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a b s t r a c t

The 5th Generation District Heating and Cooling (5GDHC) network has great advantages in terms
of integration of low-temperature resources, bi-directional operation, decentralised energy flows,
and possible energy sharing. One way to develop the idea and concept of 5GDHC is to identify
potential agents, including residential buildings, office buildings, shopping malls, data centres, electrical
transformers, and so on, in 5GDHC in each target context. The prospects for 5GDHC have been assessed
in light of the conditions in the Baltics. The multi-criteria analysis method was used to quantify the
main identified barriers and drivers behind the implementation of 5GDHC systems. It should be noted
that new urban areas in the Baltic states are being actively developed with low-energy buildings,
so 5GDHS can be integrated to supply heat to these areas. The highest score in the multi-criteria
assessment was achieved by Lithuania due to support availability and open heating market conditions.
When all applied criteria are weighted equally, Estonia has the most favourable conditions for 5GDHC
systems due to widespread use of heat pumps and greater excess heat potential.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

District heating and cooling (DHC) technology has been widely
ecognised as a promising solution to reduce both primary en-
rgy consumption and local emissions (Rezaie and Rosen, 2012;
nternational Energy Agency, 2014). The 5th generation district
eating and cooling (5GDHC) network is the latest district heat-
ng/cooling concept, which is characterised by low temperature
upply (i.e. close to ground temperature), bi-directional operation
i.e. it can provide heating and cooling simultaneously), decen-
ralised energy flows (i.e. it allows multiple heat sources and
eat sinks in the network), and heat sharing (i.e. it can recover
aste heat and share it with different users) (Buffa et al., 2019).
nlike the 4th generation district heating (4GDH) technology, the
GDHC technology is geared towards the consumer/prosumer. It
nly needs one thermal grid, but it serves multiple purposes for
oth heating and cooling distribution, including heat and cold
torage, and thus provides flexibility in adopting local renewable
nergy and waste heat resources. As pointed out in Revesz et al.
2020), by integrating the low-grade heat with photovoltaic ar-
ays, batteries, and vehicle-to-grid applications, 5GDHC systems
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E-mail address: anna.volkova@taltech.ee (A. Volkova).
ttps://doi.org/10.1016/j.egyr.2022.07.162
352-4847/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access a
also support the electrification of both the building and trans-
portation sectors towards the broader concept of ’fifth generation
smart energy networks’.

The distinction between 5GDHC and 4GDH has been studied in
the past. For instance, Lund et al. (2021) performed a systematic
comparison of 5GDHC and 4GDH in terms of goals and capabili-
ties. According to their findings, 5GDHC has five of the same core
capabilities as 4GDH: (i) the ability to supply different types of
buildings, (ii) the ability to distribute heat with small grid losses,
(iii) the ability to recycle heat from low-grade sources, (iv) the
ability to be integrated into large smart energy systems, and (v)
the ability to ensure proper planning and cost-effective invest-
ment. The main differences in 5GDHC are the strong emphasis on
combined heating and cooling, as well as the use of a collective
network close to ground temperature as a common heat source or
sink for heat pumps (HP). After reviewing various literature, they
also concluded that 5GDHC can be viewed as a technology with its
own merits. It does not have to replace other 4GDH technologies.
Instead, it can coexist with other 4GDH technologies. Ref. Gud-
mundsson et al. (2021) compared the levelised costs of heat from
both 4GDH and 5GDHC in Denmark and the UK. The results of this
study showed that, under current cost scenarios, 4GDH is more
cost-effective compared to 5GDHC in both of these countries.
This is due to three key factors: (1) economy of scale of central
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

4GDH 4th Generation District Heating
5GDHC 5th Generation District Heating and

Cooling
AHP Analytic Hierarchy Process
DH District Heating
DHC District Heating and Cooling
HP Heat pump
MILP Mixed-integer linear program
MPC Model predictive control
RES Renewable energy sources
TOPSIS Technique for Order of Preference by

Similarity to Ideal Solution

HPs, (2) access to cheaper input energy, and (3) simpler building
interface units. These factors can offset the additional cost of the
insulated piping network and the associated distribution heat loss
in 4GDH systems compared to 5GDHC. The key difference and
barrier between 5GDHC and 4GDH is the HPs’ reliance on the
power supply system, as they must raise the temperature to fulfil
the needs of the end users. Therefore, an increase in the electricity
price will significantly increase the cost of 5GDHC.

Several studies have looked at 5GDHC technology from vari-
us perspectives. Grzegórska et al. (2021) reviewed the current
tatus of district heating (DH) systems in terms of the appli-
ation and solutions of novel approaches to smart asset man-
gement (i.e. maintenance approaches via control, prediction,
ptimisation, and selective refurbishment of assets with the aid
f novel hardware and software solutions) for several countries
f the Baltic region (Grzegórska et al., 2021). They compared the
raditional maintenance system with smart asset management
olutions for optimal design, operating conditions and manage-
ent of the DH network. Their review concluded that integrating
mart management tools into DH systems can solve issues in
xisting DH networks while also ensuring profitability for both
eat providers and consumers. Buffa et al. (2019) conducted a
omprehensive review of 40 thermal networks operating in Eu-
ope that can provide both heating and cooling to buildings. They
onducted a drawback-benefit analysis to investigate the pros
nd cons of 5GDHC technology. They also explored the challenges
ssociated with implementing 5GDHC technology, including the
ack of guidelines for designers and planners, the lack of a lo-
al heat atlas, and the lack of new business models and tariff
echanisms. To improve the performance of energy transmission
tations in a building, model predictive control (MPC) algorithms
ased on recurrent artificial neural networks were developed in
uffa et al. (2020). The results showed that MPC can effectively
hift electricity consumption from energy transmission stations
rom peak to off-peak hours by up to 14%, and thus, the use of
dvanced control in 5GDHC can promote the coupling between
he thermal and electric sectors. They also pointed out that the
otential weaknesses of the 5GDHC technology mainly include
omplicated seasonal load balancing and increased complexity in
oth distribution network management and energy transmission
tations at customer locations.
There are some studies related to the techno-economic anal-

sis of the 5GDHC network. For example, Wirtz et al. (2021)
eveloped a mixed-integer linear program (MILP) control method
or short-term network temperature optimisation in 5GDHC sys-
ems that took into account the integration of both waste heat
nd free cooling. Their 5GDHC system includes a HP, a chiller and
hermal storage in a central generation unit, as well as pumps,
10038
chillers, electric boilers and thermal storage in 17 agent buildings.
The results showed that such temperature control can reduce the
operating temperature of the network and cut operating costs by
10%–60%. Another study (Millar et al., 2021) provides an assess-
ment framework for determining the economic, operational, and
carbon benefits of HP-driven 5GDHC energy sharing networks for
an urban centre. In particular, they created a load matrix to anal-
yse which energy loads from various building types are suitable
for energy sharing. Using the proposed assessment framework
and load matrix, they conducted parametric studies of various
scenarios for heat tariff, energy sharing, thermal storage, and
carbon tax combinations. The results of the study showed that the
financial benefits of 5GDHC are more dependent on factors such
as the size of the thermal storage and time-of-use tariffs, while
the carbon savings of 5GDHC are more dependent on system
alternatives such as natural gas boilers. Energy sharing barely af-
fects these metrics. A bibliographic analysis of the modelling and
co-simulating of 5GDHC systems was published in Abugabbara
et al. (2020). Their analysis concluded that the co-simulation be-
tween the district energy system and building energy models can
help reduce oversized space heating and cooling systems, since
proper advanced control strategies are still lacking for 5GDHC
operation. They also stated that 5GDHC systems address two of
the main challenges faced by the 4GDH, including (i) the need
for separate pipes to provide both heating and cooling and (ii)
centralised energy generation, which limits the expansion area
of the network.

