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Abstract—Current developments in heat pumps, supported
by innovative business models, are driving several industry
sectors to take a proactive role in future district heating and
cooling networks in cities. For instance, supermarkets and data
centers have been assessing the reuse of waste heat as an extra
source for the district heating network, which would offset the
additional investment in heat pumps. This innovative business
model requires complete deregulation of the district heating
market to allow industrial heat producers to provide waste heat
as an additional source in the district heating network.

This work proposes the application of innovative market de-
signs for district heating networks, inspired by new practices seen
in the electricity sector. More precisely, pool and Peer-to-Peer
(P2P) market designs are addressed, comparing centralized and
decentralized market proposals. An illustrative case of a Nordic
district heating network is used to assess the performance of each
market design, as well as the potential revenue that different
heat producers can obtain by participating in the market. An
important conclusion of this work is that the proposed market
designs are in line with the new trends, encouraging the inclusion
of new excess heat recovery players in district heating networks.

Index Terms—District heating networks, Excess heat, Market
liberalization, Energy Market, Peer-to-peer

I. INTRODUCTION

Over the years, District Heating and Cooling (DHC) systems
have been proliferating in many countries [1]. In Denmark,
according to EUROHEAT & POWER, 65% of citizens were
served by Distric Heating Networks (DHNs) in 2017, account-
ing for more than 30 000 km of pipelines in DHNs. Most
European DHC systems follow a monopolistic approach due to
heat demand sparsity, the market power of a single generating
unit that often owns the DHN, the lack of DHN linking all
possible customers, and long-term return on investment. These
reasons pull back new investors and market liberalization,
which could foster the reuse of waste heat as an extra source
in DHNs [2, 3]. In fact, DHN is a natural monopoly due to
the large infrastructure and operation costs, concerning the
production and distribution of heating and cooling. Therefore,
the heat production plants and the network are commonly
owned, operated and managed by the same company, which is
the main obstacle to the complete liberalization of the system
[4]. Overall, DHC systems are heavily regulated and price
competitiveness for consumers is disregarded.

Nevertheless, governments (through energy regulators and
policymakers) are enforcing the liberalization of heat markets

(similar to what happened in the power system), as it becomes
easier to monitor the whole process of energy systems, aiming
to drag the prices down through competition, once the energy
providers are competing with each other, leading to economic
benefits for consumers [5, 6, 7, 8, 9]. Therefore, DHC mar-
ket liberalization is gaining momentum in some European
countries, aiming to replicate and adapt the good experience
with electricity markets, bringing their capacity to improve
system efficiency [7, 10, 11]. This disruptive paradigm shift
will increase competitiveness through the inclusion of new
players in the system. That is, several agents from different
industry sectors can play an active role in the DHC market by
buying and selling energy from different sources, increasing
competitiveness and bringing financial benefits to everyone
involved [6, 12]. The authors in [10, 13] present case studies
suggesting that a large amount of heat demand can be supplied
by industries, e.g., by supplying waste/excess heat of industry
processes to neighbouring consumers. Similarly, the authors in
[14, 15] also demonstrate the benefits that external producers
(taking advantage of heat pumps, waste heat and renewable
heat technology) bring to the DHC system if they supply their
excess heat to the DHN. The results would be advantageous
for all parties, bringing economic and environmental gains.
On the other hand, the works in [16, 17, 18] show the
benefits of the synergies between the power and DHC systems,
modeling centralized dispatches to improve the efficiency of
the entire energy system. In addition, consumers can also
play an active role in the DHC system, providing demand
flexibility in response to dynamic tariffs, thereby improving
market competition [19, 20, 21, 22].

DHC markets inspired by the electricity sector, applying
conventional market designs and approaches, are growing [11,
23]. An example of a running DHC market is the Open District
Heating project [24], operating at Stockholm’s DHN, which
encourages industrial businesses to sell their excess heat to
the DHN at a uniform price cleared in the proposed day-ahead
heating market.

In addition, innovative market ideas to increase competitive-
ness in the DHN are emerging in the literature [25, 26, 27].
One of them is the adaption of the sharing economy principle
to industries and small-scale production units to supply surplus
heat to the DHN [13, 28]. In this regard, different consumer-
centric market designs, adapted from the power system, are
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expected to be replicated to the DHC system, allowing these
new market participants to inject heat in the DHN and get extra
revenue. In order to assess several options and assumptions for
the best market design to apply in existing and new DHNs,
a brand new platform (EMB3Rs) is being developed [29].
This platform will empower different stakeholders (e.g., utility
companies, municipalities, DHN operators, excess heating
producers, among other entities) to simulate distinct market
designs that can be applied to current and future DHNs.

