generators

in the network is not affected, as can be seen in Table B.4. This means that the output from these

generators that were initially trading with the load in bus 14 are now used to supply other loads in the

network. The total generation output for each technology with the application of P2P Cong is presented

in Table B.5.

This mechanism will cause the power balance in bus 14 to decrease from 3148.8kW to 2276.2kW ,

with the application of P2P Cong. The result for the power balance in bus 14 is presented in Table 4.7.

Table 4.7: Power balance in bus 14 at hour 17.

Bus 14 CHP [kW ] Wind [kW ] PV [kW ] Load [kW ] Power balance [kW ]
Before P2P Cong 100 3225.6 1190.7 1367.5 3148.8
After P2P Cong 100 2683.5 1001.9 1509.2 2276.2

The reduction in the power balance of bus 14 implies that the loading level of line 13 will reduce from

L 13=134.9% to L 13=98.9%, as presented in appendix B.4. Therefore, the congestion is solved, allowing

the P2P market clearing results to be validated.
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4.3.3 Scenario 3 - Bus voltage constraints

The third scenario studies the behaviour of model P2P V olt, described in section 3.2.2 when there are

nodal voltage constraints. By increasing the impedance of the distribution lines, e.g., three times, the

voltage throughout the network will be affected, and consequently leading to the violation of the limitation

in Equation (3.5).

In the hours without PV generation, the most predominant technology in the network, the overall

generation in the network will be lower than the consumption. Then, the compensation is made by the

external supplier. So, considering a greater line impedance, low voltage issues arise, as is seen in hours

19 to 24. The results are presented in Figure 4.20.

Figure 4.20: Scenario 3 - maximum and minimum nodal voltages before the application of P2P V olt.

After applying P2P V olt, the voltage constraints in these hours were solved, as depicted in Figure

4.21.

Figure 4.21: Scenario 3 - maximum and minimum nodal voltages after the application of P2P V olt.

Analyzing the obtained results, it was veri�ed that between hours 19 and 24 there were changes

from the results obtained in the benchmark, in section 4.2. This happens since the iteration that starts

P2P V olt is run as in the benchmark model, detailed in section 3.1. So, only in the hours with constraint

will the mechanisms of P2P V olt impact the results. The results for the hours where constraints arose

are presented in Table 4.8.

Results show that the product differentiation mechanism implemented, described in section 3.2.2.A
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Table 4.8: Scenario 3 - results in hours 19 to 24 with the application of P2P V olt.

Hour 19 20 21 22 23 24

Benchmark
Losses (%) 0.82 1.41 1.35 1.31 1.26 1.16

SW (C) 984 839 826 801 747 692
Before P2P V olt Losses (%) 2.53 4.50 4.28 4.11 3.92 3.59

After P2P V olt
Load �ex. (%) 35 60 60 55 50 40

Losses (%) 2.38 3.11 3.07 3.22 3.28 3.33
SW (C) 865 421 422 451 463 531

After P2P V olt
w/ Q control

Flex. tg(� ) -0.3 -0.3 -0.3 0 -0.3 -0.3
Flex. tg(� ) 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 �ex. ( %) 30 50 50 50 40 30

had the ability to differentiate market offers. However, this process was not effective in having a signi�-

cant impact on the voltage constraints. Hence, to solve these constraints, network consumption must be

reduced. This is due to the fact that low voltage constraints are associated with situations when the con-

sumption is higher than the generation within the distribution network. Therefore, load shedding needs

to be done, by increasing load �exibility. This can be done by activating the load's extra �exibility, as

described in section 3.2. For example, in hours 19 and 24, load �exibility had to be increased from 30 %

to 35% and from 30% to 40%, respectively. In the remaining hours, load �exibility had to be increased to

as much as 60% in hours 20 and 21, 55% in hour 22, and 50% in hour 23.

It was observed that by adding a reactive power control mechanism, as described in section 3.2.2.B,

a smaller/no increase in load �exibility would be needed in each hour. For example, in hours 19 and 24,

the constraints could be solved by maintaining load �exibility at 30 %. The result for the nodal voltages

after the application of P2P V olt with this mechanism is presented in appendix C.

In terms of economic impact, the increase of load �exibility is penalized in Equation (3.6a) and leads

to a reduction in the SW, as commented in sections 4.3.1 and 4.3.2. This decrease can be seen for

example in hour 20, as the SW is reduced from 839C to 421C.

Additionally, Table 4.8 shows that increasing line impedance (before solving the constraint) leads to

an increase in the losses, as expected. For example, in hour 20, these are increased from 1.41% to

4.50%. Then, increasing load �exibility to solve the constraints contributes to reducing the networks'

power �ow and, consequently, the losses. In this same hour, this result decreased from 4.50 % to 3.11%.

Figures 4.22 and 4.23 show the P2P clearing results for the loads and generators. Comparing to

Figure 4.6, the increase of �exibility in hours 19 to 24, as seen in Figure 4.22, reduces the consumption

and consequently increases the voltage level in the network in these hours. As in P2P V olt the �rst

iteration with the new �exibility does not have differentiation, RES generation will be prioritized. There-

fore, external grid import is reduced in these hours due to its higher cost, as seen in Figure 4.23, in

comparison to the benchmark results in Figure 4.7. Thus, the remaining generation technologies are

not affected by the process applied by P2P V olt.

A cumulative representation of the results from Scenario 3 is presented in Table 4.9, to establish a

comparison between the scenario and the benchmark model.
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Figure 4.22: Scenario 3 - P2P clearing results for loads after the application of P2P V olt.

Figure 4.23: Scenario 3 - P2P clearing results for generators after the application of P2P V olt.

