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Preface
EnergyLab Nordhavn — New Urban Energy Infrastructures is an exciting project which will continue

i

until the year of 2019. The project will use Copenhagen’s Nordhavn as a full-scale smart city
energy lab, which main purpose is to do research and to develop and demonstrate future energy
solutions of renewable energy.

The goal is to identify the most cost-effective smart energy system, which can contribute to the

major climate challenges the world are facing.

Budget: The project has a total budget of DKK 143 m (€ 19 m), of this DKK84 m (€ 11 m) funded in
two rounds by the Danish Energy Technology Development and Demonstration Programme
(EUDP).

Forord
EnergyLab Nordhavn er et spaendende projekt der Igber til og med 2019. Projektet vil forega i

Kgbenhavns Nordhavn, og vil fungere som et fuldskala storbylaboratorium, der skal undersgge,
udvikle og demonstrerer lgsninger for fremtidens energisystem.
Malet er at finde fremtidens mest omkostningseffektive energisystem, der desuden kan bidrage til

en lgsning pa de store klimaudfordringer verden star overfor nu og i fremtiden.

Budget: Projektets totale budget er DKK 143 mio. (EUR 19 mio.), hvoraf DKK 84 mio. (EUR 11

mio.) er blevet finansieret af Energiteknologisk Udviklings- og Demonstrationsprogram, EUDP.

Disclaimer
[Add disclaimer, if applicable]
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List of Abbreviations

CHP
CO2
DER
DH
DSO
HP
P2P
TSO

Combined Heat and Power
Carbon dioxide

Distributed Energy Resource
District Heating

Distribution System Operator
Heat Pump

Peer-to-Peer

Transmission System Operator
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Executive Summary

i

This report presents an overview of these new proposals that starts with the motivation,
challenges, market designs moving to the potential future developments in this field,
providing recommendations.

The advent of more proactive end-users, the so-called “prosumers”, with production and
storage capabilities, is empowering the consumers and bringing new opportunities and
challenges to the operation of power systems in a market environment. Recently, novel
proposals for the design and operation of electricity markets have emerged - peer-to-peer
trading and energy community. A peer-to-peer electricity market conceptually allows the
prosumers to directly share their electrical energy and investment. A community can also
be formed by prosumers who want to collaborate to achieve efficient energy management.

Such novel proposals allow the energy sector to better integrate prosumers that own
fluctuating renewable assets. These solutions mostly depend on a consumer-centric and
bottom-up perspective by giving the opportunity to freely choose the way prosumers buy
electricity and heat. These advances represent an opportunity to develop novel business
models dedicated to prosumers. Such business models may help to promote a higher
commitment from end-users with the decarbonized targets in the future.

There are prominent beneficiaries: (i) retailers, who may sell new products and services,
(i) district heating company, who may reduce consumption that prevents peak-load
generation; (iii) end-users, who may choose how they buy energy.

One can concluded that prosumer empowerment towards its energy supplier is the main
strength of adopting a decentralized and consumer-centric market. This represents a great
opportunity to boost the retailer market with new forms of business models based on real-
time peer-to-peer transactions. On the other hand, we found as weakness, to be further
handled, the heaviness of negotiation between prosumers until reach a consensus
agreement. Current lack of regulation of peer-to-peer transactions is a threat for adopting
in a near future consumer-centric energy markets.
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1. Introduction

1.1 Purpose of the report

The figure of prosumers has steadily gained relevance [1], [2] due to advances of
Distributed Energy Resources (DERS), e.g. rooftop solar panels and batteries, as well as
the digitalization of the energy sector, e.g. smart meters, internet-of-things. Prosumers are
defined as consumers (e.g. households, buildings) with a proactive behavior to manage
their consumption and production [3], [4]. Moreover, the collaborative economy principle is
behind how prosumers perceive their participation in the energy sector [4], as well as
boosting their increasing engagement with energy community initiatives [5]. This will
inevitably lead to a transition towards a decentralized energy market with more flexibility
for prosumers to choose who they are going to exchange energy.

The reorganization of energy markets will require a bottom-up approach that would
empower prosumers [6]. This may then dynamically influence the market through the
implementation of prosumers' preferences, for instance, renewable type, CO2 emissions,
and localized energy. Consequently, this alternative market organization is generically
named as consumer-centric energy market [7]. This consumer-centric market view relies
on Peer-to-Peer (P2P) and community-based structures [8]. Consumer-centric market also
presents the opportunity to rethink the use of common distribution infrastructures (e.g.
electric network and district heating network). In fact, cost savings with infrastructures can
be mitigated if prosumers have right incentives for trading locally services with grid
operators. Besides prosumers, energy utilities and system operators are thus players that
benefit from the advance of a consumer-centric energy market.

