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Abstract: The purpose of this review is to provide insight and a comparison of the current status of
district heating (DH) systems for selected Baltic Sea countries (Denmark, Germany, Finland, Latvia,
Lithuania, Poland, and Sweden), especially from viewpoints of application and solutions of novel
smart asset management (SAM) approaches. Furthermore, this paper considers European projects
ongoing from 2016, involving participants from the Baltic Sea Region, concerning various aspects
of DH systems. The review presents the energy sources with particular attention to renewable
energy sources (RES), district heating generations, and the exploitation problems of DH systems.
The essential point is a comparison of traditional maintenance systems versus SAM solutions for
optimal design, operating conditions, and controlling of the DH networks. The main conclusions
regarding DH systems in Baltic Sea countries are commitment towards a transition to 4th generation
DH, raising the quality and efficiency of heat supply systems, and simultaneously minimizing the
costs. The overall trends show that applied technologies aim to increase the share of renewable
energy sources and reduce greenhouse gas emissions. Furthermore, examples presented in this
review underline the importance of the implementation of a smart asset management concept to
modern DH systems.
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1. Introduction

The district heating sector constitutes an important segment of energy generation in
all developed countries. The history of district heating (DH) systems starts in the 19th
century when so-called 1st generation DH systems were introduced, based on the combus-
tion of coal for steam generation. Together with industrial devolvement, district heating
systems have been undergoing a transition from using fossil fuels as heat sources towards
a continuously rising share of renewable, solar, and geothermal energy sources. Parallel
to the development of heat generation systems, heat distribution systems, as well as their
maintenance techniques, have been modernized and improved. One of the most impor-
tant milestones in the management of DH systems was the introduction of pre-insulated
pipelines coupled with electric wires connected to alarm systems, which enabled the moni-
toring of damage in the DH system. In fact, the damage to heat distribution systems, related
mainly to the aging of the infrastructure, is posing the biggest social and economic threat
related to the exploitation of DH systems. What is more, old infrastructure, e.g., channel
pipes with damaged insulation, leads to heat losses, affecting the economy and efficiency of
heat distribution. Thus, further development of modern and reliable management systems,
allowing for the prediction of possible failures as well as the application of novel durable
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materials and solutions during the installation of new DH networks, are crucial factors
determining their safe, reliable, and long-term exploitation.

Assuring the safety of heat distribution is a legal requirement resulting from ener-
getic policies in all modern countries. Safe and reliable usage of such networks, from the
perspective of the consumer, means the lowest possible number of incidents leading to
interruption in the heat supply. From the perspective of DH systems’ owners, reliable,
safe, and efficient networks are those without heat loss and unexpected damage, as well as
those that ensure possible high incomes. In order to ensure the implementation of such an
approach, so-called smart asset management (SAM) methods need to be considered. By
definition, smart asset management is an approach to maintenance via control, prediction,
optimization, and selective refurbishment of assets with the aid of novel hardware and
software solutions. The SAM approach is universal, e.g., it may be applied in the trans-
portation sector [1]; however, it is well suited to the management of district heating systems.
Nowadays, the SAM concept in the DH sector is in the early stage of research and devel-
opment. However, in the next few years, DH systems are likely to become smart grids.
According to Gao et al. [2], smart DH has more prominent benefits than the traditional
DH system in numerous aspects, i.e., energy savings or troubleshooting, therefore it has
high expansion potential and broad market perspectives in the future. Smart thermal
grids, corresponding to smart electricity grids, exploit the potential of renewable energy
sources (RES), thermal energy storage (TES), and prosumers and bi-directional networks,
as well as the integration of intelligent management [3-5]. Smart heating and cooling use
algorithm and model-based control methods. Currently, the SAM methods in DH mainly
concern predictive control of the network, including forecasting of heat consumption and
thermal comfort optimization [6,7]. Furthermore, smart optimization of pipe dimensions,
insulation, and pipeline layout have been applied. Previous studies have emphasized
the potential usage of nanofluids instead of water as a solution to improve heat-transfer
efficiency for smart thermal grids [8-10]. Moreover, the implementation of intelligent me-
tering and information and communications technology (ICT) may allow for counteracting
and quick elimination of failures in DH networks [11]. However, this approach remains
only briefly addressed in the literature. This review paper intends to present how the ideas
of smart asset management may successfully be applied to district heating systems with
a focus on selected Baltic Sea countries. Due to moderate and harsh winter conditions in
several Baltic Sea countries, the selection of the proposed location as a field for in-depth
analysis of heat distribution systems seem to serve as an excellent reference example for
other locations in the world that have similar climate conditions.

In this paper, the search for reference information and data in further sections was
done using the following databases: ScienceDirect, Web of Science, and Google Scholar.
The following keywords were used during the search: District Heating System, District
Heating Network, District Heating Generation, Smart Grid, Smart Asset Management,
Smart Maintenance, Intelligent System, etc. To the best knowledge of the authors, this is
the first review paper on the application of the smart asset management concept in district
heating systems.

2. District Heating Systems
2.1. Energy Sources

The European Union’s goal to address climate change and the global demand for
energy is the provision of climate-neutral energy systems by 2050, which requires shifting
from the utilization of fossil fuels towards the application of renewable energy sources [12].
District heating systems are classified as one of the most important sectors to be optimized
with respect to profitability and environmental impact, meaning implementation of sustain-
able and decarbonized energy [13]. Even though heat generation exceeds 40% of the total
energy use in Europe, only a small percentage, approximately 11-12%, of heat demand
was delivered by district heating systems (DHS) in 2017 [14]. Nowadays, district heating
systems are mainly supported by combined heat and power plants (CHP), commonly
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based on the combustion of fossil fuels, for instance, coal, natural gas, or petroleum [15].
Nevertheless, DHS presents flexibility in terms of feedstock; thus, incineration of municipal
solid waste (MSW) or integration of waste heat from industrial sites is also possible [16,17].
A new direction is the implementation and extension of using renewable energy sources,
including solar thermal energy and geothermal energy, as well as biomass fuels [18-20].

One of the ideas is “waste to energy” technology, which implies the use of waste as
a feedstock to produce energy in the form of power and heat. This is achieved by means
of pyrolysis, gasification, and incineration [21]. Thermal treatment of municipal solid
waste is not only a way to minimize the number and area of landfills but also to develop
technology to recover energy accumulated therein into valuable heat for DH applications.
Another advantage of the “waste to energy” approach is the reduction of both fossil fuel
consumption and greenhouse gas (GHG) emissions [22]. Tsai [23] estimated that MSW
containing combustible material such as paper, textiles, woods, food waste, and plastic
with 50% moisture possess a higher heating value (HHV) equal to about 2500 kcal/kg. A
higher value was obtained by Rudra et al. [24], and the MSW energy content was about
22 MJ/kg, depending on the moisture content and amount of incombustible materials.
Thus, a proper sorting process is needed to provide sufficiently high efficiency of the
process. Sun et al. [17] evaluated the efficiency of solid waste energy recovery and CO,
emission reduction. Researchers stated that the efficiency of steam production from waste
incineration is better than power generation, with fossil fuel reduction being two-times
greater for steam than for power generation. They predicted that energy recovery efficiency
might be about 66% with a corresponding reduction of CO, emissions of 6.58 x 10 tons.
However, they pointed out that the key aspect is the localization of incinerators in the
vicinity of DH grids.