In the 5GDHC, different players can be considered as agents
interacting with each other through pipes: consumers, suppliers,
and prosumers. Consumers represent end users of heat and cold,
such as residential buildings. Suppliers represent heat producers,
such as the existing DH network, process excess heat, or solar
thermal energy. Prosumers represent heat users that can some-
times produce heat, such as data centres and shopping malls.
In 5GDHC, potential agents include office buildings, shopping
malls, data centres, electrical transformers, etc., which can add
low temperature heat to the network. The agents draw water
at a temperature between 5-30 ◦C from the loop to cover their
heating or cooling demand and re-inject the water back into
the same loop. HPs can be utilised in a network to meet a
variety of heating and cooling needs at various temperatures. HP
can be powered with renewable energy from wind farms and
photovoltaic (PV) farms. In this regard, the use of HPs by agents
can also provide flexibility in balancing fluctuations in the power
grid due to intermittent renewable energy sources (RES) (Fischer,
2014). Danfoss, as practitioners, emphasise that 5GDHC has a
significant dwelling spatial impact, as well as medium dwelling
noise levels due to the use of individual HP (Danfoss, 2021).
There is a significant resident risk for the same reason that HP
is used. Geothermal energy can also be integrated into 5GDHC as
a potential agent (Boesten et al., 2019). The legal framework for
shallow geothermal energy in 14 European countries is reviewed
in detail in Tsagarakis et al. (2020). Their review showed that
across European countries there are significant disparities in legal
provisions, as well as in regulations, standards, and institutional
support. These differences are barriers to the market’s continued
integration of geothermal energy into 5GDHC. 5GDHC is also
subject to similar barriers, which prevent 5GDHC from being put
into practice on a larger scale.

So far, there has not been a systematic study of potential
agents that can be used in the 5GDHC, such as residential build-
ings, office buildings, shopping malls, data centres, electrical
transformers, and so on. There is also no comprehensive review
and analysis of the barriers and drivers for the implementation of
5GDHC. This may hinder the introduction of 5GDHC techniques
on a large scale. Thus, this study provides a comprehensive review
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f potential agents that can be used as active heat sources or
inks in 5GDHC in the Baltic countries. This paper also explores
he barriers and drivers for the implementation of 5GDHC in
erms of economics, markets, technologies, policies, etc. Country-
pecific conditions such as heating tariffs, regulatory mechanisms,
takeholders, existing DH infrastructure, DH market and others
re evaluated for the three Baltic states (Latvia, Estonia, and
ithuania). A preliminary evaluation is also conducted to explore
ossible implementation opportunities for the 5GDHC network in
he Baltic states. This study can help to understand how different
gents can be integrated into 5GDHC, and what waste heating or
ooling potential they can bring to the 5GDHC network. This will
rovide a solid basis for the future 5GDHC modelling and techno-
conomic analyses. The identified barriers and drivers will pave
he way for the implementation of the 5GHDC network in the
uture.

The structure of the paper is as follows. Section 2 reviews and
nalyses the barriers and drivers of 5GDHC. Section 3 presents the
eneral research methodology. Section 4 presents waste heat po-
ential results from a set of agents. The conclusions are provided
n Section 5. A multi-criteria analysis is used to allow comparisons
etween countries.

. Barriers and drivers of 5GDHC in the Baltic states

To identify the main barriers and drivers, it is necessary to
ssess the current situation. Due to the cold climate in the Baltic
tates, the heating sector plays a very important role. The major-
ty of residents in the Baltic countries have their heat supplied via
H (62% in Estonia, 65% in Latvia, and 58% in Lithuania), which is
ell above the EU average of 26%. Despite the fact that the share
f RES in the heating and cooling sector in the Baltic countries is
ather high (52% in EE, 58% in LV, and 47% in LT (Eurostat, 2020a)),
here is a potential to increase the share of renewable energy in
his sector. The heat supply in these countries is mainly based on
he combustion process, and the high share of renewable energy
an be explained by the combustion of large amounts of wood
hips in boiler houses and combined heat and power plants. It
hould be recognised that the share of energy from low-grade
eat sources is minimal and can be significantly increased. The
urpose of this section is to assess the possibilities for 5GDHC
mplementation in the Baltic states. The current situation was
ssessed and the main barriers to implementation were identi-
ied. Based on the 5GDHC definition, the following factors were
nalysed: stakeholders (DH operators and producers), regulatory
echanisms and DH tariffs, existing DH infrastructure, building
tock, pilots, energy policy, and strategic DH energy goals.

.1. Stakeholders

The main difference between DH stakeholders is ownership.
n Estonia, DH operators are mostly private companies (Volkova
t al., 2020), while in Latvia DH operators are mostly municipal-
ties, but private companies also own some systems. There are
oth private and public DH operators in Lithuania.
Private DH companies are more experienced with specific DH

perating issues and solutions, which is one of the key advantages
hen DH networks are operated or owned by private companies.
oreover, private entities as DH owners may be more interested

n investing in improvements due to the profit orientation. In
ddition, private ownership of the DH network is less subservient
ecause local municipalities do not need to buy services from
rivate companies. The main disadvantages are that private com-
anies are more profit-oriented and are not interested in less
easible DH networks (Egüez, 2021).
10039
If the municipalities own DH, it is possible to implement
complex heat supply renovation projects, including the improve-
ment of heat supply and public buildings. For example, the
municipality of Gulbene implemented the first small-scale low-
temperature DH system in Latvia since it owned both the heat
source and the buildings to which the heat was supplied. As a re-
sult, customer participation and agreements were not necessary.
However, municipalities sometimes have limited access to ade-
quate investment funds, modern management practices, and new
technologies. In addition, municipal DH systems are subject to
public and political control, which can slow down the adoption
of innovative technological solutions.

Both private and municipal ownership are viable options for
5GDHC. Existing case studies show that private companies are
more interested in developing the 5GDHC technology in parallel
with 4GDH.

2.2. Regulatory mechanisms and district heating prices

The DH network in Estonia is regulated by the District Heating
Act (Eesti Vabariigi Valitsus, 2017), while in Lithuania the DH
sector is regulated by the Law on the Heat Sector. Only Latvia
has no specific laws for the DH sector (The Cabinet of Minis-
ters of the Republic of Latvia, 2008). However, the DH sector in
Latvia is regulated by the Energy Law, which governs Latvia’s
energy sector, including heating as a sector of the economy that
covers the extraction and use of energy resources. There is also
a regulation on the Supply and Use of Thermal Energy, which
establishes the procedure for the supply and use of thermal
energy, as well as defines the obligations of the supplier and con-
sumer of heat. In addition, the regulations on Energy Efficiency
Requirements for Centralised Heating Supply Systems set out
energy efficiency requirements for centralised heating systems,
specifying the maximum heat loss in the DH network and the
minimum requirements for the efficiency of heat production for
various technologies.

All Baltic countries have DH price regulators. The main dif-
ference between the three countries is the market situation. In
Estonia and Latvia, the DH monopoly exists, while heat produc-
tion in Lithuania is based on heat producers competition (Volkova
et al., 2020; Rušeljuk et al., 2020). In order to ensure competition
between heat producers, NERC approves a set of conditions for
the use of heat transmission networks, which are mandatory for
all persons involved in energy activities in Lithuania’s heating
sector. Lithuania has a unique market mechanism for the DH
sector. Each month, different DH suppliers compete in price level
auctions. This competitive market model is the only one in Euro-
pean DH. Moreover, Lithuanian DH companies participate in the
biomass market and the purchase of biomass is dependent on the
market price. Independent heat producers have built about a third
of biomass-based plants. Competition among heat producers is
organised on the basis of monthly heat sale auctions. In Lithuania,
there is a national biomass and heat energy exchange BALTPOOL,
where all heat producers are obliged to buy biomass and sell heat
in individual municipalities. The experience of the exchange is
of interest to foreign politicians and officials. BALTPOOL is in the
process of expanding its activities to other countries.

