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PREFACE

The purpose of this book is to investigate the integration potential of heat
pumps into district heating (DH) networks and of the measures to remove bar-
riers hindering their widespread implementation, to assess developed technol-
ogies and solutions, policies and trends and, to discuss the environmental con-
sequences resulting therefrom especially for future smart thermal networks.

In many countries, both DH and heat pump design and installation are still
regarded as areas of specialist expertise and technology of heat pumps is often
not considered as a conventional option amongst the design alternatives for var-
ious residential buildings’ heating and cooling systems. There is a knowledge gap
regarding the heat requirements for space heating and domestic hot water
preparation amongst professionals that are responsible for the design of heat
pump use in DH technology, the flexible operation of heat pumps in DH, etc.

It is evident that the most important factors for smart thermal networks
are intelligence, efficiency, flexibility in heat production and consumption, inte-
gration with other energy systems, reliability and customer involvement, and
the provision of a heat-electricity interface in the thermal networks. Hence,
solution for DH heat pump options for flexible op-

IM

there is “no one size fits al
eration, which concerns the district heating-electricity interface.

Itis necessary to mention that the DH markets differ between the European
countries with regard to the energy-technology mix and fuel distribution and so
the presence of certain regulatory framework conditions has greater im-
portance in some countries than in others. However, the flexible technologies
in energy markets are still developing, and this provides an indication of possible
requirements and prospects in the future market structures, where the poten-
tial of heat pumps technologies to provide flexibility to the power system de-
pends on the application and the characteristics of the heat pump system.

This book consists of four chapters. The first chapter addresses general con-
cepts, fundamental principles, and basic aspects of district energy systems
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(DESs). DESs represent adequate opportunities to implement efficient polygen-
eration conversion technologies, and due to their higher efficiencies, polygen-
eration systems are likely to play a major role, especially in the context of energy
efficiency and decreasing CO; emissions. This chapter covers the centralised and
decentralised polygeneration, multi-energy systems, inputs, and outputs of pol-
ygeneration. Hence, prime movers or energy conversion devices are required
for power generation in a polygeneration types, polygeneration based DES, con-
version technologies and fuels in DES energy systems, the DES elements and
specially the future role of efficient DES in energy hub, solar hybrid polygenera-
tion systems, etc. All these systems play an important role in decision support
on the size and capacity of future energy systems. In future smart networks, the
role of DES is likely to become even more important considering the potential
of electrification of other sectors, such as heating, cooling, and transport, and
as the future sustainable option, specifically for different energy applications.

Chapter two focuses mainly on district heating infrastructure, technologies,
and trends. There is a considerable diversity of DH technologies and their compo-
nents in the EU countries, their interaction with fossil fuels, renewable energy
sources, the energy efficiency of the systems and their impact on the environment
and human health. The key conclusion obtained from this chapter is that the DH
development requires more flexible energy systems with building automation,
more significant contribution in-situ RE sources, more dynamic prosumers’ partici-
pation and third-party access, smooth integration with mix fuel energy systems as
part of smart energy sustainable systems in smart cities. These are the main issues
that Europe has to address in order to establish an efficient transition to the 4th
generation of DH and toward smart DH systems across European countries.

The third chapter deals with the use of heat pumps in DH. Heat pumps are
one of the most promising technologies for enhancing the efficiency of thermal
systems and for meeting the 2030 and 2050 European energy and climate tar-
gets. It is essential to assess the available data, the practice, and experience of
planners and engineers to determine heat pump placement, connection and op-
erational modes in DH networks as the systems ought to be capable of covering
residential heat requirements for the all-year-round operation. The main criteria
for the appropriate heat pump system are the heat source, the heat pump tech-
nology, and the heat requirements. These parameters form a technical triangle,
which should be used as a comprehensive instrument to enable heat pump in-
tegration into residential DH. The triangle allows for the definition of the bidi-
rectional interdependences and the design of high efficiency, sustainable heat-
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pump-based system. This chapter presents various scenarios of how to integrate
heat pumps into DH in terms of heat pump placement, connection and opera-
tional modes based on available heat sources and heat requirement profiles and
their environmental impact.

The major objective of the fourth chapter is to study the special character-
istics of thermal requirement profile flexibility in heating networks concerned
with the flexibility of technologies in DH based on heat pumps for heat produc-
tion and consumption, integrated with fluctuating energy from RES, thermal
storage, CHP plants, heat pumps in the infrastructure of smart energy systems
and how DH networks are adapting to them.

As stated above, smart energy systems have been studied widely so far, but
nowadays, a wider perspective is needed to link electricity with heat in a smooth
manner. Increased flexibility in supply and demand is required to allow for flexible
generation plans with higher shares of distributed renewable energy and variable
generation sources. It is essential to note that deployment of flexibility technologies
and systems will be important to support decarbonisation of electricity generation.
The DH is treated as a practical framework of flexibility, DH carries through a large
share of heat supply and storage, and as an intermediary between the heat gener-
ation, distribution and demand side, so it has a large potential for providing the flex-
ibility that is far from being exploited today. Power to heat technologies such as
electric boilers and heat pumps possess a large potential for supplying flexibility that
is largely unexploited.

Heat pumps can be used successfully to provide demand response, regard-
ing the level of flexibility about the different thermal characteristics of the build-
ing stocks. On the other hand the heat pumps in DH are linking the thermal and
the electrical sectors, and for that, they are seen as part of a flexible coupler to
match the thermal and electrical demand in smart systems, where the DH and
cooling networks are argued to be important tools for reaching European energy
and environmental targets.

The topics mentioned above are covered broadly in the four chapters, sup-
ported by obvious illustrations, schemes, and descriptive figures to furnish the
reader with the background information and updated knowledge and necessary
details for subsequent chapters.

April 2019 Marderos Ara Sayegh
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CHAPTER 1.
DISTRICT ENERGY SYSTEMS

1.1. Background

District energy system (DES) first came into operation in Europe in mid of the
1950s, but only recently their potential has been recognised in the activities of
conserving energy and reducing the carbon footprint. Currently, almost all Eu-
ropean and North American countries and Japan are leading countries where
heating and/or cooling services are provided through centralised district energy
networks. A typical DES consists of several energy consumers who are con-
nected to the energy plant through the network. Mainly DES consists of two sub-
systems or networks, district heating and/or district cooling networks.

DES is a set of interacting or interdependent resources, infrastructures, and
individuals organized specifically for the production, delivery or consumption of
energy.

DESs are categorized according to different aspects. Some groups can be
distinguished due to the heat transport environment or based on the thermal
energy transported: heating, cooling, as well as cooling and heating. A further
categorization can be based on the type of heat resources: using a separate
source of energy for heat or using recycled energy/heat [1]. One of the practical
examples of thermal networks is the use of combined heat and power (CHP) as
cogenerated heat from generating electricity can then be utilized for heating
nearby district buildings.

Traditional DES produces the heating and/or cooling services centrally and
distributes them through a network to the various types of consumers, such as
residential, commercial, and industrial.
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DES and combined heat and power (CHP) plants in general, are complemen-
tary technologies. If the thermal energy outputs of a cogeneration plant are
needed at a distance from the cogeneration plant (tens of meters to tens of kil-
ometres away), rather than onsite, then DES has a useful addition. DES supplies
the consumers with electricity and thermal energy in the form of heating or
cooling [2]. DESs are a proven energy solution that has been deployed for many
years in a growing number of cities worldwide; they are increasingly identified
as potentially beneficial in many applications.

The advantages of DES over conventional heating and cooling systems in-
clude improved efficiency, reliability and safety, reduced environmental impact,
and provide better economics for many situations.

DES has benefits of easier operation controls of thermal loads and other
ecological parameters. Although the number of the applied polygeneration and
multi-energy systems and/or DESs is relatively small at present, compared to the
potential number of energy systems applications, the role of such systems is
growing day by day.

1.2. Polygeneration

There is not a standard definition for the polygeneration term, but it is usually
used to identify an energy supply system which delivers several forms of energy
utilities to the final consumers simultaneously.

Polygeneration is a possible sustainable energy solution that may use mul-
tiple fuels with simultaneous delivery of several utilities. Polygeneration is the
process of system integration for delivering multiple utilities from a single unit
to obtain an efficient multiutility system. The concept and general approach of
polygeneration are illustrated schematically in Fig. 1.1, which presents the mul-
tiple outputs or integrated services that DES can provide.

There are several advantages of polygeneration. Properly designed pol-
ygeneration enhances energy efficiency and conserves the resource as well as
the type of fuel used, reduces the waste and the environmental impact, and
increases the economic benefit [2, 3]. The overall efficiency increases signifi-
cantly if the system design and integration of sub-systems are performed effi-
ciently.
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Fig. 1.1. Polygeneration general approach

Moreover, several alternative fuels may be used to improve resource utili-
zation through proper fuel switching or mixing with conventional fuels. Depend-
ing on the desired utility outputs and optimum use of the available resources,
hybrid systems integrate both renewable and non-renewable resources with an
optimum capacity, which may also be efficient and sustainable.

1.2.1. Inputs to polygeneration

Fuel inputs to a polygeneration conversion plant vary widely. For decentralized
plant, most of the input energy sources are locally available. However, central-
ized polygeneration plants are mainly coal-based (biomass-based and biomass
hybrid polygeneration), and their capacity is higher than renewable energy
based polygeneration. In some cases, inputs of the polygeneration are selected
according to the desired outputs (e.g., for liquid fuel production, biomass or coal
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should be used as input). There may be multiple inputs, too [4, 5]. However, for
pre-determined input resources (e.g., for utilization of local resources), outputs
are selected according to the configurations of the polygeneration.

In Figure 1.2, different possible inputs are shown, and these inputs may be
fossil fuels (coal, oil, natural gas), the renewable energy sources or hybrid and
mix of the different sources.

Fig. 1.2. Inputs to polygeneration

1.2.2. Outputs of polygeneration

Polygeneration is designed to deliver multiple utilities. From literature, it is ob-
served that polygeneration can deliver different types of outputs (e.g., energy
services, materials, drinking water). Possible types of utilities produced accord-
ing to the literature are shown in Fig. 1.3. However, these output utilities are
selected according to the inputs and utility demands.

Fig. 1.3. Outputs of polygeneration
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1.2.3. Conversion technologies in polygeneration

Power is generally a major output of polygeneration. Hence, prime movers or
energy conversion devices are required for power generation in the polygener-
ation. These devices are selected according to the input fuels, their capacity,
economy, availability, market, etc. In Figure 1.4, various types of prime movers
of polygeneration are shown.

Fig. 1.4. Prime movers of polygeneration

Cost-benefit analyses of polygeneration play an important role in prime mover
selection. The gas turbine is used to generate power for gaseous fuels (natural
gas or syngas derived through gasification). However, impurities in the syngas
should be within the permissible limit. In combined cycle gas turbine (CCGT), gas
turbine cycle is used as topping cycle, and steam turbine cycle may be used as
bottoming cycle to increase the overall thermodynamic efficiency [2, 3, 5, 6].
Micro-gas turbine is selected as a prime mover for small scale and standalone
polygeneration. The steam turbine is useful for direct combustion of solid fuel
(coal/biomass combustion). Where available heat is at relatively low tempera-
ture (geothermal heat, solar thermal heat), organic Rankine cycle (ORC) is suit-
able. For ORC, the selection of working fluid is crucial. Supercritical and tran-
scritical CO; cycle is another option for low-temperature heat recovery and
power generation. In Figure 1.5, schematics of the gas turbine cycle, the Rankine
cycle, and CCGT are shown. The fuel cell has the potential to be used for elec-
tricity generation if its efficiency is high. Although novel material is required, the
fuel cell is highly sensitive to chemical impurities, thus the input of fuels should
have a high level of purity.
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b)

c)

Fig. 1.5. Schematic of: a) gas turbine cycle, b) the Rankine cycle,
c) combined cycle gas turbine

In general, the design of polygeneration energy system concerns mainly the
energy conversion technologies and distribution networks layout and size. En-
ergy conversion technologies vary according to the type of power plant, size,
and location, centralised or decentralised generation of heat, and the fuel
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source, i.e., conventional fossil fuels, RES or a hybrid fuel. In the case of RES, the
essential issue is the feasibility of the local resources inventories like rivers,
groundwater, solar, biomass, waste, etc. [5, 7]. On the end users or consumers
side, essential are the thermal characteristics of the buildings, the consumers
demand and thermal requirement profile, energy services and the building’s
connection modes to the distribution network [6—8]. The above should be con-
sidered in the context of economic analysis and environmental impacts.

1.3. Polygeneration energy systems

Different choices of energy resources can be integrated for the provision of mul-
tiple services in the DES or multi-energy systems framework, ranging from clas-
sical electricity and heat to hydrogen as well as transport. In particular, the inte-
gration possibility of the production with multiple services opens the way to
improving the system performance from the energy, techno-economic, and en-
vironmental perspectives, for instance owing to the possibility of recovering oth-
erwise wasted heat from CHP to supply local heating or cooling demand (through
absorption chillers).

Polygeneration technologies can provide intermittent electricity, balancing
both daily and seasonal changes in RES electricity production (from solar and
wind) and thermal loads of the boilers, increasing plant availability, peak load
duration, and economy [9, 10]. It is evident that without advancements in cross-
cutting technologies, decarbonising the heating, cooling, and other energy sec-
tors are likely to be more costly in the future smart networks. They will involve
a decentralised energy network with an intelligent central control system inte-
grating data from the energy centre, DES network with intelligent heat meters,
heat interface units, customer heating, and cooling systems and external sources
to maximize the value of the produced heat and power.

As presented above, the polygeneration energy system refers to multi-en-
ergy systems, integrated energy systems, and whole-energy systems [7, 9, 10].
In fact, there are many choices both in how energy is efficiently used and in how
it is converted into a usable form, considering that the purpose of any final en-
ergy use is eventually to provide a utility, be it a certain temperature in buildings,
lighting, cool, power for computers or hydrogen, etc. [4, 7, 11]. In the context of
energy systems integration, the question, therefore, arises as to what is the op-
timal combination of natural resources, technologies, and infrastructure to pro-
vide the final multiple end user services and utilities.
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1.4. Centralised and decentralised polygeneration

Depending on the scale and capacity of polygeneration, it can be categorised as
acentralised or decentralised (i.e., distributed by RES). Figure 1.6 shows the gen-
eral, main types of polygeneration plants. The types can be classified depending
on the energy sources location, their potential, and their energy density [12]. As
shown in Fig. 1.6, centralised plants require energy sources with high energy
density. Generally, centralised plants are fossil fuel based plants because of their
high energy density.

Fig. 1.6. Type of polygeneration plants

Renewable energy based polygeneration may be centralised or decentral-
ised. When the energy resources are available in a scattered way, and there is
lower energy density, the distributed generation is preferred. The distributed
plants may be on-grid (i.e., connected with national power grid), or it may be
the micro-grid system for small villages or towns or the off-grid system for single
houses or communities. For the distributed polygeneration plants, supply and
demand should be matched, accordingly. It means, in this case, that utilities
should be consumed locally because their long-route transmission and transpor-
tation is not economically feasible [6, 8, 11, 12]. Hence, the socio-economic con-
ditions of the energy sources locality play an important role in designing an effi-
cient distributed polygeneration. However, energy capacity and investment
scale are higher in case of centralized plants than distributed plants [13]. For the
centralized plants, utilities can be transported or transmitted over long dis-
tances, even across the international boundaries. Other factors like population
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density, land requirement, socio-economic condition, etc., play an important role
regarding decision support on the size and capacity of a polygeneration plant.

1.5. Polygeneration based DES

DES is a system comprising one or more integrated polygeneration energy con-
version units connected with the required distribution network(s), fulfilling the
task of providing energy services (heating, hot water, cooling and/or electricity)
for a group of buildings.

Fig. 1.7. Integration of cogeneration and district energy

Fig. 1.8. General schematic of district heating in case of centralized DHC plant
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Fig. 1.9. General schematic of district cooling networks in case of centralized DHC plant

DESs can be particularly beneficial when they are integrated with polygen-
eration plants for electricity, heat, and cool [6, 12-14]. A simple approach of
pairing DES technologies is illustrated in Fig. 1.7 as a conceptual illustration of
polygeneration technologies integration with district energy. They are comple-
mentary technologies to form polygeneration-based DES when the thermal en-
ergy outputs of polygeneration are needed at a distance from the polygenera-
tion site [4, 7, 14].

DESs are categorized based on different aspects. A general DES consists of
three main subsystems, which are energy sources, transmission and distribution
networks, and the consumers or end users [15]. Figures 1.8 and 1.9 show in de-
tail the subsystems of a general schematic for DH and DC networks in case of
centralized DH/DC plants.

1.6. DH and polygeneration

DH which is produced by the polygeneration plant is costly if compared to the
DH recent prices. Furthermore, it can be noticed that the advantage of polygen-
eration is the greatest when electricity prices are volatile, and the DH price is
high. The district heating prices are particularly important for the polyge-



District energy systems 21

neration system. The prices significantly increase when the district heating is
operating in electricity mode [16—20]. However, the techno-economic analysis
revealed that the district heating product might be important for the economic
feasibility of the polygeneration plant. This system may offer solutions for
a smart energy system integrating electrofuel, heat, and power production, to-
ward a 100% renewable system.

The polygeneration system achieves positive net present value when bio-
synthetic natural gas (SNG) prices are high except when operating at high elec-
tricity prices. The polygeneration system achieves a higher net present value
(NPV) than single-mode systems, particularly when electricity prices are volatile,
and the DH price is high [20].

1.7. Conversion technologies and fuels in DES

DES essentially comprises two parts: the energy sources with the plant of pol-
ygeneration energy conversion technologies, and the distribution networks
(heating and cooling) [18]. When designing the energy system for a district ther-
mal requirements, it is necessary, therefore, to define which type of polygener-
ation conversion technologies are best suited for the district. Further, the build-
ings connection manner to the system should be determined (for instance, if
they are located too far away from other buildings or the scale of their thermal
requirements to shape the connection from the plant). Moreover, the operation
strategy needs to be defined too.

DES represents adequate opportunities to implement efficient polygenera-
tion conversion technologies, and due to their higher efficiencies polygenera-
tion systems, they are likely to play a major role, especially in the context of
decreasing CO, emissions. Advanced DESs meet the heating, hot water, cooling,
and electricity requirements of the district buildings [4, 6, 14—20].

Polygeneration systems feature better overall efficiencies when they are
converting primary or distributed energies to the final requested energy services
than if the same energy services are provided by a series of single, individual or
centralized, energy conversion technologies. One of the main general consider-
ations of polygeneration or multi-energy systems is the scale and dimension is-
sue of such systems. DES can integrate a variety of conventional fuels, RES, and
TES to take advantage of commercial or market conditions and use local energy
resources as it is shown in Fig. 1.9.
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Fig. 1.9. The infrastructure of fuels and energy sources in DES

TES is interpreted as a bridge to close the gap between the energy demand
and energy supply to the DES. TES can be integrated with the DES through the
different scales and forms of sensible and latent heat storage.

1.8. Implementation of polygeneration based DES

However, to ensure the possible operation of polygeneration systems at or near
their optimal demand load, they should be implemented to meet or fulfill the
energy requirements of the district buildings.

By doing so, it is possible to take flexibility advantage of the various demand
load profiles of the buildings by balancing the requirements [4, 7, 16—-20]. Be-
sides, since these polygeneration systems are complex and de facto difficult to
operate, they are usually not justified in an individual building where no contin-
uous professional control can be guaranteed [12, 17, 21]. It is much more ad-
vantageous to implement them in a small plant that serves few or several build-
ings or in an energy managed district (for instance, by an energy service company).
However, defining the number of buildings that shall have their energy services
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provided by polygeneration as energy conversion technology unit is not a trivial
task [14, 22—-25]. For example, implementing polygeneration energy systems for
a whole country, results in too large heat losses and pressure drops, not to men-
tion the security issue of supply in case of failure. Polygeneration energy systems
are therefore appropriate for particular districts or small cities, where they can
help wipe out the disadvantages of both individual and centralised energy con-
version technologies, besides contributing to decreasing the CO, emissions.

DES implementation in urban networks offers significant benefits, including
an affordable energy provision system and an increased share of RES and TES in
the energy mix. Especially the combination of DES and CHP systems enhances
the economic benefits of the CHP technology, and the environmental impact
since CHP systems provide the ability to recycle waste heat.

1.9. Elements and future role of efficient DES

Polygeneration energy conversion technologies provide different energy ser-
vices simultaneously, helping to decrease the CO; intensity compared to energy
conversion technologies that render only one energy service [4, 13, 16, 18-23].
Figure 1.11 shows some of the main elements of the advanced DES, which con-
tains future extended aspects. Moreover, when providing energy to a whole dis-
trict, polygeneration energy conversion technologies can take advantage of the
various requirements or load profiles of the buildings by compensating the fluc-
tuations and having, therefore, a smoother operation.

It is necessary to remember that districts are considered an optimal scale
for combining efficient energy activities with promising energy strategies imple-
mentation, for example with the advanced district energy systems, and efficient
utilisation of the local combined RES and TES possibilities, etc. [7, 14, 15].

Polygeneration energy conversion technologies shall indeed play a major
role in the future to mitigate CO, emissions linked with the expectations of the
different energy services. No other tool beside polygeneration systems ad-
dresses the following questions: which type and size of energy conversion tech-
nologies shall be implemented in the district, where exactly should these tech-
nologies be implemented, how should the distribution network look like, which
operating strategy is to be followed, etc.
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Fig. 1.11. Main elements of efficient DESs [18]

1.10. Multi-energy systems

MES concept is capable of assessing interactions between different energy sec-
tors the multi-energy systems are concerned with, to bring out the benefits and
potential unforeseen or undesired drawbacks arising from energy systems inte-
gration.

This integration increases requirements for flexibility, smart technologies
emerging in the market (from batteries and EVs to smart appliances and perva-
sive ICT infrastructure), concerns about power system resilience to extreme
events, possibly driven by climate change. It can be argued that MES integration
provides a useful approach to deal with these power system challenges.