Developing biomass district heating (BioDH) systems is a potential method to take
advantage of agriculture and forestry residues or energy crops as an alternative to fossil
fuels [25]. Due to the fact that biomass has lower energy density compared to fossil fuels,
it is not economically feasible to transport the biomass over 80 km [26]. Therefore, this
technology is especially encouraging as a local source for small towns. Lower mass density
requires higher storage volumes [27]. Additionally, seasonal availability and uncertain
quantity are a barrier to expanding its usage. However, the obvious benefit is the reduction
of carbon emissions. The biomass implemented in DH systems consists mainly of wood
chips, sawdust, wood pellets, briquettes, and bio-oil [28,29]. Biomass may be converted
into energy via thermochemical or biochemical processes [30]. Thermochemical processes
generate heat, electricity, or biofuels, while biochemical operations provide liquid and
gaseous fuels [31-33]. An important parameter determining the possible application is the
biomass quality, i.e., moisture content, heating value, and bulk density, which all affect
the energy generation efficiency. Generally, as in the case of MSW, biomass with lower
moisture content is desirable. According to Quirion-Blais et al. [28], the average heating
value of wood residues received by the plant is 19.3 GJ/kg, which is significantly higher
than for municipal solid waste. Shahbaz et al. [34] concluded that synthetic natural gas
(SNG) from 100 MW biomass gasification incorporated into a CHP plant provides about
27.35 MW for DH and 3.4 MW for power production.

The integration of industrial waste heat in DHS is a different approach to decrease
the consumption of fossil fuels and GHG emissions. Because a significant amount of
low-grade waste heat from manufacturers (mainly in the temperature range between 30
and 120 °C [35]) is dissipated into the atmosphere during the production processes, huge
quantities of potential energy are lost [22,36,37]. Thus, it is deeply advisable to recover,
collect, and reuse such industrial waste heat in DH systems. In 28 countries of the European
Union, the entire waste heat potential in industry is predicted to be about 300 TWh/year,
while one-third of the waste heat has a temperature level below 200 °C [36]. Waste heat
at a high-temperature level is reused directly for production processes. Meanwhile, heat
at an intermediate temperature level may be recovered by heat exchangers for district
heating [35]. However, using this source of energy is principally limited to small districts
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and the energy is regularly reused by the factory itself or in buildings in the vicinity, without
long-distance transfer. The size of the heating area is often insufficient and therefore the
heat demand does not rise enough to match the waste heat available from the factory,
resulting in an insufficient recovery ratio. Moreover, the waste heat recovery process is
straightforward only if a single waste heat source is applied [38]. Fit6 et al. [39] evaluated
valorization of waste heat from the French National Laboratory of Intense Magnetic Fields.
The researchers suggested that the demand-oriented design led to recovering waste heat
at 35 °C with a heat pump and storage of 40-MWh, increasing the coverage of residential
needs by up to 49%. Meanwhile, the source-oriented design with recovering waste heat
at 85 °C without a heat pump and with storage of 40-MWh reached the highest recovery
of waste heat of approximately 55%. Nowadays, utilizing geothermal energy (GE) as a
renewable source for DH systems is being extensively investigated. GE is the cleanest
form of energy obtained from the radioactive decay of minerals such as U, Th, and K,
and has vast worldwide resources [40]. Geothermal resources provide base-load energy
owing to their non-intermittent character, which is not affected by weather conditions [41].
In Europe, GE is directly utilized in 32 countries, accounting for more than 40% of the
world’s direct utilization [42]. Geothermal energy sources already produce more than
the equivalent of four million tons of oil annually for DHS in the EU, equivalent to more
than 15 GWth installed capacity, with geothermal heat pump systems contributing the
biggest share [43]. Geothermal sources may be classified into three groups, according to the
available temperature. These include shallow GE with low temperature, hydro-geothermal
energy with low-medium temperature, and hot dry rock with higher temperature and
greater energy density [41]. CHP systems might directly apply low-medium and high-
temperature sources, while using low-temperature GE accumulated in-ground soil requires
geothermal heat pump systems.

Solar thermal energy might be a notable source of renewable energy for DH systems.
Solar district heating (SDH) refers to large-scale district heating systems equipped with
solar collectors as part of the integrated heat supply. According to the analysis by Weiss
et al. [44], up to 2016 the World installed area of solar collectors included in the DH
system was about 1.65 million m?, which represents only about 0.3% of all global solar
collectors. Moreover, annual solar thermal energy yield in 2017 amounted to 388 TWh,
which led to saving about 41.7 million tons of oil and 134.7 million tons of CO, [45]. The
main advantages of SDH include the reduction of operating costs and greenhouse gas
emissions, and is a potentially pollution-free method with 100% renewable source. Huang
et al. [46] proposed several rules that guarantee the effective performance of SDH. The most
significant included installation of SDH plants in a smaller town with the distance from the
collector field to the DH network being within 200 m. Furthermore, the lower temperature
of about 70-80 °C for DH supply and 3540 °C for return are important parameters that
are needed in order to reach a high efficiency of solar collector integration with the DH
network. The authors proposed the connection of SDH with seasonal energy storage as an
optimal solution.

2.2. District Heating Generations

District heating systems constantly evolves, and the driving force strives for lower
heat and maintenance costs and higher efficiency with the sustainable development of
non-fossil and renewable-based energy systems, simultaneously reducing greenhouse
gas emissions. Figure 1 shows the timeline of development of DH generations with
characteristic parameters.
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Figure 1. Timeline of district heating (DH) generations.

First generation DH systems were developed in the USA in the 1880s and were
exploited until the 1930s. These DHS involved the combustion of coal for steam generation,
which was the first heat transfer medium carried by the network to the consumer. Steam-
based systems required a complex condensate structure; thus, servicing and maintenance
costs were high. Moreover, high operating temperatures caused significant heat losses,
especially with weak-insulated pipe systems, and therefore long-distance transport was
not possible [47,48].

Second generation DH were introduced in the 1930s and was developed until the
1970s. These systems applied pressurized hot water with a temperature above 100 °C,
instead of steam as a heat carrier. With this, heat transfer became safer and, together
with better-insulated pipelines, bigger DH networks could develop. This system relied
on a two-pipe closed-loop system, where the returning condensate could be reutilized or
applied for lower grade heat demand. The significant aspect of the 2nd DH generation
is the development of the combined heat and power plant (CHP), both for heat and
electricity production, which guarantees substantial savings in energy loss and exploitation
costs [47,48].

Developing the third generation DH systems started in the 1970s and nowadays
is the most commonly used technology. This mode uses high-pressure water but with
lower temperature than in the 2nd generation DH, i.e., below 100 °C. A standard 3rd
generation DH network consists of underground pre-fabricated pipes, thinner than in the
2nd generation, with thermal insulation. Moreover, shell and tube heat exchangers were
replaced by plate heat exchangers. Additionally, renewable energy sources started to be
exploited for heat generation, including biomass [47,48]. These notable improvements led
to boosting efficiency and lowering the costs of heat.

According to literature data, the fourth generation DH (4GDH) is being introduced
in 2020 and it is predicted to dominate up to the year 2050. Lund et al. [47] formulated
five major requirements for 4GDH systems. These are the ability to provide heat with low
grid losses and the potential to recycle heat from low-temperature sources and incorporate
renewable energy sources. Moreover, other important aspects are the integration of district
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heating technology to smart energy systems and the provision of suitable planning, cost,
and management functions associated with its transformation into a future sustainable
energy system. The 4th generation DH concept provides the development of CHP sys-
tems with the utilization of renewable energy sources such as biomass, solar thermal
energy, geothermal sources, and more [49,50]. Fourth-generation district heating is able to
provide low-temperature systems with supply temperatures below 50-60 °C along with
significantly smaller pipe dimensions and improved insulation. Thus, the heat losses of
the network may be reduced and the heat transmission capacity of the network may be
increased [51]. Lowering the supply temperature is possible due to improved heat transfer
in heat exchangers. Additionally, thermal energy storage is said to play an important role
in 4GDH; therefore, the shift in time between thermal energy production and its utilization
is not problematic [52]. Furthermore, the crucial innovation deals with intelligent control
and metering of DH network performance as well as heat demand forecasting [53].