DH prices in the Baltic states are set in accordance with na-
tional legislation. The DH price limit in Estonia must be justified,
cost-effective and enable the company to fulfil its legal obli-
gations. Only justified sales volumes and profitability expenses
may be taken into account when approving the heat energy
price for the period of regulation. The validity of the costs in-
cluded in the heat limit price and their cost-effectiveness are
assessed. The maximum area price is set by the Competition
Authority in accordance with technical indicators (Eesti Vabariigi
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Fig. 1. Production of heat by fuel type in 2020 (based on Eurostat (2020b)).
alitsus, 2017; Anon, 2020a). The Lithuanian National Energy
egulatory Council (NERC) sets the base price for heat. The mu-
icipal council determines the specific components of the heat
rice, submits documents to NERC for base price harmonisation,
nd provides feedback on the draft base price. The heat supplier,
aking into account the established components of the price for
eat, calculates the changed fuel prices and the changed prices
or purchased heat, and publishes the final heat prices. Heating
ariffs in Latvia depend on many factors, including the size of
he system, the fuel used, the technical condition of the system,
nd even political considerations. Heat production, transmission
nd distribution are public services that are regulated by the
ublic Utilities Commission in Latvia. Small DH systems (up to
000 MWh per annum) are not regulated (Latvian Public Utilities
ommission, 2020).
For 5GDHC, strict regulation of DH may be a major disadvan-

age due to the inability to make a profit and pay banks for the
nvestment necessary for a new low-temperature network.

.3. Existing DH infrastructure

The DH infrastructure in the Baltic states is well-developed
nd widespread in many cities/towns. High-temperature DH is
urrently just in its third generation, but the heat generation
ources are mostly renewable (Fig. 1).
Lithuania has a well-developed DH system. The share of DH

n the overall heating sector has remained unchanged in recent
ears, on average, around 58% in the country and around 76% in
ities. DH companies operate in all 60 municipalities of Lithuania.
hese entities are regulated by the NERC. Smaller heat supply
ompanies are regulated by the municipalities. Municipalities
wn about 90% of DH companies and 10% have been leased
o foreign and domestic investors. Private capital entered the
ithuanian DH market in 2000. Almost 70% of the heat is pro-
uced using RES (mainly biomass) and municipal waste in the
ithuanian DH sector (Eurostat, 2020a). The share of heat from
atural gas in the fuel mix is less than 30%. Up until 2014, natural
as was the main fuel in the DH heat generation structure. The
uick substitution of imported natural gas with local renewable
iomass was beneficial to the local economy, created new jobs in
he regions and expanded new industries. Penetration of biomass
nto the Lithuanian DH sector has been implemented by the use
f EU support.
Historically, natural gas has been the dominant DH fuel in

atvia. Between 2014 and 2019, the share of heat produced using
10040
natural gas at cogeneration plants decreased from 75% to 53.5%,
but in heat-only boiler houses, the share of natural gas-based heat
decreased from 42.4% to 29.6%. This is mainly due to the sup-
port policy for switching to renewable fuels, particularly biomass
fuels such as wood chips. Thus, biomass-based heat production
increased from 19% in 2014 to 29% in 2019 at cogeneration plants
and from 50% to 66% at heat-only boiler houses (Pakare et al.,
2021).

The total length of heating networks in Latvia is about 2000
km, of which most of the heating pipelines are outdated and
affected by large heat loss. However, there is a gradual renovation
and optimisation of heating networks, and average heat loss
has been on the decline since 2009, reaching 11% in 2020. The
heat supply temperature in heating networks is around 80–90 ◦C
during cold winter periods and around 70 ◦C during most of the
season when the outdoor temperature is around 0 ◦C (Blumberga
et al., 2020).

Oil shale is the main source of energy and the main fuel
in Estonia’s energy mix. On the one hand, the substantial use
of oil shale as a domestic fuel guarantees energy security. Oil
shale energy production, on the other hand, emits a substantial
amount of greenhouse gases due to its high carbon intensity,
which has a negative impact on the environment. As a result,
the Estonian economy produces more than twice as much carbon
dioxide (CO2) as the EU average. The Estonian government is
gradually decommissioning existing power plants and developing
new technologies to drastically reduce CO2 emissions and harm-
ful environmental impact. Estonia exports electricity because its
production slightly exceeds consumption. The total electricity
output in Estonia in 2019 was 7.615 TWh, and while the total
electricity demand was 8.257 TWh. Oil shale was used to generate
more than half of all electricity (56%), followed by biomass (17%),
wind power (9%), and renewable waste (1%) (Augutis et al., 2020).

There are over 200 DH networks in Estonia, with DH account-
ing for more than 60% of total heat production. Since 2014, with
the EU’s assistance, numerous small DH network boilers have
been refurbished, and new biomass boilers have been deployed
to replace ageing gas and oil-fired boilers. Oil and natural gas
consumption in Estonia has been declining since 2010 (Statistics
Estonia, 2020). In 2018, biomass accounted for 46.8% of the Es-
tonian DH energy mix and natural gas for 25.6%. Oil shale (9.2%),
municipal waste (6%), shale oil gas (6%), fuel oil (3%) and peat
(2.8%) make up a small part of the DH energy mix in Estonia.

The main barrier to 5GDHC is the existing well-developed and

widespread 3rd generation DH infrastructure in all three Baltic
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ountries. As a result, 5GDHC development can be carried out
rimarily in newly built areas, in addition to the existing DH
etwork.

.4. Building stock

According to Statistics Estonia, there are 23,600 apartment
uildings in Estonia. Most of these apartment buildings were
uilt during the period of industrial construction between 1960
nd 1990. Apartment buildings in Estonia are mainly heated
y DH and have a single-pipe heating system with hydronic
adiators and no thermostats. The indoor temperature is regu-
ated only at heating substations (Kuusk and Kurnitski, 2019).
he annual energy consumption of residential buildings remains
elatively stable at 10 to 12 TWh. Heating accounts for about
5% of consumption (∼9 TWh) and electricity accounts for ∼15%
∼2 TWh). The share of electricity consumption in residential
uilding energy consumption has grown steadily over the years.
he final energy consumption of non-residential buildings has
lso increased. In 2004, non-residential buildings consumed 4
Wh of energy. By 2017, their consumption has increased by
0%, reaching 6 TWh. Around 50% of non-residential building
onsumption is for heat (∼3 TWh) and the remaining 50% is for
lectricity (∼3 TWh). A reduction in final energy consumption
f about 7 TWh/y would be possible if the buildings were fully
enovated. It would be possible to reduce heat consumption by
p to 70% (∼6.4 TWh/y) and electricity consumption by up to
0% (∼0.5 TWh/y). The slight reduction in electricity consump-
ion is due to buildings that do not have an appropriate indoor
limate, but this can be achieved by installing appropriate utility
ystems that use electricity (Ministry of Economic Affairs and
ommunications (Estonia), 2014).
According to the Real Property Register, there are more than

1,000 apartment buildings in Lithuania. Most of these apartment
uildings (90%) were constructed before 1992 with very low
nergy efficiency. Only 2% of buildings in Lithuania are owned by
he state (state or municipal property), with private ownership
ccounting for 98% (individuals or legal entities). Therefore, the
ain obstacle to renovation is the persuasion of private owners
f buildings. The annual consumption of thermal energy by the
uilding stock is about 20 TWh for heating and 8.5 TWh for hot
ater supply. Residential buildings consume 17.5 TWh of thermal
nergy and only 1.7 TWh of electricity.
Data provided by the State Land Service show that there

ere 39,000 apartment buildings in Latvia in 2019. The total
ousing stock is 91.08 million m2, and the total area of non-
esidential buildings is 115.50 million m2 (Ministry of Economics
f the Republic of Latvia, 2020). The total consumption for space
eating in 2019 was 10.24 TWh. Most existing buildings have a
igh heat consumption and significantly lower thermal properties
han can be provided by currently available technologies. The
verage rate of depreciation for residential buildings is 38.9%. The
verage energy consumption for space heating among all types
f buildings is 138–139 kWh/m2 per year. In recent years, how-
ver, step-by-step measures have been taken to improve energy
fficiency, resulting in a reduction in specific heat consumption.
n apartment buildings, for example, the decrease between 2016
nd 2019 is 13.8 kWh/m2.
5GDHC ultra-low temperature regime requires high energy

fficiency in buildings. A large proportion of old buildings that
onsume large amounts of thermal energy are not suitable for
GDHC implementation.

.5. Pilots

DH operators mainly provide space heating and domestic hot

ater, while some also generate electricity in all three countries.