This report first provides a comprehensive understanding of consumer-centric energy
market organizations, based on P2P and energy communities. It will focus in 3 different
business models for consumer-centric energy markets. This overview will enable involved
partners to better understand strengths and weaknesses in the 3 business models.

1.2 Principles of energy markets

After the liberalization, energy markets moved from a vertical integrated structure, typical
of monopolies, towards a more horizontal oriented structure where producers, consumers
and retailers are directly involved in trading activities. The current form of competitive
energy markets has two trading levels, i.e. wholesale market and retail market.
Transactions between producers and retailers (and large consumers) take place at the
wholesale market which is overseen by an independent entity. In turn, small consumers
purchase energy from the retailers at the retail market. In a fully competitive market, only
network operators (as the transmission and distribution networks in the electricity market
or the district heating network in the heat market) remain monopolies. Further description
of energy markets can be found in [9].
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Among energy markets, the electricity market is probably the closest one to a fully
competitive market, where Nord Pool AS operates the Nordic market (Denmark, Sweden,
Finland, Norway and the Baltic countries). The wholesale market takes place at the day-
ahead?!. Market participants usually submit 24 offers (producers) and bids (retailers and
large consumers), one for each hour of the following day. Each offer is characterized by a
set of price-quantity that indicates the amount of electricity the producer is willing to sell
and at which price. The same procedure is carried out by retailers and large consumers.
The outcome of the market defines the amount of volume traded and the market price. The
balancing market takes care of deviations between the energy traded at the day-ahead
market and the real-time stage. The retail market is traded through bilateral contracts,
where retailers and small consumers negotiate long term contracts in which the electricity
price is set at the time of the agreement. The way the retail market is structured reduces
the consumer risk of incurring in financial losses, since they do not have to manage their
consumption as, otherwise, they should do if subjected to variable prices. Nevertheless,
due to the increasing price volatility generated by the high share of renewables in the
power market, in the last years, electricity retailers began to offer variable tariffs.

i

While the electricity network has a centralized structure in which the flow of electricity from
producers to consumers, the heating sector is more differentiated. In densely urban area,
the heating market has a typical centralized structure, where the heat is generated in large
production plants and it is distributed to the consumers through district heating networks.
Differently, in sparsely populated areas, high infrastructure costs and low volume traded
do not encourage the development of centralized systems, and consumers rely on
individual heating systems. In urban areas, the liberalized heating market tends to be
operated as the electricity market. Copenhagen heating system consists of 3 integrated
district heating networks (HOFOR, CTR and VEKS) managed by Varmelast?. However,
the liberalization of the district heating sector did not change the rigid structure of the
market. Companies are able to exercise market power due to the size of the district
heating market. Expensive infrastructure cost is the main factor for regional heating
markets with low competition, further information can be found in [9]. Besides that, the
price at which the heat is then sold at the wholesale market does not reflect marginal
production costs, but it is established through bilateral contracts between producers and
retailers.

For the aforementioned reasons, a new approach for the market structure needs to be
sought in order to design more competitive and efficient energy markets. Adopting
decentralized structures based on P2P trading is one way to achieve this objective. This
could be particularly relevant for district heating markets, for example adopting a
decentralized price negotiation based on marginal production costs.

1 Exchange of electricity for the day d is cleared in a double-auction scheme at d-1.
2 Market operator, further information can be found here: Copenhagen-heat-market.

9
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1.3 Previous deliverables

It is recommended to consult the deliverable D3.2a (Prosumer analysis report) that
addresses the concept of prosumers in energy markets. Besides this definition, the report
analysis potential prosumers in Nordhavn, e.g. Local supermarket with heat recovery unit,
International School with photovoltaic panels, and active consumers. This deliverable
follows the definition described in the deliverable D3.2a. The work on deliverables D8.5a°
and D8.5b* are related with the business models addressed in this report. D8.5a proposes
new business models for consumer-centric markets, on the other hand, D8.5b proposes
new services for multi-energy and non-profit aggregators.