The idea of evolving the fifth generation district heating and cooling (§GDHC) net-
works is relatively new and has not been widely described in the literature. The proposed
innovative method assumes a bidirectional low-temperature network supplying water
with a temperature lower than 25 °C, close to ground temperature, in a so-called “ambient
loop”, in order to reduce heat losses to a minimum [54]. In this system, thermal networks
include warm and cold pipes, whereby the temperature of water in a warm pipe is about
5-10 °C higher with respect to a cold pipe. Decentralized heat pumps using water from a
warm pipe as a heat source enable sufficient water temperature for space heating purposes
or domestic hot water. Then, cooled water from the evaporator is evacuated to a cold
pipe. Conversely, chillers utilize water from the cold pipe and remove heated water to a
warm pipe [55]. Furthermore, the system is facilitated with seasonal heat storage. Buffa
et al. [14] suggested that negligible thermal losses, recovering low-temperature excess heat,
and usage of renewable energy sources are one of the most essential characteristics of the
5GDHC system. Moreover, these 5th generation systems involve integrated smart network
control using artificial intelligence [54]. This might be helpful to promote optimal control
and maximize the benefits of exchanging heat or cold between connected buildings instead
of direct transport of heat or cold from the supplier. Each consumer may transfer the excess
of heat or cold to the network, and hence act as a producer [56]. In this way, the heat losses
are limited, resulting in economic and ecological profits. Artificial intelligence solutions
may be needed for the optimization of pipelines network configuration, connection of
new customers, prediction of heat demand, or matching of the heat sources. Fifth gen-
eration DH has already been introduced in Plymount (UK) and Heerlen (Netherlands).
Additionally, pilot projects are being tested in Germany. The Mijnwater DHC system in
Heerlen (Netherlands) is one of the most advanced 5th generation DHC systems from a
technological point of view. This system includes an urban smart DHC grid, incorporating
several decentralized heat sources, a data processing center, and residual heat from super-
market refrigerators and from small scale industrial processes, along with the warm return
flow from space cooling in the connected buildings. Nowadays, Mijnwater supports over
200,000 m? of building floor area [57].

3. Exploitation Issues of DH Networks
3.1. Low Efficiency of Heat Supply Systems

The principal exploitation issue associated with district heating is the low efficiency of
the system. One of the circumstances determining this low-efficiency is very often the rela-
tively high difference between the heat demand and the heat load of buildings connected to
the DH network, which may arise from variable external temperatures during the heating
season or differences in heat demand and accumulation between the buildings [2,58—60].
In this case, the main solution is the forecasting of the heat demand based on weather
conditions [61] or application of an individual metering system. A different obstacle with
DH efficiency refers to the low number of thermal storage systems [60]. The increase of the
heat storage system enables storage of the extra energy produced by the DH plant during
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the low heat requirement period. Another limiting factor for the efficiency of DH systems
is heat loss. Reduction of the temperature supply, application of pre-insulated pipes, the
optimal length and diameter of the pipes (preventing over-dimensioning of pipes), and
short heat transmission lines from heat plants to consumers have been proven to limit the
level of heat losses form the DH network [62-64].

3.2. Heat Supply Problems

The heat supply problems are related to an excessively high flow of heat transfer media
in the DH network relative to the pipe diameter. This results in problems with maintaining
the sufficient differential pressure in the system [65,66]. Generally, this phenomenon occurs
with too small diameter pipelines when more consumers are connected to the DH network.
Elimination of this problem may result in lowering the supply temperature or reduction of
the pumping power. Earlier, the before-mentioned difficulties were solved by an increase
in temperature supply or an increase in the pipe diameter. However, nowadays, different
solutions are taken into accounts, including the application of pumps, a local heat supply,
or demand-side management.

3.3. Failures in DH Networks and Customers Installations

Another problem regarding the DH system are failures in the DH networks or cus-
tomer installations, usually arising from outdated DH networks or lack of DH network
inspections, as well as poor system monitoring [59]. Leakages and blockages are significant
problems related to the DH pipeline system [51,67]. The main reasons for leakage are cor-
rosion, equipment aging, the impact of ground loads, or mechanical factors [68]. Leakages
cause loss of medium or energy, which affects the efficiency of heat transfer and related
economic aspects. Furthermore, in situations using steam or hot water as a heat transfer
medium, leakages are posing a risk to consumer safety and have a negative environmental
impact. Blockage of flow is caused, for example, by local chemical or physical deposition
or water freezing in cold climates. The blocking of pipelines causes energy losses and flow
separation, which decreases the efficiency of the heat supply [69]. Because it is not possible
to eliminate them completely, systems for early detection are needed to provide data about
the location and size of the blockage.

Meanwhile, customer installation faults are described as the fault of the heat exchang-
ers, control systems, actuators, control valves, or internal heating system of the customer.
First of all, it is the fouling of the heat exchanger—deposits on heat transferring elements,
that increase the resistance to heat transfer and flow in the heat exchanger. Moreover, the
failures may be related to incorrect installation of heat exchangers, where the water flow
pattern is co-current instead of counter-current. A common problem is related to leakages
from heat exchangers. Defects may also concern temperature sensors. This may result
in an excessive return temperature level or losses of heat transfer medium. Furthermore,
problems with valves appear when these are oversized, thus affecting the flow when the
valve position changes, making it difficult to set small flows through the valve [59].

3.4. Environmental Issues

Carbon dioxide released from the combustion of fossil fuels is a dominant reason for
global warming. Combustion of coal emits more than 350 kg CO,/MWh energy while
natural gas emits more than 200 kg CO,/MWh. According to data from 2018, in the
EU, about 75% of heating and cooling is still produced from fossil fuels [70]. Therefore,
following the European Union long-term objective of reducing greenhouse gas emissions
by 80-95% by 2050 and the target of a 40% reduction by 2030 compared with the 1990
level [71], it is essential to implement renewable energy sources such as solar, wind, and
geothermal energy or utilize waste heat with zero CO, emissions. Moreover, increasing the
efficiency of DH by thermal storage may help to limit CO, emissions.
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3.5. Occurrence of Legionella in LTDH Systems

Low-temperature water supply, i.e., below 55 °C, constitutes a favorable environment
for the growth of Legionella bacteria, which cause Legionnaire’s disease [72]. The simplest
solution for preventing Legionella growth is a high-temperature regime and hot water
circulation in households. However, in low-temperature DH generation systems, this
solution is not satisfactory. Hence, Yang et al. [73] proposed an alternative design using
decentralized substation and micro heat pumps or other sterilization techniques such as
ionization, UV light, chlorine addition, or the application of filters.

4. Traditional Maintenance Approach Versus Smart Asset Management for District
Heating Networks—If “Prevention is Better than Cure”?

Significant heat losses due to higher heat load than heat demand, leakages in the case
of system damage, and difficulties with pipeline inspections leading to problems with
finding the location of faults—this is how old, traditional DH Systems without monitoring,
controlling, or alarm equipment might be described. In this system, maintenance and
repair are based on the reactive (corrective) approach, which means that actions are taken
when failure occurs. The new approach is called a smart district heat network—i.e.,
systems with a proactive and condition-based strategy. Such systems are characterized by
optimization of heat load and intelligent control of the network, including information and
communication technologies; effective automatic control in real-time in the areas of heat
generation, distribution, and consumption; interactions with customers; early detection of
errors; and a series of measurements and modeling operations. These solutions provide
safe, efficient, and cost-effective DH systems. The most commonly proposed ideas and
innovations for Smart DHS are presented below.