10041
The existing DH infrastructure is represented only by the 3rd
generation (Volkova et al., 2018). The first steps to reduce the
temperature are planned to be implemented in the Lithuanian
capital Vilnius in 2022. A small low-temperature DH was also
introduced in Latvia, in a parish of the Gulbene Municipality,
which is more focused on the optimisation of the existing heating
network in the village (Pakere et al., 2018). In Estonia, there
are no implemented DH networks of the 4th generation. Dis-
trict cooling is implemented only in Estonia (Tallinn, Tartu and
Pärnu) (Pieper et al., 2021; Volkova et al., 2022).

2.6. Energy policy

The electricity generation mix is diverse and unique in each
of the Baltic countries. Estonia is the only country where more
than 70% of oil shale is used to generate electricity. Latvia is the
country where natural gas (50%) prevails over hydropower (33%).
Since the shutdown of the Ignalina nuclear power plant in 2009,
Lithuania has had a unique situation in the electricity market,
with about 70% of electricity imported. The rest of Lithuania’s
electricity is generated primarily by wind (38%) and hydropower
(24%), but hydropower generation in Lithuania is quite low com-
pared to Latvia due to a substantial share of imported electricity.
Electricity production can be seen in Fig. 2.

Latvia is one of the leading countries in terms of the achieved
share of RES in the power generation mix due to a significant
share of hydropower. However, Latvia has a limited installed
capacity of RES variable energy from solar and wind energy,
but this is likely to grow as the market develops and natural
gas prices rise. Even if the general energy policy continues to
prioritise the use of biomass and improving energy production
and transmission efficiency, more widespread electrification is
possible. The heating network is anticipated to become more
open and accessible to various heat sources, increasing the di-
versity of DH systems. Since the first large-scale solar thermal
field has been successfully launched, it is predicted that the share
of solar heat in DH may increase in the coming years. It is also
expected that large-scale solar plants will get a larger share in
DH, and energy accumulation technologies will develop.

In early 2021, the new Estonian government introduced plans
to achieve carbon neutrality by 2050 and drastically reduce the
use of oil shale. Estonia has met its mandatory 2020 emission
reduction and renewable energy targets. In 2030, for the first
time, Estonia will have to reduce emissions and not just limit
their growth. Because of the incentives granted by the Electricity
Market Act, which apply to the generation of electricity using
renewable sources, the share of renewable energy has climbed
to 30% and will continue to grow.

Lithuania reached its 2020 renewable energy target (23%) back
in 2014. More than a third of all local electricity production in
Lithuania comes from wind power plants. The share of solar PV
is the highest in Lithuania among the Baltic countries due to
energy policy that is favourable for investment subsidies and
energy prosumers, as well as renewable energy communities. The
installed capacity of energy prosumers increased from 30 MW in
2019 to 138 MW in 2021. The amount of electricity supplied by
energy prosumers increased by about 4 times (from 9 MWh in
2019 to 35 MWh in 2021). For 5GDHC, the electricity mix and
the particularly low electricity price is a major factor in the low
maintenance costs of such a system.

2.7. Strategic DH goals

The strategic DH goals of the Baltic states are ambitious in
terms of the use of RES. According to the National Development

Plan of the Energy Sector until 2030, 11 TWh of the total heat
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Fig. 2. Electricity generation by fuel type in 2019 (based on Eurostat (2020b)).
emand will be met by biomass in 2030, and 80% of DH in
stonia will be provided using renewable sources (Government
f the Republic of Estonia, 2017). In 2020, RES already accounted
or 71.5% of the total energy production in the DH networks in
ithuania. Furthermore, Lithuania has set a goal to increase this
ercentage to 90% by 2030 and bring it to 100% by 2050, which is
he most ambitious goal among the Baltic states. According to the
atvian NECP 2021–2030, the share of RES in DH will increase by
round 0.8–1.0 percentage points each year from 2020 to 2030,
eaching 57.6% in 2030 (Ministry of Econonics of the Republic of
atvia, 2018).
5GDHC is not mentioned in any of the Baltic countries’ strate-

ic documents. In the DH sector, development is focused on
enewable energy, primarily biomass. However, 5GDHC may have
mportant infrastructure that can integrate different types of re-
ewable energy technologies, especially in areas with new high-
nergy-efficiency buildings.
The main drivers behind the implementation of 5GDHC and

arriers that limit its development in Europe are summarised in
able 1. The main aspect that distinguishes 5GDHC from 4GDH is
he dependence on the electricity system. A new pipe system for
he ultra-low temperature DH system, as well as a dedicated new
nfrastructure that incorporates both heating and cooling and
enewable energy sources, demand substantial initial expenses.
he country’s ambitious energy and climate change targets can
e major drivers. Other drivers include the possibility of recycling
ow-temperature waste heat not only from industry but also from
ther local sources, as well as the development of local economic
alue and the creation of jobs.

. Methodology

The possibility for 5GDHC introduction in the Baltic states was
ssessed using a multi-criteria analysis. A qualitative comparison
as made by discussing the barriers and drivers that each country

aces, and a quantitative comparison was made by assigning
umerical values to each criterion. The quantitative analysis was
erformed using a multi-criteria decision method to compare
arious aspects of a potential 5GDHC implementation. The result
f the quantitative analysis is the ranking of the country for each
spect.
10042
The obtained criteria values were evaluated using the method
of multi-criteria analysis called the Technique for Order of Pref-
erence by Similarity to Ideal Solution (TOPSIS) and the Analytic
Hierarchy Process (AHP) method to determine the weight of each
criterion. The TOPSIS method of multi-criteria analysis is widely
used to compare different environmental strategies for sustain-
able development (Balioti et al., 2018; Laktuka et al., 2021), taking
into account different points of view. The main purpose of TOP-
SIS is to allow users to compare and choose between multiple
alternatives.

The evaluation criteria are shown in Table 2. The authors used
15 different criteria to quantify and compare barriers and drivers
for 5GDHC implementation in the Baltic countries.

The assessment includes criteria related to the existing power
system, since the operation of 5GDHC is highly dependent on the
implementation of power-driven HPs. The authors compared the
average final electricity price between the countries, expecting
that lower electricity prices will encourage HP adoption. In ad-
dition, the share of power supplied by RES is included because
the power for 5GDHC must primarily be produced in a climate-
neutral way. Finally, the authors included two criteria related to
electricity CO2 emission factors: the existing CO2 emission factor
and the projected CO2 emission factor for each country’s future
energy balance based on Elering (2014), European Commission
(2016). Criteria related to the current status of HP installations in
the country have also been included as they indicate whether the
HP market is in a mature stage. This is important from the point
of view of stakeholders such as HP resellers and users.

Since 5GDHC can be considered a competitor to traditional
DH systems, the authors included several criteria that charac-
terise the main parameters of the existing centralised heat supply
system: the maximum and minimum heat tariffs and tax rates.
The analysis suggested that the implementation of 5GDHC is
preferable if the heat tariffs and taxes of existing DH systems are
high. Two qualitative criteria have been introduced to describe
the available support measures and the possibility of introducing
innovative business models in each country. These criteria were
evaluated using a three-point scale. The three points for available
support measures apply if subsidies or other support policies
for DH and individual heating solutions have been implemented
in recent years with the possibility of introducing innovative
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Table 1
5GDHC barriers and drivers.
BARRIERS DRIVERS

Dependence on the electricity system Climate change targets (low GHG emissions): e.g. stop
using natural gas

High initial costs Geopolitical implications of using imported natural gas

Specific new infrastructure is required Ambitious energy transition targets of the country

Increase in the price of electricity Reduced price volatility

Financial sources (lack of adequate funding
and financing products)

Positive effect on health

Awareness (lack of skilled personnel) Strengthening energy security

Institutional and administrative barriers Creating local economic value and jobs

Market barriers Increased access to affordable, reliable, and sustainable
energy for heating and cooling

Lack of public acceptance Ability to reuse waste heat

Regulatory and policy barriers

Separate pipes are needed to provide both
heating and cooling

Centralised energy production, limiting
network expansion area

Dwelling spatial impact and dwelling noise

High resident risk
Table 2
Overview of criteria used.
Criteria Unit Source

1 Average final price of electricity EUR/MWh Eurostat (Eurostat, 2020b)
2 Share of RES energy % Eurostat (Eurostat, 2020b)
3 Share of heat supplied via HPs Unit per 1000

households
4 CO2 emission factor for electricity t CO2/MWh
5 Future CO2 emission factor for electricity t CO2/MWh
6 Maximum heat tariff EUR/MWh
7 Minimum heat tariff EUR/MWh
8 DH tax rates %
9 Available support measures for possible 5GDHC
implementation

Evaluation scale

10 Possibility to implement innovative business models Evaluation scale
11 Specific building heat consumption kWh/m2 Odysee–Muree (Anon, 2020b)
12 Share of new buildings % Odysee–Muree (Anon, 2020b)
13 Excess heat source potential from shopping malls MWh
14 Excess heat source potential from transformers MWh
15 Excess heat source potential from data centres MWh
technological solutions. If the legal framework allows for the
establishment of different tariffs and discounts for thermal energy
for consumers, as well as the affordable entry of various heat
producers into the heat supply market, the greatest number of
points is granted for innovative business models.