MES concept is gaining increasing momentum to identify how energy sys-
tems that have been traditionally operated, planned and regulated in an indi-
vidual manner can be brought together or integrated to improve their collec-
tive technical, economic, and environmental performance [24]. It is known
that the power systems are large, complex, and dynamic systems for which
intuition alone cannot provide confident predictions of responses to the dis-
turbances. The conceptual vision of a modern power system integration with
other energy systems (RES, conventional), sectors, and markets for high, me-
dium, and low voltage power transmission to satisfy the consumer demand is
shown in Fig. 1.12.

Converting energy from one form to another requires the possibility of stor-
ing it more easily, for example by employing power-to-gas or power-to-heat or,



District energy systems 25

in general, power to X devices so that a surplus of RES production does not have
to be curtailed. Furthermore, couplings between the energy networks, that al-
low for increased deployment of CHP units improving overall efficiency by utiliz-
ing waste heat, to serve the load and decarbonisation of the whole DES (not only
electricity), can be successfully and most effectively achieved.

It is evident that the need for decarbonisation of the whole energy system
is one of the key drivers for energy systems integration. While electrical energy
already plays a key role today, this role is likely to become even more important
in the future considering potential electrification of other sectors, such as heat-
ing, cooling and transport [12, 16, 22, 24, 25]. However, when looking at the
whole MES challenge, several options can be identified in terms of energy sys-
tems integration rather than electrification, especially in the light of GHG emis-
sion reduction. Lastly, renewable electricity-fed heat pumps have the potential
to replace other more inefficient types of heating devices, so that emphasizing
the link between the power grid and the thermal requirements that can lead to
improved efficiency in terms of CO, emissions. The literature review demon-
strates that the research and engineering projects about MES and integrated
demand response have been widely investigated in the past decades. Most of
the existing studies are focused on the optimal operation of MES, considering
demand response [26, 27].

In Europe, many countries are promoting the integration of multi-energy sys-
tems in the demand side. The core concept of multi-energy systems brings new
insights about demand response. With the expansion of multi-energy systems to-
wards the demand side, the barriers between electricity and other forms of en-
ergy will break down, thereby achieving the deep integration of multiple energy
and information streams in the demand side. From the power system perspective,
the energy users reduce electricity demand in peak periods [26—28].

Finally, challenges, opportunities, and recommendations are summarised
in literature for the engagement of modelers in developing a new range of ana-
lytical capabilities that are needed to deal with the complexity of MES [5-7, 16—-20]
as shown in Fig. 1.12. However, more key issues and potential research subjects
remain to be addressed [27].

Therefore, this should also be taken into account that the key underlying
challenge in MES is its inter-disciplinary dimension (ranging from power system
operation and thermal networks to economics, energy externality, etc.). Conse-
quently, this should be reflected in the development of a new platform of, pos-
sibly open-source and data-transparent, flexible tools rather than a “big tool”,
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for which standards of interactions and compatibility as well as “big data” man-
agement become critical too [5, 6].

Fig. 1.12. A conceptual vision of power system integration with other energy systems

1.11. Energy HUB

The close concept to MES, which integrated clusters of RES, power systems and
energy demand, is the energy hub asiillustrated in Fig. 1.13. Energy hub is a node
in an overall urban energy system with multiple input and output energy vectors
and typically consists of a more elaborate and complex internal arrangement of
components. The benefits of this close integration include increased reliability,
load flexibility, and efficiency gains through synergistic effects, which suits well
in building cluster. Energy hub serves as a practical way to offer more services
by sharing and interconnecting household devices in order to reduce the carbon
impact of new energy systems. Thus, energy hub is not a single entity containing
all necessary systems for transformation, conversion, and storing of energy, but
an amalgam of individual energy consumers and producers distributed over an
area. This allows taking into account variable loads, systems, and energy sources
of multiple buildings in diverse alternative paths [28].
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Fig. 1.13. Energy hub concept at building cluster level [28]

By integrating electricity, thermal energy, natural gas, and other forms of
energy, the smart energy hub makes it possible for energy users to switch the
source of consumed energy flexibly. The integration of electricity, thermal en-
ergy, natural gas and other forms of energy enables all the energy users to con-
vert various forms of energy to electricity in peak periods, instead of purchasing
electricity from the power system.

The energy landscape is experiencing accelerated changes, centralised en-
ergy systems are being decarbonised and transitioned towards distributed en-
ergy systems. The transition is facilitated by advances in power system manage-
ment and information and communication technologies. This includes modern
concepts such as smart grid, microgrid, virtual power plant and multi-energy
system, and the relationships between them, as well as the trends towards dis-
tributed intelligence and interoperability [28, 29].

1.12. Solar hybrid polygeneration system

Polygeneration is a process to build a new energy system through efficient pro-
cess integration. The integration process increases the efficiency of the system.
The better integration process will result in a better output of the polygenera-
tion system.

With the increasing energy demand and the threat of climate change due
to existing fossil fuel-based energy systems, development of an efficient renew-
able energy system is a present imperative need and significantly contributes to
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achieving the goals of EU’s energy policy in perspective of 2050 [1, 2, 21-30].
With the abundant availability of solar radiation, solar energy systems are con-
sidered effective regarding various energy needs in a sustainable way.

However, non-availability at night and unpredictability of availability of so-
lar power over the year demands hybridisation of solar energy systems. The
emerging new solar systems should provide a reliable continuous power supply.

Solar energy can be hybridised with some other RESs to get an uninter-
rupted power supply [7, 17]. The possible hybridisation options for solar energy
utilization shows Fig. 1.14.

Fig. 1.14. Hybridisation options of solar energy utilization

Generally, solar energy alone (thermal or photovoltaic) cannot be used for
polygeneration. Biomass is abundantly available so that the solar energy can be
hybridised with biomass. In polygeneration, for example, with solar and biomass
inputs, solar biomass hybrid system may be the option. When the solar radiation
is high, a part of the total syngas generated by the biomass gasifier system may
be used to produce ethanol. During the night, with no solar radiation, the entire
syngas is used to generate electricity. Thus, both ethanol and electricity are ob-
tained [21, 26—32]. In polygeneration, solar thermal energy integrates better
than solar photovoltaic applications. The generic output utilities of solar-based
polygeneration hybridised with RESs are electricity production, potable water,
heating, cooling, desalination, ethanol, etc., which can be a future sustainable
option, specifically for different energy applications [4, 19, 33].
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However, the application depends on the location and the type of devices
used for fabricating the system. The costs of the generation of the same utility
outputs are lower than those generated by the stand-alone units. This is the
purpose of developing integrated polygenerations.
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CHAPTER 2.
DISTRICT HEATING. INFRASTRUCTURE,
TECHNOLOGIES AND TRENDS

2.1. Introduction to the DH network

Heating and cooling contributed to about 50% of the final energy consumption
in the EU 28 countries. DH systems are considered to be valuable assets of the
energy supply networks which enable efficient resource utilization. Currently,
DH networks are well-established in many countries and possess an important
part of DES. The operational principle of the system is to produce heat centrally
and later distribute it to consumers through pipes buried in the ground, in order
to cover their space heating (SH) and domestic hot water (DHW) demands.

DH networks come in a variety of scheme sizes, able to cover the needs of
a small group of buildings in the same neighbourhood or city-wide schemes
comprising thousands of connected buildings. DH systems are characterized by
a diversity of technologies that seek to develop synergies between the power,
heat production, supply heat, cooling and DHW applications of the users. The
flexibility of DES allows their integration with thermal renewable technologies
such as biomass, solar thermal, heat pumps, deep geothermal, etc., this fact can
be significant by reducing the overall GHG emissions.

One of the most promising technologies towards the development of sus-
tainable DES is CHP and combined cooling heating and power (CCHP) systems or
polygeneration systems. CHP systems are usually located near commercial or
residential buildings, where the waste heat produced by the system is readily
recovered and used to heat the buildings. This is typically done by the means of
heating technology and piping technology for hot fluid (hot water, steam, etc.)
while district cooling is made up of cooling technology to generate cooling in the
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form of chilled water (cold brine, cold water slurry, etc.) and piping technology
for cool fluids. Then these fluids are used to transport the heat/cool to buildings’
network. In CCHP systems besides a DH loop, a district cooling loop can be used
to provide cooling to the buildings.

The potentials of these sustainable DES can be realized if one considers the
fact that the largest amount of energy in Europe is consumed for space heating
and hot water preparation for buildings, reaching the 43% of total Europe’s final
energy consumption. Sustainable DES can efficiently cover these consumers’
needs. However, the energy demand profile of the consumers must be taken
into account, as the demand characteristics are constantly changing. In order to
regulate the relationship between the energy demands, the energy production
and the energy distribution, advanced and complex control, forecast and energy
management systems are required. A variety of software and models for DH
supply systems are used to overcome the different heat demand purposes, al-
ways considering the supply reliability of the system.

Nowadays, energy sustainability is an important and common goal for all
EU countries. However, the implementation of fully sustainable DH system
which will satisfy all the above aims meets various obstacles, due to the limited
availability of local energy sources and fuels, energy policies, innovation, eco-
nomic conditions, environment and health protection, etc. The only feasible so-
lution to overcome these problems is the development of a common EU energy
legislation regarding DH networks and their technologies.

Currently, in Europe, more than 6000 medium and large DH systems exist.
Many of them require modifications of modernization (i.e., retrofitting) to bring
them to a reliable standard. DH enables the use of a variety of heat sources that
are often wasted, as well as renewable heat. Many researchers have focused
their field of studies to investigate methods and advantages of reusing the waste
energy, RE utilization, modelling of DH systems and components. DH systems
can significantly contribute to achieving the goals of EU’s energy policy in per-
spective of 2050.

The main advantages of DH systems are that they can be incorporated into
existing heating facilities at a reasonable cost, using a mixture of RESs and con-
ventional fuels. The combination of conventional and RES technologies with TES
creates hybrid systems, which are capable to achieve better system’s perfor-
mance. Energy savings in buildings is a key point towards a more sustainable
energy future with the most feasible action first to renovate buildings that are
planned to be connected into DH networks. Therefore, energy planning and area
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mapping are necessary in order to define zones where building renovation and
DH development is promoted. The energy savings obtained from DH network
extensions seem an attractive solution from an energy and environmental point
of view. However, the economic viability of DH systems still needs to be evalu-
ated. Actually, the current key challenge is to find an optimized economic and
energy solution combining both the future development of DH systems and the
energy savings.

Existing technologies of DH systems in EU countries are characterized by
a great diversity of applied technologies and the use of RE sources. The degree
of modifications that should be made in the existing DH systems in EU, in respect
to the EU goals of 2020 and 2050, differs for each country but are directed to-
wards sustainable development in all EU countries. It is believed that DH sys-
tems are capable of achieving all sustainable goals at a lower cost compared to
every other technology by 15%.

It should be noted that the DH size and location does not only depend on
the climatic conditions. Its utilisation is highly dependent on national energy pol-
icies that play a significant role in its adoption on national levels.

All technologies in DH systems are constantly upgrading and improving. The
aim is to improve the efficiency of heat generation and transmission, to increase
RE uses and to reduce the impact on the environment and human health. Con-
temporary technologies enable the sustainable development of small and me-
dium scale DH by using large scale energy sources technologies, i.e., CHP, gas
turbine, fuel cells, heat pumps, RES, etc. It is preferable to use contemporary
technologies with energy storage. The DH development requires more flexible
energy systems with building automation, RES and increasing the role of
prosumers participation, integration with mix fuel energy systems as part of
smart energy sustainable systems in smart cities.

2.1.1. The extent of district heating in Europe

District heating is a widespread and known technology in Europe. Europe is one
of the world leaders regarding district heating technology, as more than 6000
different systems are installed all over it [11]. District heating systems have the
potential of replacing several conventional heat sources and offer key ad-
vantages such as the enhancement of total energy efficiency, the reduction of
the overall maintenance demands, the reduction of greenhouse gas emissions
and an increase in the contribution of renewable energy sources [12]. In district
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heating, huge energy demands and a large number of consumers provide
a unique opportunity for energy savings [13]. Every improvement in the central
energy source such as integration with advanced technologies, e.g., heat pumps
or using low carbon technologies, will generate positive effects for all consumers
simultaneously [14]. Thus, district heating systems could enable the EU to
achieve its energy and climate targets and to meet its challenges towards a more
sustainable energy future and climate policy [15-19].

District heating systems in Europe are not uniform in size of thermal capac-
ity, technology, and network length. The networks are built according to a large
variety of specifications and local design parameters such as demand tempera-
ture, pressure levels, direct or indirect installations, etc. Historically in Europe,
three primary forms of district heating have been established: Nordic, Central,
and Eastern Europe. These pose challenges and have advantages and disad-
vantages as well and they differ in energy supply and heat sources, temperature
ranges, efficiencies, and technologies provided such as insulation, substations
and control systems [20, 21]. District heating can also integrate renewable en-
ergy through heat pumps, geothermal and solar thermal energy, waste heat,
energy from municipal waste and thermal energy storage, all of which increase
the flexibility of the systems [15, 22, 23]. To increase the heat supply security
for heating sectors, the district heating heat source can be changed from one
fuel to another, or to a fuel mix or to hybrid sources. However, where the net-
work is already constructed, then a boiler or CHP plant using any fuel could be
used to supply the required heat. Alternatively, surplus industrial heat, heat
pumps, electric boilers, geothermal, solar and waste incineration could be used.
In general, the overall security of the heat supply is dramatically improved with
the introduction of district heating innovations [24-27].

District heating is an important option for supplying heat to numerous con-
sumers, especially in urban areas with a high density of heat demand. The sig-
nificant percentage of heat supply and large consumption of district heating in
EU residential heating makes district heating an important sector in EU energy
and climate policy. Additionally, district heating is a suitable platform for inte-
grating low carbon technologies like heat pumps on a large scale, renewable en-
ergy sources, and thermal energy storage to improve the general efficiency and
to minimize greenhouse gas emissions. Currently, heat pumps are still not a par-
ticularly common technology in European district heating systems. In existing
district heating systems, any changes in the heat supply technology would re-
quire huge investments that would need justification. Developments in district
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heating will help to increase energy efficiency and to decarbonise the European
district heating sector. Current systems have become a part of a district energy sys-
tem, which links different fuels, energy carriers, innovative technologies and renew-
ables to create a more flexible and sustainable energy mix in the EU [14, 28-30].

2.1.2. Scale of heat consumption in European district heating

District heating and cooling are consumed in the main three sectors, namely
residential, service and industry. Figure 1a shows the average annual growth
rate of district heating in a 10 year period (2005-2015) for some individual mem-
ber states of the EU which is characterized by great diversity. It is evident that
district heating is increasing in some EU countries, it is stable in others, but in
some countries, the rate is decreasing. Figure 1b shows the split in district heat-
ing between residential, service and industry sectors for the same countries; the
percentage for the residential sector rate is the highest in each case [31].
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Fig. 2.1. Growth in district heating for some EU countries in 2005-2015 (a),
and district heating percentages for residential, service and industry sectors (b) [8]
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Around 73% of the EU population live in urban areas, according to the
United Nations World Urbanization Prospects, indicating that a major part of the
EU’s buildings is in high heat density areas. People living in these buildings are
the main consumers of district heating and cooling. Requirements for heating
and cooling in buildings depend on the building type (e.g., single-family house,
multi-apartment buildings), building energy standards and the climate zone, etc.
In the EU, there are about 240 M homes of which 40% were built before 1960,
that is, before any building regulations. According to the Buildings Performance
Institute Europe currently, 97% of the existing buildings in the EU need major
renovation to be upgraded. Hence a significant disparity in heating requirements for
residential buildings exists among EU countries which varies from 60-90 kWh/m?in
southern European countries (Malta, Spain, Bulgaria, Greece and Croatia) to
175-235 kWh/m? in countries with colder climate such as Estonia, Latvia and
Finland [12, 13]. This results in large differences in the heat demand density de-
livered by district heating in different European cities, which specifies the re-
guirements of heat sources and heat distribution networks. The heat supplied
to residential consumers via district heating is 46% of the total final heat con-
sumed in the residential sector (excluding countries which do not have district
heating or for which data were not available) (Fig. 2.2) [28, 32, 33].

Fig. 2.2. Total final district heating heat consumption
in the residential sector in TWh/year [8]

The majority of the heating requirement for district heating is 52% for space
heating, 30% for process heating and 10% for domestic hot water. Space cooling
is currently limited to less than 3%. Space heating accounts for more than 80%
of district heating in colder climates, on the other hand, in warmer climates
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space cooling is the most important and this sector is growing fast [34—37]. Heat-
ing requirements for space heating depend on the climate zone and the season,
which requires constant adaptation of the heat supply. This imposes additional
requirements for heat pump technology and the type of heat sources for heat
pump integration into district heating.

2.1.3. Share of residential district heating in Europe

There are three main heat loads in buildings: space heating, space cooling and
domestic hot water, which represent approximately 50% of the global energy
consumption for buildings [38—40]. Figure 3 shows the percentages of residen-
tial district heating in EU countries; the countries are divided into five groups
according to the percentages of district heating, which varies from more than
50% to zero. The average percentage for the 23 EU countries which have district
heating systems is 24,5% [15, 21].

Fig. 2.3. Percentages of residential heat supply from district heating in EU countries [8]

District heating systems represent a large proportion of the residential
heating sector in EU countries and a significant annual growth rate in heat con-
sumption [21, 41-44]. It is a strong argument for utilising district heating in Eu-
rope, but, as outlined in Fig. 2.3, the average market share for residential district
heating in EU member states is just 24,5%. The European countries with a cold
climate tend to have a much higher percentage of district heating (between
40 and 60%) than the rest of the EU. These member states are all either
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Scandinavian, Baltic or Eastern European countries [41-43, 45]. As mentioned
above, thousands district heating systems can be found all over Europe today
[46]. They have various sizes and technologies, were built in different years and
vary in levels of refurbishment. District heating systems in Central and Eastern
Europe are a sinkhole for investment. They require urgent improvements, which
should lead to increased energy efficiency and decarbonisation through, for ex-
ample, heat pump technology, renewable energy sources and thermal energy
storage.

2.1.4. Strategies, energy policies and trends
of European district heating

The European Union defined three energy policy targets in order to address the
challenges related to climate change, the security of supply and competitiveness
with objectives for 2020, 2030 and 2050. The 2020 Energy Strategy defines the
EU’s energy priorities between 2010 and 2020. It aims to reduce greenhouse
gases by at least 20%, to increase the proportion of renewable energy in the
EU’s energy mix to at least 20% and to improve energy efficiency by at least 20%.
The EU 2030 targets are to reduce greenhouse gas emissions by at least 40%, to
increase the use of renewables by at least 27%, to improve energy efficiency by
at least 27% when compared with 1990, and to complete the internal energy
market by reaching an electricity interconnection target of 15% between EU
countries. Finally, The EU aims to achieve an 80—95% reduction in greenhouse
gases by 2050 when compared with 1990 levels [25, 41, 44, 47-50]. None of the
2030 and 2050 scenarios involves implementation of district heating on a large
scale. They focus on small or micro scale district heating, electrification of the
heating sector, primarily by using heat pump technology [51, 52].

One of the main consumers of primary energy and the biggest energy sec-
tor in the EU is the residential heating and cooling of buildings. Currently, this
heating and cooling consume half of the EU’s energy. Therefore, the building
sector assumes an important energy role, not only in the achievement of the EU
sustainability targets but also in the decreasing of energy consumption and
greenhouse gas emissions [51]. Developing a strategy to make heating and cool-
ing more efficient and sustainable is a priority for Europe. It should help to re-
duce energy imports and dependency, to cut costs for households and busi-
nesses, and to deliver the EU’s reduction in emissions. To achieve the above-
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-mentioned objectives, the energy system must be decarbonized [15, 20, 34,36,
53, 54].

Different strategies have been proposed for EU district heating with heat
savings to decarbonize the EU energy system. Some of these strategies are to
develop new networks and/or refurbish old networks for the deployment of re-
newable energy sources, the recovery of waste heat for residential space heat-
ing and building renovation. The rate and the extent of improvements vary from
country to country depending on potential and capabilities. This differentiation
slows down the decarbonisation of the district heating sector but it gives also
enough time for evaluating the different solutions and scenarios for a central
power supply aided by low carbon technologies. In order to achieve higher en-
ergy efficiency and meet the heating requirements of buildings, all EU directives
encourage member countries to use more sustainable heating options. The in-
tegration of heat pumps into district heating is considered an implementation
of renewable technology, which would enable the EU to achieve its energy and
climate targets [43, 55, 56].

2.2. Infrastructure, parts and components of DH

2.2.1. Infrastructure of DH

Traditional DH is a system where a large number of buildings or dwellings are
heated by a central heat source. Warm water passes through a double pipe net-
work (supply and return) and is distributed to the buildings to be used for differ-
ent applications such as SH, DHW and process heating. Often, DH systems cover
large areas and are very complex plants involving many substations and thou-
sands of consumers. A DH system may consist of more than one heat source
including FF, renewable energy sources, thermal energy storage, heat pumps,
CHP plant with a mixed fuel or hybrid sources [1, 3, 7-9]. DH systems enable us
the use of a flexible energy mix, provide an infrastructure for an easy transition
to RESs, with higher energy efficiency, faster decarbonisation and enhanced
heat recovery alongside building refurbishment and a smart grid.

Figure 2.4 shows the author’s own composition of the general infrastruc-
ture of the DH system, which illustrates the main components of fuel and energy
sources switched to the conventional or hybrid sources. Energy conversion tech-
nologies with the CHP, heat or chiller plants, DH network and distribution
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section with the distribution stations and heat transmission, distribution to the
residential commercial and industrial consumers [40, 42, 44].

Fig. 2.4. General infrastructure of DH system components and technologies

The objective for realizing the deployment of DH practically differs widely
between individual member states of the EU, which has a major impact on the
set of measures that result in optimal improvements [57]. Furthermore, it has
been experienced that the proportion of DH, as well as the potential for newly
expanded networks, differs between urban and rural areas, although DH sys-
tems enable a highly flexible energy mix. New fuels and energy sources can be
integrated when there is a need for restructuring DH systems. For customers,
no adaptation measures at all are required when a switch of energy source is
made. DH and cooling provide essential infrastructure to ensure large scale in-
tegration of renewable energy sources [58]. DH and cooling as a technological
concept have a significant presence in many countries and it is implemented in
many different forms and it seems that DH and cooling will increasingly move
away from FF. All these possibilities require the use of dedicated technological
solutions, the integration of different energy systems and advanced manage-
ment for energy production and consumption in the system. This requires the defi-
nition of all dependencies, improving collaboration and evaluating operational
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scenarios and the conscious choice of preferred connections which take into ac-
count local conditions, requirements and capabilities [59].