4.1. Smart District Heating (sDH) Bi-Directional System with Prosumers Idea and Thermal
Energy Storage

In smart DH, different parts of the system, i.e., thermal source, pipelines, substa-
tions, and consumers, are connected and integrated into a long-distance management
and intelligent system. According to Gao et al. [2], sDH consists of a control center, a
communication network, a geographic information system (GIS), supervisory control, and
a data acquisition system.

The sDH development strategy involves design optimization of the distribution
system, i.e., network layout, pipe size and insulation, or underground depth [74]. All the
above-mentioned features directly affect the construction cost, performance, heat loss, and
a resulting differential pressure of the pipeline. In a sustainable system, consumers should
be close to the site of heat generation to reduce the length of the distribution line. The
depth of the DH pipe should be about 0.6-1.2 m underground, where the soil temperature
is relatively stable. Furthermore, the application of the so-called hybrid insulation of
pipelines with polyurethane and vacuum insulation panels are said to decrease the heat
loss by 15-20% in comparison to pipe insulated with pure polyurethane. A reliable design
mode applies optimization algorithms to determine the most suitable pipe diameters,
insulation layer, or layout [74].

Novel bi-directional substations using a single circuit for both district heating and
cooling proposed by 5th generation DH ideas are also part of the sDH strategy [4,75]. In
the case of higher demand in the network for cooling than heating, the system circulates
from a central plant in one direction. When more heat is required, the system circulates in
the opposite direction.

Smart DH includes the approach of so-called prosumers—households that can be both
consumers and producers of heat [5,76]. Prosumers possess heat sources (HS) and energy
storage devices that allow them, based on the balance between their needs and capabilities,
to regulate the amount of heat, depending on the energy received from the system [77,78].
These units, which collect heat or cold, are used to level off the constraints of short-term
variation and to provide continuous energy supply. Thermal energy storage provides peak
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shaving and time-varying management, relieving renewable energy intermittence and
lowering operating costs.

4.2. Demand Site Management with Heat Demand/Load Forecasting

Demand site management (DSM), so-called demand response, is one of the strategies
used for the optimization of DH system operation. This technology is based on the
forecast of the thermal request profile at the building level and the management of optimal
schedules for heating systems or control strategies, thus reducing consumption and peak
demand. Thermal request profiles illustrate how the heat is consumed by households, and
they may be compared for a different location or time. DSM measures should be beneficial
both for DH companies (heat consumption variations are balanced) and for consumers
(lower energy costs) [79,80].

Guelpa et al. [81] proposed a multi-level thermal request prediction for buildings in
the DH network for the case study in Turin. The method consists of the following two
steps. The first is a black-box model—a smart prediction of the thermal demand evolution
of the buildings based on data available in the buildings connected to the DHS, i.e., inlet
and outlet temperatures and mass flow rate on the primary side. The second step is a
network physical model, combining the demand of the buildings with fluid flow and heat
transfer in the DH network. The results showed that the applied prediction model for
buildings and the DH network was able to determine the request profiles with an error
below 10%. Furthermore, the authors stated that the proposed model is appropriate for
large DH networks due to its compactness—the low number of input data and simplicity
of application and implementation together with low computational costs. Meanwhile,
Idowu et al. [82] proposed machine learning for the prediction of heat demand in buildings
connected to the DHS located in Skellefted, Sweden. The heat load forecast models were
generated using supervised machine learning techniques, in comparison to other methods,
including support vector machine, regression tree, feed-forward neural network, and
multiple linear regression. The proposed model takes into account parameters such as
outdoor temperature, historical values of heat load, time factor variables, and physical
parameters of DHS as its input. The obtained results revealed that the support vector
machine was the most suitable machine learning method and has the least normalized root
mean square error of 0.07 for the forecast horizon of 24 h.

From the theoretical viewpoint, application of DSM for thermal peak shaving accord-
ing to Guelpa et al. [83] might have many advantages. These including the possibility of
exploiting DH system capabilities, increasing potential for the connection of other build-
ings to DH networks without modifying the pipeline by making the request as low as
possible, or a more effective combination of thermal and electrical energy production.
Kontu et al. [84] presented an example of a case study that compared households with
implemented smart control actions and customers who did not apply any DSM solutions,
in two Finnish cities—Espoo and Vantaa. The benefits of DSM were evaluated from the
perspectives of a point customer and a DH company. The results confirmed that customers
with implemented DSM solutions decreased heat consumption and thus lowered their
energy costs. However, the benefits were not observed by the DH companies, and higher
short-term variations in the heat load were observed.

4.3. Multi-Heat Source (MHS) for DH with Integration of RES

Traditional DH systems are usually based on one heat source that provides heat to
a single district. Other principals are implemented for Smart DH with the employment
of multi-heat a source strategy. The use of intelligent control systems led to the selection
and matching of the most profitable heat sources. These MHS systems can efficiently
promote the utilization of local renewable energy sources and waste heat. Generally, MHS
consist of a CHP plant as a major heat source with maximum heat capacity and additional,
supporting heat sources such as solar thermal energy, wind energy, or waste heat, which are
regulated to meet the different heat demands of consumers. In such a way, the effectiveness
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of DH systems may be improved. This complex system is a flexible and reliable solution,
with a limited number of possible failures. If any problem occurs with one heat source, the
system should still be able to operate [2,85-87].

4.4. DH Network and Household Integrated into Intelligent System

Smart DH systems are based on sensors and devices such as IT hardware and software,
smart grid integrated communications, and metering hardware and software [88]. Various
devices measure diagnostic signals that carry information about the actual state of the
equipment. The signal goes through the primary selection of diagnostic information and
then is fully processed and analyzed by the control center. Intelligent control systems might
supervise all elements integrated into heat production, distribution, and consumption. DH
plants and households are connected to one smart network [2]. This smart supervision
manages to diagnose the technical condition of plants, pipelines, and equipment, identify
all possible defects, faults, or dangerous situations in a continuous manner with a rapid
response of alarm signals. Moreover, the prediction and planning of heat loads with respect
to weather conditions and historical data are also included [89-91].

Zhong et al. [92] described the smart saliency analysis method for DHS pipeline
leakage detection, applying remotely multi-source data from sensed infrared imagery,
visible imagery, and geographic information system (GIS). Pipeline leakages are salient
in the infrared imagery as the leaked material creates a local high-temperature area. The
false alarm rate might be limited by combining multisource data analysis. GIS data
from pipelines led to the removal of the potential of false leakage locating outside the
pipeline area.

Ahn and Cho [93] proposed an intelligent controller to improve thermal comfort
and reduce the peak demand in a DH system. The model, based on artificial intelligence
with temperature and thermal comfort detectors, was used to maintain the desired room
temperature. Application of the model resulted in a decrease of peak demands in order
to optimize the DH distribution capacity. Comparative analysis proved that the model
maintained thermal comfort level and decreased peak demands by 30%, compared to a
conventional on/ off controller.

Wang et al. [94] proposed a control model for the detailed estimation of heat loss for
buried pipes and thermal deterioration of pipe insulations. The temperature, pressure, and
flow rate meters are included to provide real-time data at the inlets and outlets of each
heat source and substation. The complex heat loss profile along pipes might be defined
by the presented model, and thus the accuracy of the location of damaged insulation
might be enhanced. Moreover, the thermal deterioration of buried pipes may be evaluated
conveniently; thus, aging or corrosion are more easily detected.

4.5. Selected Examples of Smart Solutions for DH Systems

Smart active box (SAB), proposed by the Arne Jensen AB company (Sweden), is an
example of a smart solution for DH systems. It is a controller that enables leak detection by
Delta-t® measurement based on a unique acoustic module. The SAB unit is installed in a
DH chamber. Measurement data are collected from the sensors according to the desired
frequency, ranging from every six minutes to once a day. The sound and signal analysis
provide information about temperature and humidity in the chamber, contact temperature
on the supply and return line, the flood alarms, and recordable audio files [95]. Such an
approach allows for monitoring of the DH network between the adjacent chambers.