The heat supply of energy-efficient buildings with low heating
emand is addressed by 5GDHC solutions. Therefore, two criteria
ere introduced that describe the existing consumer situation:
he average specific heat consumption for space heating and
he share of new buildings. Both criteria were taken from the
dyssee-Mure database describing the situation in the residen-
ial sector. The average heat consumption for space heating is
xpressed in kWh per m2 of heating area and is normalised based

on climatic conditions. The share of new buildings represents the
total area of new buildings built over the past 10 years.

In addition, three criteria were created to assess the accessi-
ble potential of low temperature heat sources in each country,
characterising the available heat from agents (shopping malls,
transformers, and data centres). As mentioned above, it is cru-
cial to identify 5GDHC agents. The identification of agents will
allow the potential of their use in 5GDHC to be assessed. This
potential is one of the most important criteria for evaluating
the concept’s implementation. The preliminary potential of the
following agents has been determined: shopping malls, electrical
10043
transformers, and data centres. According to Buffa et al. (2019),
supermarkets and warehouses can play a significant role in the
development of new 5GDHC projects. Retail stores as potential
sources of low-grade heat were evaluated in Persson et al. (2020).
It was decided to collect locally available information on retail
stores in the Baltic states, including the total area and the exact
location of each store.

The list of retail stores and shopping malls in Estonia was
compiled using the websites of major retail chain stores and
additional information obtained from companies. When most
retail stores were added, the year of construction of each store
and its total area were taken from the Estonian Register of Build-
ings (Ministry of Economic Affairs and Communications (Estonia),
2021). For Latvia, data on the total area were collected from large
retail chain stores and supplemented with additional information
from the data distribution portal of the State Land Service of
the Republic of Latvia (Anon, 2021). For Lithuania, most of the
information was obtained from large retail chain stores. The list
of collected retail store data was added as a GIS map layer. The
next step was to sort out the stores that are located within the DH
regions and can be connected to the DH system. It was possible to
merge the GIS map layer with retail stores and the layer with DH
regions. The calculation results from the ReUseHeat report (Pers-
son et al., 2020) were used to determine the estimated relative



A. Volkova, I. Pakere, L. Murauskaite et al. Energy Reports 8 (2022) 10037–10047

L
e
b

a
p
t
h
a

g
L
o
t
1
e
b
M
M
D
4
d
a
c
e
r

w
o
d
u
o
t
o
i

i
t
t
t
s
t
i
t
c
I
p
r
s

Table 3
Excess heat potential of 5GDHC agents.

Estonia Latvia Lithuania

Total (MWh) Within DH
(MWh)

Total (MWh) Within DH
(MWh)

Total (MWh) Within DH
(MWh)

Retail stores 1,050,693 991,307 887,354 795,414 1,285,050 1,157,938

Electrical
transformers

212,160 86,000 285,040 202,480 410,960 114,560

Data centres 107,081 53,271 30,903
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excess heat from retail stores in each country. Based on these
results, the following average estimated excess heat amounts
was determined: 0.555 MWh/m2 for Estonia, 0.547 MWh/m2 for
atvia and 0.469 MWh/m2 for Lithuania. The results of possible
xcess heat amounts from retail stores in the DH region and
eyond for the Baltic countries are presented in Table 3.
Electrical transformers can be considered as potential 5GDHC

gents (Buffa et al., 2020). In Milan (Viale Gadio), there is a demo
roject consisting of a newly built low-temperature DH network
hat uses excess heat from an electrical transformer as a waste
eat source. Excess heat from electrical transformers is available
t 30 ◦C continuously throughout the year (Nathalie Fransson

et al., 2021). To assess the excess heat potential of electrical trans-
formers, a database of electrical substations has been created.
Transformer location and voltage data were obtained from (Elek-
trilevi, 2021) for Estonia, (Sadales Tı̄kli, 2022) for Latvia, and (Re-
ia:Regional Geoinformational Environmental service, 2021) for
ithuania. Locations of 330 kV and 110 kV substations were also
btained. Unfortunately, there was very limited information on
ransformers, so the substations were aggregated into two types:
10 kV and 330 kV. Based on previous studies on the potential of
lectrical transformers in Denmark (Petrović et al., 2019), it has
een estimated that a 330 kV transformer can produce 18,400
Wh/y of excess heat and a 110 kV transformer can produce 560
Wh/y. Substations located in the DH regions were classified.
ata centres are considered low-grade heat sources in the case of
GDH and can be assessed as agents for 5GDHC systems. Public
ata on data centres were collected for each country. It was
ssumed that 65% of the total electricity consumption of the data
entres can be considered as excess heat, as was done in Persson
t al. (2020). All identified data centres are located in the DH
egions.

The obtained criteria values were further normalised and
eighted. The decision-making matrix and normalisation of the
btained criteria values were done using the TOPSIS method
escribed by Loken (2007). Multi-criteria analysis’ TOPSIS is often
sed to evaluate environmental strategies for sustainable devel-
pment (Laktuka et al., 2021). The main purpose of TOPSIS is
o allow for comparison and choice between several alternatives
r, in this case, a comparison of barriers and drivers for the
mplementation of 5GDHC systems.

The ability to prioritise the analysed criteria is one of the most
mportant aspects of using multi-criteria analysis. In this study,
he AHP method was used to rank the identified criteria. In order
o evaluate the problem using the AHP method, it is necessary
o determine the priority criteria using pairwise comparison. The
elected pairs of criteria were compared in terms of their impor-
ance on a scale from 1 (equally important) to 9 (absolutely more
mportant). After comparing the criteria, it is necessary to check
he obtained results by performing a consistency check. This
heck examines the evaluation of the criteria for inconsistencies.
f there are inconsistencies, it is necessary to check whether the
roblem and the criteria are clearly defined, and to revise and
e-evaluate the pairs of criteria. The criteria ranking results are
hown in Fig. 3.
10044
The authors believe that the ability to introduce an innovative
usiness model and the availability of support for the implemen-
ation of the technology in accordance with criteria that describe
he current situation in each country’s energy sector are critical
actors for the implementation of 5GHDC. The criterion is re-
valuated with equal weights to all options to identify the impact
f the weights of the criteria set by the AHP on the evaluation of
he criterion.

The final comparison between the Baltic countries was per-
ormed by multiplying the weight of the criterion by the corre-
ponding normalised criterion value. An ideal positive decision
nd an ideal negative decision are calculated when constructing
normalised weighted decision matrix. The distance to the ideal
olution and the distance to the non-ideal solution are calculated
irst (TOPSIS, 2013). The next step after determining the distance
o the ideal and non-ideal solutions is to determine the ideal
ositive and ideal negative solutions. The relative proximity of
he alternative to the ideal solution is calculated by determin-
ng which country has the most potential to introduce 5GDHC
ystems.