Some contemporary DH systems include many individual innovative and re-
newable thermal technologies concerning fuel, energy carriers or heat genera-
tion. A suitable layout enables their connection and collaboration in an inte-
grated energy system and smart grid, which gives flexibility for collaboration for
both energy systems and fuels. DH infrastructures have an important role to play
in the task of increasing energy efficiency and thus making scarce sources meet
future thermal demands. DESs and smart grids are the most promising trends
for integrating a larger contribution from RESs and TES into contemporary sys-
tems [57-59]. However, district energy systems and smart grids are not widely
used yet in European DH systems due to numerous technical and economic is-
sues.

2.2.2. Parts and components of DH

DH networks have a long and proven track record in EU and Nordic countries [1,
2, 10]. A traditional DH system has three main parts: heat generation, distribu-
tion and consumption. Figure 2.5a shows the main components of DH network,
which consist of the central heat source and heat exchanger (HX) for generation,
a pipeline network for distribution and in consumption, an HX as the main part
of a consumer substation, and a heat sink for SH and DHW, etc. Within the evo-
lution of DH systems, additional advanced components have been added to sat-
isfy the heating requirement for SH, DHW and process heating for residential
buildings and industrial purposes to meet environmental and climate challenges
and energy efficiency legislative requirements [7, 8, 56-59]. Figure 2.5b shows
an advanced DH system with possible additional components fitted in the three
main parts. For a generation, there is a central FF heat source, RESs including
heat pumps, an HX and thermal energy storage. In the distribution network,
there are local heat sources, RESs including heat pumps, HXs and TES. In the
consumption section, there are individual fossil fuel heat sources, RESs including
heat pumps, HXs, TES, and of course heat sinks as an end consumer. It is noted
from Fig. 2.5b that RESs and TES can be installed in the DH system at generation,
distribution or even consumption parts. The advanced scheme gives more flexi-
bility for better performance and environmental effects, energy security and
fuel independence; advanced scheme of DH is more open to the inclusion of
future new technologies, both in micro and macro scale. This scheme also
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indicates the current direction of changes in DH. This flexibility increases the
number of possible solutions and improvement scenarios. This is a good feature,
but it increases the scope of the analysis and hinders the preferred DH network
connection choices [7, 8, 59]. This means there is an opportunity for implement-
ing other solutions whenever and wherever possible and the impossibility of in-
troducing universal changes in all DH systems. It is important to mention that an
overly complex system consists of many different components, which hampers
its operation and increases the costs.
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Fig. 2.5. Main parts and components of the DH system:
a) standard, b) advanced [8]

2.2.3. Substation in DH

The substation is an important part of ensuring the lowest possible return tem-
perature in the DH thermal network. There exist several advanced substation
designs with high theoretical performance, but the experience shows that more
effort should be put in dimensioning and designing well-functioning substations
and secondary networks than inventing advanced connection schemes [7, 8, 60].
For apartment buildings, individual substations in each flat (flat stations) have
been a popular solution for low-temperature DH networks, due to reduced
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legionella risk. For very low-temperature DH systems, concepts with local tem-
perature boosters for DHW have been studied in the literature. The most effec-
tive solution is found to be instantaneous electric heating. However, this gives
very high thermal peak requirements and should be evaluated against the use
of a storage tank with the accompanying heat losses.

2.2.4. Technical management of DH

The management term in DH systems refers to the technical operations, the
maintenance, the energy and economic management, the continuous develop-
ment and the modernization of the system as shown in Fig. 2.6a. An optimal DH
operation means to meet the consumers, environmental, economic and tech-
nical requirements. An accurate forecast of heat consumption offers the possi-
bility of increasing thermal efficiency and minimizing fuel consumption and
emissions. Initial designs of DH systems provide heat to the consumers, based
on the ambient temperature [12].
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Fig. 2.6. Evolution of technical management of DH [7]
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This relation with the weather has led to a discrepancy between the pre-
dicted requirement or thermal demand management and the supplied heat. At-
tempts were made to eliminate this disadvantage, by taking into account addi-
tional metrological factors, weather data reports and demand forecasts. Good
results in DH management were achieved by using weather data control, mod-
elling of buildings’ consumption and modelling of DH systems as in Figure 2.6b.
Different models are described in the literature: simple, complex, statistical,
simulations, learning, adaptive and other. Currently, the most successfully
model-based method uses both hierarchical and multi-agent control systems
[26]. Improved automatics and smart metering methods which can respond to
signals from smart grid to maximise the value of the produced heat and power
and lead to better management of the heat source, the DH network’s distribu-
tion and the heat consumption, simultaneously including DH and DC, heat/cool
accumulation in network or in buildings, effective integration of prosumers,
these arrangements leads to better operation and investment-design optimiza-
tion of the heat network. Many existing DH systems operate on model-based
methods [12, 26, 60]. Smart DH networks use multi-variant simulations, online
monitoring, supervisory control and data acquisition (SCADA), emulators, ther-
mal and hydraulic models, geographic information system (GIS) and other deci-
sion support tools. The most favourable operation scenario of DH networks is to
determine automatically the predictions and to implement the necessary con-
trol functions as illustrated in Fig. 2.6c.

2.2.5. Heat generation in DH

The basic energy fuels still used in DH systems are FFs such as coal, gas and fuel
oil, as well as RESs. However, the fuel choice and heat distribution may differ for
each EU country [3, 6, 61].

DH systems can use different energy sources in a common cycle, creating
hybrid systems, which gives a significant technological advantage and the po-
tentials of further development. These hybrid systems combine conventional
methods of energy production from fossil fuels, with the use of alternative and
RES technologies, like heat pumps, solar collectors or gasification of fuels (coal,
biomass). As a result, hybrid systems manage to achieve higher energy efficiency
and greater fuel savings, while minimizing their environmental impact. The tran-
sition from conventional energy technologies to combined DH systems is already
noticeable in Europe [62].
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An extremely vital characteristic of DH is its flexibility in the fuels or heat
sources. Many different centralized and decentralized sources can be connected
for reliable operation and flexibility to a DH network, with basic control strate-
gies. Depending on the geographical location and requirement, the same DH
network can be used for district cooling (DC) in the summer season, with the
same heat source. Some conventional energy generation sources are as follows
[35, 57-62]:

e CHP plants: producing both heat and electricity with different ratios or
either one, including large and micro CHP facilities. Can be used with a variety
of fuels including renewable biomass.

e Waste heat: either from industrial processes, agricultural processes, com-
bustion of waste.

e Geothermal heat: a renewable source found beneath the earth’s surface.

e Solar thermal heat: both large and small scale setups.

e Heat pumps: usually large and small-scale electrically driven, when there
is an excess of electricity, e.g., in Scandinavia when there is an excess of wind
energy.

e conventional boilers: normally used as a back-up, in events where peak
load exceeds production. Can be used with a variety of fuels including renewable
biomass.

The most common heat generation technologies have been ranked accord-
ing to economic, energy and environmental factors. However, DH systems using
only RE sources are not very common. They usually combine conventional en-
ergy sources with other RE sources and thermal energy storage. Energy storage
is an essential part of DH systems due to the fluctuating energy supply from RE
resources such as solar (thermal, photovoltaic, photovoltaic/thermal) or wind
energy. RE can be integrated into the DH systems by central or onsite heat
sources. Local RE installations reduce the heat consumption of the DH system,
without any physical connection to the DH network. Figure 2.7 represents the
possible connections of RE sources in DH systems. In central mode as shown in
Fig. 2.7a, the RE sources deliver heat to the main heat source with large seasonal
heat stores. In distributed mode as in Fig. 2.7b, the RE sources are placed at
suitable locations and connected directly to the DH system. These plants usually
utilize the DH network as a storage [7, 8, 60-64].

There are thousands of DH systems in Europe but a small percentage of
them uses RESs as an energy source in the heating/cooling system. The legisla-
tion of using RE sources in DH installations varies both at national and regional
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levels in the EU. Most of the heat requirements comply with the EU Energy Effi-
ciency Directive 2012/27/EU. There are different barriers for large scale RE re-
sources for DH systems, like the price of the land or restricted application on
historic or protected areas, financial incentives for RE, etc.
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Fig. 2.7. Integration of RES and TES into a DH network [7]

However, all DH systems in Europe are operated at temperatures over 70 °C.
The implementation of RE sources in the DH may reduce the conventional an-
nual total energy demand for buildings. However, the strict legislation and the
lack of practice experience and knowledge considerations and thermal manage-
ment of the RE integration choices in DH systems are the main reasons why
there are few applications of those large scale RE applications in DH systems
[63-65]. The EU tries to overcome these barriers by updating the directives and
providing local and regional support policies and funding.

2.2.5.1. Heat sources in DH

DH systems are open to high efficiency and low carbon heat generation and heat
delivery technologies such as CHP, RES, TES, etc. [63]. There are a number of
different heat sources that can be used, including industrial waste heat, geo-
thermal, biomass and biogas, fuel cells, nuclear, solar and heat pumps, in addi-
tion to conventional boilers and cogeneration. The integration of diverse heat
sources reduces the dependency on a single fuel and technology. This is
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a significant factor for achieving high levels of system reliability, service continu-
ity and future-proofing, and ability to integrate with smart systems [20, 68—71].
The proportions and types of used fuels and the heat source technologies
vary greatly in European DH systems [7, 8, 61-64]. Conventional technologies,
fuels and energy carriers are well known and analysed more deeply in many ref-
erences, which consider their environmental impacts too. The next chapter will
focus on the details of heat pump integration into residential DH systems.
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Fig. 2.8. Applied heat sources and technologies in European DH systems [8]

Figure 2.8 shows an overview of general heat sources and technologies in
European DH systemes. It is obvious that it is possible to use different heat source
technologies from fossil fuels, RESs or even hybrid heat sources. In the case of
hybrid combinations, there is a need to balance their advantages and limita-
tions, e.g., hybrid combinations of fuels and sources enable the use of RESs,
where these sources alone are not able to supply the DH system, thus increasing
the use of renewable energy and reducing the consumption and emissions from
FFs. It should be noted that the integration of too many different heat and fuel
sources hampers the design, construction, operation and management of such
systems: problems and increased costs can outweigh any benefits [2—6, 64—69].

The flexibility advantage of DH system allows the integration of different
energy conversion technologies and heat sources in order to meet sustainability
targets. The inclusion of DH in sustainable smart cities of the future allows the wide
use of combined heat and power together with the utilization of heat from waste-
to-energy and various industrial surplus heat sources as well as the inclusion of ge-
othermal and solar thermal heat [25-27, 72, 73]. In the future, such industrial
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processes may involve various processes of converting solid biomass fractions into
bio(syn)gas and/or different sorts of liquid biofuels for transportation fuel purposes,
among others [74-76)].

2.2.6. Mono- and multi-fuel DH

Traditional first DH systems were based only on single fuel heat sources (mono-
fuel) and mostly it was FF. In the extensive urban systems, two or more heat
sources are combined to cover the heat demands, most importantly is to include
a backup heat source, which will be implied in case of failure of other sources.

Fig. 2.9. Multi-fuel energy conversion technologies [7]
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These multi-fuel DH sources operate according to the energy demands and
the sources’ availability as shown in Fig. 2.9. The integration of energy sources
with thermal storage increases the utilization of RE and DH efficiency [58, 59,
74-76]. The more significant heat sources of DH systems are recycled heat from
FFs, CHP and from industries, or recycled heat from renewable CHP (waste and
biomass) and at last by direct use of RE sources, like geothermal, biomass and
waste.

The DH flexibility and efficiency can be improved by joining the DH net-
works with city energy grids. The integrated MES uses the energy obtained from
multiple energy sources and produces electricity, heat and cooling as a switched
network. This integration increases the technical, economic and environmental
performance of the network. MES is the main part of smart energy systems or
smart cities. Smart energy systems enable the suitable and efficient choices of
the sources and the storage and transfers the energy between the networks as
illustrated in Fig. 2.9. Till now DH as a full system does not exist in smart energy
systems or smart cities [58—77]; only a few DH projects operate as a switched
part to the smart energy network.

2.2.7. Technical interfaces in DH systems

This section aims to provide an overview of the most relevant topics and issues
related to the technical interfaces in the DH network, energy system technolo-
gies and community. Interfaces in the DH systems context present different
types of links between heat supply and demand of buildings by means of water-
-based systems. The technical and research field of the interfaces covers a broad
range of issues as shown in Fig. 2.10. The challenge of the improved interfaces
in DH systems may be explained via so-called hard and soft issues:

Hard issues cover the following areas: DH network structures (tempera-
ture, pressure and flow levels), predicted thermal requirements for consumers
in buildings, substations configuration, connection choices, applied techniques
and alternatives for distributed heat sources.

Soft issues cover the following topics: technical (measurements and opti-
mization) and economic modelling of the distribution system, optimization be-
tween heat generation and demand side, innovative control concepts and en-
ergy measurement, transition of the existing DH system to the low-temperature
DH network and new pricing estimations and business models.
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Fig. 2.10. Technical interfaces in district heating systems

European different DH promising project models, concepts, and technologies
to meet the goals of future renewable and heat pump based energy systems have
been collected and identified [46, 49, 66]. Some of the relevant technologies have
been described, as new pipe technologies, substation configurations, and renew-
able technologies. The issue of the interface is highly relevant for a successful im-
plementation of the low-temperature DH and thereby enabling the transition to
the heat pump based, supplied by the renewable sources and secure energy sup-
ply for the future development of society. By introducing better interfaces be-
tween the predicted demand profiles and the supply side. DH systems can be
transformed into a smart energy system on a district level [70-76].

In the case of low-temperature DH (supply and return temperature), the
heat generation helps to improve the CHP plant power to heat ratio and recover
waste heat through flue gas condensation, achieves higher heat pump efficiency
COP values, and enlarges the utilization of low-temperature waste heat and en-
courages to share RESs. Low-temperature DH has been continuously developed
as the next generation of DH, to replace the current medium temperature DH
system with the low-temperature DH system [72-78].

2.2.8. Technical management in DH network

Traditional public supply of heat in a DH network, when the DH services are pro-
vided by the government or municipality and administrative authorities or by
a public authority or a publicly owned company is shown in Fig. 2.11, which il-
lustrates the DH chain from fuel supply, heat generation and transmission to the
heat distribution to the end consumers (including possible buildings association).
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National frameworks define exact procedures and options for public provision
of DH. The legislation can vary from country to country, there are many sug-
gested examples from European countries [58—-62, 71-76].

F

g. 2.11. DH chain from fuel supply, to heat consumption by the end users
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Fig. 2.12. Scheme of technical arrangement in DH networks [7]

The main investment in a DH or DC systems is the technology for the re-
quired heat generation from the energy sources. There are different energy
sources that can be utilised in a DH or DC project. The DH heat generation tech-
nologies vary in many EU countries, depending on each country’s energy policy,
energy security, economic development, access to new and innovative technolo-
gies, the reliance of own fuel resources, regulations, climatic and local conditions,
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etc. Therefore, the development of DH systems differs in terms of energy efficiency,
CO; emissions and use of RESs in each country [16—18, 36—39]. The investment and
planning trend in new DH projects usually focuses on RESs as the core of heat
generation sources, besides the conventional sources.

A general scheme of technical arrangements in DH is presented in Fig. 2.12,
which describes the operation and the connection options of the DH network.
The energy technologies used for DH applications can be categorized into two
groups: CHP system and heat only systems as shown in Fig. 2.12. CHP systems
use the rejected or wasted heat from the power generating units to produce hot
water. The CHP systems have been widely used for several decades. According
to Fig. 2.12, DH technologies are divided into CHP and heat-only technologies,
presented as follow [7, 8]:

The main part of the DH system consists of one or more central heat
sources, a network of insulated pipes for heat distribution, and several substa-
tions to supply the hot water to the consumers. In this way, the end users have
only a simple on-site unit consisting of HX, pumps and valves. Some of the ben-
efits of DH installations are that the on-site units of the consumers do not re-
quire annual maintenance comparing to the combustion chambers and that the
consumers are not facing the risks associated with on-site fuel storage and de-
livery [56, 68, 71-76]. The most common technologies of these systems are
steam turbines with coal, and gas engines with the possibility of innovative fuel
cell technologies. The term “heat only systems” refers to the steam generating
systems or hot water boilers, with the use of conventional or renewable fuels
(biomass), industrial waste heat, municipal waste incineration plants and RESs,
such as geothermal heating plants, heat pumps and solar energy.

2.2.8.1. Combined heat and power systems

Heat is usually generated in two types of plants. The basic one is a heat gener-
ation plant with a boiler that only generates heat, so we call it a heat only
system. The second type is a cogeneration plant, often called combined heat
and power plant (CHP). As it generates both heat and electricity, it benefits
from considerable economies of scale. Upon generating electricity by incinera-
tion, the steam from the boiling water that drives the turbines is lead also to
heat water in a closed circuit DH system. It can also be used as steam in industrial
processes [22, 79].

One of the most desired characteristics of CHP plants is their electricity pro-
duction. The generation of electricity is a result of the conversion of fossil fuel’s
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chemical energy to thermal and mechanical energy, which powers the generator
of the system. Electricity production by conventional-separated methods is
characterized by low-efficiency rates, around ne = 0.15-0.4, with the average
efficiency of conventional plants in the EU being around 0.38. CHP systems
achieve higher energy efficiency rates and less fuel consumption and carbon foot-
print, compared to the separated processes of heat and power generation [80].
Moreover, more advanced CHP technologies allow the recovery of the system’s
waste heat to provide cooling, along with heating and power. These systems are
called combined cooling, heating and power (CCHP) or polygeneration plants
[22, 79-81].

Currently, the most widespread technologies of power generation in CHP
systems are steam turbines, gas turbines, combined gas-steam turbines (GTCC
—gas turbine combined cycle), gas engines with spark ignition and diesel engines
[81]. The thermal energy produced during the fuel combustion is later used for
heating the water of DH systems or to produce high-pressure steam, for further
system’s operations. In that way, the waste heat of the system is continuously
used in the generation process, improving the electrical efficiency of the system.

The electrical power produced by individual units in power plants ranges
from 40 to 1000 MWel. Typical components of power generation plants are
steam boilers, steam turbines, condensers, circulating pumps and a closed
power cycle of a working fluid, which is usually water. The power efficiency of
these generation units depends on steam’s and water’s thermodynamic cycle
parameters.

One of the greatest concerns of conventional power plants is their pollu-
tants emissions, particularly of CO,, caused by coal combustion. It is estimated
that the global rate of CO, emissions from coal power plants with an efficiency
of nes=0.30 is approximately 1 115 g CO,/kWh a value that exceeds the limit of
454 g CO,/kWh, set by the US Environmental Protection Agency (EPA) by 2.5
times. It is possible to reduce the CO, emissions by implementing coal/biomass
co-burned technologies, combined coal-burned boilers with biomass boilers or
newly constructed biomass boilers.

One of the benefits of CHP units is that the user can control the ratio be-
tween the thermal energy supplied to the DH system and the generated elec-
tricity from the unit. The thermal and the electrical energy produced by the CHP
plant is characterized by an inversely proportional relationship; the production
of a higher amount of heat corresponds to less generated power. In the litera-
ture, this behaviour is compared to the operation of virtual heat pumps. The
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virtual heat pump coefficient of performance (COP) is described as a proportion
of the heat supplied to the DH system and the unproduced electricity. For a tra-
ditional heat pump, the COP is 3—4, while for a virtual heat pump the COP ranges
between 6 and 10. Power plant units are more efficient when being operated in
baseload mode. Peak water boilers can be integrated to produce extra heat
load, in order to cover the heat demands [7, 8, 22, 78-81].

The last twenty years, the driving technology in the field of electricity gen-
eration is gas turbines or engines. The developed gas technologies find applica-
tion in large scale CHP plants and in small and microscale systems. The EU en-
courages CHP as an efficient energy production technology. CHP offers high
performance in heat and electricity generation with lower emissions than with
separate processes. There are certain clusters amongst the EU countries with an
interest in the relationship between RESs and CHP based heat generation for DH
schemes [22, 55-58].

High proportions of renewable energy and CHP heat generation in DH is
characteristic of those countries with high levels of DH penetration. Although
amongst the EU member states only Poland reached a sizeable increase in ab-
solute terms. Slovakia, Lithuania and Estonia made significant increases in RES
based heat generation. Most newer EU member states managed to more than
double their renewable energy heat generation in the last decades with CHP
based heat generation being the motor of the growth. Renewable energy heat
generation gained a significant market share in the last decade within the EU
countries both in non-CHP and CHP based heat generation categories. Re-
searches indicate that CHP based heat production is set to decrease 68-73% by
2030. Heat pumps represent the most flexible and interesting option for heat
supply with good performance on all economic, environmental and energy effi-
ciency viewpoints [78-82].

Gas turbines (GT). Gas turbines consist of an electricity generator, a gas
turbine, several compressors installed on the same shaft and a combustion
chamber. The electrical efficiency ne of a GT usually ranges between 0.35 and
0.42. The typical range of electrical generation by GT rates from 1 to 40 MWel,
and from 1 to 250 MWel for industrial turbines. The ratio of power to heat pro-
duced by GTis in the range of 0.5-2, which is considered to be one of the highest
ratios compared to other systems. The high-temperature of the exhaust gases
of the GT (>450 °C) allows the production of hot water and high- or low-pressure
steam. However, the cost of electricity production by GT is higher than coal-
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burning technologies, mainly due to the price of gas. For that reason, GTs are
used in cases of peak demand electricity [7, 8, 22, 55-57, 83].