STORM controller (Belgium) is a smart district heating and cooling network man-
agement system based on self-learning algorithms. This controller includes three main
modules, i.e., an energy forecaster, the operational optimization planner, and the demand-
side management tracker, and uses three different control strategies: peak shaving, market
interactions, and cell balancing [96].

FLEXYNETS (Germany) is a single system control with a centralized intelligent control
platform. This platform includes a high-level controller that interacts with a strategic
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control platform, supporting the control decisions and strategies by weather forecast data
in combination with simulation models of the entire system. Weather forecast data and
simulation tools help to optimize the control strategies a day in advance [97].

Danfoss Link™ app (Denmark) enables the control of room temperature via an appli-
cation on a smartphone connected to the central controller, room, and floor thermostats.
The application enables intelligent adjustment of room temperatures to the schedule of
the day with a lower temperature at night, including a weekly plan, holiday, or absent
mode [98].

Vexve intelligent valve solution (Finland) operates underground without an external
power supply and transmits the information to a cloud service. Through the application
of an intelligent valve, the temperature, humidity, and network pressure variations are
monitored continuously. Thus, leakage points linked to leak detection cables can be
immediately localized [99].

4.6. Estimated Revenues from Using SAM Methods in District Heating Networks

It is generally assumed that there are three areas in which application of smart asset
management may be beneficial to both district heating companies and consumers. These
are social, technical, and economical areas and include increased durability and usage
safety of the networks, reduction of number and frequency of failures, and economical
benefits. The installation of SAM solutions in DH networks is aimed at prolonging the
exploitational time of the network and can be used to plan retrofitting and maintenance
operations. This, in turn, results in a much lower number of failures and shortens the time
when consumers are deprived of a heat supply. The following analysis on the possible
revenues may be proposed. According to operational data from the Lithuanian District
Heating Association, the annual maintenance cost per kilometer of network is about
950-1150 EUR. Without proper preventive monitoring methods, failures in the network are
hardly foreseen. Assuming the failure of a typical 100 mm tube, its repair may cost up to
several thousand EUR. This is because the failure must be initially localized, then the pipe
must be excavated, drained, repaired, and buried, and the original state of the landscape
must be restored. It must be noted that this analysis excludes the costs of depreciation as
well as the potential costs related to disappointed heat consumers.

The average maintenance costs related to the pipe replacement are in the range of
250-2350 EUR per 1 km, for a diameter of roughly 70-600 mm, respectively. In Lithuania,
for example, the normative depreciation period of a DH section is 35 years. The savings
from applying SAM solutions may be calculated on the basis of prolongation of the op-
erational time. Thus, if the operational time is prolonged by 1 year, the resulting savings
are about 1/35 of the initial cost. Swedish district heating company, Orresundskraft, re-
ports that installing the moisture bands on the pipes in the Helsingborg region results in
about 250,000 EUR saving per year [100]. However, the precise evaluation of the possible
prolongation period of network exploitation and savings is very hard and requires new
experimental data, coming from, e.g., already installed SAM solutions. Databases on the
development of damages in DH networks (regarding both different types of failures as well
as damage to pipe materials) as a function of their lifetime are missing. Currently, the Ger-
man Energy Efficiency Association for heating, cooling, and CHP (AGFW) is building up
such a database for Germany, Austria, and Switzerland (the so called DACH region) [101].

5. Overview of District Heating Systems in Selected Baltic Sea Countries

This section provides an overall overview of the current status of DH systems and
strategies for the future development in seven Baltic Sea Countries, i.e., Poland, Sweden,
Finland, Latvia, Lithuania, Germany, and Denmark. Table 1 presents a brief summary
of the current status of DH systems in the above listed countries, while Table 2 presents
selected projects in the field of district heating systems involving partners from the Baltic
Sea Region, both completed and still on-going since 2016.
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Table 1. Current status of district heating systems in selected Baltic Sea countries—a summary.

Share of District Main Heat Share of Typical
Country Heating in Source/Heat RES, % Current Status Supply/Return Goals
Residential Sector, % Production s e Temepratures, °C
By 2030: reduction of
Hard coal and Transformation .COZ emissions by 42%,
coal product into 3rd increase of share of RES
Poland 42 cogeneration 7.4 eneration 135/70 up to 50%; by 2050:
5 lants & svstem 100% reduction of CO,
b Y emissions (with respect
to reference year 1990)
Transformation
from 3rd to 4th By 2050: zero CO,
Denmark 65 Biomass and solar 58.9 encration 80/40 emissions and fossil
8 system independence
Biomass and 3rd generation By 2045:
Sweden 204 waste heat >65 system 86/47 CO,—neutrality
Coal and 2nd and 3rd Devel t of nucl
Finland 38 wood-derived 55 generation 65-115/40-60 eveiopment of iuciear
fuels systems power and solar heating
Biomass and 3rd and 4th By 2050: zero CO,
Lithuania >65 municipal waste >65 generation ~85/45 emissions, 80% of RES
P systems share
By 2050: 100% of RES
Combined heat 3rd and 4th share and 80%
Germany 13.8 and power plants 12 generation ~85/45 reduction of CO,
P P systems emissions (with respect
to reference year 1990)
Central heat 2nd and 3rd ]]33 y ; 8_590 E:;"/C(()wzfil;i?:s:h:?t
Latvia 30 pumps, natural 47 generation ~85-130/45-70 Y y P
. to reference year 1990),
gas and biomass sysmtems

fossil independence

RES—renewable energy sources.

Table 2. Summary of district heating (DH) projects ongoing from 2016 with participating countries from the Baltic

Sea Region.
. Baltic Sea Region Years of .
Project Project Partners the Project Main Goals Reference
Denmark. Finland (1) Combining low-temperature DH
LowTEMP (Low Temperature German ’ Latvia ! solutions with energy supply systems
District Heating for the Baltic . 4 4 2017-2021 (2) Promoting energy efficiency and the [163]
. Lithuania, Poland, L.
Sea Region) Sweden application of renewable energy sources
(RES) with the reduction of CO, emission
(1) Distinguishing limitations and profits
for the implementation of smart asset
. . . management (SAM) and digitalization of
BSAthIziglceilne‘ﬁ; Asset thhu;‘vr\‘;jé:r‘l’la“d' 2019-2022 DH distribution networks [164]
& (2) Developing nationally adapted methods
for condition monitoring of district heating
systems (DHS).
(1)Improving at least 15 new policies at the
local, national, or EU level for
Finland. German decarbonization of district heating and
HRE4 (Heat Roadmap Europe 4) / Y 20162019 cooling (DHC) systems [165]

Poland, Sweden

(2) The setting of how to save
approximately 3,000,000 GWh/year of
fossil fuels in Europe.
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Table 2. Cont.

Baltic Sea Region

Project Project Partners

Years of
the Project

Main Goals

Reference

InDeal (Innovative Technology

for District Heating and Cooling) Finland, Poland

2017-2019

(1) Offering a novel platform that will
manage a fair distribution of heating and
cooling in the DHC network by real-time
energy demand data collected using
artificial intelligent meters and classifying
the network’s building demand.

(2) Turning the current DHC systems into
innovative high-level computerized DHC
systems.

[166]

RELaTED (REnewable Low
TEmperature District)

Denmark, Poland,
Sweden

2017-2021

(1) Providing a novel idea of decentralized
ultra low-temperature district heating
(LTDH), which enables the adding of
low-grade heat reservoirs

(2) Following the approach of the smart
grids, where heat production is
decentralized, and consumers become
prosumers.