. Results

The section presents the results of the quantitative assessment
f several identified barriers and drivers for the implementation
f the 5GDHC system in the Baltic countries. A summary of the
btained criteria values is provided in Table 4. The lowest final
lectricity price is in Estonia (0.12 EUR/kWh), but the prices in
ithuania and Latvia are almost the same. The highest share of
enewable electricity is in Latvia due to the high share of hy-
ropower. Lithuania relies heavily on imported energy. Therefore,
ts share of RES is low at 18.79%. However, the share of RES in
stonia is not much higher, at 22%.
The share of RES is directly related to the CO2 emission factors

or electricity from the grid. Due to the high penetration of
mported energy, the CO2 emission factor and local renewable
nergy generation for Lithuania is 0.02 tCO2/MWh, which is rela-
ively low compared to the values for Latvia (0.12 tCO2/MWh) and
stonia (0.89 tCO2/MWh). The authors also included projected CO2
mission factors based on Elering (2014), European Commission
2016) as the implementation of 5GDHC systems is likely to be
elayed and may start within the next decade. It is predicted
hat CO2 emissions may decrease in Latvia and significantly so
n Estonia. However, CO2 emissions for electricity generation in
ithuania may increase.
The criteria analyses show that Estonia has a higher cumula-

ive knowledge of HP usage, which is a closely related technology
o 5GDHC. According to the report of the European Heat Pump
ssociation, there are 29.3 HP units/1000 households in Estonia
nd 9 units/1000 households in Lithuania (European Heat Pump
ssociation, 2018). Because the number of HP units utilised in
atvia is quite low, at just 1% (Ministry of Econonics of the Repub-
ic of Latvia, 2018), an estimate of one unit per 1000 households
as chosen.
According to criteria used to evaluate existing DH systems,

stonia had the highest maximum heat tariff in 2019, whereas
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Fig. 3. Overview of the defined weight of each criterion.
Table 4
Summary of criteria results for the Baltic states.
Description Latvia Lithuania Estonia

Average final electricity price, EUR/kWh 0.14 0.14 0.12
Share of RES energy, % 53.42 18.79 22.00
Number of individual HPs, unit/1000 households 1.00 9.00 29.30
CO2 emission factor for electricity, tCO2/MWh 0.12 0.02 0.89
Future CO2 emission factor for electricity, tCO2/MWh 0.08 0.06 0.22
Maximum heat tariff, EUR/MWh 69.98 79.63 86.96
Minimum heat tariff, EUR/MWh 35.45 32.57 35.33
DH tax rates, % 21 9 20
Available support measures for possible 5GDHC implementation 2.00 2.00 1.00
Possibility to implement innovative business models 1.00 2.00 1.00
Specific building heat consumption, kWh/m2 159.7 131.3 142.8
Share of new buildings, % 5 6 2
Excess heat source potential from shopping malls, % 10% 13% 16%
Excess heat source potential from transformers, % 3% 1% 1%
Excess heat source potential from data centres, % 1% 0% 2%
Latvia had the highest minimum heat tariff. Latvia and Estonia
have the same tax rates, whereas Lithuania has a lower rate. As
previously stated, if the heat tariffs of existing DH systems are
high, the 5GDHC system is presumed to be better.

Based on previously implemented support programmes for
ocal and district heating systems, the qualitative assessment
riteria indicate probable support for 5GDHC systems in Lithuania
nd Latvia. Furthermore, due to the open heating market con-
itions in Lithuania, innovative business models that are crucial
or 5GDHC systems are more likely to be implemented. However,
xisting market regulations do not allow introducing different
eating tariffs in Latvia and Estonia. Therefore, the criteria score
s lower.

In terms of building stock, Lithuania has the best conditions
ue to lower specific heat consumption (131.3 kWh/m2) and a
igher proportion of new building area (6%). Latvia has the most
nefficient buildings (159.7 kWh/m2), but Estonia has the lowest
roportion of new buildings (2%).
Finally, the determined low-temperature heat source agents

escribed in the previous section have been identified and al-
ocated to the national total heat supply. The results show that
stonia has the largest share of excess heat obtained from shop-
ing malls (16% of total heat consumption), but Latvia has the
ighest share of excess heat obtained from electrical transformers
3%). The identified share of excess heat from data centres is
elatively low in all three countries, peaking at 2% in Estonia.

In accordance with the methodology described above, the
alues of the identified criteria from Table 4 were normalised
nd weighted to determine the proximity to the ideal solution for
ach country. The results in Fig. 4 show different values for simi-
ar and prioritised criteria values. When the identified criteria are

rioritised by assigning higher weight values for the possibility of

10045
introducing an innovative business model and available support
for technology implementation, followed by criteria describing
the existing situation in each country’s energy sector, Lithuania
has the highest score due to support availability and open heating
market conditions. However, when equal criteria weights are
assigned, the highest evaluation rank belongs to Estonia due to
the wider use of HPs and higher excess heat potential.

5. Conclusion

This study conducted a comprehensive review of potential
agents that could be used as active heat sources or sinks in
5GDHC in the Baltic states. The barriers and drivers for the im-
plementation of 5GDHC were also systematically investigated in
terms of economics, markets, technology, policies, etc. Country-
specific conditions such as heating tariffs, regulatory mechanisms,
stakeholders, existing DH infrastructure, DH market and others
were evaluated for the three Baltic states (Latvia, Estonia, and
Lithuania). The main barrier to the development of 5GDHC in
the Baltic countries is the well-maintained and widespread 3rd
generation DH in all three countries. More than half of the popu-
lation in each country is already connected to DH systems not
only in major cities but also in smaller towns. Another major
hurdle is the high initial costs of the new 5GDHC pipeline system
for ultra-low heating and cooling temperatures and renewable
energy sources. The main drivers for the development of 5GDHC
in the Baltic countries are the countries’ ambitious energy and
climate change goals. Furthermore, the possibility of recycling
low-temperature waste heat not only from industry but also from
other local sources, as well as the development of local economic
value and jobs are among the drivers.

The multi-criteria analysis method was used to quantify the

main identified barriers and drivers behind the implementation of
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Fig. 4. Results of multi-criteria assessment with prioritised criteria weights and equal criteria weights.
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GDHC systems. The authors examined the three Baltic countries
rom a variety of angles, including possible competition with
xisting DH systems, power market sustainability, excess heat
otential from different sources, and potential support policies.
lthough Latvia, Lithuania, and Estonia have similar conditions,
here are some differences. For example, different fuel mixes are
sed for power generation; stricter heating market regulations
xist in Latvia and Estonia; and Estonia has more experience with
Ps use, while there are almost no installed HPs in Latvia. The
ighest score in the multi-criteria assessment was achieved by
ithuania due to support availability and open heating market
onditions. When all applied criteria are weighted equally, Esto-
ia has the most favourable conditions for 5GDHC systems due
o widespread use of HPs and greater excess heat potential.

This study can help to understand how different agents can be
ntegrated into 5GDHC and what waste heating or cooling poten-
ial they can contribute to the 5GDHC network. The findings of
his study provide a solid foundation for the future 5GDHC mod-
lling and feasibility studies. The identified barriers and drivers
lso indicate directions for future efforts to implement the 5GHDC
etwork.
It should be emphasised that 5GDHC is a niche solution and,

ccording to experts, will not replace 4GDH in the future, but in
ertain cases it may become the most effective technical solution
or heat supply. Theoretical excess heat potential from 5GDHC
gents was calculated, and the results indicated that the propor-
ion of excess heat obtained would only make up a small portion
f the district heating supply (15% for Latvia, 14% for Lithuania,
nd 19% for Estonia). Even though the actual potential for excess
eat from 5GDHC agents is even lower, this technical solution
ay be implemented in certain areas in the future. The technical
nd economic aspects of 5GDHC implementation prospects need
o be investigated further based on country-specific case studies.

The present geopolitical situation has significant impact on the
mported energy prices, and this will further affect the electricity
nd natural gas prices in different countries. The countries with
arge electricity import (e.g., Lithuania) could be more sensitive
o the geopolitical issues for the 5GDHC development. But in
he long term, with more integration of renewable energy into
he energy mix (corresponding to the climate targets in each
ountry), the impact of geopolitical situation is expected to be de-
reased. The findings from this study are still valid in a long-term
erspective.