In this context, this work contributes to the literature and
to the EMB3Rs platform, modelling distinct market models
for the negotiation of heat in DHNs considering a competitive
environment. More precisely, three distinct market designs are
modelled and compared, namely, the pool-based, the peer-to-
peer (P2P), and the community-based market designs. The
markets are adapted from the current and future trends in
electricity markets. Additionally, consumers preferences (e.g.,
distance, losses and CO2) through product differentiation are
applied to the P2P market design, enabling consumers to
choose sources they prefer to be provided from. An illustrative
DHN based on Nordic countries is used to test the applicability
of the proposed solution. The main contributions of the present
work are fourfold:
• To implement, analyze and compare, different market

models in the EMB3Rs platform;
• To model new market designs for heat exchange in the

DHN, namely, the pool-based, P2P, and community-based
market designs;

• To explore competitiveness in DHC markets, enabling
industrial businesses with excess heat recovery systems
to inject excess heat in the DHN;

• To improve market options for consumers by introducing
product differentiation in the P2P market design.

In addition to this introductory section, this paper is orga-
nized as follows. Section two describes the EMB3Rs plat-
form for the simulation of different DHC market designs.
Section three presents the detailed mathematical models of the
proposed market designs. Section four assesses the proposed
market models considering an illustrative case of Nordic
DHNs, while section five gathers the conclusions of the study.

II. EMB3RS PLATFORM FOR DHC MARKET SIMULATION

This section provides an overview of the EMB3Rs platform
that will incorporate current and new market designs, adapted
to the context of DHC systems. In addition, it provides a brief
review of the actual situation of the DHC markets in the Nordic
countries.

A. Current DHC Market Situation in Nordic Countries

The current situation of DHC markets varies on a country
basis, as the deregulation of DHC systems has been car-
ried out in different ways [30]. In Denmark, the DHN is
still a natural monopoly, as the network and heating plants
are mostly owned by energy companies, municipalities or
consumer cooperatives. The regulation dictates that the heat
supply works under non-profit rules, which means that the

supplier must provide heat to consumers at marginal cost. This
non-profit rule benefit everyone, as any profits are distributed
to consumers to reduce costs [31]. In this case, industries with
excess heat are encouraged to self-consume and only then to
sell excess heat to the market, since the sale of excess heat
comes with a tax to prioritize energy efficiency [30].

Similarly to Denmark, DHNs are also heavily regulated in
Norway. DHNs are mostly private and municipal owned, with
mandatory connections to consumers decided by the munic-
ipalities, while the operator is forced to expand the network
[30]. The energy price from different producers are set on a
competitive market, but prices for consumers with mandatory
connections are regulated and cannot exceed the price of
electric heating within the supply area [32]. Alternatively,
consumers without mandatory connections are free to choose
their heating source (e.g., electric heating or heat pump), so
the supply price will follow the electricity price [32, 33].

In contrast, Sweden was one of the first European countries
to deregulate the heating market, however, that deregulation
was not as robust as expected. According to [34], the prices
of the different Swedish utility companies are not similar,
meaning that these companies behave as price-makers. The
costs are related to heating production and DHN operation,
while what was expected was marginal-based pricing. On the
other hand, Finish utility companies have a monopoly on
certain DHNs. Costumers have no open market to select their
DHC utility [35]. Some Finish companies have been trying
to change this paradigm, i.e., offering seasonal tariffs, but
these measures also do not shape the fair price for customers
[19]. For further details on the situation of DHCs systems in
European countries, interested readers are referred to [30, 36].

Nonetheless, the transition to sustainable, efficient and com-
petitive markets is unavoidable and future DHC markets will
require new market approaches suitable to the integration of
renewable energy sources in DHNs [37].

B. EMB3Rs Platform Overview

The EMB3Rs platform has been designed to assess the reuse
and trade of excess thermal energy in a holistic perspective
within an industrial process, energy system environment, or in
an DHN under regulated and liberalized market environment
[38]. The platform empowers industrial users and stakeholders
to investigate the revenue potential of using industrial excess
heat and cold as an energy resource, based on the simulation
of supply-demand scenarios. Therefore, the platform simulates
multiple business and market models, proposing innovative
solutions in the sector.

From the large variety of options, users can: (i) map new and
existing supply and demand users with geographic relevancy
and enable their interlink; (ii) assess costs and benefits related
to the excess heat and cold utilization routes, considering
existing and new network infrastructure (e.g., DHN); (iii)
explore and assess the feasibility of new technology and
business scenarios; and (iv) compare and analyze distinct
market models applied to the DHN to dynamically create new



business models and identify potential benefits and barriers
under specific regulatory framework conditions.

The integration of a dedicated market module in EMB3Rs
platform allows users to perform market analysis considering
multiple existing market designs. Therefore, users can create,
test and validate different market structures for selling and
buying energy in the DHN, identifying barriers and risks, as
well as regulatory framework conditions required to ensure
that the implementation of such market solutions are eco-
nomically feasible. That is, the market analysis enable users
(e.g. industries, supermarkets and data centers) to estimate
potential revenues from selling excess heat and cold. This
is especially important for users who have invested (or are
considering investing) in waste heat recovery technology to
assess the potential economic and environmental savings of
their investment.

C. Market Approach for Heat Exchange

On the EMB3Rs platform, users must be able to explore
different market designs, from centralized to the decentralized
designs, allowing them to analyze the best market framework
for their interests, which can be economic, environmental or
social.