[167]

THERMOS (Thermal Energy
Resource Modelling and
Optimisation System)

Denmark, Germany,
Latvia, Poland

2016-2020

(1) Developing the methods, data, and
tools to facilitate public authorities and
other stakeholders to undertake a more
sophisticated thermal energy system
planning to incorporate real-world cost,
benefit, and performance data

[168]

TEMPO (TEMPerature
Optimisation for Low
Temperature District Heating
across Europe)

Germany, Sweden

2017-2021

(1) Creating low temperature (LT)
networks for raised network efficiency
with the integration of renewable and
residual heat sources.

(2) Developing innovative business models
to promote LTDH network
competitiveness.

[169]

W.E. District (Smart and local
reneWable Energy DISTRICT
heating and cooling solutions for
sustainable living)

Denmark, Germany,
Poland, Sweden

2019-2023

(1) Demonstrating DHC as a joined
solution that employs the combination of
RES, thermal storage, and waste heat
recovery to provide 100% of the heating
and cooling requirement.

(2) Incorporating integrated control
technologies and decision making to DHC
systems.

[170]

ReuseHeat (Recovery of Urban
Excess Heat)

Denmark, Germany,
Sweden

2017-2021

(1) Demonstrating high-level systems
allowing the recovery and reuse of excess
heat available at the municipal level.

(2) Development, monitoring, and
evaluation of four large scale cases
showing the technical utility and financial
profitability of waste heat recovery.

[171]

Cool DH (Cool ways of using
low grade Heat Sources from
Cooling and Surplus Heat for
heating of Energy Efficient
Buildings with new Low
Temperature District Heating
Solutions)

Denmark, Sweden

2017-2021

(1) Supporting municipalities in planning
and expanding new, effective district DHC
systems, extend and renovate existing units
to higher standards.

(2) Designing LTDH systems with
non-conventional pipe materials and
controls inside buildings that link LTDH
with the integration of locally generated
renewable energy for low DH
temperatures (40-65 °C).

[172]

Keep Warm (Improving the
performance of district heating
systems in Central and East
Europe)

Germany, Latvia

2018-2020

(1) The growing energy effectiveness of DH
systems by an acceleration of cost-effective
investments in the modernization of DHS.
(2) Reducing greenhouse gas (GHG)
emissions by promoting a switch from
fossil fuel to renewable sources.

[173]
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5.1. Poland

Poland is the second, after Germany, greatest district heat producer in the European
Union [102]. In 2017, the DH system satisfied 42% of the heat demand in the residential
sector [103]. Polish DH networks provide heat for space heating for at least six months per
year, depending on weather conditions. Nowadays, the highest share in DH is covered by
hard coal and coal product cogeneration plants [103]. In 2015, the share of RES in district
heating systems reached only about 7.4% [104]. Many Polish citizens still use individual
coal-fired boilers and stoves. However, The Clean Air Program, implemented by the Polish
Government, assumed thermal modernization of Polish households with the simultaneous
replacement of heat sources during the period 2018-2029 to enhance energy efficiency and
diminish the emission of dust and other pollutants related to the problem of smog [105].

Nowadays, the major challenge for Polish DH is a step by step transformation into
modern 3rd generation systems, with temperature supply below 100 °C. The typical DH
network supply temperature is 135 °C, while the return is 70 °C for a large district heating
system [106]. Cenian et al. [107] described the case study in a Polish town, Lomza, where
DH system thermal modernization was introduced. The first stage of modernization led
to decreasing the DH supply temperature from 121 °C to 109.8 °C, with a reduction of
about 14% of heat losses compared to the previous heating system and improvement in
the hydraulic stability of the DH system. The oversized radiators, heat exchangers, and
grids after thermal modernization of buildings are advantageous. An important element
in Polish DH systems is thermal energy storage (TES) tanks that support ten Polish CHP
plants, which provide heat source load-leveling for variable heat demand periods [108].

One of the directions of DH development in Poland is the use of geothermal energy as
a heat source. Poland is one of the richest countries in Europe in terms of low-temperature
geothermal resources. In Poland, four geothermal areas are distinguished, i.e., Polish
Lowlands, Carpathian Province, Carpathian Foredeep, and Sudety Region [109,110]. The
most valuable, from a heating point of view, are the areas of Carpathian Province as well
as the Lower Cretaceous and Lower Jurassic reservoirs in the Polish Lowlands. The total
installed capacity from six geothermal DH plants is 76.2 MWth [110]. The outflow water
temperatures vary from 20 to 97 °C, while water reserves amount from several L/s to
150 L/s, and heat flux values range from 20 to 90 mW/ m? [109]. The implementation of
geothermal heat sources has played an important role in the improvement of air quality in
Poland. Moreover, geothermal DH plants could operate at lower temperatures, offering a
higher efficiency of heat transfer.

The major Polish DH goals assumed two time limits, the first by the year 2030, with
a reduction of CO; emissions by 42% (compared to levels from 2016) and a share of 40%
RES. The second limit is set at the year 2050, with the reduction of CO, emissions by 100%
(compared to levels from 2016) and utilization of 100% renewable energy [111].

5.2. Denmark

Denmark is one of the most advanced Baltic Sea Region countries in terms of DH
systems. In 2017, about 65% of its citizens” heat demand was satisfied by DH systems.
Currently, various Danish DH networks are going through the transformation from 3rd
generation (80/40 °C) to 4th generation (50-55 °C/25 °C) networks [112].

The share of renewable energy sources for DH in 2017 was equal to 58.9%, principally
in the form of biomass [113]. However, Denmark is also a leader in both total installed
capacity and number of large-scale solar DH plants. Furthermore, it is the first and only
country with commercial market-driven solar DH plants. Until 2017, 110 solar heating
plants, with more than 1.3 million m? of collector area, had been operating in Denmark,
which represents more than 70% of the total worldwide large scale solar DH plants. Solar
DH production is expected to achieve 6000 TJ in 2025 [114]. Moreover, an important part of
the Danish solar DH systems is long term large heat storage, consisting of water pit storage,
constructed in Marstal, Dronninglund, Vojens, and Gram, and boreholes in Breedstrup.
The share of solar heating in a district heating system without heat storage is about 5-8%
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of the annual heat demand, while an application of diurnal heat storage reaches 20-25%.
Application of solar energy is also an economically efficient solution, because the cost of
solar heat is in the range of 2040 EU/MWh, while the heating price of natural gas boilers
is higher than 60EU/MWh [114].

According to Buhler et al. [115], excess heat from industry might be applied as a
resource for the Danish DH systems. The results for the case study for Denmark revealed
that about 1.36 TWh of DH demand could be covered annually with industrial excess heat
from thermal processes, which is equal to about 5.1% of the current usage. Additionally,
more than half of the heat might be used directly, without the application of heat pumps.

Another option used in Denmark is the application of large scale heat pumps in DH
systems. This solution may provide stable and efficient heat supply, especially when wind
or solar electricity production is high, and might be converted into heat, and thus replace
the heat produced by fuel boilers. According to Lund et al. [116], Denmark is well able
to introduce heat pumps, with potential heat sources located close to all DH areas and,
moreover, seawater will play a significant role as a heat source for Denmark in the future.

A smart approach in DH management in Denmark is presented by Foteinaki etal. [117],
who described the cooperation between three DH companies in the Copenhagen metropoli-
tan area, coordinated by Varmelast Company. The main task of Varmelast Company
is related to the preparation of the day-before heating plan, based on the DH forecast
disclosed by companies, which considers fuel prices, operating and maintenance costs,
hydraulic bottlenecks in the network, and other parameters. Moreover, the combined
optimization of heat and power generation is aimed at providing maximum economic
efficiency for the whole system. Each day, adaptation of the heating system is done, based
on the consumption forecast, capacities, and power costs.