Gas-steam turbines. Gas-steam turbines combined cycle (GTCC) have higher
electrical efficiency comparing to GT. GTCC systems have the ability to further
use their waste heat back to the process of the electricity generation. GTCC con-
sist of a heat recovery steam generator (HRSG), a steam turbine and a conden-
ser. The heat supplied in the DH network is produced by the condenser of the
steam turbine, the waste heat exchanger and the exhaust gases boiler. The ex-
isting GTCC systems can achieve ne up to 0.59. GTCC power plants are suitable
for covering a large proportion of DH demands.

Gas engines. Reciprocating gas engines are widely used in CHP units, especially
for small DH applications and individual buildings. These systems can provide
5-8 MWel of electrical power. Their electrical efficiency is in the range of
0.2-0.4, while their power to heat ratio is between 0.5 and 1. Furthermore, this
type of systems considers being very competitive in terms of volumetric invest-
ment cost, compared to other thermal and power solutions. The heat recovery
system uses the temperature of the exhaust gases, which is between 380 and
550 °C, and the engine cooling temperature, which is below 90 °C. Hence, they
are most often used for low-temperature DH applications. Spark-ignition en-
gines or diesel engines can also be used, but they require constant cooling of
their engines. Usually, they are working in the base heat load and the peak heat
demand is covered by water boilers. In some cases, heat storage is also installed
in order to maximize the production of electricity in cases of which the base load
production is not sufficient [7, 8, 22, 55-57, 83].

Fuel cells. Fuel cells enable the production of electricity and heat by the direct
conversion of chemical energy of the fuel. They are characterized by higher ef-
ficiency rates compared to the traditional energy technologies formerly de-
scribed. The achieved efficiency of electricity depends on the type of fuel cell
used and usually ranges from 30 to 60%. The use of fuel cells in DH systems
increases the efficiency of the fuel cells up to 90%. The operating temperature
depends on the catalyst design and the type of electrolyte used and ranges from
50 to 200 °C and from 600 to 1000 °C. The generated electric power by current
fuel cells ranges from 3 to 1000 kW and can reach up to 10 000 kW. Fuel cell
technology is mainly used in applications of small and medium scale power sys-
tems. The power to heat ratio of fuel cells ranges from 0.5 to 1.4. The basic fuel
used in fuel cell technology is hydrogen, but it is possible to convert other
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hydrocarbon fuels to hydrogen by the process of reforming. In combination with
other technologies (gas, steam turbines) fuel cells can achieve electrical effi-
ciency rates up to 60%. However, until now large scale fuel cell DH systems do
not exist, due to the high costs of the fuel cell production.

In any case, fuel cells are the next most promising environmentally friendly
generation technology which combines heat and power. Fuel cells operating as
CHP plants could supply small DH systems, as an alternative to conventional
power production. Initially, these will use natural gas as a fuel but in the future,
the use of hydrogen may become more common. If hydrogen fuel has been de-
rived from excess renewable energy, the fuel cell CHP could play an important
role. As mentioned at the present, fuel cell technology is still under develop-
ment, it is capable of operating in applications with a large power range and
different kinds of fuel cells. The capital costs are still relatively high but cost re-
ductions are predicted.

Micro CHP. Most of the installed combined heat and power (CHP) capacity
worldwide is within large scale power plants, but with the increased focus on
energy efficiency over the past years, small- and micro-scale CHP below 2 MW
and 100 kW, respectively, has experienced considerable growth. Micro-scale
CHPs are typical installations for single-family houses whereas small scale CHP
can play a part in local DH thermal networks. The CHP technologies reviewed in
literature are reciprocating internal combustion engines, micro gas turbines, or-
ganic Rankin cycle (ORC), Stirling engines, fuel cells, etc.

Different technologies have different characteristics regarding cost-effec-
tiveness, part load ability, power ranges and efficiencies. Due to relatively low
investment costs and current fuel and energy prices, the reciprocating internal
combustion engine is the most widespread alternative for small and micro CHP
today. Both of ORC and Stirling engines can have a future due to their ability to
utilize low-temperature waste heat. Fuel cells have been considered relatively
expensive for several years, and this seems to be the case still. Their need for
very pure fuels, in order not to significantly reduce fuel cell component lifetime,
makes it necessary with additional cleaning processes if they are to be run on
biogas [84].

The CHP is highly flexible in its operation (daily modulation thanks to heat
storage), and since its electricity generation follows the heat demand (higher in
winter) it offers a good complement to PV in terms of equalizing the energy ex-
change between a neighbourhood and the grid.
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2.2.8.2. Heat-only systems

Boilers. Heat-only boilers (HOB) are probably the oldest system of DH networks.
They can be stand-alone, as a heat source in DH applications or they can be part
of a greater heat system of power plants. The boilers use conventional solid fuels
like coal, oil, natural gas, etc. However, one of the recent developments in this
field is the implementation of boilers using two types of burning fuels; conven-
tional fuels and biomass [84, 85]. Biomass is used as a fuel in the form of straw,
wood chips, forest waste, biofuels and biogas. The thermal efficiency of a system
ranges between 0.85 and 0.97. In addition, higher efficiency is achievable by gas-
-fired boilers, using exhaust condensation techniques. Solid fuel boilers with
grate furnaces show the lowest thermal efficiency. Water boilers are character-
ized by long-term employment without a significant reduction of efficiency, as
long as regular maintenance is provided. HOB can be used in small and medium-
-sized heating systems (<100 MWth), in which the use of CHP units is not profit-
able.

Heat pumps. Multi-stage heat pumps (compressor and absorber) and hybrid
systems (absorption-compression) are often used in DH systems. The COP of
heat pumps ranges from 2.5 to 5.5, depending on the cooling and temperature
levels of the lower heat source, the properties of the working fluid (CO2, NHs)
and the temperature range of the upper heat source in the heat pump. The COP
of absorption heat pumps ranges between 1.7 and 2.3 for two-stage systems.
Absorption heat pumps require high-temperature steam, gases or water as
a lower heat source. The next chapter will focus on the details of heat pump
integration into residential DH systems [82, 84, 85].

Geothermal heating plants. Geothermal DH plants are another example of RE
use, where the thermal energy stored in the ground is used to supply the DH
network. Geothermal heating plants are installed in depth of 800-3000 m un-
derground where the temperatures range between 30 to 90 °C with low salt
levels. Typical geothermal DH systems consist of heat exchangers (geothermal
water/network water), a compression or absorption heat pump (for additional
cooling of geothermal water) and a peak water boiler. Gas burners or hot-water
boilers fired by gases or biomass are used for driving the absorption heat pumps.

RES and TES utilization in DH. Existing DH systems can be integrated with RE
technologies, with small modifications and reasonable cost. The modifications
require low-temperatures and the incorporation of a heat losses network. As
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mentioned before, out of the approximately 6000 DH systems in Europe, more
than 250 are using geothermal DH technology, while it is estimated that over
25% of the EU population live in areas suitable for geothermal DH applications.
Some of the RE sources used in DH systems are solar energy, geothermal energy,
biogas and biomass. The ultimate goal of EU countries is their independence
from FFs [22,86]. TES can be integrated into various ways in DH and such com-
bination can be beneficial for heating and/or cooling applications. Improved
charging and discharging rate make direct contact with the TES system more
flexible in the DH network. In general, central storage is needed on a large scale
DH network with complimentary local buffer storage close to each end user or
group of users to smooth thermal load fluctuation [86-87]. The storage can be
accomplished by using ground-based storage, combined with latent thermal en-
ergy storage, or the use of RESs for various storage modes. Almost all EU Mem-
ber States prefer the application of low energy building technologies and en-
courage available on-site and local applications of renewable energy. The RES
technologies are PV, PV with thermal energy recovery, solar thermal, heat
pumps, geothermal, passive solar, passive cooling, wind power, biomass, bio-
fuel, micro combined (CHP) and heat recovery.

Thermal storage technologies in DH play a very important role in achieving
the European targets for renewable energy heat generation and energy effi-
ciency. TES enables a higher proportion of renewables to be utilised and better
efficiencies to be achieved by balancing the supply of RESs and the energy de-
mand for an extended range of energy conversion technologies. Combining heat
pumps with seasonal TES has many advantages for both large and small applica-
tions [88]. TES can enlarge the proportion of renewable energy and heat pumps
in the energy supply of DH and cooling. TES allows the use of long term hot or
cold storage for seasonal accumulation or short-term storage for periodic excess
energy accumulation for supplying DH and cooling networks in energy deficit
periods. More investigations to reduce the thermal energy storage losses, inno-
vative storage materials and plant management strategies are essential to en-
large the role of TES applications in a heat pump based DH [88, 89].

Depending on the time when the heat is needed from the storage, a typical
classification is made between short term storages and seasonal storages. Short-
-term storages balance the heat supply and demand of a few hours or a few
days. They are also called buffer tanks. Seasonal storages are much larger, as
they balance the heat supply and demand from one season to another. This is
mainly applied for storing solar thermal heat from summer to wintertime.
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Storage technologies can help to detach the production from the demand
and to balance (buffer) fluctuations of energy production. Storages increase the
flexibility to utilize sources of energy that are not available at the same time as
the demand. They can also store cheap energy, e.g., low prized electricity that
can be converted to heat. Furthermore, storages help to increase the efficiency
of production units [90, 91]. They enable, e.g., biomass boilers and CHP plants
to operate continuously at a higher capacity.

There are many thermal energy storage technologies for DH. Seasonal stor-
age is more complex and expensive compared to short term storage. In heat
pump based DH systems, TES has a buffer function too, which allows the inte-
gration and management of different heat sources, in order to store excess en-
ergy and to cut off or shift peak energy demands [92]. It is possible to combine
two or more seasonal storage systems with heat pumps to achieve the optimum
in terms of cost and efficiency. The most cost-effective storage systems are ag-
uifers or ducts with high heat capacity storage or hot water tanks [93]. Thermal
storage improves heat pump flexibility for smart grids in residential heating; at
the same time heat pump units offer a huge potential for flexibility on a smart
grid.

The purpose of the storage is to produce heat or cooling while the produc-
tion conditions are as effective and favourable as possible, e.g., production of
solar thermal during the day or production of electricity while electricity prices
are high in relation to CHP. The size of the storage depends on the time and
amount of stored energy [86—93]. The following types of storage technologies
exist:

¢ Sensible storage: use the heat capacity of the storage material. The stor-
age material is mainly water due to its high specific heat content per volume,
low cost and non-toxic media.

e Latent storages: make use of the storage material’s latent heat during
a solid/liquid phase change at a constant temperature. They use phase change
materials (PCM).

o Thermochemical storages: utilize the heat stored in a reversible chemical
reaction.

e Sorption storages: use the heat of adsorption or absorption of a pair of
materials such as zeolite—water (adsorption) or water—lithium bromide (absorp-
tion).

Heat pump technology in DH gives an opportunity of using heat and elec-
tricity from waste and a wide variety of RESs. RESs are environmentally friendly
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and essential to cover the current energy demand but mainly they are highly
variable and have an intermittent nature, uncontrollable and to some extent
unpredictable characteristics, which cause large fluctuations in their power pro-
duction[94]. This aspect coupled to the need for flexibility with DH networks
gives emphasis to the necessity of installing short, long or seasonal thermal en-
ergy storage systems, which are able to store large quantities of energy.

2.2.9. Scales of DH systems

As mentioned, traditional DH is a system where the heat is produced centrally
and distributed by a network. A DH network with water as the medium of heat
transfer can be divided into the generation side where there are different facil-
ities of heat production as shown in Fig. 2.13. The generation side is connected
to a DH transmission network of pipes covering a distance to the distribution
network, where the heat is finally used by the end consumers. The size of a typ-
ical DH network may range from a residential building connected to a regional
or an entire city, independent of the building types [10, 85].

Fig. 2.13. Size of generation, transmission and distribution of typical DH [10]

DH system can vary in all sizes, it can be differentiated due to scale as small
or large from covering a large area like big cities to a small area or village
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consisting of only a few houses [11, 13, 58]. In large DH systems, the DH network
may consist of both, a transmission part of the network where the heat is trans-
ported at high-temperature/pressure over long distances, and a distribution
part where the heat is distributed locally at a lower temperature/pressure.
Small scale systems supply heat to a small number of consumers within a short
pipeline distance of a few kilometres, in rural areas using biogas or woody fuel
often in combination with CHP plants. Large scale systems supply heat to many
consumers, for instance in city districts, where the underground pipeline length
may be up to a hundred kilometres. These distances can be extended by in-
stalling additional local and onsite heat sources along the way [7, 8, 22, 74].

2.2.9.1. Small DH

Small modular DH and DC networks are local concepts to supply households as
well as small and medium industries with renewable heat and/or cool. In some
cases, they may be combined with large-scale DH networks, but the general con-
cept is to have an individual piping network which connects a relatively small
number of consumers. Often, these concepts are implemented for villages or
towns. They can be fed by different heat sources, including solar collectors, bio-
mass systems and surplus heat sources (e.g., heat from industrial processes or
a biogas plant that is not yet used). A principle of these networks is presented in
Fig. 2.14. Fossil fuel boilers could be installed for peak requirements or thermal
loads and as a backup option in order to increase the economic feasibility of the
overall system. Small networks do normally have commercial operators and are
larger than micro networks [84, 85].

Fig. 2.14. The principle of small DH and cooling networks
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2.2.9.2. Micro DH

Micro DH usually the installed heating/cooling networks for fewer customers,
e.g., 2 to 10. An advantage of micro-networks is that these systems could be
built easier and faster, because of the small amount of the customers. The cus-
tomers will be supplied by heat/cool on the base of agreements with the cus-
tomers and due to suitable accounting estimations and business model includ-
ing who will be the operator of the system [85]. Apart from the network size, it
is important not to oversize the network during planning. Large dimensions of
the network cause higher heat losses and higher investment costs.

There is a characteristic factor called heat density of the network, which is
calculated by the annual sold heat (MWh/a), divided by the length of the network
(in meter, length of water pipeline). Acommon rule says that this factor should be
at least 900 kWh/m per year. The goal should be to sell a high amount of heat at
a network with a short length. In case that the heat density of a potential network
is too low, individual household heating systems may be preferred. Nowadays in
the EU, it is common to build small or microscale DH networks, where all compo-
nents would be designed to maximize the use of heat pumps [7, 8, 22, 54, 85]. The
main barrier for small and microscale DH is the accessibility to a stable and effi-
cient heat source, in case if a heat pump will be used.

2.2.10. Temperature ranges and heat generation technologies

From the evolvement of the DH generation systems through the years and the
definition of the 4GDH, one can observe that the main parameter in focus is the
temperature level which is a function of outdoor temperature. The temperature
level of the DH system has been steadily decreasing since the first DH generation
steam-based systems [22, 52, 95, 96].

Fig. 2.15. Trends of DH networks water supply and return temperatures [95]
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Figure 2.15 shows the temperature ranges for water supply and return tem-
peratures in DH evolution. A qualified estimate of the relation between supply
and return stream temperatures were found by interpolating temperatures for
the range of supply from 110 to 70 °C and return from 55 to 35 °C as presented
in Fig. 2.15. The lower limit for DH temperatures, with water as the working fluid,
may be considered the 4GDH concept [97-99].

2.2.11. Transition to the 4GDH

From a historical perspective, traditional DH distribution technologies went through
four generations with the following energy efficiency and temperature ranges, the
summary of DH evolution scopes are presented in Fig. 2.16 [7, 8, 58, 74]:

e 1st: steam-based systems (>120-150 °C),

e 2nd: pressurized high-temperature water systems (>100 °C),

e 3rd: pressurized medium-temperature water systems (<100 °C),

e 4th: low-temperature water systems (30-70 °C).

Fig. 2.16. Summary of DH and energy evolution toward 4GDH system [2, 58]
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In the historical development of DH, the first three generations of DH de-
veloped successively. Almost all DH systems established until 1930 treated as
the first generation DH used steam technology as the heat carrier. The typical
components were steam pipes in concrete ducts, steam traps, and compensa-
tors. This generation characterized by a high-temperature DH. The second gen-
eration DH systems used pressurized hot water as the heat carrier, with supply
temperatures mostly higher than 100 °C. Typical components were water pipes
in concrete ducts, large tube-and-shell HXs, and material-intensive, large and
heavy valves. These systems emerged in the 1930s and dominated all new sys-
tems until the 1970s. The third generation DH systems still use pressurized wa-
ter as the heat carrier, but the supply temperatures are often below 100 °C. Typ-
ical components are prefabricated, pre-insulated pipes directly buried into the
ground, compact substations using plate stainless steel HXs, and material lean
components. The systems were introduced in the 1970s and took a major share
of all extensions in the 1980s and beyond [62, 99].

The development direction of these three generations has been in favour
of lower distribution temperature, material-lean components, good insulation
and prefabrication. On the basis of the trends identified above, the future DH
technology should include lower distribution temperatures, assembly-oriented
components, and more flexible materials [62, 97-99]. The revolutionary tem-
perature level, with supply temperature below 50-60 °C, will become the most
important feature of the 4GDH, so the energy supply system, end consumers,
and occupants will benefit from the low-temperature level of DH.

Some authors [11, 28, 58] described the following challenges that the fu-
ture 4GDH system needs to meet:

o Ability to supply low-temperature DH for SH and DHW to existing build-
ings, energy-renovated existing buildings and new low-energy buildings.

o Ability to distribute heat in networks with low losses in the DH network.

o Ability to recycle heat from low-temperature sources and integrate RESs
such as solar and geothermal heat.

o Ability to be an integrated part of smart energy systems (i.e., integrated
smart electricity, gas, fluid and thermal grids) including being an integrated part
of 4G district cooling systems.

e Ability to ensure suitable planning, cost and motivation structures in re-
lation to the operation as well as to strategic investments related to the trans-
formation into future sustainable energy systems.
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Transition to the 4GDH is a challenging issue. The process requires the up-
grades of the DH system and the collaboration with other energy systems. In
addition, buildings may also need more refurbishment to coordinate the
changes in those systems. The final goal of the transition is to make the future
DH system more flexible, reliable, intelligent, and competitive, and become an
essential part of the future smart and RES based system [62, 96—99].

2.2.11.1. High-temperature systems

In general, traditional European DH systems depend on FFs, being large, high-tem-
perature systems for distributing heat generated in centralized units [96—100]. The
bigger the difference between flow and return temperature (differential tempera-
ture), the better it for the heat supplier is. A high differential temperature reduces
the mass flow and the heat losses of the DH network. In addition, the power con-
sumption of the pumps is reduced. The flow temperature of the network can be
higher or lower, depending on the outside temperature as it is shown in Fig. 2.17.

A high-temperature DH system is operated with hot water above 90 °C.
High-temperatures cause higher heat losses and shorter life of the DH network.
The heating plant should be located close to the industrial users that need the
high supply water temperature of the DH system.

Fig. 2.17. Flow-temperatures of a DH network depending on the outside temperature

Among the disadvantages of high-temperature DH are the high capital cost
of the pipe network for heat distribution, significant heat losses from the water
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in the network and large fuel deliveries; high-temperature DH systems can also
preclude some technologies [53, 54, 62—68]. The incentive for establishing a dis-
trict heat supply is the possibility of obtaining a higher efficiency, and thereby
lower operating costs when converting thermal energy in a few large plants ra-
ther than using small individual units with the same total thermal capacity.

2.2.11.2. Medium temperature systems

Medium temperature systems are the most common systems. The flow temper-
ature ranges from 65 °C to 90 °C. These temperature levels are often used for
space heating and to provide DHW for the buildings (e.g., residential, office or
public buildings). Existing old buildings often need flow-temperatures of 80 °C
and more. Newer buildings could use flow-temperatures between 50 and 70 °C,
depending on the status of their insulation and on which heating system they
have installed (e.g., floor heating). To produce DHW, the flow temperature of
the DH needs to be at least 65 or 70 °C for the whole year in order to prevent
the growth of Legionella which can cause health diseases [62, 55, 58].

2.2.11.3. Importance of low-temperature systems

Controlling and monitoring the supply and return flow of the DH system is im-
portant. The amount of heat utilised from the DH system depends mainly on the
design and adjustment of the buildings’ internal space heating systems, but also on
the performance and the condition of the DH substation. Decreasing the DH return
flow-temperature (i.e. more heat subtracted) and good performance of the DH sub-
stations are in the interests of both the heat consumers and the heat supplier.

Fig. 2.18. Usage of return temperature for low-temperature customers/networks
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Low-temperature systems can also be used as subsystems in high or me-
dium temperature networks as shown in Fig. 2.18. The return pipe can be used
as the flow pipe for the low-temperature system. After using the heat, water
can be returned through the return pipe.

The return temperature on the customer side should be reduced, and
thereby the return temperature of the DH system, which is the important goal
of the DH temperature range. This results in lower mass flow, pumping costs,
lower heat losses and higher heat load capacity of the DH network. That is the
reasons why DH operators should review the hydraulic scheme of the customers
and encourage the consumers to adapt their heating installation to reduce the
return temperature [62, 88, 96—100].

Depending on the temperature level, there are several possibilities for con-
necting distributed heat sources. The most common and with the highest po-
tential is a return-supply connection, where water from the return line is heated
to the supply temperature and pumped into the supply line. There are several
examples of successful utilization of distributed heat sources, however, it is im-
portant to consider how to secure a stable connection for both pressure and
temperature.

2.2.11.4. Trends to low and ultra-low-temperature DH system

DH technology can be categorized according to the temperatures range of the
system it uses, modern DH systems are often based on lower temperatures,
which ensure increased efficiency in both heat production and heat distribution.

Fig. 2.19. The limits of DH temperatures set by residential customer demands

Figure 2.19 illustrates the temperature limits of the DH network for resi-
dential demands, these demands consist of the possibility of maintaining an indoor
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air temperature of up to 22 °C. To achieve an inexpensive transition to a new sus-
tainable energy system, the future DH system should, therefore, be based on tem-
peratures that are lower than the current DH temperatures of around 80—-85 °C for
water supply and return. Low-temperature DH systems can also increase the
flexibility of the energy system by using heat pumps, solar energy and large TES.