2. Design of consumer-centric markets

As mentioned early, consumer-centric markets address market designs based on P2P and
community organizations. A proper definition of P2P organizations is required before going
into detail in this section. P2P defines a decentralized structure where all peers cooperate
with what they have available for commons-based producing, trading or distributing goods
or services. It is rather distinct from the centralized structures seen in electricity and
heating markets. In fact, there are practical examples using P2P to share energy in local
areas, like the iconic case of the Brooklyn microgrid project [10]. For a better analysis of
potential opportunities and challenges about this topic, an analysis based on Strengths,
Weaknesses, Opportunities and Threats is shown in Table 1.

The empowerment of consumers’ choice and transparency is an obvious strength of
consumer-centric markets, which prosumers can heavily benefit from such novel
proposals. The system resilience and security can improve, because consumers will be
compelled to solve problems and not jeopardize the normal operation of others, especially
the ones they know from previous transactions. Such as cases of unexpected loss of
renewable production that can trigger the cooperation of all involved peers. However,
poorly designed markets could indeed have the opposite effect on system resilience and
power system security.

The overwhelming number of transactions and the heaviness of the negotiation
mechanism is a weakness as investigated in [11]. This is the outcome of continuous
negotiation among peers (e.g. consumers, suppliers, retailers) until they converge to a
final solution. The life-cycle assessment of certain hardware supporting the negotiation
process (e.g. smart devices, batteries, PV panels, etc) can be another weakness, which
future investigation has to pay attention. On the other hand, the introduction of such new
markets also creates the possibility of having new business models.

3 D8.5a - DTU course on innovative business models in energy with focus on consumer-centric aspects
4 D8.5b - New types of aggregators, e.g. multi-energy or non-profit

10
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Table 1 — Summary of potential strengths, weaknesses, opportunities and threats [7]

Strengths Weaknesses Opportunities Threats
1) Empowerment of | 1) Sub-optimal 1) Democratization 1) Legal and
consumers, energy price of all of energy regulatory
focusing in trust, energy system obstacles, which
transparency and influence the
openness transition to
these markets
2) Consumers have | 2) Potentially 2)Increase 2) Energy poverty
better choice of overwhelming consumers for some group
supply and transition to this awareness and of consumers
possibility to consumer-centric cooperation
produce and sell market towards
their own energy environmental
energy
consumption
3) Increase 3) Heaviness of 3) Create new 3) Prosumer
resilience and negotiation and business models engagement and
reliability of the clearing its human
system mechanisms dimension
4) Remove potential | 4) Life-cycle 4)Boost retailer 4) Potential grid
market power assessment of market, since congestions
from some hardware current lacks
players in the infrastructure competition
wholesale market
5) Postpone grid 5) Technology
expansion from dependency (e.g.
system operators blockchain)

6) Security and

privacy with data

7) Potential failure

of these markets
if poorly
structured

Currently, the retail market lacks competition in many countries, for which this consumer-
centric view can be an alternative solution. Retail companies may have to adapt their
business for more P2P transactions. One of the strengths is the increase in resilience and
security, which creates an opportunity to solve grid problems by all market agents rather

than reinforcing the grid.

11




=
=
=

EN=RGYLAB
NDRDHAVN

However, the main threat concerns the regulatory framework because most countries still
prohibit P2P energy exchanges between prosumers. We believe that with time regulatory
barriers will be less, or eventually removed, in fact, there are first attempts [12], [13] to
legislate consumer-centric markets in EU countries. Recently, EU approved the Directive
2018/2001 [14] that defines the legal figure of Renewable Energy Communities, and
strongly advice member states to re-design energy markets to integrate them. Energy
poverty of some consumers or communities with less economic power can arise when
consumer-centric markets are implemented. The exploitation of the positive aspects
(strengths) and resolution of the handicaps (weaknesses) would result in the successful
implementation of consumer-centric markets. The next sub-sections describe the possible
market designs that are worth exploring in the coming years.

i

2.1 Market layouts

There are 3 main proposals for consumer-centric electricity markets [15], [16]: (i) full P2P
market; (i) community-based market; and (iii) hybrid P2P market. The degree of
decentralization and topology is what distinguishes these proposals.

211 Full P2P market

This market design is based on peers directly negotiating with each other [17], [18], in
order to sell and buy electricity, as shown in Figure 1. Hence, two peers can agree on a
transaction for a certain amount of energy and a price without centralized supervision. It is
basically multi-bilateral transactions between market players (e.g. prosumers, producers,
etc). This market design can incorporate product differentiation where prosumers can
express their preferences, such as local or green energy. The recent research shows that
this market design is gaining momentum in the industrial and academic fields. A general
mathematical formulation of this design is presented in Appendix.