The main goals for DH systems approved by the Danish Government concern net-zero
emissions of carbon dioxide by 2050 and fossil-independent DH systems before the year
2050 [118].

5.3. Sweden

DH systems were introduced in Sweden in 1948 [119]. District heating is a large
industry in Sweden, satisfying about 50.4% of heat demand in the residential sector,
according to data from 2017 [120]. The major competition for DH is using individual
heat pumps, which, in 2014, constituted about 25% of the market share. Swedish DH
systems may be classified as a 3rd generation DH system, regarding their temperature
levels. Recently, average distribution temperatures have been 86 °C for supply pipes and
47 °C for return pipes [119]. Nowadays, about two-thirds of the heat supply to DH is
based on biomass and waste heat, which is exceptional among high-income countries.
Sweden was probably the first country that utilized industrial waste heat, and nowadays it
is a country with the highest percentage share of industrial waste heat recovery. In 2015,
waste heat represented about 8% of the total energy supplied to Swedish DH [121]. The
idea presented in a case study performed by Brange et al. [5] in the Hyllie area in Malmy,
Sweden, concerned DH prosumers—customers who both use and supply energy. The
excess heat might be directly used in the DH network, or the temperature may be raised
with a heat pump. According to obtained data for the Hyllie region, about 50% of the
annual heat demand could be covered by prosumer heat. However, the majority of the
excess heat is generated during the summer season; thus, thermal storage systems are
required. Sweden supports the construction of “near-zero energy buildings”. The case
study described by Joly et al. [19] presents the approach, combining a near-zero energy
house with a solar-assisted 100% renewable heating solution in the residential area of
“Vallda Heberg” in Kungsbacka, Sweden. Extruded polyethylene insulated pipes are used
as a more economic and technically preferable solution, in comparison to traditional steel
pipes. The solar installation is able to produce 37% of the thermal energy requirement.
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The Swedish parliament has set, as a goal for the country, the attainment of a carbon
dioxide-neutral state by the year 2045. Additionally, total energy use per heated area in
Swedish buildings should be 50% lower by 2050 (compared to levels from 1995) [122,123].

5.4. Finland

In 2017, about 38% of heat demand was supplied by district heating systems in
Finland [124]. The temperature of district heating water in the supply pipe changes
according to the weather conditions and varies from 65 to 115 °C for the supply and from
40 to 60 °C for the return; thus, the DHS might be classified as a 2nd or 3rd generation
system [125]. In 2016, the main DH resources in 2016 were coal and wood-derived fuels,
and now about 80% of DH is produced by CHP [126]. However, coal-fired heat generation
will be prohibited from May 2029 [127]. In 2016, the utilization of renewable energy sources
amounted to 32%, while, in 2018, this amount increased to 55%. Nowadays, Finland has
the third highest share, after Sweden and Latvia, of renewable energy in the DHC sector in
the European Union [128]. Recently, heat pumps and utilization of industrial waste heat
on a large scale became a promising source for Finnish DH [129]. The growing interest
in large HPs in Finnish DH systems has been considered according to data provided by
Kontu et al. [130]. The heat pumps in Finland have a potential of 10-25% of DH sales
(while currently it is about 3%). The analysis revealed that HP has the highest potential in
small DH systems for replacing fossil fuel-fired boilers. Wahlroos et al. [131] investigated
the possibility of using waste heat for Finnish DH systems in Espoo. The utilization of
the waste heat led to savings in the total operational costs of the DH systems of between
0.6% and 7.3%. Therefore, from an economic, environmental, and technical point of view,
it is a sustainable solution. In Finland, one important future solution for the replacement
of fossil fuel is the use of nuclear power as a heat source, resulting in a major reduction
of pollutant emissions. The potential of small modular nuclear reactors (SMR) for CO,-
free DH production has been evaluated. The case study by Varri and Syri [132] includes
application of NuScale SMR reactors with a total heat capacity of 300 MWdh in the Helsinki
region. Terdsvirta et al. [133] investigated replacing biomass cogeneration plants using
heat-only small modular reactors of 24-200 MW for a mid-sized city in eastern Finland. The
most promising solution assumed the use of five 24 MW heat-only SMR units combined
with a 100 MWt cogeneration plant. Both studies confirmed that the application of SMR
might be profitable. However, the hesitance concerns the investment costs for rising
SMR technologies.

A new interesting trend in Finland is solar heating. In Finland, most of the community
lives in regions that reach above 5.3 GJ/ m? total solar radiation per year [134]. The
seasonal storage of solar heat is crucial in solar district heating plants as a solution to
the mismatch between energy supply and demand. According to Rehman et al. [134],
Finland is located in an area suitable for borehol TES (BTES). One of the examples of an
early large-scale, high-temperature solar-heating system with seasonal storage of energy
was constructed in Finland is the Kerava solar village [135]. The total heat demand of the
community, including 44 apartments with flat-plate solar panels, was 495 MWh annually.
Considering heat loss, the solar heating system was planned to produce 550 MWh per
year. The borehole TES is a combined system using 54 tilted boreholes filled with water.
The holes provide layered thermal storage, with a water temperature of 55-65 °C at the
top and 8 °C at the bottom during the winter season. The top water may be applied for
short-term storage or for household hot water generation. Moreover, aquifer thermal
energy storage (ATES), combined with ground-source heat pumps (GSHP), is considered
to be an attractive technology for Finnish DHS. The case study was performed by Todorov
et al. [128] for the integration of ATES-GSHP into the existing DH system in the Finnish
Urban District. The use of a pre-cooling exchanger led to an increase in the heating and
cooling demand covered by ATES of 13% and 15%, respectively. Furthermore, a decrease
in the heat generation cost by 5.2% has been reported.
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5.5. Lithuania

Lithuania has a well-developed DH system. The heating season in Lithuania starts
when the outdoor temperatures, after three consecutive days, are below +10 °C. Nowadays,
the heating season lasts from October until April [136]. Meanwhile, heat demand for
domestic heating is almost 1.8 times higher in Lithuania in comparison to other EU coun-
tries with comparable weather conditions [137]. According to data in 2017, DH satisfied
about 56% of heat demand in the residential sector [138]. Other Lithuanian households
use individual heating systems, fed with firewood, natural gas, coal, or oil products as
fuel [139].

According to the literature, Lithuania’s potential for solar energy production is ap-
proximately 1000 kWh/m? per year. The daily potential is variable depending on the
season, from about 0.55 kWh in January to 5.8 kWh in June [140]. Nowadays, the potential
of solar heat energy generation in Lithuania reaches 1.5 TWh/year [140] and, up until 2016,
about 14800 m? of solar collectors were installed in the country, while the application refers
mainly to a single-family houses [141].

Sliaupa et al. [142] noted that Lithuania contains large hydro-geothermal resources,
mainly in the largest Cambrian, Lower Devonian, and Upper-Middle Devonian reservoirs.
Despite very good geothermal conditions, there is only the Klaipéda geothermal district
heating plant in Lithuania, which was opened in 2001. However, in 2017, due to decreasing
injectivity, the operation of the plant was ceased.

Lithuania’s national goal is to produce heat with zero CO, emissions by the year 2050.
The National Energy Independence Strategy of the Republic of Lithuania, accepted in 2018,
assumed a goal to increase the RES share in final energy consumption by up to 30% by 2020,
45% by 2030, and 80% by 2050 [143]. Furthermore, Lithuania’s energy strategy is to promote
the development of DH systems and cogeneration plants and to start district cooling of
buildings. According to Kveselis et al. [144], Lithuania shows a positive trend towards the
fulfillment of these energy goals. The most significant factors stimulating the progress of
DH in Lithuania include international responsibilities to enhance the participation of CHP
plants using RES in energy generation and the development of small CHP plants, as well as
the establishment of an energy strategy that supports the use of renewable energy sources
in DH systems. Based on the research performed by Siup$inskas and Rogoza [145], in
Lithuania, DH systems have been combined with renewable energy sources; biomass and
solar energy are environmentally favorable solutions for heat production. The utilization
of these sources may help the country to reach nearly zero CO, emissions.