RediT authorship contribution statement

Anna Volkova: Conceptualization, Methodology. Ieva Pakere:
ethodology, Software, Writing – original draft. Lina Mu-
auskaite: Investigation, Writing – review & editing. Pei Huang:
ethodology, Validation. Kertu Lepiksaar: Data curation, Vi-
ualization. Xinxing Zhang: Supervision, Writing – review &
diting.
10046
eclaration of competing interest

The authors declare the following financial interests/personal
elationships which may be considered as potential competing
nterests: Anna Volkova reports financial support was provided
y Nordic Energy Research. Ieva Pakere reports financial sup-
ort was provided by Nordic Energy Research. Lina Murauskaite
eports financial support was provided by Nordic Energy
esearch. Pei Huang reports financial support was provided
y Nordic Energy Research. Kertu Lepiksaar reports financial
upport was provided by Nordic Energy Research. Xingxing
hang reports financial support was provided by Nordic Energy
esearch.

ata availability

Data will be made available on request.

cknowledgements

The results presented in this paper were made possible thanks
o the funding from the Nordic Energy Research, Norway as
art of the joint Baltic-Nordic Energy Research Program Project
o.: 106840 – Agent-GIS-5GDHC ‘Techno-economic performance
nd feasibility study of the 5GDHC technology using agent-based
odelling and GIS’ project.

eferences

bugabbara, M., Javed, S., Bagge, H., Johansson, D., 2020. Bibliographic analysis of
the recent advancements in modeling and co-simulating the fifth-generation
district heating and cooling systems. Energy Build 224. http://dx.doi.org/10.
1016/j.enbuild.2020.110260.

non, 2020a. Estonian competition authority. https://www.konkurentsiamet.ee/.
non, 2020b. Odyssee-mure database.
non, 2021. Data distribution portal of state land service of the Republic of

Latvia.
ugutis, J., Krikštolaitis, R., Martišauskas, L., Urboniene, S., Urbonas, R.,

Ušpuriene, A.B., 2020. Analysis of energy security level in the baltic states
based on indicator approach. Energy 199. http://dx.doi.org/10.1016/j.energy.
2020.117427.

alioti, V., Tzimopoulos, C., Evangelides, C., 2018. Multi-criteria decision making
using TOPSIS method under fuzzy environment. Appl. Spillway Sel. Proc. 2,
637. http://dx.doi.org/10.3390/proceedings2110637.

lumberga, D., Veidenbergs, I., Lauka, D., Kirsanovs, V., Pakere, I., Gravelsins, A.,
et al., 2020. Development of heat supply and cooling systems in Latvia (in
Latvian). Available online: n.d.

oesten, S., Ivens, W., Dekker, S.C., Eijdems, H., 2019. 5Th generation district
heating and cooling systems as a solution for renewable urban thermal
energy supply. Adv. Geosci. 49, 129–136. http://dx.doi.org/10.5194/adgeo-
49-129-2019.

uffa, S., Cozzini, M., D’Antoni, M., Baratieri, M., Fedrizzi, R., 2019. 5Th generation
district heating and cooling systems: A review of existing cases in Europe.
Renew. Sustain. Energy Rev. 104. http://dx.doi.org/10.1016/j.rser.2018.12.059.

uffa, S., Soppelsa, A., Pipiciello, M., Henze, G., Fedrizzi, R., 2020. Fifth-generation
district heating and cooling substations: Demand response with artificial
neural network-based model predictive control. Energies 13, 4339. http:
//dx.doi.org/10.3390/en13174339.

http://dx.doi.org/10.1016/j.enbuild.2020.110260
http://dx.doi.org/10.1016/j.enbuild.2020.110260
http://dx.doi.org/10.1016/j.enbuild.2020.110260
https://www.konkurentsiamet.ee/
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb3
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb4
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb4
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb4
http://dx.doi.org/10.1016/j.energy.2020.117427
http://dx.doi.org/10.1016/j.energy.2020.117427
http://dx.doi.org/10.1016/j.energy.2020.117427
http://dx.doi.org/10.3390/proceedings2110637
http://dx.doi.org/10.5194/adgeo-49-129-2019
http://dx.doi.org/10.5194/adgeo-49-129-2019
http://dx.doi.org/10.5194/adgeo-49-129-2019
http://dx.doi.org/10.1016/j.rser.2018.12.059
http://dx.doi.org/10.3390/en13174339
http://dx.doi.org/10.3390/en13174339
http://dx.doi.org/10.3390/en13174339


A. Volkova, I. Pakere, L. Murauskaite et al. Energy Reports 8 (2022) 10037–10047

D

E
E

E

E
E

E

E
E

F

G

G

G

I
K

L

L

L

L

M

M

M

M

M

anfoss, 2021. District Energy Academy Economic comparison of 4th and 5th
generation district heating systems.

esti Vabariigi Valitsus, 2017. Kaugkütteseadus.
güez, A., 2021. District heating network ownership and prices: The case of an

unregulated natural monopoly. Util. Policy 72. http://dx.doi.org/10.1016/j.jup.
2021.101252.

lektrilevi, 2021. Spare capacities. https://www.elektrilevi.ee/en/vabad-
voimsused.

lering, 2014. Estonian long-term power scenarios.
uropean Commission, 2016. EU reference scenario 2016 energy. In: Transport

and GHG Emissions Trends to 2050.
uropean Heat Pump Association, 2018. European heat pump market and

statistics report.
urostat, 2020a. Share of energy from renewable sources.
urostat, 2020b. Production of electricity and derived heat by type of fuel,

Code:nrg_bal_peh.
ischer, David, 2014. Potential for balancing wind and solar power using heat

pump heating and cooling systems.
overnment of the Republic of Estonia, 2017. National development plan of the

energy sector until 2030. pp. 1–124.
rzegórska, A., Rybarczyk, P., Lukoševičius, V., Sobczak, J., Rogala, A., 2021. Smart

asset management for district heating systems in the Baltic Sea Region.
Energies 14, 314. http://dx.doi.org/10.3390/en14020314.

udmundsson, O., Dyrelund, A., Thorsen, J.E., 2021. Comparison of 4th and
5th generation district heating systems. E3S Web Conf. 246, 09004. http:
//dx.doi.org/10.1051/e3sconf/202124609004.

nternational Energy Agency, 2014. Linking heat and electricity systems.
uusk, K., Kurnitski, J., 2019. State-subsidised refurbishment of socialist apart-

ment buildings in Estonia. pp. 339–355. http://dx.doi.org/10.1007/978-3-
030-23392-1_16.

aktuka, K., Pakere, I., Lauka, D., Blumberga, D., Volkova, A., 2021. Long-term
policy recommendations for improving the efficiency of heating and cooling.
Environ. Clim. Technol. 25, 382–391. http://dx.doi.org/10.2478/rtuect-2021-
0029.

atvian Public Utilities Commission, 2020. Tariffs for heat supply services in
Latvia.

oken, E., 2007. Use of multicriteria decision analysis methods for energy
planning problems. Renew. Sustain. Energy Rev. 11, 1584–1595. http://dx.
doi.org/10.1016/j.rser.2005.11.005.

und, H., Østergaard, P.A., Nielsen, T.B., Werner, S., Thorsen, J.E., Gudmunds-
son, O., et al., 2021. Perspectives on fourth and fifth generation district
heating. Energy 227. http://dx.doi.org/10.1016/j.energy.2021.120520.

illar, M.-A., Yu, Z., Burnside, N., Jones, G., Elrick, B., 2021. Identification of key
performance indicators and complimentary load profiles for 5th generation
district energy networks. Appl. Energy 291, 116672. http://dx.doi.org/10.
1016/j.apenergy.2021.116672.

inistry of Economic Affairs and Communications (Estonia), 2014. Long-term
strategy for building renovation. p. 69.

inistry of Economic Affairs and Communications (Estonia), 2021. Estonian
register of buildings.

inistry of Economics of the Republic of Latvia, 2020. Long-term strategy on
the renovation of buildings, available online: http://tap.mk.gov.lv/mk/tap/
?pid40487380No (in Latvian).

inistry of Econonics of the Republic of Latvia, 2018. National energy and
climate plan of Latvia 2021–2030.
10047
Nathalie Fransson, Tobias Popovic, Giorgio Bonvicini, Roberto Fedrizzi, 2021. D3.2
- Customers’ perspective on REWARDHeat solutions n.d.