According to the principles of 4GDH, the efficiency of the advanced gener-
ation of DH systems can be increased significantly, if they are operated with low
supply and return temperatures as is shown in Fig. 2.16. DH temperature reduc-
tion has two positive effects on the energy efficiency of the heat supply. Firstly,
when the DH temperatures are reduced, the heat losses from the pipe networks
are also reduced. This can generate significant energy savings, as the reductions
in heat loss can be estimated to 30% when supply and return temperatures are
reduced from 80/40 °C to 60/30 °C. Secondly, the efficiency of the heat produc-
tion is increased for heat sources such as geothermal heat, heat pumps or solar
heating. The efficiency of the heat production is estimated to increase by ap-
proximately 10% in solar thermal plants and 30% in heat plants supplied by heat
pumps if supply and return temperatures are lowered as mentioned above. Ad-
ditionally, the heat production efficiency is increased when return temperatures
are lowered in heat plants with flue gas condensation supplied by natural gas or
wet biomass. The reduction in the DH temperatures can amount to significant
total energy savings. Consequently, the smart DH system has greater ad-
vantages than the traditional heating system in many aspects (e.g., energy sav-
ing, regulation and control, troubleshooting), and it shows great development
potential and broad market prospect in the future.

2.2.11.5. Monitoring temperature levels

The monitoring of temperature levels helps to reduce the flow and return tem-
peratures of the DH, and at the same time to maintain a large differential tem-
perature. In order to minimize heat loss in the DH network, to optimize the heat
production, to save fuels, and to reduce CO, emissions, many DH plants use tem-
perature software optimization. The advantages of lower temperatures in DH
networks lead to: more technical flexibility, to lower distribution losses, which
gives energy savings and lower fuel costs, higher integration possibilities for
heat pumps, lower electricity supply and an improvement in heat storage pos-
sibilities [56, 57], simultaneously allow to use a larger range of heat sources
including more RESs and surplus heat from industrial processes. Low-tempe-
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rature DH is not considered to be more expensive to build than conventional DH
[22, 58, 74, 101-103].

It is necessary to mention that the heat pump technology and the corre-
sponding design solutions can be easily integrated into 4GDH. With the 3GDH
specific technologies are required due to the higher operating temperatures
needed or due to the use of conventional heat sources. Then the heat pump unit
will supply only part of the required heat for the system. In 2GDH systems, the
heat pump can support only the central conventional heat source, for example,
they can provide the heat for DHW during the summer. In order to increase the
contribution from heat pumps to cover the heating requirement, a considerable
refurbishment of networks, substations and management is needed [22, 74,
101-105].

Currently, in EU countries, it is clear that DH supply-return line temperature
ranges are characterized by a great diversity due to the applied technologies at
the national level. It is also evident currently that low-temperature DH is a prac-
tical trend and feasible option. Low-temperature systems increase the possibil-
ity of using low grade and renewable energy sources widely with, for example,
heat pump technology [7, 8, 22, 54, 68, 102—-107].

Low-temperature DH can operate with supply line water temperatures in the
range of 50-55 °C or 60-70 °C with return line water temperatures of 25-40 °C
and meet heating requirements for SH and DHW in residential or public buildings.
This low-temperature definition is pushing the temperatures to the limit and so it
is suitable only for new, low energy buildings or refurbished buildings.

2.2.11.6. The heat pumps and temperature range
due to heat generation technologies

It is obvious that heat pump technology does not cover the entire working tem-
perature range in European DH systems. Thermodynamic constraints do not al-
low to achieve the parameters needed for high-temperature DH, especially in
peak periods for the heat requirements.

Figure 2.20 shows an overview of DH water temperature ranges from the
heat generation technologies used for high- and low-temperature DH. The com-
parison with conventional and renewable heat sources defines the ability of
heat pump units to be used and integrate with the DH network. If they can reach
a similar temperature range, they can work in parallel simultaneously. Alterna-
tively, if the heat pump does not reach the required temperature, it requires
support from another heat source and then it can work only during periods of
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low heating requirement, it cannot be used generally in the DH system. The type
of heat source for a heat pump determines the water supply temperature. Wa-
ter, ground or air source heat pumps can provide heat for low-temperature DH
from the air, seawater, river water, waste, sewage, shallow geothermal, etc.
Supplying high-temperature DH requires special solutions like industrial waste
heat or deep geothermal sources, which limits their use.

Heat generation | High temperature
and technologies Lowtemperature District Heating
District Heating
777777777777777 | Evacuated tube |
I

777777777777777 | Flat plate |
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Fig. 2.20. Overview of DH temperature range
due to heat generation technologies and sources [8]

Low-temperature DH enables the use of low-grade heat sources and the
absorption of more thermal energy from these sources by using different heat
pump technologies [7, 8, 22]. From Figure 2.20 it is clear that low-temperature
DH has several advantages. First of all, it ensures energy efficient supply and
increases the utilisation of RESs and heat pumps. Low-temperature DH networks
allow access to different heat sources to increase the flexibility in matching heat-
ing requirements with the locally available low-temperature sources. Pipeline
thermal stress is also reduced. In addition, lower temperatures mean lower in-
vestment costs in heat generation, lower operating costs, improvements in the
efficiency of heat production, a higher potential for using renewable energy, etc.
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From an economic and environmental point of view, low-temperature DH sys-
tems with heat pump technologies are fully competitive, but for high-tempera-
ture DH systems, the heat generation technologies (mainly fossil fuel) are very
limiting for heat pumps. However, development trends of DH show a preference
application of heat pumps because they allow the use of so far unnoticeable
waste heat sources or inaccessible heat sources for DH. Heat pumps contribute
also to reduce GHG emissions and they integrate RESs and to decarbonize the
DH system [52,108].

2.2.12. Scope of solar DH systems

Solar thermal technology is commercially available to meet heating demand in
the ranges of lower temperatures. Compared to DHW systems, considerably
larger collector areas and storage tank volumes are required. However, solar
heating has been developed for large-scale to be commercial heat source in Eu-
ropean countries like Denmark, Germany in a mild climate zone. Solar thermal
systems have been applied in Europe since the early 1980s, there are numerous
solar DH projects which contribute to DH networks. Most notably in Scandina-
vian countries (Sweden, Denmark) but also in Austria, Germany, Spain and
Greece a number of large scale solar applications >350 kWth (500 m?) exist.
Large scale solar thermal systems connected to heating or cooling networks
were in operation in Europe by 2015 [109-114]. The total installed capacity of
these systems equals 694 MWth (equal to 991 000 m?). However, compared to
the cumulated installed solar thermal capacity in Europe, these large scale ap-
plications only cover a small niche segment with a market share of around 2%.
Denmark is the only country worldwide, where a commercial market for
large scale solar thermal plants connected to thermal networks could establish.
By October 2015, seventy solar DH plants with a total installed capacity of 531
MW?th (759 000 m?) were in operation (more than 3/4 of the total installed ca-
pacity in Europe). Average system size calculates to 7.6 MWth (10 850 m?2).
Urban environments provide a wide range of possibilities for the hydraulic
integration of solar thermal systems. Basically, solar thermal systems can be at-
tached directly to the individual buildings (residential or non-residential) and
they are hydraulically connected to a thermal network (as a block heating or DH
network) to supply multiple buildings by heat. The utilization of solar energy by
means of solar thermal collectors is for DHW preparation and SH purposes. Solar
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PV is partially considered as optional heating technology in combination with
electrical heaters or heat pumps [112-116].

2.2.12.1. Classification of urban solar DH systems

From a technical point of view, a large variety of various concepts for the hy-
draulic integration of solar thermal systems in urban environments exist. Solar
DH network can be defined as a network of pipes connecting buildings in
a neighbourhood, city quarter or whole city, so that they can be served from
centralised and/or distributed thermal energy supply technologies (such as boil-
ers, CHP plants, solar thermal systems, heat pumps, waste heat from industry,
etc.) [64, 112—-118]. Depending on the size of the network it can be distinguished
between larger DH networks (solar assisted heating for communities up to whole
cities) and smaller or block heating networks (smaller networks for solar heat sup-
plying for multiple buildings in a neighbourhood). Most commonly applied solar
thermal system concepts suitable for urban applications are two basic schemes:
central and distributed solar DH as they are presented in Figs. 2.21 and 2.22.

Depending on space availability, the solar collector installation can be
mounted on the ground or on buildings’ roofs. Most of the realized solar DH
plants have short term (diurnal) storages attached in order to utilize the thermal
energy gains from the sun most efficiently [112-117].

Fig. 2.21. Central solar DH [64]

In the central solar DH, large field of solar collectors feeds the long term
thermal storage in parallel with a backup boiler and the solar collectors on the
building roofs convey heat to the DH network as in Fig. 2.21. Solar heat from the
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field of solar collectors feeds the long term thermal storage in the period of ex-
cess solar heat (e.g., in summer). The stored heat is used in DH during the deficit
of solar energy (in winter). In the distributed solar DH, the field of solar collectors
feeds the DH network by heat. The heat from solar collectors on the roofs of the
buildings is consumed locally relieving DH as in Fig. 2.22.

Fig. 2.22. Distributed solar DH [64]

In the case of solar assisted DH, solar thermal systems are part of larger DH
systems consisting of widespread pipe networks and various distributed (mainly
RESs) energy conversion technologies and storages [112-118]. Best practice ex-
amples show that solar thermal system may be centralized (close to the boiler
house/heating plant) or distributed (at different places of the thermal network)
to supply only the building (DH as back up) or to supply both the building and
the DH network (bi-directional thermal feed in) [112, 116-120].

2.2.12.2. Technical parameters of the solar DH system

There are several technical and economic parameters which are elaborated for
the whole solar thermal system as a solar loop and solar energy storage. Of
course there are more investigated parameters (which are not ranked according
to importance) like size and kind of solar collector field, annual solar DH system
yield, connection to DH network, heat demand, heat prices, storage capacity,
land value and space availability, experience of the DH utilities, etc. [121-123].

In general, the solar energy vyield is referred to as specific annual useful
thermal energy delivered by the solar thermal system in kWh per m? gross in-
stalled collectors area (where the thermal losses in the piping of solar loop and
thermal energy storage are considered). Solar fraction (SF) is a key factor and
defined as the share of annual useful solar thermal supply Esoiar to the total ther-
mal energy supply (Esolar + Eaux). SF considers the share of heat delivered to the
DH network which is converted by solar heat, SF is the ratio of net solar energy
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gain to total heat demand in the DH system [64, 124—-127]. SF varies from one
DH plant to another, but most values are concentrated around approximately
20%, SF can be defined as follow:

SF: = EsolarE (1)
+

solar aux

Due to the best practice solar assisted DH installations SF range from very
low (<2%) for solar DH plants without storage (e.g., several examples for distrib-
uted solar feed-in DH networks in Austria) up to 5-15% for solar DH plants with
short-term (diurnal) storages (e.g., most of the Danish solar DH plants [121], as
well as solar, assisted biomass heating plants in Austria and Germany [122]).
Higher SF around 45-55% can be reached if seasonal storages are installed [123,
124).

2.2.12.3. Solar assisted heating

Individual buildings. Solar assisted heating is commonly applied in many coun-
tries all over the world for residential and non-residential buildings (e.g., single
and multi-family houses, terraced houses, apartment blocks, hotels, schools,
hospitals, production halls, etc.).

Characteristic applications for solar heating are integrated with the building
(solar collectors on-roof, in-roof). These applications supply the building’s with
thermal energy directly for DH network for either DHW or both of DHW and SH
(the latter are referred to as solar combi-systems). Usually, this kind of solar
thermal applications in buildings is a part of bivalent or multivalent heating and
cooling systems including a thermal (diurnal) storage [64, 112, 125, 129].

Multiple buildings. In dense urban areas, multiple buildings and up to whole
cities may be attached to building block or DH networks. Compared to the heat-
ing of single buildings, thermal networks provide several advantages such as the
spatial separation of thermal energy conversion and thermal energy demand,
the utilization of various heat sources within one connected system or the utili-
zation of waste heat from CHP plants and/or from the industry [124].

2.3. Toward smart DH system

Recently, the terms smart energy and smart energy systems have been used to
express an approach that reaches broader than the term smart grid. Where
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smart grids focus primarily on the electricity sector. Smart energy systems take
an integrated holistic focus on the inclusion of more sectors (electricity, heating,
cooling, industry, buildings and transportation) and allow the identification of
more achievable and affordable solutions to the transformation into future re-
newable and sustainable energy solutions. Focusing only on the term smart elec-
tricity grid reduces the potential for fluctuating RES, it is essential to integrate
smart electricity, smart thermal and smart gas grids to enable 100% renewable
energy.

Traditionally, significant focus is put on the electricity sector alone to solve
the renewable energy integration puzzle [130-133]. In addition, smart grid re-
search traditionally focuses on information communication technology (ICT),
smart meters, electricity storage technologies, and local (electric) smart grids. In
contrast, the smart energy system focus on merging the electricity, heating and
transport sectors, in combination with various intra-hour, hourly, daily, seasonal
and biannual storage options, to create the flexibility necessary to integrate
large penetrations of fluctuating renewable energy. The smart energy system
concept is essential for 100% renewable energy systems to harvest storage syn-
ergies and exploit low-value heat sources [133].

Design of smart DH solutions is essential for the implementation of future
sustainable energy systems for first, savings in heat demands and heating in-
frastructures in the form of DH, which have an important role to play in the
task of increasing energy efficiency and thus making scarce resources meet
future demands; and second, the heating sector carries one of the most im-
portant and least cost options of integrating fluctuating RESs into the overall
energy system. To enable this, a holistic smart DH must coordinate between
a number of smart grid infrastructures for different sectors in the energy sys-
tem, which includes electricity grids, DH and cooling, gas grids and different
fuel infrastructures.

The 4GDH will be available in the coming years. However, one of the main
ideas of smart DH system is shown in Fig. 2.23. The main features of smart DH
are characterised by low and even ultra-low temperatures, various or multi-heat
sources, TES, intelligent management, and integration with smart DES, the tran-
sition from the current 2nd or 3rd generation to the future 4GDH is a challenging
task. The technical issues associated with the transition to the 4GDH systems
are following: supplying low-temperature to new and existing refurbished build-
ings, integrating various heat sources including mainly renewable and recycled
sources, different TES technologies, and smart DH systems [131-136].
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The idea of designing a new smart generation DH is to develop a flexible,
predictable and secure energy supply, transmission and distribution system with
effective integration of energy-efficient buildings and low-temperature energy
sources, to provide more diversified heat supply options, greater heat supply
efficiency, and greater heat distribution efficiency [133-136]. The transfor-
mation toward the future renewable energy system poses a challenge for all the
subsystems. Facing the challenge, all the subsystems should benefit from the
use of modern IC technologies, and uprated themselves to become smart sys-
tems.

Each smart grid of the future will encompass different goals, expectations,
and assumptions. The heat grid or the thermal network is a very complex ar-
rangement of infrastructure that interacts with natural laws. Its functioning de-
pends on a large number of interconnected elements (monitoring, control, pro-
tection, telecommunications, etc.). A smart grid vision, which will further develop
into specific applications and investments, needs to follow from clearly defined
energy sector goals. Two main subsystems are involved in smart DH system, the
physical system as well as the virtual system [62, 99, 107, 134-136]. They are
concerned with two main structures — a physical security structure and inte-
grated cybersecurity structure. The simplified visualization of the smart grid with
its major layers are:

e Hard layer or physical infrastructure or all the physical components of
smart DH network, such as the generation, transmission, and distribution assets
that produce, transport, and deliver energy to the consumers. This layer inclu-
des all generation technologies.

e Telecommunications layer that is, all communications services that ena-
ble applications to monitor, protect, and control the network. This layer includes
all forms of communication from wide area networks, field area networks, home
area networks, and local area networks, optical fibre, leased lines, wireless com-
munications, mesh radio, Wi-Fi, and others.

e Data management layer with the abundance of data and information
across various levels.

e Smart applications layer or the tools and software technologies that use
and process information collected from the network to monitor it, protect and
control the hard infrastructure layer, and reinforce the network to allow the par-
ticipation of all forms of RESs, as energy storage facilities.

The main three essential parts of smart DH system consists of the infra-
structure of the physical network (PN), internet of things (loT), and intelligent
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decision system (IDS). PN includes pipes, heating equipment, local meters, and
control devices. 10T is the network of sensors, data collecting and transmission
devices, and other items, which enables these objects to be connected and ex-
change data. IDS makes the optimal decisions based on collected data, heat de-
mands, and system responds, the main parts of smart DH concept is shown in
Fig. 2.23.

Fig. 2.23. The main idea of smart DH system [62]

The final goal of the smart DH system is to become an essential component
and integrated part of the future smart cities. In the future smart energy system,
the focus will be on the integration of the electricity, heating, cooling, and
transport sectors and on the use of flexibility in demands and coordination with
various storages of different sectors in smart cities [62, 99, 127, 133].

2.3.1. Upgrading toward smart DH system

The upgrades of the DH system involve the physical system as well as the virtual
system. For the physical system, the transition will focus on lowering the system
temperature levels and integrating various heat sources with RES and TES. Two
steps will be conducted to lower the temperature level. The first step is to
achieve the temperature potentials of the current DH system by the means of
eliminating system errors and improving system control. The second step fur-
ther is to reduce the temperature levels through enhancing heat transfer
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performance of heat exchangers and improving DH system design. The build-
ing’s renovation as a priority need may also be conducted through those two
steps when it is necessary. Various heat sources and different sizes and config-
uration features of TESs will be integrated into the future smart DH system.
Transition to 4GDH should take into consideration all the consisting issues such
as the way of heat feed-in, type of heat sources and TESs, distribution heat
losses, the design of DH system, and operation strategies. Finally, the decisions
should be made depending on the local natural and economic conditions. For
the virtual system, the transition toward smart DH will be based on the intelli-
gent physical system, which is able to measure, transmit information, collect
data, and control [130-133]. In addition, IDS will become more powerful with
advanced functions in the future DH system, such as the reliability assessment,
accident analysis, accident alarm, operation evaluation, operation supervision,
and operation optimization. The potential solutions involve innovating system
design, upgrading physical and virtual systems, integrating energy efficient, eco-
nomical heat sources, and the feasibility for introducing new heat requirements
or thermal demand.

Comprehensive consideration must focus on the energy status, condition
of the existing infrastructure of energy systems, and the operation custom in
different regions or countries. In addition, the technologies for the future re-
quirements need further development, and the operational energy savings, as
well as management strategies, should be innovated, the transition to the future
DH generation should be conducted carefully and gradually, including the eval-
uation of how smart DH systems can be integrated into the smart city concept
[134-136].

2.4. Third party-access to DH

The supply of the heat produced by other producers to the network is called
third-party access (TPA).

e TPA on a wholesale level for producers allows access to the DH network
for third parties (eligible producers) to feed-in heat. The owner of the net-
work/single supplier buys the heat from multiple competing producers and
transport the heat to the DH consumers.

o With TPA on a retail level for suppliers, third parties are not only granted
access to feed-in heat but also to transport heat to consumers. In the first case,
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only competition between multiple producers is introduced, whereas in the sec-
ond case also competition between suppliers is created, allowing consumers to
choose their own supplier.

Itisimportant to understand the means of TPA for understanding the utility
markets such as electricity, gas and water and the possibilities of integration
with the open access in DH networks. However, part of the heat market is sup-
plied by a third network industry, DH, which provides a market for several com-
peting types of fuels and technologies, including natural gas, various types of
biomass combustion including incineration of urban waste, and CHP. For exam-
ple, approximately one-third of all annual district heat produced in Finland is
purchased from third party producers, such as industrial CHP plants and waste
heat sources [57, 137].

Similar to natural gas, DH is an important network industry in a number of
countries (e.g., Sweden, Finland, Denmark, Austria, Lithuania, etc.). In these
countries, DH represents an efficient technology for providing space heating and
DHW. Still, although the DH sector shares many of the above network charac-
teristics, market opening and TPA in this industry has so far not been addressed
to the same extent. TPA is currently based on voluntary agreements between
the third party producers and DH companies.

It is mostly argued that the distribution of hot water in a DH network con-
stitutes a natural monopoly. However, if the production of heat is not consid-
ered to be a natural monopoly, TPA can be an interesting alternative to price
regulation. A regulated TPA to the DH network requires means of separation
between the production and distribution of hot water to the DH network, as
well as the introduction of competition at the production stage.

2.4.1. Current status and TPA access

During recent years, though, appeals for the introduction of TPA in DH have be-
come more frequent, not only in Sweden but in other European countries too.
Since DH networks also offer the possibility of competition between natural gas
and electricity in the market for space heating the economic efficiency of the DH
sector is critical to a synergetic use of various energy carriers.

However, a number of clients in some European countries have switched
from DH to other heating methods, which proves that there is competition in
the market. Currently, this competition is affected by various energy policies
that impact customer preferences of the selected heating method. Such policies



80 Chapter 2

include fossil fuel taxation, emissions trading, energy labelling of buildings and
building energy and environmental codes that are in place to promote the use
of renewables and energy efficiency. Numerous studies have shown that alter-
native heating methods are competitive against DH networks. In general, there
is no obligation to connect to DH and the customers can disconnect from it in
short notice, which means that sellers of district heat have the incentive to keep
the price of DH on a competitive level.

2.4.2. Competition features and district forms of TPA

TPA in general means the separation between generation and retailing of DH in
order to open up the network for more competitors. This is one of the sugges-
tions that have been addressed in order to increase competition in the market.
The electricity market is an example of where TPA has been established in Swe-
den. The overall conclusion of the electricity market reform has been that it has
been relatively successful, given that competition has increased and as conse-
guence prices have decreased. This is one important reason for the proposal of
introducing TPA in the Swedish DH market. However, there are substantial dif-
ferences between the electricity and the DH markets, which imply that it is not
obvious that TPA in the DH market necessarily implies increased competition, so
the interface between these two markets is an essential issue. The main obstacle
for the DH market is that each DH network is local, thus implies that even if the
market is opened up for competition it will only create a situation with few firms.

Large scale DH networks have some characteristics that are similar to the
electricity market. Although there is no example of an urban DH network with
full feature of TPA and competition between many suppliers, there are examples
of unbundling between competing heat producers using a variety of primary
fuels and technologies, a monopoly transmission company, and several local dis-
tribution companies. The latter may be subject to various elements of competi-
tion, in particular competition between local heat production and heat purchase
from the heat transmission network [135-138].