2.1.2 Community-based market

This design is more structured with a community manager who manages trading activities
inside the community [19], [20], as well as an intermediator between the community and
the rest of the system, as shown in Figure 2. This market design can readily be applied to
microgrids [21] or to a group of neighboring prosumers [22] that are natural constructs due
to their location (i.e. being geographically close). Most studies have focused on community
applied to local group of neighbors, e.g. block of houses or a building. However, more
generally a community can be seen as group of members sharing common interests and
goals: for instance, a group of members that are willing to share green energy, though
they are not necessary close to each other, or at the same location. The mathematical
formulation of this design is also described in Appendix.

12
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Figure 2 — Community-based market design.

2.13 Hybrid P2P market

This design is the combination of the two previous designs, ending up with different layers
for trading energy, as shown in Figure 3. This proposal is seen as a “Russian doll”
approach, where each layer communities (or energy collectives) and single peers may
interact directly with each other.
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Figure 3 — Hybrid P2P market design.

In the upper level, one finds individual peers or energy collectives engaging in P2P
transactions between themselves, and also interacting with existing markets. In the bottom
level, the energy collectives behave like the community-based approach previously
introduced, where a community manager oversees the trading inside its community. As
shown on the right of the picture, energy collectives can be nested into each other (e.g.,
buildings and their inhabitants forming an energy collective, being part of another energy
collective for the neighborhood). The mathematical formulation of this design is also
described in Appendix.

The literature converges so far on the above consumer-centric market designs, the main
advantages, challenges and references of the three market designs are presented in
Table 2. The full P2P market design gives the possibility that energy usage is truly aligned
with consumers' preferences. On the other hand, there is a scalability problem concerning
the negotiation process, as analyzed by the authors in [11]. The negotiation can become a
computational burden for scenarios with many participants in this design. If this design is
used for the entire power system, the scalability is a real challenge yet to be solved. One
way to handle this issue could be through sparse graphs to reduce the number of
communications.

On the other hand, the main advantages of the community-based market design are the
enhancement of involvement and cooperation of community members. The fact of being a
more structured design allows the community to provide services to the grid operators as
an aggregator. The revenues from these services can be shared (e.g., in a proportional
way) by all community members. Most of studies assume the community manager as non-
profit entity, and being a coordination node to match all energy trading inside the
community. Members may pay fees for the services provided by the community manager,

14
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which all members have to agree before forming an energy community. Even if all
members agree to participate in a community, there may be times when a member's

expectation is not aligned with the community's general interests.
Table 2 — Summary of three P2P market designs (based on [16]).
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Consumer-centric
market design

Main advantages

Main challenges

Full P2P market

1) Total freedom of choice and
autonomy

2) Energy use aligned with each
prosumer’s preference

3) Complete “democratization”
of energy use

1) Investment and
maintenance with ICT in
case of scalability to all
system

2) Predicting system behavior
by grid operators

3) Potential slow convergence
to agree in the final delivery
of energy

Community-based
market

1) Mobilizing social cooperation
and resilience in community
members

2) Potential new services for grid
operators by communities

1) Reaching the preferences of
energy use for all members

2) Having a fair and unbias
energy sharing in the
community

Hybrid P2P market

1) ICT infrastructure for the
entire power system

2) Most compatible with the
system in the next years

3) More predictable to the grid
operators

1) Coordinating trades
between different hierarchal-
levels

The final hybrid P2P market design shares some of the advantages of the two previous
designs such as empowering choice of agents, increasing their involvement and
cooperation. Besides that, the scalability of all the system is in a way covered by this
design, because the ICT and computational effort required are less than required by the
full P2P market design. The two previous market designs can co-exist and interact in such
a hybrid structure, where the coordination of trades at and between levels is important.