In this regard, three distinct market designs are adapted in
the present work to be included in the EMB3Rs platform. The
conventional pool market, the innovative P2P and community-
based market designs are addressed to ensure that the plat-
form’s users (e.g., industries, supermarkets and data centers)
can assess their business models under different levels of
market decentralization for the exchange of thermal energy
in DHNs. All the three market designs are inspired in the
electricity sector, and therefore, need to be adapted to the
underlying characteristics of DHC systems.

The pool market follows a systemic perspective of the
whole market by applying the merit order mechanism and
performing the intersection of production and demand curves.
This mechanism, known as uniform price, results in a market
clearing price that is used for the settlement of producers and
consumers. That is, each producer and consumer scheduled in
the market will receive and pay for the energy at the market
clearing price, respectively.

In contrast, consumer-centric market designs (such as P2P
and community-based market designs) follow a more decen-
tralized and consumer-focused perspective. The P2P market
enables producers and consumers to exchange energy directly
with each other, subject to certain specific conditions defined
by consumers. In this market design, no central facilitator
is needed to verify energy exchanges. On the other hand,
the community-based market requires the use of a central
entity that coordinates energy exchanges within the energy
community, well as the imports and exports to other energy
communities and DHN players. It worth mention that these
kind of decentralized markets can empower consumers and
prosumers to play a more active role in the DHN. For instance,
local supermarkets are emerging thermal prosumers that can
provide and consume heat in different hours, making them a

flexible player to reuse excess heat and even selling surplus
heat to other consumers in the DHN.

III. DISTRICT HEATING MARKET DESIGNS

The DHC market designs discussed in this work, represent
insights into the future of heat exchange in DHNs. There is
still a long way to go regarding infrastructure and legislation
for the implementation of liberalized markets. In this context,
the first steps in what we believe could be the DHC systems
of tomorrow are given in this work. In this way, pool, P2P and
community-based market approaches are addressed. Note that
for the rest of the work, it is assumed that the heat sources
are considered producers and the heat sinks are consumers.

A. Pool Market Design

The pool market designs consists of representing the merit
order mechanism and obtain the market clearing price through
the intersection of supply and demand curves. Thus, the market
has the goal of maximizing the social welfare, meaning that
lower offers from producers and higher offers from consumers
are accepted. Mathematically, this market can be presented as:

min
D

∑
n∈Ωn

CnPn (1a)

s.t. Pn ≤ Pn ≤ Pn p ∈ Ωn (1b)∑
n∈Ωn

Pn = 0 (1c)

Pn ≤ 0 n ∈ Ωc (1d)
Pn ≥ 0 n ∈ Ωp (1e)

where D = {Pn ∈ R}n∈Ωn
correspond to the energy traded

by each agent n. Cn represents the agents’ bid price; Pn,
Pn, represent the lower and upper bound of the agents’
energy offer, respectively; Ωc represent the consumers sets,
Ωp represent the producer sets. Eq (1b) set the agents offers
boundaries. Eq (1c) sets the market balance, where the supply
must equal the demand. (1d) sets that the consumption is non-
positive in the system, while (1e) sets that production variable
from producers is non-negative.

B. P2P Market Design

Regarding the P2P approach, it is proposed that two differ-
ent peers can trade heat on a bilateral basis, without a third
party supervision [39]. That is, each peer n can exchange with
another peer m on an individual basis, defining the amount of
energy to be bought or sold at a given price. This problem can
be mathematically formulated as follows:



min
D

∑
n∈Ωn

CnPn (2a)

s.t. Pn =
∑

m∈Ωn

Pn,m n ∈ Ωn (2b)

Pn ≤ Pn ≤ Pn n ∈ Ωn (2c)
Pn,m + Pm,n = 0 {n,m} ∈ {Ωn} (2d)
Pn ≤ 0 n ∈ Ωc (2e)
Pn ≥ 0 n ∈ Ωp (2f)

where D = {Pn ∈ R}n∈Ωn
represents the heat traded by each

agent n. Like in the pool market, the goal is to minimize the
cost associated with the agents’ transactions (2a). The total
heat traded by an agent n must equal the sum of the heat
exchanges from that agent n to the other agents m (2b). Also,
a reciprocity is expected in the bilateral trades (2d), where
Pn,m and Pm,n must be symmetric.

Looking at the peer-to-peer formulation, one can see that
it yields the trade between agents. Thus, a preference can be
added to each of these trades, which can be translated into
a penalty or benefit. This is called product differentiation,
meaning that a certain trade can be advantageous or harmful
to the system management. In this way, the objective function
is willing to benefit or penalize the trades that deserve such
consideration. The distance between agents, the thermal losses
and the CO2 emissions are preferences that can be placed
within this scope. There is also the option where the agents can
choose the penalty that best suits their ideology. For instance,
on the EMB3Rs platform, three different penalty options are
provided to the consumers. One option is the physical network
distance between agents. For example, an agent can select the
distance penalty if he wishes to trade with the nearest neighbor.
Another option is thermal losses, where an agent can select
the thermal losses penalty if it is concerned about the system
energy efficiency. Alternatively, the CO2 penalty is proposed
if an agent has environmental concerns. Conventionally, the
product differentiation is represented as:

Cn,m = Pn,mcn,m (3)

where Cn,m represents the final penalty applied to the trade
between agents n and m. Pn,m represents the energy trade
between agents n and m, and cn,m represents the initial
penalty between these agents.