Furthermore, if industrial waste heat can be recovered it is also very bene-
ficial for the environment. The studies found that allowing TPA is technically fea-
sible, but it requires substantial investments, thus the results concluded that al-
lowing TPA would increase the costs for the consumers, and only will increase
the competitive situation marginally. The only technology that is competitive in
the above mentioned analysed networks is waste heat from either industry or
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from data centres. In the large fossil fuel based network, waste heat from the
service sector, industrial size biomass boilers and deep geothermal heat were
also considered competitive.

However, there are several different forms of TPA, which are all compatible
with the above mentioned general definition. It found that it is useful to distin-
guish three different TPA types, which mainly differ in degree of openness, gen-
erally, TPA implies that a third party can access the DH networks in a non-dis-
criminatory way. Within this definition, a distinction can be made between three
models which are: regulated TPA model, negotiated TPA model and single-buyer
model.

e Regulated TPA. Implies the owner of the networks has a legal obligation
to allow access to the networks. When the conditions for access, which are de-
termined in advance, ex-ante, are met by the third party, access is provided by
the owner of the network.

o Negotiated TPA. The owner of the network is required to negotiate with
producers about access to the network and, in contrast to regulated TPA, the
access conditions are regulated ex-post. Besides the distinction between regu-
lated and negotiated TPA, the degree to what TPA is introduced can be distin-
guished in TPA on a wholesale level for producers and TPA on a retail level for
suppliers.

¢ Single-buyer TPA. Multiple producers are granted access to the network
and supply heat to the single-buyer, who then distributes it to consumers. The
single buyer ensures that demand is met, either by producing its own heat or by
buying it from independent producers.

2.4.3. Implementation of TPA in DH

TPA can be implemented in the DH network in various ways. TPA can be realised
without regulation based on voluntary agreements, auctions for production and
heat capacity and other measures for setting transparent market places. On the
other hand, many TPA models can result in requirements for increased regula-
tion for the DH distribution and/or production. Especially from a transparency
point of view, many TPA models can require unbundling of network operations
from heat production and/or sales. Unbundling can be realized with different
levels, but according to full ownership unbundling, the costs are high for the DH
sector taking into account the small size of the companies [138—-140].
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DH competes with property-level heating technologies such as biomass or
oil-fired boilers, electric heating and heat pumps. DH has gained a high market
share due to its competitive cost, reliability and easiness. On the other hand,
there are also many networks, where a significant share of district heat comes
from third-party producers, typically from industrial CHP plants or waste heat
sources.

TPA has been presented as a means to improve energy efficiency by utilis-
ing waste heat and to increase the penetration of renewable energy. However,
these targets are already promoted by other policy measures, such as emissions
trading, energy taxation and building codes. Because the DH system operations,
such as heat production, sales and distribution, are currently integrated, any
regulated TPA would require significant changes to the current systems and reg-
ulation.

It is essential to analyse the potential models for TPA to DH and to identify
the resulting impacts on heat customers, potential heat producers, current dis-
trict heat companies and on the society. Some analysis in Finland is based on the
current market design, there are some experiences from other countries and
analysis of the potential models for TPA. The impacts of these analyses are quan-
tified with simulation examples of different size heat networks (small 50 GWh,
medium 500 GWh and large 5000 GWh annual heat sales) and potential third-
-party production types utilising various heat technologies. Based on the exam-
ples and analysis of the current situation, the results pursue to identify whether
there would be competition in the DH networks, which could benefit the cus-
tomer and/or society. The question is what kind of regulation could be required,
and what kind of additional costs could be borne by the DH companies imple-
menting the new model of TPA [140].

2.4.4. Technical considerations of TPA

It seems that the DH companies have been interested in utilising any heat
sources that would potentially decrease the cost of heat sourcing to keep the
price of DH competitive compared to other heat sources and increase the prof-
itability. However, DH has some fundamental differences compared to the elec-
tricity market. The main differentiating factor is that heat cannot be transferred
similarly to electricity and the heating networks are always local and small in
size. In addition, the end-product is not as homogenous as in electricity markets;
the needed temperature level varies throughout the year and also between the
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DH networks or location in the network. Also, unlike electricity and gas, the wa-
ter in the DH network is circulated back to the producers and there are require-
ments for the return water temperatures. Even though the existing DH systems
already actively search and utilise potential heat streams, on the other hand, the
DH sector is interested in further increasing the utilisation of waste heat and
improving energy efficiency to decrease the cost of DH and environmental im-
pacts.

As known the introduction of open DH networks requires structural changes in
both of the physical infrastructure level and on an institutional level since differ-
ent rules and agreements are needed between heating market participants.
There is also a need to develop new services and encourage innovations in DH
and cooling sector. One option could be to develop common conditions for more
open DH and cooling systems, which include:

e First, what kind of waste heat streams or renewable heat production
there could be available for DH networks, due to the infrastructure and different
sizes of DH networks and whether it is feasible from techno-economic perspec-
tive to invest in those networks.

o Additional costs resulting from TPA models that could encourage these
investments.

e Finally, it is quantitatively and qualitatively assessed whether adding
more renewable production to the DH system through various TPA models could
bring any benefits compared to current states.

TPA might gradually transform the topology of the DH system that is rather
centralised today to a decentralised system with a variety of different heat-
ing/cooling sources with different characteristics being connected to the DH
network. This change in the topology might require technical adaptations to en-
sure the efficient technical performance of the network. In addition, specific
technical requirements for DH network access and usage configurations of the
DH network need to be defined. The respective rules need to ensure that inde-
pendent heat/cold producers gain network access on equivalent terms com-
pared to the production plants of the integrated network operator.

In addition to the technical challenges TPA regulations need to be adapted
as to ensure that, e.g., network losses or the costs of DH network technical ad-
aptations or upgrading the DH network infrastructure are distributed among the
DH participants in a fair and in a non-discriminatory way. The same applies to
the establishment of technical requirements regarding feed-in and offtake from
the DH network, the provision of reserve capacity and balancing heat and how
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the network charges are set. Finally, if the proposed preferential TPA stimulates
many renewable energy producers to access a DHC system and if increasing de-
mand within the DHC does not compensate for the additional renewable pro-
duction, existing non-renewable heat and/or cold producers (e.g., operated by
the integrated DHC system operator) will be replaced by the new entrants. This
might lead to stranded investments if the replaced capacities had not been fully
amortised. Even more, the problem of stranded investments could also affect
renewable capacities, if the corresponding DH network is moving towards a high
share of renewables and if in contrast to currently proposed by the European
Commission where the TPA should not only be applied in case of fossil DH supply
[139-141]. Accordingly, the question arises of how to allocate the respective
stranded investment costs.
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CHAPTER 3.
HEAT PUMP BASED DISTRICT HEATING

3.1. Overview of heat pumps in DH

In order to meet building energy efficiency and heating requirements, national leg-
islation in all EU countries encourages the use of more sustainable heating and cool-
ing options. One of the best candidate technologies is mechanical and thermal heat
pump technology, which is becoming widespread. The heat pump converts the low
temperature of the heat source (heat of extraction) to the higher temperature of
the heat sink (heat of rejection) by consuming energy, either for mechanical heat
pumps (e.g., by using electricity) or for thermal heat pumps (e.g., absorption heat
pumps). Heat pump systems are able to use both low-grade renewable energy
sources in the environment (such as air, water, ground) and waste heat sources in
order to reduce the demand for fossil fuels and hence reduce greenhouse gas (GHG)
emissions. In this way, they provide stable, affordable, and efficient energy supply,
to create new employment in Europe and to contribute to a sustainable energy fu-
ture [1-8]. As the driving energy for mechanical heat pumps, units can use non-re-
newable electricity (from a power plant, CHP, etc.) or renewable electricity (such as
PV, hydro, wind power, etc.) [1, 9—12]. For absorption heat pumps, the driving en-
ergy can be heat from various sources: heat from burning fossil fuels (coal, gas, oil,
and derivatives), heat from renewable energy sources (geothermal, solar, biofuel)
and waste heat (solid waste, industrial wastes, etc.) [3, 9-12].

3.1.1. The role of heat pumps

Inthe EU, the Renewable Energy Directive has recognised this fact by identifying
the ambient energy from the air, water, and ground as renewable [13, 14].
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Heat pumps are considered a renewable energy technology in the EU, where
they are expected to account for between 5% and 20% of the EU’s renewable
energy targets [15—17]. The Renewable Energy Directive also states that renew-
able energy produced by a heat pump has to be calculated from the final energy.
This has the positive effect of increasing the impact of the renewable contribu-
tion from heat pump units in the EU energy mix. Heat pumps use renewable
energy for heating and cooling and to integrate a larger proportion of electricity
from renewable sources. The integration of heat pumps into district heating is
considered as an implementation of renewable technology, which would enable
the EU to achieve its future energy and climate policy targets [17].

A heat pump is a device that can provide heating, cooling, and hot water for
residential, commercial, and industrial applications. Heat pumps have a unique
role in the future urban energy system as an integrated design concept with di-
mensioning and control as a part of a holistic approach towards future smart
energy systems. The energy system integration capabilities of heat pumps are
apparent, especially for bridging the electric power and heating and cooling sec-
tor for an enhanced overall energy efficiency, which increases the network flex-
ibility as an asset in future energy systems [18-22].

Heat pumps are a key technology for realising cost-effective and flexible
energy systems as the future standard for a sustainable built environment. Heat
pumps offer a management potential with enormous possibilities for interaction
with novel technologies. Heat pumps provide a holistic view of their role in the
context of smart grids and future urban energy systems. Connection of a heat
pump into DH allows for easy integration with automatic systems so that the
heat pump identifies the boundary conditions aiming for optimal system speci-
fications [23].

The European heat pump market is one of few relatively mature heat
pump markets in the world. The economics and market penetration of heat
pumps have significantly improved in the last decades. The use of heat
pumps in various applications, including their integration into district heating,
is steadily increasing in Europe. Heat pump advantages offer on a national and
European scale a wide field of renewable energy applications, which needs to
be analysed more deeply. Therefore, a specific policy platform in the field of
heat pump integration into district heating systems needs to be applied
[1, 15, 23-25].
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3.1.2. The current state of heat pumps in Europe

The EHPA statistics for 2017 report more than 1.1 million heat pumps (+11%)
sold in Europe, leading to an installed capacity of 10.6 million units [26, 27]. This
installed stock contributed 29.8 Mt of carbon emission reduction and 116 TWh
to energy generated from a renewable source. It helped reduce final energy de-
mand by 148 TWh. If properly connected, the current stock of heat pumps could
provide demand-side flexibility between 1 and 3.2 TWh over a year. Signs from
several markets in Europe indicate that the growth continued in 2018 since
more than 11 million heat pumps in total were installed by the end of the first
half of 2018. This is a hopeful direction of the growing market, not only for con-
sumers but also for the energy sector and society as a whole, as it would ensure
tens of thousands of equivalent jobs in Europe. Also, it puts a particular focus on
accelerating the use of RES in heating and cooling. The deployment of the heat
pump technology will benefit from fulfiling the various obligations arising from
adopted EU energy policies of RES penetration in heating and cooling sectors,
energy savings, energy efficient buildings, increased demand response, etc. [28].

3.1.3. Challenges of heat pumps in heating networks

Heating and cooling (H&C) account together for approximately 50% of Europe’s
total energy consumption, considering residential, service, and industrial sec-
tors. Whereas heating demand is forecasted to decrease, cooling is expected to
grow incrementally in the next decades. In this perspective, the promotion of
RES in heating and cooling is essential for achieving the European directive’s tar-
gets. Within the European technological platform, heat pumps represent a pow-
erful resource towards the realisation of the European Commission’s goals. Syn-
ergies between HP technologies on the demand side and decarbonisation on the
supply side could significantly contribute to achieving the low carbon energy
challenge.

Reduction of primary energy consumption and GHG emissions are currently
two main drivers for encouraging the adoption of heat pumps. However, a cor-
rectly coupled heat pump system with an energy storage system and imple-
mented in the buildings with adequate controls can also improve thermal load
management and DH network balancing in the prospect of an increased future
renewable power production. Heat pumps can thus have a beneficial effect on
the entire energy system and contribute to realising the smart thermal network
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of the future. This favourable fact can further boost the implementation of heat
pump systems in the buildings and heating sector [29].

The decarbonisation of the energy system is one of the main challenges
that the European Union is facing in the coming years and decades. In order to
achieve the EU’s renewable energy and emission reduction targets of 80-95%
by 2050 compared to 1990, a fundamental transformation of the energy system
is required. The further expansion of RES and TES plays an important role in the
decarbonisation pathway. Especially in the electricity sector, the increasing
share of RES leads to several challenges that are mainly induced by weather de-
pendency and volatile feed-in of PV and wind power plants. In an energy system
with high RES capacity, situations occur when the electricity generation from
RES exceeds total demand as well as situations when RES production cannot ful-
fil total demand.

In order to compensate the fluctuation of the intermittent RES feed-in, flex-
ible options are required. Situations with excess electricity generation from RES
as well as situations with RES deficit need to be compensated in some way.
A range of flexible options exists to provide the necessary compensation in
these situations [30].

3.1.4. Technical background of heat pumps in DH

Heat pumps can be classified according to various criteria. The most commonly
used are classifications according to heat pump functions (heating, cooling,
heating and cooling, heating water, etc.), the type of heat source (ground, wa-
ter, air, solar power, waste or multi-source, etc.), the kind of energy supplied to
a heat pump (thermally driven; mechanical-compressor; electric-thermoelec-
tric), or according to heat sink or their purpose (residential and commercial
buildings, district heating, industry) [10, 31]. The heat pump is an efficient tech-
nology based on thermodynamic refrigeration cycles that achieve high energy
efficiency by using low-grade heat from the air, water, geothermal, waste, etc.
Heat pump units can generate three to six units of useful thermal energy for
each unit of driving energy consumed, giving the system a coefficient of perfor-
mance (COP) of 3 to 6. Using heat pipe technology within district heating in-
creases the proportion of heat from renewable energy sources and integrates
the electricity produced from renewable energy in the generation of stable and
affordable energy supply. By doing so, it contributes to a sustainable energy fu-
ture by reducing fossil fuel combustion and GHG emissions [10, 32—36].
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Heat pump technology includes heating, air conditioning, and refrigeration.
It covers many applications in residential and commercial buildings and industry.
The full potential of heat pumps still needs to be quantified. Heat pumps driven
by renewable sources are proposed as a step to replace fossil fuel boilers. As
shown in Fig. 3.1, the mechanical HP units (based on the vapour compression
refrigeration cycle with the use of a compressor) can be powered by non-renew-
able electricity (e.g., from power plants) or by renewable electricity (e.g., PV,
hydro, wind power, etc.) [1, 2]. For absorption heat pump units (i. e. absorption
and adsorption), the driving energy can be supplied from various sources: fossil
fuel combustion (coal, gas, oil and derivatives), the use of renewable energy
sources (geothermal, solar, biofuel) and waste heat (solid waste, industrial
wastes, etc.). Also, the heat pump systems can be classified in many different
ways, and therefore, the possible system components terminologies vary. Com-
mon classifications of heat pumps are based on nature of the heat source/sink
exploited, type of adopted heat pump (using refrigerant compression and ex-
pansion in case of mechanical heat pumps) and kind of thermal demand profile
or the covered heating load [29].

Fig. 3.1. Technical background of heat pumps in district heating [10]

Heat pump units can be installed in individual dwellings or as production
units in district heating networks, constitute a central, local or individual heat
source or be connected to the district heating network using serial or parallel
connection modes [10, 37-42]. The integration of heat pump technology into
district heating considers at least placement, connection, and operational mode
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of the heat pump unit. Figure 3.1 shows the technical details of heat pump tech-
nology, which can be used in district heating networks. The details include the
design framework such as heat sources, driving energy, heat sink, connection,
and operational mode. Evaluation of the technical design parameters of the heat
pump should take into consideration different technical aspects, connection,
and operational modes [10].

The use of heat pumps is one of the methods to provide stable and afford-
able energy supply, create employment, ensure new jobs, and contribute to
a sustainable energy future [10, 32, 33, 43]. Heat pumps can play an essential
role in the necessary conversion of European heating markets. It is estimated
that widespread use of heat pumps for space heating and cooling and DHW in
the commercial sector could reduce GHG emissions by 1.25 billion tonnes by
2050 [21, 22, 27].

3.1.5. Heat pump deployment phases in European DH

There has been the active deployment of heat pump technology in the EU since
1970 in Austria, Denmark, Germany, etc. The heat pump market has experi-
enced both the growth and decline rates over the last decades [44]. The litera-
ture review findings suggest that the deployment of heat pipe technology in the
EU can be divided into two separate growth phases [10, 45].

In the first phase, i.e., from the 1970s to 1990s, the technology was mainly
used for domestic hot water with small thermal capacity units not exceeding
100 kW, rarely connected to district heating networks and usually deployed in
dual systems with supplementary conventional heat sources. Initially, the de-
ployment of heat pumps was driven by high oil prices. This was followed by sup-
port for heat pumps in the form of tax breaks for those installing new systems.
When oil prices fell in the mid-1980s and 1990s, however, the annual deploy-
ment of heat pumps decreased from the highs of the early 1980s. Additionally,
itis also understood that many of the first installations were of poor quality and,
therefore, confidence in the technology was initially relatively low.

In the second phase, i.e., from the 2000s to the present day, the deploy-
ment of heat pumps began to grow at higher rates. Large capacity bespoke units
(1MW and more) were manufactured, and some industrial heat pump designs
were suitable for district heating and cooling. The change in growth was due to
several reasons: financial support, education, and training, preferential tariffs
for the operation of heat pumps, EU energy efficiency regulations for buildings,
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etc. It is apparent that stability, in respect of legislative, energy, and climate pol-
icy drivers, is a critical factor. More important lessons can be learnt from EU
trends and policies for renewable energy sources and energy efficiency to ena-
ble EU targets to be met. For all EU countries, underlying and wider market con-
ditions in particular, changes in the costs of fossil fuels and moves towards
a green environment have been observed to have a key impact upon the growth
in the deployment of heat pumps in district heating in general [16, 46, 47].

The use of heat pump applications and the integration of heat pump tech-
nology into district heating systems are increasing in EU countries. However, the
advantages of such actions for the national priorities of each EU country in the
renewable energy field need to be analysed further. Therefore, a specific policy
platform in the field of heat pump integration into district heating systems
needed to be applied. However, a holistic evaluation of the environmental per-
formance of heat pump deployment in European district heating systems is ad-
visable during the planning and design stage. Besides, a life cycle assessment is
also needed in order to assess the potential contribution and environmental sus-
tainability of heat pump deployment. In particular, the contributions of renew-
able energy sources and thermal energy storage for heating and cooling should
be evaluated within an eco-design approach [10, 48-54].

3.2. Alternatives to heat pump integration into DH

At least four basic scenarios can be distinguished for heat pump integration into
district heating networks [10]:

e heat pump placement into the existing network without major changes,

e heat pump placement in an expanded heating network,

e deep refurbishment of the existing district heating,

o the design of a new district heating system supplied by a heat pump.

Each of these scenarios allows operation in various ranges with different
technical parameters and design solutions [8]. In the first scenario, the place-
ment of the heat pump in the existing network depends mainly on the technical
parameters of the district heating network and the available heat sources for
the heat pump. The two critical barriers in the existing district heating systems
are the high temperatures of the district heating and the lack of appropriate
heat sources for heat pumps in urbanised areas. The common solution is the
placement of the heat pump at the existing central heat source (conventional
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CHP or heating boiler only) or a local heat source. The heat pump unit thus co-
operates with the existing heat source in multi-source mode, in serial or parallel
connection, with different shares of the thermal capacity. The advantage of such
a placement is to increase district heating efficiency, to increase the use of re-
newable energy sources, and to reduce GHG emissions. This solution enables
the provision of a cleaner and more renewable energy based district heating
through the existing network to the already connected consumers without con-
siderable modification from their side.

For the second scenario, where the heat pump is placed in an expanded
network, such integration of heat pumps increases the thermal capacity to meet
the heating requirements of new consumers.

The third scenario depends on a deep refurbishment of the existing system
so that the technical parameters of the network and the profile of the heating
requirement can be redesigned in order to maximise the input from the heat
pump. These changes in the district heating components involve enormous
costs (heat sources, the pipeline network, substations, and heating installations)
and amount of time, including those related to the refurbishment of the con-
sumers’ buildings. The refurbishment costs depend on the technical conditions
of the existing system, the scale of changes on the supply and demand side, and
specifically, the necessity to add new heat sources for the heat pump.

The last scenario predicts the design of a new district heating system sup-
plied by heat pump units or, so-called, heat pump based district heating. For
such a scenario, all technical parameters and technologies will be prepared for
heat supply from a heat pump, including generation, transmission, and heat
sink. High efficiency and near-zero emissions can be achieved for such systems.
However, the integration of heat pump units into district heating networks
needs defining the connection and the operational modes.

The connection mode refers to the pipeline connection of heat pumps into
the district heating network, the geographical location of the heat source, the
type of heat pump technology, the required supplementary heat sources to
cover peak heating requirements, etc. In other words, it depends on the physical
configuration and technical features of the required heat sources in the district
heating system.

The operational mode is associated with the profile for seasonal heating
requirement, the seasonal behaviour of the heat sources, and their flexibility
regarding heat generation. The combination of the connection and operational
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modes defines the role of the heat pump technology integration in the district
heating system.

3.3. Technical triangle of heat pump based DH

Attaining the full potential of heat pump technology in district heating applica-
tions is a complex engineering task, which requires a multi-criterial technical
analysis, taking into account both heat generation and heat demand, in addition
to national energy policies, legislation, and economics in each EU country. The
selection of a suitable heat pump arrangement for a given district heating sys-
tem depends on three main technical features: the principal heat source for the
heat pump, the applied technology of the heat pump and the profile of the heat-
ing requirement [55-57]. The available heat sources for the heat pump (local
availability, estimated thermal capacity, thermal stability, etc.), heat pump tech-
nology (placement, connection and operational mode, driving energy, thermal
capacity, etc.) and the heating requirement of the application (thermal capacity
and profile, possible modifications, thermal characteristics of the heat sink, dis-
trict heating network design parameters, etc.) are the key points to be consid-
ered for heat pump integration into the district heating system. Figure 3.2 illus-
trates the relationship between all the mentioned parameters, referred to as
a technical triangle that is formed to show their interdependencies. This tech-
nical triangle is an efficient instrument to identify all essential interdependen-
cies for selecting the heat pump technology to link the renewable energy based
district heating [11, 55, 56].