Pakare, I., Gravelsins, A., Lauka, D., Blumberga, D., 2021. Estimating energy
efficiency increase in national district heating network. Energy Rep. 7,
401–409. http://dx.doi.org/10.1016/j.egyr.2021.08.088.

Pakere, I., Romagnoli, F., Blumberga, D., 2018. Introduction of small-scale 4th
generation district heating system. Methodology approach. Energy Procedia
149, 549–554. http://dx.doi.org/10.1016/j.egypro.2018.08.219.

Persson, U., Averfalk, H., Nielsen, S., Moreno, D., 2020. Accessible urban waste
heat. p. 168.

Petrović, S., Bühler, F., Radoman, U., 2019. Power transformers as excess heat
source. In: Proc. ECOS 2019 32nd Int. Conf. Effic. Cost, Optim. Simul. Environ.
Impact Energy Syst.

Pieper, H., Kirs, T., Krupenski, I., Ledvanov, A., Lepiksaar, K., Volkova, A., 2021.
Efficient use of heat from CHP distributed by district heating system in
district cooling networks. Energy Rep. 7, 47–54. http://dx.doi.org/10.1016/
j.egyr.2021.09.041.

Regia:Regional Geoinformational Environmental service, 2021. Maps of Electric
power networks.

Revesz, A., Jones, P., Dunham, C., Davies, G., Marques, C., Matabuena, R., et al.,
2020. Developing novel 5th generation district energy networks. Energy 201,
117389. http://dx.doi.org/10.1016/j.energy.2020.117389.

Rezaie, B., Rosen, M.A., 2012. District heating and cooling: Review of technology
and potential enhancements. Appl. Energy 93, 2–10. http://dx.doi.org/10.
1016/j.apenergy.2011.04.020.

Rušeljuk, P., Volkova, A., Lukić, N., Lepiksaar, K., Nikolić, N., Nešović, A., et al.,
2020. Factors affecting the improvement of district heating. Case studies
of estonia and Serbia. Environ. Clim. Technol. 24. http://dx.doi.org/10.2478/
rtuect-2020-0121.

Sadales Tı̄kli, A.S., 2022. Data from distribution operator. Not publicly available.
Statistics Estonia, 2020. KE023: Energy balance sheet by type of fuel or

energy(1999–2018).
The Cabinet of Ministers of the Republic of Latvia, 2008. Regulations regarding

the supply and use of thermal energy.
TOPSIS, 2013. Multi-Criteria Decis. Anal. John Wiley & Sons Ltd, Chichester, UK,

pp. 213–221. http://dx.doi.org/10.1002/9781118644898.ch8.
Tsagarakis, K.P., Efthymiou, L., Michopoulos, A., Mavragani, A., Anđelković, AS,

Antolini, F., et al., 2020. A review of the legal framework in shallow
geothermal energy in selected European countries: Need for guidelines.
Renew. Energy 147, 2556–2571. http://dx.doi.org/10.1016/j.renene.2018.10.
007.

Volkova, A., Hlebnikov, A., Ledvanov, A., Kirs, T., Raudsepp, U., Latõšov, E., 2022.
District cooling network planning. a case study of Tallinn. Int. J. Sustain.
Energy Plan. Manag. 34, 63–78. http://dx.doi.org/10.54337/ijsepm.7011.

Volkova, A., Latõšov, E., Lepiksaar, K., Siirde, A., 2020. Planning of district
heating regions in Estonia. Int. J. Sustain. Energy Plan. Manag. 27, 5–16.
http://dx.doi.org/10.5278/ijsepm.3490.

Volkova, A., Mašatin, V., Siirde, A., 2018. Methodology for evaluating the tran-
sition process dynamics towards 4th generation district heating networks.
Energy 150, 253–261. http://dx.doi.org/10.1016/j.energy.2018.02.123.

Wirtz, M., Neumaier, L., Remmen, P., Müller, D., 2021. Temperature control in 5th
generation district heating and cooling networks: An MILP-based operation
optimization. Appl. Energy 288, 116608. http://dx.doi.org/10.1016/j.apenergy.
2021.116608.

http://refhub.elsevier.com/S2352-4847(22)01427-5/sb11
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb11
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb11
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb12
http://dx.doi.org/10.1016/j.jup.2021.101252
http://dx.doi.org/10.1016/j.jup.2021.101252
http://dx.doi.org/10.1016/j.jup.2021.101252
https://www.elektrilevi.ee/en/vabad-voimsused
https://www.elektrilevi.ee/en/vabad-voimsused
https://www.elektrilevi.ee/en/vabad-voimsused
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb15
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb16
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb16
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb16
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb17
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb17
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb17
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb18
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb20
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb20
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb20
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb21
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb21
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb21
http://dx.doi.org/10.3390/en14020314
http://dx.doi.org/10.1051/e3sconf/202124609004
http://dx.doi.org/10.1051/e3sconf/202124609004
http://dx.doi.org/10.1051/e3sconf/202124609004
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb24
http://dx.doi.org/10.1007/978-3-030-23392-1_16
http://dx.doi.org/10.1007/978-3-030-23392-1_16
http://dx.doi.org/10.1007/978-3-030-23392-1_16
http://dx.doi.org/10.2478/rtuect-2021-0029
http://dx.doi.org/10.2478/rtuect-2021-0029
http://dx.doi.org/10.2478/rtuect-2021-0029
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb27
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb27
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb27
http://dx.doi.org/10.1016/j.rser.2005.11.005
http://dx.doi.org/10.1016/j.rser.2005.11.005
http://dx.doi.org/10.1016/j.rser.2005.11.005
http://dx.doi.org/10.1016/j.energy.2021.120520
http://dx.doi.org/10.1016/j.apenergy.2021.116672
http://dx.doi.org/10.1016/j.apenergy.2021.116672
http://dx.doi.org/10.1016/j.apenergy.2021.116672
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb31
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb31
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb31
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb32
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb32
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb32
http://tap.mk.gov.lv/mk/tap/?pid40487380No
http://tap.mk.gov.lv/mk/tap/?pid40487380No
http://tap.mk.gov.lv/mk/tap/?pid40487380No
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb34
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb34
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb34
http://dx.doi.org/10.1016/j.egyr.2021.08.088
http://dx.doi.org/10.1016/j.egypro.2018.08.219
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb38
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb38
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb38
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb39
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb39
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb39
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb39
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb39
http://dx.doi.org/10.1016/j.egyr.2021.09.041
http://dx.doi.org/10.1016/j.egyr.2021.09.041
http://dx.doi.org/10.1016/j.egyr.2021.09.041
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb41
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb41
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb41
http://dx.doi.org/10.1016/j.energy.2020.117389
http://dx.doi.org/10.1016/j.apenergy.2011.04.020
http://dx.doi.org/10.1016/j.apenergy.2011.04.020
http://dx.doi.org/10.1016/j.apenergy.2011.04.020
http://dx.doi.org/10.2478/rtuect-2020-0121
http://dx.doi.org/10.2478/rtuect-2020-0121
http://dx.doi.org/10.2478/rtuect-2020-0121
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb46
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb46
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb46
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb47
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb47
http://refhub.elsevier.com/S2352-4847(22)01427-5/sb47
http://dx.doi.org/10.1002/9781118644898.ch8
http://dx.doi.org/10.1016/j.renene.2018.10.007
http://dx.doi.org/10.1016/j.renene.2018.10.007
http://dx.doi.org/10.1016/j.renene.2018.10.007
http://dx.doi.org/10.54337/ijsepm.7011
http://dx.doi.org/10.5278/ijsepm.3490
http://dx.doi.org/10.1016/j.energy.2018.02.123
http://dx.doi.org/10.1016/j.apenergy.2021.116608
http://dx.doi.org/10.1016/j.apenergy.2021.116608
http://dx.doi.org/10.1016/j.apenergy.2021.116608

	5th generation district heating and cooling (5GDHC) implementation potential in urban areas with existing district heating systems
	Introduction
	Barriers and drivers of 5GDHC in the Baltic states
	Stakeholders
	Regulatory mechanisms and district heating prices
	Existing DH infrastructure
	Building stock
	Pilots
	Energy policy
	Strategic DH goals

	Methodology
	Results
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