In order to apply product differentiation, the objective
function must account with the penalty from Eq (3). Thus,
the objective function takes the following form:

min
D

∑
n∈Ωn

CnPn +
∑
n∈Ωn

∑
m∈Ωn

Cn,m (4)

where D = {Pn, Cn,m} ∈ Rn,m∈Ωn
. Hence, the formula-

tion is completed, since equations (2b)-(2f) keep unchanged.
Nevertheless, the determination of the product differentiation
penalties may follow different ways.

1) Physical Network Distance Preference: In the distance
preference, the network distance between the selected agents
is determined. The penalty implies the sum up of all the
pipes that make the path between agents. Note that Dijkstra’s
algorithm [40] is used to find the shortest path between agents.
Thus, the penalty associated to the network distance is given
by:

cn,m =
∑

i∈ΩIn,m

di,n,m/TotDist (5)

where di,n,m represents the pipe distance along the path
between agents n and m, while 385.08m is the total network
distance.

2) Network Thermal Losses Preference: The thermal losses
penalty between two agents is given by the share that each
agent has in the system losses considering the thermal flow in
each pipe. In this case, it is required to determine the thermal
flow in the DHN and, therefore, the losses in each pipe. To
determine the thermal flow and losses in the DHN based on the
initial market results, the thermal control algorithm in [41] is
used. Therefore, the impact that each agent has on the thermal
flow and losses of each pipeline is determined using Bialek’s
downstream looking algorithm [42]. Finally, the thermal losses
penalty for the transaction between two peers is given by:

cn,m =
∑

i∈ΩIn,m

li,n,mDi,n,mdi,n,m/TotLoss (6)

where li,n,m represents the thermal losses in each pipe along
the path between agents n and m; Di,n,m represents the n,m
peer impact in each pipe of the system determined by the
downstream looking algorithm presented in [42]. In this way, a
fairly penalty allocation for the transaction between two agents
is achieved, accounting for the cumulative impact that such
transaction has in the thermal losses in the system.

3) CO2 Emissions Preference: The last option proposed
for product differentiation is to penalize transactions through
CO2 emissions. This penalty consists of penalizing peer
transactions that may, consequently, emit higher emissions into
the atmosphere. The EMB3Rs platform can provide standard
levels of CO2 per technology, and therefore, penalties between
agents n and m consider such levels. Here, the penalty is
only associated with the heat source. Hence, the CO2 penalty
between agents n and m is given by the quotient between
agent n emissions and the total system emissions:

cn,m = En/
∑
n∈Ωn

En (7)

where En represents the CO2 emissions by agent n.

C. Community-based Market

The community-based market design intends to represent a
more hierarchical structure of bilateral peer trades. In general,
a community is composed by members who share common
interests or are geographically close. In this model, there is a
community manager responsible for the community’s energy



management. This manager supervises all the trading activities
within the community, as well as works as an intermediary in
the heat trade with other communities or with the main grid
[43]. The mathematical formulation is presented as:

min
D

∑
n∈Ωn

∑
k∈Ωk

Cn,kPn,k − cexp,kqexp,k

+cimp,kqimp,k

(8a)

Pk,k′ + Pk′,k = 0,∀(k, k′) ∈ (Ωk) (8b)

qexp,k′ =
∑
k∈Ωk

Pk′,k,∀k′ ∈ Ωk (8c)

qimp,k′ =
∑
k∈Ωk

Pk′,k,∀k′ ∈ Ωk (8d)∑
k∈Ωk

Pk′,k = qexp,k′ − qimp,k′ ,

∀k′ ∈ Ωk

(8e)

Pn,k + qn,k + αn,k − βn,k = 0,

∀(n, k) ∈ (Ωn,Ωk)
(8f)∑

n∈Ωn

qn,k = 0,∀k ∈ Ωk (8g)∑
n∈Ωn

βn,k = qexp,k,∀k ∈ Ωk (8h)∑
n∈Ωn

αn,k = qimp,k,∀k ∈ Ωk (8i)

Pn ≤ Pn ≤ Pn (n, k) ∈ (Ωn, ωk) (8j)

where D = {Pn,k, qexp,k, qimp,k ∈ R}(n,k)∈(Ωn,Ωk. Pn,k rep-
resents the internal trade of agent n within its own com-
munity k. (8b) represents the symmetry when communities
exchange heat. Equation (8c) balances the exported heat by
a community with other communities. The same is valid
for (8d), regarding the imported heat. Also, the sum of one
community bilateral trades must equal the exported heat minus
the imported heat (8e). Equation (8f) sets agents’ balance,
i.e., the purchase/consumption, the heat traded within the
community and the heat exchanged with other communities
must reach an equilibrium in each time period. Within a
community, the purchase/consumption of all involved agents
must be equal to zero (8g). Furthermore, the heat exported
by each community agent must equal the total heat exported
by the community (8h). The same holds true for the imported
heat (8i). Like in the previous market designs, heat boundaries
ought to be kept (8j).