2.2

Recommendations on business models

So far, we have explained the different structures of P2P markets as alternative to the
existing ones in the electricity market (wholesale and retail). On top of this layer, the
electricity market has a different type of business models operated by different actors (e.g.
utilities, retailers, etc). The business models can be classified as C2C, B2C and B2B°

5 C2C - Consumer-to-Consumer; B2B — Business-to-Business; B2C — Business-to-Consumer

15
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based on how different kind of market actors trade goods and services. For the electricity
market, a retailer with a business model that intermediates the energy trading between an
electric utility and small consumer is classified as B2C business model.

i

mechanism
Real-time P2P
transaction

el 0 _ ;
] C - 5 . /%

Real-time P2P
transaction

“ % =08 P2P trade — C2C
Tl <> P2Ptrade - B2C
R e . <> Pool/retail market

Figure 4 — P2P as new channel to re-design B2C models in energy markets.

This can be operated in one of the structures defined for the electricity market (e.qg.
wholesale, retail or P2P). Today, the existing B2C business models heavily rely on the
centralized pool-based structure used in the wholesale market, thereby prosumers are
unaware, and cannot select directly which utilities real provide their energy. On the other
hand, there are start-up companies (e.g. Vandeborn® and Piclo?) using P2P designs that
offer as business the intermediation of the energy trade between small consumers and
local renewable producers, whereas it is seen as C2C business. This has thus a residual
effect in the entire power system, because of the small scale P2P application and lack of
direct connection through B2C models.

Note that, however, we can also see P2P as a new channel for B2C business models that
could allow large utilities to directly trade energy with small prosumers. This could be done
through direct mechanisms for real-time negotiation and endogenous consideration of
preferences, instead of the statistical accounting performed today for the market of
guarantees of origin. Figure 4 shows an example of potential B2C model based on P2P
transactions.

However, new B2C business models have, in its essence, to follow the consumer-centric
premise that characterizes P2P markets. Thus, it would create a sense that everyone is
part of (and benefits from) this energy revolution towards a more sustainable electricity
sector. Grid operation under these business models is still a concern, mainly to grid

6 https://vandebron.nl/
7 https://piclo.energy/
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operators. There are only few studies assessing the impact of P2P trade on grid
operation [23], [24]. In fact, grid congestion can be a potential threat if not properly
handled, as indicated in Table 1.

i

However, consumer-centric markets also present a new opportunity to rethink the use of
common grid infrastructures and services, because P2P structures may allow the mapping
of the energy exchanges [23]. For example, the grid cost may depend on electrical
distance associated with each P2P transaction. The recent breakthroughs concerning
distributed optimization on grid operation [25] can also inspire other works on the redesign
of grid operation. Rethinking grid operations can deploy new business models, where
communities or individual agents participate in flexibility services to respect the grid
operation.

3. Conclusions and next steps

This overview shows that we have conditions to deploy P2P market designs in co-
existence with existing market structures, as long as potential conflicts with historical
actors are prevented since these are key to a smooth and manageable transition.
Moreover, P2P structures may give a new taste to B2C business models for electricity and
heat, most likely with greater regard for consumer preferences and interests. Further
contribution should be promoted on how to quantify the benefits and impacts of new forms
of B2C models. One should also pay attention to how system operators could be involved
in consumer-centric markets, and satisfying them in terms of feasibility, reliability and
security of supply. Most importantly, how to maintain high levels of power system reliability
through the distributed provision of reserves. The next step is to make feasibility studies
that quantify which of these 3 business models applied to the prosumers in the EnergyLab
Nordhavn project.
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This appendix presents the mathematical formulation of the consumer-centric markets

designs described in section 2.1.

Full P2P market design

Let us start with the full P2P market and a general mathematical formulation, whereas

more details can be found in [17], which in its simplest form reads as

n})in Z Cn Z Pn m

neQ mewy

s.t. B < Z P.<B Vne

Mmeawy

Bom+Bum=0V (”? J’P’l) € (2, C’JH)
P20 V(n,m)e (st wWy)

P £0 V (n, m) e (Q., w,)

(1a)

(1b)
(1c)
(1d)
(le)

where P,,,, corresponds to the trade between agents n and m, for which a positive value
means sale/production (1d) and a negative value is equal to a purchase/consumption (1e).
Q, O, and Q. represents the set for all peers, producers and consumers, respectively.
Figure 5 shows a simple example to illustrate the P2P trading between 4 peers, in which
peers 1 and 2 are producers, peers 3 and 4 are consumers. However, the above
formulation can be readily generalized so that all peers are seen as prosumers, i.e., being

able to both consumer and produce electric energy.

Peer 1 Peer 4

P, = —P 5 — 5
14 __ﬂ-——a’/-% Py = P4y + P3|

Py = Pyy + P53 /"‘\;hf—f’f =1
.