So far, there is no comprehensive approach for linking the three main pa-
rameters of heat sources, heating requirements and heat pump technology, alt-
hough there are some specific examples for individual solutions for heat pumps
in district heating. In EU countries, there is no consistent way for designing
a suitable heat pump placement, connection or operational mode in district
heating networks. The technical triangle approach is a universal framework giv-
ing guidance when designing heat pump based district heating. It is a key ap-
proach to avoid unnecessary investments or new investment strategies and
plans for network expansions. It helps to create technical measures for energy
choices or to suggest specific thermal measures for reducing expensive peak
heating requirements in the buildings, which are always beneficial; such a long-
term vision is critical to implementing successful urban planning decisions. It is
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also helpful for implementing different building renovation measures and new
long term technological investment choices in cities or urbanized areas, adopt-
ing heat pump based district heating and sustainable urban energy strategies.
According to the triangle in Fig. 3.2, the available heat sources for heat pumps
have a great influence on the selection of the appropriate heat pump technol-
ogy, the placement of the heat pump unit or pool of heat pump units, satisfac-
tory fulfilment of the heating requirement, adequate heat pump connection and
operational modes, a convenient thermal capacity of the heat pump and the
corresponding range of operational temperatures for the system.

Fig. 3.2. Technical triangle for heat pump integration into district heating [10]

The profile of the heating requirement determines the required heat pump
thermal capacity and the necessity for any supplementary heat source to cover
the peak heating requirement. The heat pump technology and operational
mode should be designed to ensure high-efficiency thermal performance in or-
der to cover the heating demands with the available heat sources. All mentioned
considerations like heat sources, heating requirements and heat pump technol-
ogy have bidirectional based dependencies.

3.3.1. The characteristics of a technical triangle

The technical triangle allows the definition of the concept and the approach to
heat pump based district heating. Its framework deals with the placement and
connection of heat pump units, the modifications of heating requirements, and
the multiple heat sources needed to cover the heating requirement over the
year. During the heat pump design process, it is essential to signify which com-
ponents of the technical triangle can be adjusted and what are the suitable ar-
rangements for efficient functionality of the district heating. It is important to
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underline the fact that the components of the technical triangle can be rede-
fined depending on the choice of heat pump technology for a given system. In
some cases, it is necessary to modify components of the future system. Accord-
ing to the technical triangle, there are many modification options such as reduc-
tion in heating requirement (e.g., through thermal modernization or refurbish-
ment of buildings), connection of heat pump units with other heat sources (e.g.,
conventional energy sources for maximum load, renewable energy sources,
etc.) and feeding the heat pump with renewable energy (e.g., PV, hydro, wind).
The heat source can be expanded (e.g., additional geothermal boreholes) or di-
versified (two or more heat sources), etc. The proper choice between the op-
tions mentioned above is a major and complex engineering challenge that re-
quires a special thermal approach and financial investigation.

3.3.2. Technical triangle framework functionality

Figure 3.3 shows four cases chosen to illustrate the use of the triangle for
analysing different scenarios of heat pump integration into district heating.
These scenarios can be discussed as solutions for more relevant and more
efficient choices. Figure 3.3a illustrates the scenario where the main issue
is the limited capacity of the available heat source for the heat pump. Con-
sequently, the heat pump is unable to cover the heating requirement for
the network. The solution, in this case, is to add a supplementary heat
source to support the heat pump to fulfil peak heating requirements. Figure
3.3b shows the next scenario where the heating requirements are de-
creased by refurbishment and modernisation of the buildings so that the
supplementary heat source became smaller or completely unnecessary.
Figure 3.3c includes an enhanced heat source for the heat pump to cover
the heating requirement by expanding the existing heat sources or adding
a new one. Figure 3.3d shows the technical triangle for heat pump based
district heating, which is supported by the thermal renewable energy and
thermal energy storage. Using the latter two components, the heating re-
guirement is covered by heat pump units of lower thermal capacity. Ther-
mal energy stored from heat pumps and renewable sources is used during
periods when heat production is in deficit.
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a)

d)

Fig. 3.3. Framework cases of the technical triangle [10]
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Fig. 3.4. Examples of heating requirement profiles for heat pump connection
and operational modes in district heating: DHW — domestic hot water, HP — heat pump,
HS — heat source, RES — renewable energy source, SH — space heating,
TES — thermal energy storage [10] (details in the text)

3.3.3. Heat requirement profiles in DH

The first component of the analysed technical triangle is the profile of the heat-
ing requirement, as shown in Fig. 3.4. This curve presents the annual thermal
load and determines the relationship between the required thermal capacity
and the contribution from each of the heat sources (e.g., fossil fuels, renewable
energy sources, heat pump, etc.). It illustrates what is required for possible con-
nection and operational modes. According to the technical triangle, it is neces-
sary to acknowledge the needed heating profile and the possible modifications
to reduce requirements [2]. The variation of the heating requirement profile de-
termines directly the required thermal capacity and operational mode of the
heat sources.

Figure 3.4a illustrates the participation cases of heat pump to cover the
heating requirement for a residential building supplied by a district heating net-
work. It is assumed that the demand for domestic hot water is approximately
stable throughout the year, the requirement for space heating occurs in the
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heating season only, and it varies according to the external temperature. The
peak requirement for such district heating occurs for a short period due to the
design condition. For longer periods during the heating season, the heating re-
guirement is at an average level. At the end of the heating season, the heating
requirement decreases rapidly. The end of the heating season depends on the
thermal characteristics of the building and its control system [2, 46]. In this case,
the district heating network is supplied by two heat sources in parallel connec-
tion and operational mode. Here, the heat pump unit is the primary heat source
of the district heating network, supported by a fossil fuel as a supplementary
heat source. According to the technical triangle, the fractions of the energy pro-
vided by both the heat pump unit and fossil fuel depend on the heating require-
ment profile, the unit’s technology, the thermal capacities and the availability of
the heat source for the heat pump. It should be mentioned that in this case, the
heat pump can operate at both stable and variable thermal capacities, depend-
ing on the local heat source and its thermal characteristics.

Figure 3.4b shows the reduced and shortened heating requirement profile
due to energy-efficient, refurbished, or modernised buildings in the district
heating network [47, 58]. The reduction in the heating requirement allows the
heating season to be shortened and the temperature of the district heating to
be reduced. It gives a longer period of stable heating requirement and reduces
its volatility during the heating season. As with the previous case (Fig. 3.4a), the
district heating network is powered by multiple heat sources connected in a par-
allel operational mode. The reduced and shortened heating requirement is pre-
ferred when the heat is supplied from heat pumps; increasing the heat pump
energy production in district heating systems decreases primary energy con-
sumption and the emissions. According to the technical triangle, the stable heat-
ing requirement for more extended periods over the year needs a stable thermal
capacity of heat pump units, which requires an appropriate heat source for the
heat pump [47, 58].

The next case is presented in Fig. 3.4c, where further reduced and short-
ened heating requirement profiles are achieved by using more thermal renew-
able energy sources (e.g., large scale solar thermal plants), in addition to energy-
efficient, refurbished or modernised consumer buildings. The summer heating
requirement will be both reduced and shortened when compared with the case
of Fig. 3.4b [59]. In summer, the water supply line temperature is the lowest in
the year, and this favours the use of solar collectors for supplying the district
heating network. Solar based district heating can use large fields of solar
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collectors or distributed solar collectors on the roofs of buildings and may in-
clude solar thermal energy storage, too. This solution increases the proportion
of renewable energy and reduces GHG emissions [57]. The heat pump unit, in
this case, operates in a multiple heat source connection mode and a parallel
operational mode with renewable energy sources and a small proportion of fos-
sil fuel-based supplementary heat [10].

Finally, Figure 3.4d shows the case of heating requirement for district heat-
ing supplied by a heat pump and thermal renewable sources in parallel, with
seasonal thermal energy storage. The heat pump unit, in this case, operates in
a multiple heat source connection mode in a parallel operational mode with
thermal renewable energy sources without the use of fossil fuels. In this case,
the heat pump and the thermal renewable energy source can charge in parallel
the thermal energy storage in summer, in order to use the stored heat during
the heating season. Seasonal thermal energy storage allows the heat pump to
operate with full thermal capacity over the whole year with a high seasonal per-
formance factor. According to the technical triangle, the participation of thermal
energy storage and renewable energy sources should take stable or variable
heat pump thermal capacity into account in order to meet the heating require-
ment needs throughout the year. The thermal energy storage can deliver sub-
stantial benefits in stabilising district heating network operation, but this option
is characterised by a high cost, due to the needed large storage capacity and the
required efficiency for heat accumulation.

The cases presented illustrate the functionality of the technical triangle ap-
proach as an instrument to define the interdependence of various heat sources
for heat pump units, the potential of heat pump technologies and the heating
requirements in district heating systems. This section explains the significance
of heat pump placement, connection, and operational modes. This approach
needs to be investigated further in order to improve the performance of district
heating networks with different heat pump technologies and placements, as will
be illustrated further.

3.3.4. Heat pump placement in DH

The heat pump placement strongly depends on the location and availability of
its heat source. In district heating networks, there are three main placement
options, as shown in Fig. 3.5b: a central heat pump, local heat pump, and
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individual heat pump. The central heat pump unit has a high thermal capacity,
and it is a part of the main power plant, as shown in Fig. 3.5b (1). The local heat
pump can have a high or medium thermal capacity, and it is placed near to a lo-
cally available heat source, far from the main power plants (as in Fig. 3.5b (2).
Finally, the individual — or so-called distributed — heat pump units have a me-
dium to low thermal capacity, they are installed in the consumer’s buildings and
are connected directly or indirectly with the district heating network. The direct
connection involves pipelines between the heat pump unit and the district heat-
ing network, as shown in Fig. 3.5b (3). With an indirect connection mode, the
heat pump units are powered by electricity generated from CHP, as shown in
Fig.3.5b (4). Allindividual heat pump units are components of the district energy
system with central management of heat and electricity for both supply and de-
mand sides.

a)

b)

Fig. 3.5. The schemes of: a) traditional fossil fuel-based DH, b) heat pump placement options
in advanced DH; DH — district heating, HOB — heat only boiler, HX — heat exchanger,
HP — heat pump, HS — heat source, RES — renewable energy source [10]

The centrally placed large scale heat pump units require high thermal ca-
pacity, and so they require a high thermal input from the heat source in order
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to cover the heating requirement. They can operate with single or multiple heat
source connection modes and in single, multi-stage, multi-parallel or multi-se-
ries operational modes. In a single heat source mode, the heat pump unit alone
supplies heat to the district heating network. In multiple heat source systems,
the heat pump is the primary heat source, and the other sources (e.g., fossil fuels
or RESs, waste) are used to cover the needed peak heating requirements.

One or more locally placed heat pumps can be integrated into the district heat-
ing network, supplying high or medium, stable or variable thermal capacity. The lo-
cal placement of heat pumps depends on the locally available heat sources. Locally
placed heat pump units operate with multiple heat sources and in parallel or series
connection modes. The use of locally placed units can increase the district heating
network’s thermal capacity as they use the various local heat sources to cover the
predicted heating requirement. Moreover, they can increase the flexibility of the
system by using different technologies, various heat sources, and driving energies.

The individually placed heat pumps connected directly to the network sup-
ply heat to separate buildings in a single or multiple heat source connection and
operational mode. Small scale heat pumps can use local renewable energy
sources and district heating supply or return water lines as heat sources, as
shown in Fig. 3.5b (3). An absorption heat pump can use the district heating wa-
ter supply line as a source for driving energy. The next available option is to use
various individual heat pumps (in addition to the locally placed heat pumps) to
increase the thermal capacity of the district heating networks by using small
thermal capacity renewable sources.

Individual heat pumps indirectly connected to district heating networks use
local renewable energy sources to supply the separate buildings with heat, and
they are powered by CHP plant electricity. The CHP plant can increase the heat
generation to meet the rising heating requirement in the district heating net-
work, so that the cogenerated electricity will be consumed by individual heat
pump units and can be stored as heat in DHW tanks, space heating installations,
etc. Hence a large number of individual heat pump units can increase the CHP
efficiency and utilise extra renewable electricity (e.g., PV, wind power).

3.3.5. Connection and operational modes
of heat pumps in DH

There are two primary aspects of heat pump integration into district heating: its
connection mode, and operational mode. The connection mode is concerned
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with many factors such as the maximum heating requirement, the placement,
and specification of heat sources to feed the heat pumps, adequate heat pump
technology, supplementary heat sources, etc. The operational mode is con-
cerned with the seasonal heating requirement, the seasonal behaviour of heat
sources, and their flexibility in heat generation.

The type of heat source for heat pumps defines the variability of their ther-
mal capacity over the year. The thermal capacity may be stable throughout the
year or it can increase or decrease in winter. DESs such as geothermal, industrial
waste, and deep sea water can ensure stable heat pump capacity throughout
the whole year. Heat sources from air, lakes, river water and shallow seawater
decrease the heat pump capacity in winter [36, 37, 60]. When the district heat-
ing is used as a heat source for the heat pump units, the thermal capacity of the
units increases during the heating season with the operational temperature of
the district heating.

Fig. 3.6. The possibilities of operational and connection modes
due to heat pump placements in district heating [10]

Figure 3.6 shows the possible combination of operational and connection
modes for different heat pump placements in a district heating network. There
are two basic connection modes for the heat generation: single heat source and
multiple heat source. The single heat source connection mode means one cen-
tral heat source for fulfilling the entire heating requirement of the district heat-
ing, which can supply heat in a single operational mode only.

Multiple heat source connection mode means two or more heat sources
for supplying heat in parallel or series connection modes. In this connection
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mode, there are two operational modes (single and multiple) with three place-
ment possibilities for the heat pump units (central, local, and individual).

Multiple heat sources with fully parallel operation mean cooperation of all
heat sources to supply the district heating through the whole year, and the heat
pump can be placed centrally, locally, and individually. In the partial parallel op-
eration, the heat sources cooperate only for a part of the heating season, for the
rest of the season, a single heat source supplies the network, the heat pump
which is placed centrally, locally or individually. In multiple heat source series
connection, there are two operational modes with two or three possibilities for
heat pump placements. In multi-stage operation, each stage of the heat pump
units contribute to supply the district heating, and they are interdependent. The
heat pump units in multi-stage operation can be placed as central or local heat
sources. According to Fig. 3.6, in multiple source series operation, two or more
heat sources are connected in series to cooperate all year round, and the heat
pump unit can high-temperature centrally or locally.

3.4. Scenarios of heat pump connection
and operation in DH

Heat pump applications in district heating can be summarised in the layout of
heat sources, driving energy, and connection modes presented in Fig. 3.7, which
illustrates the general range of technically possible scenarios. There are three
main types of heat pump technologies using different driving energies: a me-
chanical HP driven by electricity (from both the power grid and renewable en-
ergy source), a thermal heat pump (i.e., an absorption heat pump) driven by
a high-temperature renewable source, waste or other heat source, and a ther-
mal heat pump driven by heat from the district heating supply line. The needed
driving energy dictates whether the heat sources are suitable for heat pump
units. Electrically driven mechanical heat pumps can use a wide range of heat
sources. Thermal heat pumps driven by high-temperature renewable energy
sources or waste heat can extract heat from another renewable resource or the
district heating return line. A thermal heat pump can use the heat from the sup-
ply line of the district heating as the driving energy. In this case, the heat pump
can depend on the local renewable sources as heat sources.
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Fig. 3.7. Chart of heat sources, driving energy and connection modes
for heat pump integration into district heating:
AHP — absorption HP, DH — district heating, DHW — domestic hot water,
HP — heat pump, HS — heat source, RES — renewable heat source, SH — space heating) [10]
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The heat sink is the next important component for heat pump integration
into district heating: the supplied heat by the heat pump can be submitted to
the supply line or the return line or directly to the buildings for space heating
and DHW requirements. Every heat sink needs a specified temperature range
and thermal capacity. The choice of heat pump technology is strictly connected
to the available heat sources, the driving energy needed, and the technical char-
acteristics of the heat sink. The operation and connection scenarios presented
below show the flexible wide range of the possible solutions for heat pump tech-
nology integration into the district heating network.

3.4.1. Heat pump with a single heat source

With this arrangement, the heat pump is placed centrally, as shown in Fig. 3.8.
From the technical triangle, the heat pump as a single heat source should have
a sufficient and flexible thermal capacity to fulfil the heating requirement en-
tirely throughout the year. The challenge here is to ensure that the thermal ca-
pacity of the heat source is adequate for covering the peak heating requirement.
The design condition of heating requirement occurs rarely and even for very
short periods, so such an operational mode is not cost effective and decreases
the use of the installed heat pump thermal capacity.

HP

Heat requirement

b)  Wintr Spring / Autumn Summer

Fig. 3.8. Heat pump as single heat source option: A) heat pump placement
and connection mode, B) heat requirements profile and operation mode (DH — district heating,
HP — heat pump, HS — heat source, HX — heat exchanger, RES — renewable energy source) [10]



114

Chapter 3

3.4.2. A heat pump

as a single heat source

with thermal energy storage

Providing seasonal thermal energy storage to the single heat pump based dis-
trict heating, previously illustrated in Fig. 3.8, will decrease the needed thermal
capacity of the heat pump to less than the maximum heating requirement. Ther-
mal energy storage plays a buffer role in stabilising network operations, as

shown in Fig. 3.9a.
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Fig. 3.9. Heat pump in single heat source option with TES: a) heat pump placement
and connection mode, b) heat requirement profile and operational mode for the stable
thermal capacity of heat pump, c) heat requirement profile and operational mode for the
variable thermal capacity of a heat pump (DH — district heating, HP — heat pump,

HS — heat source, HX — heat exchanger, RES — renewable energy source,

TES — thermal energy storage) [10]
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Such an operational mode allows the single heat pump to operate at full capacity
over the whole year, for cases of both stable and variable capacity (as shown in
Figs. 3.9b and 3.9c, respectively), according to the heat source characteristics. In
case of stable heat pump thermal capacity, there are three scopes in this oper-
ational mode. In scope |, the heating requirement is supplied by the heat pump
and thermal energy storage, and the stored energy is being discharged. In scope
I, the heat pump alone supplies the district heating. In scope lll, the heat pump
supplies the district heating and charges the energy store. In case of variable
heat pump thermal capacity, there are only two scopes of operation. In scope |,
the heating requirement is supplied by the heat pump and thermal energy stor-
age, and the thermal energy store is discharging. In scope Il the heat pump sup-
plies the district heating and charges the thermal energy store. The second case
requires a larger storage capacity due to the variable thermal capacity of the
heat pump [10].

According to the technical triangle, using thermal energy storage in heat
pipe based district heating allows the use of a heat source with a lower thermal
capacity, either stable or variable, and using seasonal thermal storage expands
the range of suitable heat sources. Thermal energy storage increases the sea-
sonal performance factor of the heat pump and increases the thermal capacity
of the system to meet excess heating requirements. The design of thermal ca-
pacities for heat pump and thermal energy storage in such an operational mode
can fulfil the yearly heating requirement, as shown in Fig. 3.9. It should be men-
tioned that using a seasonal TES tank in the network is favored, but it is a costly
option due to the large storage capacity needed; the heat storage efficiency for
such option should be taken into account, too.

3.4.3. Heat pump with a single heat source
and multi-stage operation

For the best fulfilment of the heating requirement, it is possible to use a multi-
stage connection of the heat pump units. In this operational mode, the heat
pumps could have similar or different technologies and thermal capacities [63,
64]. The heat pump units contribute sequentially to the district heating supply
line water temperature.

Figure 3.10a shows an example of a three-stage connection. Each stage is
designed to operate only in a defined temperature range, which leads to an in-
crease in the seasonal performance factor, but they are not universal for oper-
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ating in different technical parameters. The operating stages or scopes are de-
pendent and cannot be changed.

As shown in Fig. 3.10b, for scope | all three heat pumps (scopes I+lI+lll) are
operating together to fulfil the heating requirement, in scope Il the HP3 unit is
switched off, leaving units HP2 and HP1 to fulfil the reduced heating require-
ment, and in scope Il the HP1 unit continues alone to fulfil the reduced heating
requirement outside the heating season. The design of multi-stage heat pumps
can match the heat supply to the profile of heating requirement throughout the
year, as shown in Fig. 3.10b. It should be mentioned that with multi-stage heat
pumps different kinds of heat sources can be used for each scope, but all heat
pump units and their heat sources should be placed together. According to the
technical triangle, the multi-stage option enlarges the possible range of heat
sources for pumps, but only for those which are available locally. It allows the
combination of different heat pump technologies for district heating, depending
on the required thermal capacity and network temperatures during the year.

a)
Scope | i Scope I 1 Scope lll
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Fig. 3.10. Heat pump in single heat source with multi-stage option:
a) heat pump placement and connection mode, b) heat requirement profile
and operational mode (DH — district heating, HP — heat pump, HS — heat source,
HX — heat exchanger, RES — renewable energy source) [10]
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3.4.4. Heat pumps with multiple heat sources
connected in parallel

Multiple heat source district heating means a system which is supplied by two
or more conventional or renewable heat sources. These heat sources can be
connected in parallel or series, and they can work fully or partially in parallel. In
case of the cooperation of heat pumps with fossil fuel heat sources, the heat
pump always has priority for supplying heat to the network. In the case of heat
pump cooperation with renewable energy sources, the supply priority de-
pends on costs, environmental aspects, and technical requirements. With mul-
tiple heat sources option, the heat pump generally operates as the primary
heat source with its full thermal capacity as long as possible. Such an opera-
tional mode provides a higher seasonal performance factor, better use of the
installed heat pump thermal capacity, which is cost-effective and environmen-
tally friendly.