IV. CASE STUDY

In this section, a case study is presented considering an il-
lustrative Nordic DHN with several producers and consumers.
This illustrative example has been developed to assess different
market designs on the EMB3Rs platform. All the input data
and results of this study, including demand and supplier offers
for an entire year (from April 2018 to March 2019) are
available at Mendeley Data [44].

A. Case Characterization

A DHN has been built considering several producers and
consumers with different characteristics and patterns.

Fig. 1. Illustrative district heating network.

Note that the DHN must ensure that the temperature is
within the levels required by the heating demand, and that the
flow rates in the DHN must be kept at a reasonable low level
in order to avoid water velocities. To this end, it is assumed
that this DHN operates similarly to most Danish DHNs, which
work within annual averages temperatures of 77.6◦C supply
and 43.1◦C return [45].

Figure 1 shows the schematic diagram of the DHN, where
31 row houses and 4 potential producers are considered. The
consumption of 31 row houses for a entire year (from April
2018 to March 2019) has been generated considering a typical
demand pattern taken from [46]. The price that the row houses
are willing to pay for the demand in the market follows a
normal distribution, in which the base price is the heat tariff
in Copenhagen, Denmark [47]. In order to suppress basic
consumption needs, at least 70% of the heat demand of each
house must be supplied at all periods.

A 15 kW industrial ammonia heat pump is located in the
DHN and can provide heat at some time of the day at a certain
cost. The heat pump generation profile considers a constant
Coefficient of Performance (COP) of 4.8, providing hot water
via a heat exchanger at 80◦C, based on [48, 49]. The cost
curve of the heat pump is based on the electricity spot price
in 2018 and 2019 in DK2 area in Denmark, taken from [50].

In addition, a 0.4 MW data center is included in the DHN.
Commonly, data centers follow a relatively constant pattern
of excess heat recovery to inject into the DHN, although the
temperature of their excess heat from the condenser cooling
towers is usually between 35◦C and 45◦C. Thus, an industrial
ammonia heat pump, similar to the one referred above, would
be required to upgrade its heat to inject into the DHN. This
data center has been modeled producing 71,6 kWh on average,
in which the calculus for the heat recovery profile is based on
[51, 52]. To this value, it would be added the energy used in
the ammonia compressor. The cost curve for the data center
sell recovered heat energy in the DHN has been modeled
following a normal distribution and the monthly excess heat



TABLE I
DHN DISTANCE BETWEEN AGENTS.

Distance (m)
Agent CHP Supermarket Data Center Heat Pump

C1-C10 266,24 181,25 206,15 174,96
C11-C15 190,76 20,47 168,58 199,06
C16-C18 228,66 143,67 230,27 137,38
C19-C25 175,25 90,26 158,21 127,01
C26-C30 196,37 111,38 224,52 193,31

C31 259,32 174,33 122,23 94,28
SM 201,37 - 240,87 209,67

procurement costs presented in [52]. A Combined Heat and
Power (CHP) unit is included in the DHN being the main
producer in the system. This CHP is designed to provide the
entire consumption of the system, being therefore the most
expensive generation resource. The cost curve for a entire year
follows the behavior of the natural gas spot price for years
2018 and 2019, available in [53]. Note that the prices were
normalized for the Nordic context.

Besides this, a supermarket with heat pump technology is
included in the system behaving like a prosumer. That is,
the supermarket may consume heat from the DHN or inject
recovered heat into the DHN, taking into account the hour
of the day and the outdoor temperature. The generation and
consumption profile depends on the outdoor temperature. It has
been considered the outdoor temperature in Copenhagen for
the entire year (April 2018 to March 2019), available at [54].
Then, the prosumer profile of the supermarket is determined
following a typical COP (around 3.0) for heat recovery in
supermarkets, and a typical supermarket consumption pattern,
detailed in [55]. The cost curve for the supermarket to inject
recovered heat in the DHN depends on the outdoor temperature
and is based on [56].

It is noteworthy that different market designs may require
the use of different data or configurations. For example, the
community-based market design requires the configuration
of the energy community, that is, who are the community
members. For the community-based market, two communities
were created, based on the aforementioned energy resources,
namely:

• Community 1: Data Center and all consumers from 19 to
31;

• Community 2: Supermarket, Heat Hump, and consumers
from 1 to 18.

Regarding the P2P market model via product differentiation,
the required data were retrieved based on the THERMOS
project tool [57]. This tool is able to provide the distance
(Table I) and nominal losses (Table II) between agents, based
on the supply and return temperatures, and on the maximum
heat flow in the pipelines.