\ Pyy = =Py
Py3 = —P3

M Peer2
v

. Y7 [P, = P,3 + P.
Py = P3; + P3| il — {{/ 2 = Foz t+ Foa

2 TPy =-Py
Peer 3
Time-step t

Figure 5 — lllustrative example of a full P2P market design.

The set w,, contains the trading partners of a certain peer n, i.e. consumers have as

trading partners the producers and prosumers. Conversely, prosumers and producers
have consumers as trading partners. The bilateral trades PB,,,, have reciprocity property, as
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defined by (1c), and for example, the power trades P,; and P;, have to be equal but with
opposite signs. The associated dual variable A,,,,, represents the price for each bilateral
trade. In principle, the outcome of the negotiation process can yield different prices for

each and every trade. The function C,, mostly corresponds to the production cost (or
willingness to pay). A quadratic function [27] is commonly used to represent
production/consumption costs, using three positive parameters a,, b,, and c,,.

Community-based market design

The general mathematical formulation of the community-market design, following [19], can

be written as

H}Jin Z Cn (Pw 4, %ps 6}1) + G(qimp’ lep]

neqn
s.t.p,+q,+a,—B, =0, Vne
2, %:=0
nef
Z ay = Qimp
nef
Z 5)1 = qexp
neQ
R<R<R VneQ

(2a)

(2b)

(2¢)

(2d)

(2e)

(2f)

where p,, corresponds to the production or consumption of peer n, depending on whether it
is a producer or consumer, respectively. Q is the set corresponding to all peers in the
community. Figure 6 shows a small community as illustrative example.

Aimp

. exp
Marketdimp t Avarketdexp

. "-\181 + B2 = dexp |
Time-step t i —————————
l i41__+42+(?3=0|
Yeomlaa |
—————— ’ —— Yeom|qsl Yeom|| -
T a B }'J;’mtpﬁi {as asz ) Yimp@s YexpPz {02 a3
RN 1] LT
' ' ,ﬂh:,l | = | 3 ‘ol ==
| I Pr 1y | l Psl | o //' e T Pz I
: ) i &l I g E ,\\ 2
L | g / e )
N % \ &
P1t+ i+ — =0 |P3 +q3+az=0]| (P2t 42— B0

Figure 6 — lllustrative example of a community-based market design.
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Each agent trades within the community through g,, without knowing to which member,
because it is centrally handled by the community manager through (2c). Each peer can
also choose to trade with the outside through a,, and g,,, which are respectively the power
import and export. The sum of these trades is centrally handled by the community
manager through (2d) and (2e). The objective function (2a) accounts for the cost
associated with all decision variables. Starting with a quadratic cost function of p,, , then a
transaction cost y,,,, associated to q,. For «,, and f,,, one can use weighting coefficients
Yimp @Nd Yy, translating the member's preference towards the outside world. The
community manager also has a function associated to the energy exchanged with the
outside world Gg,,.q...,)- This function can be modelled in different ways, but the most

straightforward one readily links to day-ahead wholesale market prices.

Hybrid P2P market design

Although, there is no generic mathematical formulation to this hybrid P2P design, one can
combine the two previous formulations to write a simplistic version for the hybrid P2P
market in Figure 3. Two levels are assumed in this formulation: (i) the bottom level only
assumes communities using (2a)-(2f); (ii) the upper level assumes a P2P negotiation
between individual peers and community managers using (1a)-(1e). The simplest form of
this formulation reads as

rr})in E C}?( Z an] + Z C}? Pys 9y, Gn, 5”

uu b
ned MEwy neqn (321)

s. t. upper level - full P2P design:
constraints in (1a) — (1e) Yne (3b)

Z Bim = qg\-p - qj};np v (n’ Wt) € [-Qma wn]

mewy

(30)

bottom level - community-based design:
constraints in (2a) — (2f) Vnent (3d)

where Q% and QP are sets for all peers in the upper and bottom level, respectively. In the
bottom level, the community manager of each community in QP determines the internal
energy needs?® g, plus the desire energy import (qimyp) OF €XpOrt (qgyp). Then, the full P2P
market formulation is used in the upper level to calculate the optimal P2P energy trading
between the peers in Q (i.e. individual prosumers and community managers). The sum of
bilateral trades . P, is equal to the amount of gZ,;,, minus q,,,, defined by the community
manager of each community (3c).

8 This corresponds to the community internal consumption or production.
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