5.6. Germany

In 2017, DH satisfied about 14-24% of heat demand in the residential sector (for
existing buildings, while it is about 44% for newly built houses) [146,147]. Currently, more
than 80% of district heating in Germany is generated by CHP generation [147]. However,
in 2017, the share of renewable energy in district heating consumption in Germany was
only 12%, including energy from biomass and geothermal sources [147]. Additionally, a
significant source is MSW energy, which, in 2017, reached 11.6%, while waste industrial
energy constituted about 2% of the share [147]. An essential aspect of German DH is also
geothermal energy. Thirty geothermal plants in Germany generate about 155 GWh of
electricity and 1.3 TWh of heat, annually [148].

Petersen [149] described the idea of self-supplying communities based on local and
renewable energy sources. A case study using oat peel biomass CHP in the community
of Kriickau-Vormstegen in Elmshorn, Germany, was developed. For the investigated
community, the local heating energy potential based on renewable energies is up to
44.64 GWh/year. This surpasses the local heating demand, ranging between 4.22 and
8.42 GWh/year. However, the implementation process of this approach might be time-
consuming and will require initial investment and operational costs.

Pelda et al. [150] analyzed the potential for Germany to incorporate waste industrial
heat and solar thermal energy into DH systems. The obtained results showed that solar ther-
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mal energy and waste industrial heat potential have been used only to a very limited extent.
The calculated theoretical potential of solar thermal power is about 377 x10® TWh/year,
and the theoretical potential of waste heat from the industry sector is between 43 TWh/year
and 193 TWh/year. Thus, implementation of both strategies into DH systems might sig-
nificantly reduce CO, emissions. However, according to the predictions of the German
industry association for district heating and cooling, solar thermal systems with 800,000 m?
of collector field area in the district heating systems exist in 2020 in Germany [151].

Germany has several seasonal thermal energy storage systems (STES), especially tank
thermal energy storage (TTES) and water gravel thermal energy storage (WGTES). Addi-
tionally, four aquifer thermal energy storages (ATES) exist in Germany. The investigation
performed by Schiippler et al. [152] evaluated the techno-economic and environmental
impact of the developed ATES in Karlsruhe. The examined ATES has a cooling capacity of
3.0 MW and a heating capacity of 1.8 MW. The most productive supply preference is that
the direct cooling by the ATES results in a decrease in electricity cost of 80%. Moreover,
concerning the reference system, the ATES achieves CO; savings of around 600 tons annually.

The scenario is to achieve a 100% renewable German energy system by 2050. The
energy transition concept of Germany specifies the reduction of CO, emissions by 40%
by 2020, 55% by 2030, and at least 80% by the year 2050, compared with the year 1990.
To achieve these goals, according to Hansen et al. [20], DH systems in Germany should
comply with the following requirements: increase the expansion and share of DH for heat
demand, heat savings, and increase the number of individual heat pumps.

5.7. Latvia

In Latvia, the duration of the heating season exceeds half a year; thus, high-quality
heat supply is needed. In 2015, the share of DH in Latvia satisfied about 30% of the
residential sector [153]. Most of the heat energy is produced by boiler houses and CHP
plants (the share of CHP in DH generation according to data from 2019 was 73%) [154].
DH is mostly charged by natural gas and biomass (renewables constitute about 47-50% of
energy source [155]. However, the goal is to increase the share of renewable energy sources
in DH to 60% by 2023 [156].

In 2019, the first large-scale solar district heating plant was opened in Salaspis,
Latvia [157]. The plant includes 1720 collectors, can generate about 12,000 kWh of power
per year, and is the biggest solar DH installation in Europe. Moreover, the plant is equipped
with a 28 m high storage tank and a 3BMW wood chip boiler.

Povilanskas et al. [158] analyzed Latvia’s potential for using geothermal energy for
DH systems. The case study involved Nica, a small municipality in southwest Latvia. The
investigation revealed that the temperature of the Lower Cambrian sandy siltstone aquifer
was confirmed to be not less than 43 °C, and it was possible to obtain about 2 1/s of the
hot brine to provide sufficient heat to the DHS of Nica throughout the year. The authors
stated that three main requirements had to be met to reach high efficiency. These were the
satisfactory extractable heat resources of the aquifer, immediate availability of a nearby
deep well, and a plan for the environmentally acceptable transfer of the cooled geothermal
water to the surface waters.

The majority of the DH grids work in 2nd and 3rd generation temperature regimes [159].
However, according to the analysis by Ziemele et al. [160], the transition to 4th generation
DH is possible in Latvia and could provide a 68% share of RES, and the heat tariff could
be reduced by 48% until 2030. Moreover, CO; emissions could be reduced by 58% by
2030. The pilot case study performed by Feofilovs et al. [161] confirmed that transition to
low-temperature district heating (LTDH) with Solar PV will improve the environmental
performance of DH; however, significant modernization or reconstruction will be required,
including changes of valves, pipelines, insulations, and boiler houses to improve the heat
production effectiveness. However, Cirule et al. [162] suggested that legislation in Latvia
does not provide a proper basis to develop or safeguard 4th generation DH. The authors
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pointed out that it is necessary to raise the competitiveness of the DH system in comparison

to other heating solutions, thereby making DH systems more interesting for consumers.
Independence from fossil fuel and the reduction of carbon dioxide emissions by

80-95% by 2050 compared to 1990 levels are the main targets for the Latvian community [156].

6. Conclusions and Recommendations for Future Research

Nowadays, according to European Union regulations, the DH Sector in the Baltic
Sea Region countries is constantly undergoing a transition related to increasing the share
of renewable energy sources and the reduction of greenhouse gases emissions. From an
economic point of view, DH companies strive for an increase in heat supply efficiency,
becoming unrivaled, and extending the number of customers. Thus, the intention to
establish 4th generation DH systems is fully justified. Lowering the temperature of the
water supply, integration of RES such as solar, thermal, wind, or geothermal energy, and
application of better insulated and optimized pipeline layouts are significant steps towards
improving the effectiveness of current DH systems. Moreover, the introduction of smart
management tools into DH systems may overcome both the challenges in existing DH
networks and be an essential aspect to ensure profitability for both heat producers and
consumers. Intelligent networks with demand site management are an inherent part of
DHS development and could have advantages in providing safe and efficient DH systems.
Nowadays, implementation of the SAM concept in the DH sector mostly involves the
forecasting of heat supply and demand-side management, which may significantly reduce
the amount of energy used for heating. However, in the current state-of-the-art, there is a
key research gap in the application of smart predictive and preventive methods for DH
network performance control and maintenance. An interesting approach of future research
may be related to the development of novel smart methods to predict and detect possible
failures and damages, minimize the risk of failures, and introduce a system of preventive
response. Future studies may examine and model the techno-economic aspects of SAM.
A clear indication of the SAM solution’s competitiveness in the DH sector is also needed.
Moreover, the design and development of innovative multi-source DH systems instead of
them being charged by a single fuel type should be proposed. This solution should lead
to the heat demand being covered and the ability to select a preferable heat source at any
given time, as well as the capability to maintain a continuous heat supply when one of the
sources fails. Furthermore, an important aspect is assuring the sustainable development
of DH systems, especially related to thermal energy storage. Research is proposed in the
area of more dynamic prosumer involvement and the development of bi-directional DHC
networks. Implementation of these solutions may help to reduce CO, emissions as well as
energy costs in the near future.
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