The CO2 signals for the CHP were obtained from [58],
while for technologies that rely on the electricity mix were
retrieved from [59] considering the Nordic zone. Table III
presents the CO2 signals for all heat producers.

TABLE II
DHN NOMINAL LOSSES BETWEEN AGENTS.

Losses (W/m)
Agent CHP Supermarket Data Center Heat Pump

C1-C10 17,31 16,40 17,31 14,02
C11-C15 18,35 17,23 16,83 17,43
C16-C18 17,90 17,12 17,73 17,58
C19-C25 18,10 18,01 17,78 17,49
C26-C30 17,24 16,51 17,41 16,43

C31 17,39 16,99 17,05 16,66
SM 18,64 - 16,87 17,86

TABLE III
CO2 EMISSIONS BY HEAT PRODUCER.

CO2 Signals (g/kW)
CHP Supermarket Data Center Heat Pump
225 225 166.1 34.6

B. Results

This section presents the main results and indicators for
comparing the different market designs. All simulations were
performed for an entire year of market operation.

1) General Results: Table IV presents the social welfare
and the revenue achieved by each agent over the simulated
year. For the pool market, the achieved results are the same as
the Full P2P, so these are not discussed in detail. As expected,
the Full P2P market design is the one presenting the best
solution, since there are no limitations on heat exchanges
between agents, opposite to what happens in P2P with product
differentiation where penalties (consumer preferences) are
considered. Note that social welfare represents the objective
function without penalties, i.e., once the objective is defined,
the penalties are removed and all heat transactions are kept.
Within the P2P markets, the P2P with distance as product
differentiation (P2P Distance) is the one achieving the lowest
social welfare (65,9% compared to Full P2P), since it is the
one that most penalizes the transactions between agents. P2P
CO2 is the one reaching the social welfare closest to the Full
P2P (more than 99.8%). The Full P2P and the community-
based are the market models supplying more load, reaching
90% of the total load demand. Other models have a smaller
delivery capacity and the minimum is reached for the P2P
Distance where only 70% of the entire load demand is met.
Although the community performs the poorest social welfare
(63% compared to the Full P2P), it is worth stressing that
it is the market that allocates the most load. In terms of heat
production, the CHP and the data center are the ones producing
the most heat throughout the year. The CHP has the largest
thermal energy producing capacity and is the most expensive
resource. Thus, it is often used to cover the remaining energy
demand, which other producers cannot cover. On the other
hand, the high dispatch of the data center is related to its
high nominal capacity and low bid price offered in the market.
The CHP shows a drop of about 45 % in production at P2P
Distance when compared to the Full P2P, which is linked to



TABLE IV
AGENTS’ REVENUE BY MARKET DESIGN

Revenue (C)
Full P2P P2P Distance P2P Losses P2P CO2 Community

Social Welfare 175250 115560 166422 175040 110407
CHP 89328 69179 78094 85115 185057

Supermarket 5615 6162 5813 5352 6093
Data Center 85090 77614 84670 86931 77452
Heat Pump 6610 13413 5338 7007 14113

Load 361893 281928 340338 359446 366479

TABLE V
AGENTS’ DISPATCHED HEAT BY MARKET DESIGN

Dispatched Heat (kW)
Full P2P P2P Distance P2P Losses P2P CO2 Community

Load 682941 532850 642078 678188 687215
CHP 217191 120623 180546 205486 275674

Supermarket 39937 43255 43255 38173 42758
Data Center 411472 338954 408897 419155 336219
Heat Pump 14341 30018 11522 15372 32564

the fact that it is the producer that is more distant from the
consumers.

It is worth mentioning that the heat pump reaches high
dispatched heat levels and, consequently, high revenue in the
P2P Distance and Community-based markets. The heat pump
is located very close to the consumption points, which helps
to explain the heat pump performance in the market design
that considers the distance between agents. With respect to
the community-based, the heat pump results are related to
the community structure. The heat pump is a member of
Community 2, where only the supermarket compete to meet
the demand. As the supermarket behaves as a prosumer, the
heat pump or imported heat are often the only available heat
sources for that community, leading to a higher market share
for the heat pump. As the heat pump and the data center are the
two sources with the lowest CO2 emissions, these are also the
only agents presenting an increase in the heat supplied (1.8%
and 6.7%, respectively), when comparing the P2P CO2 with
the Full P2P.

2) Average Dispatched Heat and Successful Participation
in the Market: In addition to the general results, two key
performance indicators (namely, the Average Dispatched Heat
(ADH) and the Successful Participation in the Market (SPM)),
were introduced. ADH represents the amount of heat that is
dispatched from a source on average, i.e., the mean percentage
of dispatched heat from the total capacity of the source.
The values are presented in percentage (%) and determined
through:

ADH(n) =

∑T
t=1

Pn,t

Pn,t

T
,∀n ∈ {Ωp} (9)

where Pn,t represents the heat dispatched by source n in time
period t and Pn,t represents the maximum capacity of source
n in time period t.