Increasing load �exibility to solve the constraints leads to a consumption reduction of 24.90 MWh

in the network. Similarly to scenario 1, in section 4.3.1, without differentiation RES generation will be

prioritized as it is cheaper, and the injection from the external supplier is reduced by 24.90MWh . The

increase in load �exibility leads to a reduction in the SW of around 8 %. Even though the increase of

�exibility allows a lower power �ow in the network, the fact that line distribution impedance is increased

makes the losses increase by about 162%.
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Table 4.9: 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 (C) 22 025.8 20 287.3

4.4 TSO services participation in the P2P market (Scenario 4)

As discussed in section 3.3, a virtual load located in the TSO bus is added to model balancing services.

The network is as presented in Figure 4.24.

Figure 4.24: Frequency regulation model: distribution network.

The fourth scenario studies the behaviour of the P2P Freq model, described in section 3.3, when

there are frequency constraints. In this case, a positive consumption was given to the virtual load, to

simulate a request from the TSO, in order to obtain a regulation-up service. As there is an increase in

consumption, an increase in the power output from the generators on the DSO side is necessary. This

consumption was modeled such that the RES generation in the network would not exceed its limit, as

de�ned in Equation (4.4). The power demand modeled in the virtual load is presented in Figure 4.25.

Figure 4.26 shows the P2P clearing results for load consumption, with the �exibility of the loads in
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Figure 4.25: Scenario 4 - consumption in the virtual load to model the regulation up service.

the network maintained at 30%. The difference regarding the benchmark result of Figure 4.6 is that the

consumption that exceeds the maximum load is provided by the virtual load, as in Figure 4.25. Figure

4.27 represents the P2P clearing results for the generators output. In comparison to the benchmark

result, in Figure 4.7, it is possible to see an increase in RES penetration between hours 9 and 16, to

match the increase in consumption created by the virtual load, as they will now be forced to operate at

their forecasted power.

Figure 4.26: Scenario 4 - P2P clearing results for loads after the application of P2P F req.

Figure 4.27: Scenario 4 - P2P clearing results for generators after the application of P2P F req.

The obtained results show that there are only differences regarding the benchmark results, in sec-

tion 4.2, in the hours where constraints were present. This happens since only in these hours the

mechanism of P2P Freq will impact the results. Table 4.10 provides an analysis of the losses and SW
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result in each hour where frequency constraints emerged, according to the virtual load consumption.

Table 4.10: Scenario 4 - results in hours 9 to 16 with the application of P2P F req.

Hour 9 10 11 12 13 14 15 16

Benchmark
Losses (%) 0.37 0.22 0.12 0.12 0.10 0.10 0.15 0.29

SW (C) 985 1146 1212 1290 1288 1271 1264 1253

After P2P Freq
Virtual load consumption (MW ) 1.54 2.85 5.09 5.11 5.60 5.00 3.48 0.91

Losses (%) 0.38 0.28 0.25 0.23 0.23 0.21 0.21 0.29
SW (C) 981 1138 1197 1275 1271 1256 1253 1250

Results show that the higher the consumption in the virtual load, the higher the increase in the losses.

This happens due to the higher power �ow in the distribution network. For example, in hour 13, virtual

load is de�ned to 5.60 MW leading to an increase in the losses from 0.10% to 0.23%. The need for

regulation also affects the SW. In this scenario, the SW decreases, as the market is no longer seen as

”ideal”. For example, in this hour, the SW decreased from 1288C to 1271C.

The results obtained from the AC-PF are the maximum line capacity and the nodal voltage level in

each hour. These results are presented in Figures 4.28 and 4.29. The results differ from the ones

obtained in the benchmark in Figures 4.9 and 4.11 only between hours 9 and 16. In these hours, the

maximum line capacity and voltage levels will increase, due to the higher power �ow in the network

required to solve the constraint.

Figure 4.28: Scenario 4 - maximum distribution line capacity after the application of P2P F req.

Figure 4.29: Scenario 4 - maximum and minimum nodal voltages after the application of P2P F req.

A cumulative representation of the results from Scenario 4 is presented in Table 4.11, to establish a

comparison between the scenario and the benchmark model.
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Table 4.11: 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 (C) 22 025.8 21 937.1

The consumption in the network increases by 29.59MWh through the virtual load to create the need

for the regulation up service, as discussed in section 3.3. Consequently, the RES generation is now

higher, since these generators are forced to operate at their forecast power. The generation from Wind

and PV sources will increase by 13.04MWh and 16.55MWh , respectively. The need for the regulation

service makes the SW decrease by 0.2%. Furthermore, in this scenario, this service showed to lead

to an increase in the losses of about 1.6%, as the solution requires the power �ow in the network to

increase.

4.5 DSO and TSO services participation in the P2P market (Sce-

nario 5)

In the last model, P2P Full , TSO/DSO coordination is needed to solve all grid problems at the same

time, as described in section 3.4. 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 4.4 was taken, and then all distribution lines' capacity

was reduced to half and their impedance was increased �ve times. This allowed to obtain congestion

and high voltage constraints, respectively, in this hour, as depicted in Figures 4.30 and 4.31.

So, the �nal result of hour 12 in ”Scenario 4” is seen as the reference for this scenario, as depicted in

Table 4.12. As described in section 4.4, the request from the TSO for the regulation up service causes

an increase in the generation in the network, forcing the RES to generate at their output power. Thus,

let us assume the RES generation initially has a �exibility of 0%, as mentioned in section 3.4.

If only the limitation of reducing all distribution lines' capacity to half is added, congestions will come

up. This situation is presented in Table 4.12 as ”Scenario 4 + Congestion”. In fact, line 13 will present the

highest loading at L 13=139.5%. As opposed to what was veri�ed in Scenario 2, the product differentiation

mechanism explained in section 3.2.1.A was not effective due to the high power �ow in the network.
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