Regarding the SPM, it indicates the level of participation

TABLE VI
ANNUAL AND SEASONAL INDEX OF AVERAGE DISPATCHED HEAT FOR

EACH HEAT PRODUCER AND MARKET DESIGN.

Year
CHP Supermarket Data Center Heat Pump

Full P2P 72% 97% 62% 25%
P2P Distance 71% 100% 51% 64%
P2P Losses 71% 98% 61% 14%
P2P CO2 72% 96% 63% 28%

Community 30% 100% 51% 91%
Summer

CHP Supermarket Data Center Heat Pump
Full P2P 84% 97% 48% 1%

P2P Distance 83% 100% 29% 36%
P2P Losses 87% 98% 48% 1%
P2P CO2 84% 96% 49% 4%

P2P Community 34% 100% 31% 92%
Winter

CHP Supermarket Data Center Heat Pump
Full P2P 60% 98% 76% 50%

P2P Distance 58% 100% 73% 92%
P2P Losses 54% 98% 76% 28%
P2P CO2 60% 97% 77% 53%

Community 26% 100% 71% 90%

by an agent n in the market, which is given by:

SPM(n) =

∑T
t=1 Participation(n,t)

T
× 100,∀n ∈ {Ωp}

(10)
where Participationn,t is a binary variable indicating
whether a source n is or not dispatched in the market, in time
frame t.

In addition to the annual results, seasonal results are also
presented, once the sources and loads have seasonal behaviors.
As one can see in Table VI, the heat dispatched is generally
higher in the winter, which is linked to lower external tem-
peratures, hence larger levels of heat demand are required.
However, the CHP presents lower ADH in the winter when
compared to the summer period. This is connected to the
higher bidding prices offered by this resource in that period of
the year, which enhances other resources participation in the
market. Also note that the supermarket is the resource with
the highest ADH, being fully dispatched most of the time. It
is also noteworthy that the heat pump is less dispatched in the
summer than in the winter, not only due to the increase of the
bid offer, but also due to the lower production capacity during
this season.

Regarding the SPM indicator, the results clearly point to
a high successful participation of the supermarket and data
center in all market designs. When it comes to the data center,
these results are justified by its steady heat production and low
offer price, being one of the first sources that all consumers
want to exchange with. It is important to highlight the contrast
exhibited between SPM and ADH in relation to the CHP, since
in the summer there is less heat demand that can be met by
other agents with better offers, thus reducing this agent overall
participation.



TABLE VII
ANNUAL AND SEASONAL INDEX OF SUCCESSFUL PARTICIPATION IN THE

MARKET FOR EACH HEAT PRODUCER AND MARKET DESIGN.

Year
CHP Supermarket Data Center Heat Pump

Full P2P 36% 91% 89% 26%
P2P Distance 61% 100% 100% 64%
P2P Losses 37% 99% 100% 16%
P2P CO2 35% 88% 90% 28%

Community 81% 100% 100% 92%
Summer

CHP Supermarket Data Center Heat Pump
Full P2P 13% 83% 93% 1%

P2P Distance 56% 100% 99% 37%
P2P Losses 15% 99% 100% 1%
P2P CO2 12% 75% 95% 4%

Community 71% 100% 100% 93%
Winter

CHP Supermarket Data Center Heat Pump
Full P2P 60% 95% 85% 51%

P2P Distance 66% 100% 100% 93%
P2P Losses 59% 98% 100% 31%
P2P CO2 59% 93% 86% 54%

Community 91% 100% 100% 91%

3) Fairness Indicators: Fairness indexes are also assessed
in this work. The methodology of [60, 61] was followed to
evaluate the resource allocation in each market design. These
indicators are not meant to measure quantities, but rather to
assess the relationships between the different agents and the
impact that each of them brings to the whole system. To do so,
Quality of Service (QoS), Quality of Experience (QoE) and
Min-Max Indicator (MiM) were determined. QoS represents
how all the agents impact the heat distribution in the system,
i.e., if all involved agents trade the same amount of heat,
then the QoS would be equal to 100%. This index assesses
the equilibrium in the system. QoE points out the consumer
satisfaction related to the heating price when trading with
other agents. The MiM indicator stands for the fairness in
the prosumers and consumers field, where the ratio between
the minimum and maximum values for each time period is
calculated. If all the consumers trade the same amount of heat,
then this index equals 100%. Table VIII gathers the fairness
indicators results.

As one can see, in general, the market modules present a
QoS around 20%, meaning that there are agents with larger
capacities when compared to other. This discrepancy leads
to lower levels of QoS. When looking at community 2, this
index is even lower which is related to the heat pump impact
in this community. For most of the year, this player is in
charge of supplying the whole community, creating a huge
impact, attracting a large part of the exchange within the
community. The QoE, related to the user viewpoint, presents
similar values for all P2P designs. When analysing the com-
munities, these values are substantially lower, due to the fewer
competitiveness existing in each community. Therefore, agents
are compelled to exchange with players who do not offer prices
as favorable as their competitors at certain times, as in the

TABLE VIII
FAIRNESS INDICATORS FOR EACH MARKET MODEL

QoS QoE MiM
Full P2P 21% 78% 4%

P2P Distance 17% 83% 4%
P2P Losses 21% 79% 5%
P2P CO2 20% 79% 4%

Community Com 1 Com 2 Com 1 Com 2 Com 1 Com 2
26% 14% 48% 23% 2% 16%

P2P market models. The low values presented by MiM point
to the significant difference between the heat values that are
exchanged among the different agents.

4) Supermarket Individual Analysis: The supermarket is the
only prosumer in the system, which means that it is the only
player capable of behaving as a producer or consumer in dif-
ferent periods of time, being important to analyze its individual
trades with other peers. When the supermarket is behaving as a
producer, it is able to sell heat to the loads. Figure 2 depicts the
cumulative heat trade over the year between the supermarket
and the loads for each of the considered P2P market designs.
More precisely, figure 2 points to a steady supply to all
consumers by the supermarket in the Full P2P design, which
was expected, since there are no preference constraints for any
heat consumer. On the other hand, the product differentiation
effect is clear in the P2P Distance and P2P Losses, since
consumer preferences (namely, distance and losses) encourage
trading with closest peers. Thus, the consumers (C11-C15) are
strongly encouraged to trade with the supermarket, as it is
one of the closest producers. In fact, most of the supermarket
heat production goes directly to these consumers (about 59.2%
and 73.9% for P2P Distance and P2P Losses, respectively),
supplying other consumers with residual heat, or not at all.
In the P2P considering the CO2 signals, there are no major
fluctuations once the CO2 emissions value of the supermarket
(225 g/kW) is similar to that of the CHP and Data Center,
and much higher than that of the Heat Pump. In this way,
the differentiation criterion is minimal relative to the CHP
and Data Center with consumers giving priority to trade with
the Heat Pump. More precisely, as both the supermarket and
the Heat Pump have a low capacity to influence the system,
the changes in the exchanges between the supermarket and
the consumers are relatively small compared to the Full P2P
market design.

Notwithstanding, there are periods in which the supermarket
does not have sufficient self-generation of heat and needs
to consume from the DHN, behaving as a consumer in the
market. In this case, Figure 3 depicts the annual percentage
of heat supplied by the heat producers to the supermarket. In
general, the supermarket is mainly supplied by CHP and the
data center, since these agents have a large thermal capacity.
As the supermarket is closer to the CHP, when considering
the distance criteria (P2P Distance), the heat supplied by this
resource, reaches its peak. Hence, as the data center is the
farthest resource from the supermarket, the heat exchange
reaches its low. The same line of thought is true for the P2P



Fig. 2. Cumulative annual heat exchange of the supermarket as a heat
producer in the P2P designs.

Losses. Conversely, as the heat pump is the resource with
the lowest CO2 emissions, this resource reaches its maximum
when considering the P2P CO2 market design.

Fig. 3. Cumulative annual heat exchange of the supermarket as a heat
consumer in the P2P designs.

Looking at the community-based market design (Figure 4),
one can see that as a consumer, the supermarket is compelled
to import about 80% of the heat, the remaining 20% being
supplied by the community itself (heat pump). As a heat
producer, all production is shared with the community itself,
and no heat is exported.

Fig. 4. Supermarket heat exchange in the Community design.

V. CONCLUSION

District heating still has a long way to go, especially
regarding the way heat is exchanged and the infrastructure
needed for this transformation. Within this scope, new mar-
ket models for district heating have been proposed in this
work, encouraging direct heat exchange between peers. The
network characteristics and impact on heat exchange were
also assessed through product differentiation, giving to the

peers and network operators the possibility to define and test
criteria that best fits their interests. All markets designs were
simulated, compared and incorporated in the market module
of the EMB3Rs platform.

The results point to the feasible implementation of this type
of market structure in DHNs. The Full P2P model presents the
best results, since it disregards any limitations of the DHN
for the heat exchanges between the different players. This
work, also proves that it is possible to impact the way heat
is distributed according to preferences that may be associated
with distance, minimizing losses or mitigating CO2 emissions.
As an example, analyzing the market design of P2P Distance,
one can see that the supermarket can increase by 500% the
heat supply to closest consumers when compared to the Full
P2P market design. In addition, the Community-based market
design also reveals the possibility to divide agents into com-
munities, allowing them to manage their own community and
exchange heat with other communities, through heat import
or export. Overall, if looking at the equilibrium between the
agent participation in the market, the quality indicators do not
show a balanced system. This is linked to the different heat
technologies and prices, that change over the year according
to several factors as the weather. The MiM also highlights this
point, as a low value for this indicator means a big difference
between the maximum and minimum heat traded amongst the
agents.

Future work will focus on full network thermal characteri-
zation and comparison with the main findings here presented.
Also larger networks will be explored in order to test the
solutions in a real-world like environment.
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and J. Paris, “Economic assessment of rural district
heating by bio-steam supplied by a paper mill in Canada,”
Bulletin of Science, Technology & Society, vol. 28, no. 2,
pp. 159–173, 2008.
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