In a district heating system supplied by a heat pump connected in parallel
with a conventional heat source, there are two possible connection modes: both
heat sources are centrally placed as in Fig. 3.11a or the heat sources are far from
each other, e.g., a central conventional heat source cooperating with a local heat
pump placed close to a local heat source (such as a river or lake) as in Fig. 3.11b.
In both connections and due to the technical triangle, the heat pump can oper-
ate with constant or variable thermal capacity.

The constant thermal capacity unit can operate in fully parallel operation,
as shown in Fig. 3.11c. In scope |, both the heat pump and the conventional heat
source supply the district heating by heat up to point S3. In scope Il, the conven-
tional heat source is switched off, and the heat pump alone continues to supply
the reduced heating requirement outside the heating season. It is noticeable
that the heat pump operates with its full thermal capacity over the whole year.

In Fig. 3.11d the variable capacity heat pump operates in a partially parallel
operation mode. In scope |, the conventional heat source supplies alone the needed
heating requirement in the heating season up to point S4, after which in scope I,
where the heat pump operation becomes profitable and effective, the heat pump
supplements the heat source to meet the heating requirement up to point S5. In
scope lll, the supplementary heat source is switched off, and the heat pump alone
continues to fulfil the reduced summer heating requirement. In this mode, the heat
pump and conventional heat source should not be together; this allows a low-grade
local heat source to be provided for the heat pump, even if it is located far from the
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conventional heat source. It is possible to link more than one heat pump unit as
a group or pool of heat pumps in different locations, different thermal capacities,
and heat pump technologies. This helps to increase the supplied thermal capacity
by renewable energy and to save the consumption of fossil fuels.

a) b)

c) d)

Scope |l
HS+HP

Scope Il Scope |
HP alone \ HSalone

Scope |l
HP alone

Heat requirement

Heat requirement

Winter Spring / Auurm 3 Summer Winter S4 Spring / Auumn S5 Summer

Fig. 3.11. Heat pump with multiple heat sources connected in parallel: a) centrally placed
heat pump connection, b) locally placed heat pump connection, c) heat requirement profile
for fully parallel operational mode (stable thermal capacity of heat pump), d) heat requirement
profile with partially parallel operational mode (variable thermal capacity of heat pump):
DH — district heating, HP — heat pump, HS — heat source, HX — heat exchanger,

RES — renewable energy source [10]

3.4.5. Heat pump with multiple heat sources connected
in parallel with seasonal thermal energy storage

The unfavourable variability of renewable sources for supplying district heating
can be eliminated by means of multiple heat sources connected in parallel (e.g.,
a heat pump with solar thermal collectors) connected to a seasonal TES tank. As
shown in Fig. 3.12, the tank stores heat from both sources, from the heat pump
and the renewable energy source. It needs mentioning that the heat pump, re-
newable energy source, and storage tank should be located together. There are
many possible operational modes and the main modes are described in three
regimes or scopes: scope | where heat pump and thermal energy storage tank
supply the district heating by heat; scope Il where the heat pump and the



Heat pump based district heating 119

renewable source supply the network; scope Ill where the heat pump supplies
the district heating and simultaneously with the renewable source charges the
TES tank. It is obvious that in scope Ill the heat pump charges excess heat to the
storage and this heat accumulation allows the heat pump unit to operate with
full thermal capacity over the whole year, ensuring a high seasonal performance
factor and effective use of the heat pump’s thermal capacity. This connection
mode allows RESs to supply the district heating and better use of the heat
pump’s thermal capacity, but using seasonal TES is a costly option. The seasonal
heat storage efficiency should also be taken into account.

a)
Scope | i Scope Il | Scope IlI

[ i e i
% TN i : B0 2595%9° 358
S | Fiom Th O ——t . ~1- - -RES10 TES .
g
g
T | HP

b) Winter Spring / Autumn Summer

Fig. 3.12. Heat pump with multiple heat sources connected in parallel with renewable energy
sources and thermal energy storage: a) heat pump placement and connection mode,
b) heat requirement profile and operational mode (DH — district heating, HP — heat pump,
HS — heat source, HX — heat exchanger, RES — renewable energy source,
TES — thermal energy source) [10]

3.4.6. Heat pumps with multiple heat sources
connected in series

In this mode, heat pumps and conventional heat sources are connected in series
to operate together over the whole year, consecutively increasing the water
supply temperature in the district heating. With this option, a heat pump can be
placed centrally or locally. It is noted that the heat pump operates with its full
thermal capacity over the whole year. Figure 3.13a shows the unit as part of
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a central heat source. The heat pump increases the water temperature of the
district heating return line, and then the conventional heat source raises the
temperature to the level required to meet the heating requirement. It is under-
lined that such a connection allows the heat pump to co-supply higher temper-
ature district heating than would be possible with the heat pump alone.

a)

b)

Heat requirement

c) Winter Spring / Autumn Summer

Fig. 3.13. Heat pump with multiple heat sources connected in series: a) heat pump central
placement in series connection, b) series connection for central heat source and local heat
pump, c) heat requirement profile and operational mode: DH — district heating, HP — heat pump,
HS — heat source, HX — heat exchanger, RES — renewable energy source) [10]

Figure 3.13b shows a central heat source connected in series with a heat
pump placed locally, close to a locally available heat source (e.g., river or lake,
etc.). In this connection mode, the heat pump increases the water temperature of
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the district heating supply line, so increases the overall thermal capacity of the dis-
trict heating system. In this way, it allows new consumers to be linked without in-
creasing the thermal capacity of the central heat source. Such a connection mode
allows the installation of more than one heat pump unit in the network at different
locations, with different thermal capacities, but such an option will only be conven-
ient for low-temperature district heating.

3.4.7. Heat pump with multiple heat sources
connected in series using a return line

In this case, the heat pump utilises the district heating return line as a heat
source and the supply line as a heat sink. The unit is placed with the central heat
source and connected in series with CHP plant, as shown in Fig. 3.14.

a)
]
g
2
g
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Fig. 3.14. Heat pump with multiple heat sources connected in series (heat pump in return
to supply operational mode): a) heat pump placement and connection mode, b) heat
requirement profile and operational mode (CHP — combined heat and power, DH — district
heating, HP — heat pump, HX — heat exchanger, RES — renewable energy source) [10]

Traditionally, in case of an increased heating requirement in the district
heating, the CHP generates the heat needed and excess power simultaneously.
The heat pump unit will partly replace the heat generation in the CHP plant to
avoid excess power generation, or the extra electricity can be consumed as
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energy to drive the heat pump. It is noted that the heat pump unit powered by
its own CHP plant will increase its efficiency and improve energy management
in the district energy system [59-63].

3.4.8. Individual heat pumps in district heating

Figure 3.15 shows five examples of connection modes for integrating individual
heat pump units into the district heating network:

a) b)

c)
d)

e)

Fig. 3.15. Placement and connection modes for individual heat pump units: a) heat pump
in place of heat exchanger, b) heat pumps using the district heating return line as a heat source,
c) heat pumps powered by CHP and not connected to district heating network,
d) absorption heat pumps in place of heat exchangers in buildings, e) absorption heat
pumps connected in parallel with heat exchangers in buildings (AHP — absorption HP,
CHP — combined heat and power, DH — district heating, HP — heat pump, HS — heat source,
HX — heat exchanger, RES — renewable energy source) [10]
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e individual heat pumps in place of heat exchangers in selected buildings,

e individual heat pumps using the return line of the DH as a heat source,

e individual heat pumps units connected indirectly with the DH network
and powered by a CHP plant,

e individual absorption heat pumps as single heat sources in buildings,

e individual absorption heat pumps connected in parallel with heat ex-
changers in buildings.

3.5. Environmental obstacles of heat pumps
in district heating

Heat accounts for over 40% of energy consumption and nearly a quarter of all
carbon emissions. Even though the end-use heat service requirements may re-
main at current levels, most future scenarios show potential for efficiency sav-
ings of between 20% and 30% for space heating demand by 2050.

The decarbonisation of the energy system is one of the main challenges
that the European Union is facing today, and it will become an increasingly im-
portant area for energy policy to address in the coming years and decades.
Achieving the targeted emission reductions of 80 to 95% compared to 1990 lev-
els by 2050 requires a fundamental transformation of the energy sector. Espe-
cially in the electricity sector, RESs play a major role to achieve these targets
[67]. Heating is arguably one of the most challenging sectors to decarbonise in
the energy system. There is a significant amount of uncertainty in what the DH
heat supply might look like in the period from now to 2030 and beyond [68].

Many recent academic reports have concluded that decarbonising heat at
a larger scale would need to be well underway by the 2030s and continue be-
yond 2050 in order to meet the legally binding carbon reduction targets set in
the Climate Change Act, let alone to deliver on commitments made in the Paris
Agreement to keep global temperature increases well below 2 °C [69-71]. It is
evident that since over 90% of today’s homes, buildings will still be in use in
2050, alongside the development of sensible measures and standards for new
buildings, a major retrofit programme will be required. There are likely to be at
least three main routes to decarbonise heat:

e district heating schemes with centralised, low-carbon heat generation,

e electrification with some combination of direct electric heating, storage
heaters, and heat pumps,

e repurposing the gas grids with low carbon gas, e.g., hydrogen.
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It is necessary to notice that two routes are strongly concerned with district
heating and heat pumps. District heating can supply heat very efficiently and at
a low running cost. Although currently there is only a restricted choice for low
carbon heat generation, having a central production point means that changing
the source in the future could be much simpler and more cost-effective than
changing multiple individual household solutions.

District heating is well suited to areas of mixed use with strong anchor cli-
ents, such as municipal buildings, offices, and leisure centres. Although most
readily installed as part of new developments, district heating can also be suita-
ble for retrofit in less populated areas as part of community energy schemes, as
well as for flats in multi-storey buildings. The main challenge is to achieve suffi-
cient customer density so that the high up-front capital costs can be recovered
over sufficient users and offset by sufficient fuel savings to keep bills affordable.

The seasonal fluctuations in space heating requirements can be lower in
mixed-use district heating schemes, and heat storage can be incorporated which
is considerably less expensive than electricity storage (one-hundredth of the
cost), although still considerably more than fuel storage (one hundred times).
As in the electricity system, consideration should be given at the design stage to
the storage, demand-side management, and back-up solutions [72]. As is clear
from the overview of different approaches to delivering low carbon heating, the
elements of investment that are required can be grouped under three headings:

e investment in individual homes either to fit a new low carbon heat source
(such as a heat pump) or to change/adjust appliances to be able to cope with
new forms of gas or a move to district heating,

e investment in monopoly networks such as district heating systems or up-
grades to existing gas networks to accommodate, e. g., hydrogen,

e investment in new sources of heat for district heating or new sources of
gas to feed into the networks, which could be competitively provided.

District heating networks and service provision are relatively unregulated
in comparison to gas and electricity, so all the proposed options for heat decar-
bonisation are likely to be more expensive than the baseline of natural gas and
electricity [70].

3.5.1. Heat pump deployment for decarbonisation
of district heating

DH can provide a very energy efficient means of supplying heat; DH is also flex-
ible and has the potential to modify or exchange the heat source without dis-
rupting individual users. Heat pumps and DH have been widely deployed in Eu-
rope; heat pumps can offer the benefit of high-efficiency heat production. Heat
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pumps are the recognised technology for decarbonising the hot water and space
heating demands of residential and non-residential buildings. Thus the perfor-
mance of heat pumps is of paramount importance. Many scenarios have relied
heavily on the assumption that heat will be decarbonised through electrifica-
tion, and heat pumps in particular. There are two main routes to electrify heat:
by direct resistive heating and heat pumps; the choice between them is depend-
ent on consumption patterns and the availability and attractiveness of off-peak
tariffs [71]. On the other hand, the assumption is that most if not all types of
heat pumps will have an SPF of at least 2.5. Comparatively higher efficiencies of
SPF around 2.5 for air source heat pump systems and 3.0 for ground source heat
pump systems and the potential decarbonisation of the electricity supply make
them highly attractive in the choice to replace gas boilers. Even though heat
pumps are a mature technology and relatively new technology for heat supply
in different parts of Europe [68].

The reviews and modelling analysis showed that lower SPF values could in-
crease emissions by 2 Mt CO, and the impact would be greater if the electricity
grid does not decarbonise to an intensity of 50 g CO,/kWh by 2030. So there is
a great emphasis on improving the performance of heat pumps until 2020 and
beyond. The use of heat pumps is relatively steady now, and it can increase in
the future, so the technological knowledge should widely be implemented
[73, 74]. Currently, the levelled energy cost of heat pumps is high when com-
pared with gas boilers. This most likely will not change until 2030. This is a major
barrier for the deployment of heat pumps and other technologies such as bio-
mass boilers [75—-77]. Most of these technologies have high upfront capital costs
that largely contribute to their levelled energy costs in comparison with incum-
bent technologies such as gas boilers. This issue will only resolve itself with tech-
nological learning (cost reductions and efficiency improvements) and experi-
ence gained by installers to efficiently design heat based systems [68].

3.5.2. Environmental impact of heat pumps

Buildings account for about one-third of GHG emissions in developed economies
and 55% of electricity consumption in Europe. The incremental deployment of
heat pumps can reduce the use of fossil-fuelled energy in the building sector and
thus limit the environmental pollution and adverse health impacts on societies
caused by exploration and extraction of fossil fuels.

Nonetheless, heat pumps are not an emission-free heating system, and
thus, their environmental footprint needs to be observed, too [22, 27]. Like for
other boiler technologies, a heat pump impact on the environment can be as-
sessed during production use dismantling. Heat pumps are subject to building
and waste reduction regulation. The environmental impact from the operation
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of heat pumps can be split into emissions from energy use and CO, equivalent
emissions from the use of refrigerants. The former can hardly be influenced by
the technology itself, as the decarbonisation of electricity is a key aim of Euro-
pean energy policy. Since the emission levels of electricity generated are contin-
uously decreasing as a result of an increasing amount of RESs, the emissions of
all heat pumps are continuously going down [22, 27, 73-77].

Regarding the environmental impacts associated with the use of heat
pumps, it is possible to distinguish between direct and indirect effects. Direct
effects are those related to the global warming potential (GWP) of the flue gases
released in the case of accidental leakage, while indirect effects are provoked
by the emissions associated with electricity production. Indirect effects are usu-
ally more serious than the direct ones [78—-80]. Among the indirect emissions,
CO; emissions are to be primarily taken into account since CO; is the most com-
mon GHG and is considered the main contributor to climate change [81]. There-
fore, the environmental impacts of heat pumps depend on the CO, emission
factors of the region where the electricity used by the heat pump is produced.
Locations, where electricity is mainly produced by nuclear, hydroelectric or
other renewable power plants, have lower CO, emission factors than regions
relying on thermal fossil-fuel power plants; therefore, in the locations with low
carbon emissions, heat pump systems can be an environmentally-friendly alter-
native [82]. If the regional emission intensity is less than 0.76 kg/kWh, then a gas
heat pump system offers environmental advantages (i.e., emission reduction)
compared to a natural gas furnace with an efficiency of 0.95. Higher efficient
heat pumps are environmentally advantageous even in regions with higher
emission intensity [22, 27, 81].

3.5.3. Environmental impact of refrigerants

Environmental concerns have always been the driving force in the development
of environmentally friendly refrigerants. Active research in fields of energy sys-
tem design optimization, energy efficiency increase, a search of the new refrig-
erants and efficient use of the old systems are important for both heat pump
and refrigeration systems. Based on the increasing contribution of refrigeration
systems to climate change, it is necessary to use environmentally friendly refrig-
erants to mitigate global warming [83, 84].

The refrigerant is an essential component of a heat pump. Its characteristics
allow the heat pump to operate and to use RESs for the generation of heat and
cold; yet, these positive characteristics come at a cost. On the other hand, dif-
ferent environmental metrics are used to facilitate the decision-making process
of selection of refrigerant with low global warming potential. Three environ-
mental metrics are mostly used in the process of refrigerant selection: GWP,
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TEWI, and LCCP. Although each serves the similar aim of quantifying the impact
of refrigerants on global warming, their usage can lead to different conclusions.
Besides the environmental metrics, other basic and practical considerations
need to be taken into account when selecting a refrigerant, like safety, toxicity,
flammability [83, 84]. The refrigerants can be toxic, flammable, even explosive,
or act as GHGs with a specific global warming potential (GWP). None of these
issues occurs if the refrigerant remains inside the unit. By consequence, high-
quality design and manufacturing of units as well as the skills of installers to dis-
mantle and to recover refrigerants are crucially important.

If the refrigerant is released into the environment, it can harm the atmos-
phere. Figure 3.16 presents the most common refrigerants currently used in
terms of their global warming potential. In adition to global warming potential
GWHP, it is necessary to remind the environmental impact complexity involved in
making the right choice of refrigerants considering other key factors such as tox-
icity and flammability. The majority of residential units deployed today use hy-
drofluorocarbons while in large or industrial size heat pumps the use of natural
refrigerants like ammonia, propane or CO; is more common [27, 83, 84].

Fig. 3.16. Currently used typical refrigerants [27] and GWP ranges: >2500 — very high,
1500-2500 — high, 750-1500 — moderate, 150-750 — low, 10—-150 — very low, <10 — ultra low

The use of hydrofluorocarbons in Europe is regulated under EU 517/2014.
The implemented phase-down will reduce the availability of flue gases continu-
ously until 2030. Effects on availability and prices are already becoming visible
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in the market today. This allows searching for alternatives as a key challenge for
the heat pump industry. New mixes with a lower GWP are the available solu-
tions, but these substances are usually at least mildly flammable. Other options
include natural refrigerants like propane and butane (highly flammable), ammo-
nia (toxic) or carbon dioxide (high operating pressure). It must be stressed, how-
ever, that the largest share of emissions from any heating/cooling system results
from the fuel used to operate the unit. The total equivalent warming impact
(TEWI) calculation is an established approach to asses emissions over the useful
life cycle of a unit. Emissions are distinguished as direct emissions (chemical) and
as indirect emissions (the energy use) of greenhouse gases from production, op-
eration, and recycling [27, 85].

Figure 3.17 shows a comparison of the lifetime emissions of different heating
solutions. The assumptions are identical to those which are shown in Fig. 3.16. For
simplicity, heat pumps are assumed to use one refrigerant (R410A) only, except
the last column, where the future scenario of a heat pump with a new low GWP
refrigerant (GWP < 1) also using green electricity (CO, emission of 15) is pre-
sented. This is a realistic consequence of the ongoing greening of the electricity
mix and the phase-down of the current refrigerants. Figure 3.17 also shows that
a fast reduction of emissions from electricity has a more significant impact on
the life-cycle-based emissions of the heat pumps than the deployment of refrig-
erants with a low GWP. It also shows that even the heat pumps with the lowest
currently allowed efficiency have lower emissions than the best fossil combus-
tion system.

Consequently, the key challenge for the industry is the development of
products and procedures that keep refrigerant losses to a minimum by designing
and producing high quality, hermetically sealed units. On the other hand, heat
pump installers and technical experts should be adequately skilled to reduce the
impact of the used refrigerant [27, 85]. From the environmental perspective, the
use of existing refrigerants — if appropriately handled — already contributes to
a reduction in GHG emissions, which is accelerated by every reduction step of
emissions from electricity. It should thus be kept in mind, that the priority when
addressing climate change is the reduction of CO, emissions to the atmosphere
and not a ban on current refrigerants.

From an industry perspective, the development of low and no GWP alter-
natives in the efficient heat pump systems must be the ultimate goal in order to
deploy a near-zero emission heating technology — both from the component and
the operation side [22, 27, 85].

The future poses several challenges and opportunities for manufacturers of
heat pump systems. Most notable is the sustained effort to develop new refrig-
erants. Concurrently, there will be pressure to improve efficiency to maintain
the competitive edge over new technologies such as gas heat pumps and to
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Fig. 3.17. A comparison of the lifetime emissions of different heating solutions [27]

satisfy minimum efficiency requirements imposed by legislation. New perfor-
mance-enhanced refrigerants must be equipped with improved cycle controls,
higher-efficiency motors, compressors, and new cycles to realise optimum cycle
efficiencies in order to meet varying refrigerating capacities [30]. Besides the
issue of the impact caused by refrigerants, extensive works continue to progress
in testing new refrigerant mixtures to improve the energy efficiency and opera-
tion of heat pumps [22, 27, 30, 31].

3.5.4. Emissions associated with the use
of heat pump based district heating

Emissions are associated with heat and electricity generation from fossil fuels,
and they can be reduced by using more efficient generation technologies, as
mentioned previously. In EU countries that generate electricity and heat pro-
duced from different heat sources and technologies such as fossil fuels, nuclear,
RESs, the emissions from each source must be carefully examined to determine
the mass of emissions per unit energy generated [86]. Heat pump integration
into district heating systems is one of the most promising technologies for miti-
gating or reducing emissions from that sector. In EU member countries that gen-
erate electricity for heat pumps from various sources, it is necessary to evaluate
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the emissions from the heat pump technology applied because the environmen-
tal impact of heat pump integration depends mainly on its driving energy source
[10, 27].

Figure 3.18 shows the three main considerations when determining emis-
sions from heat pump based district heating systems: the driving energy, heat
pump technologies, and the heat sink characteristics. Heat pumps powered by
fossil fuels cause emissions appropriate to the driving energy generation and
transmission grid and storage losses. The measure of emissions can be deter-
mined from the coefficient of performance and the seasonal performance factor
of the unit. The heat pump unit can be powered by energy generated in a mix of
fuel sources, e.g., partially from conventional fossil fuels and renewable sources
[87]. Using renewable energy allows zero or near-zero emissions for the heat
pump operation. In multiple heat source systems, the emissions depend on both
the heat pump driving energy and the technology needed to cover the peak
heating requirement, such as fossil fuels, renewable energy, or the mix of both.

Fig. 3.18. Emission considerations for heat pump based district heating [10]

According to Fig. 3.18, the emissions from the heat pump driving energy
are provided by generation technology (e.g., fossil fuel based, cogeneration, fuel
mix, hybrid, RESs, etc.). The driving energy can be generated on-site by different
technologies or off-site and transmitted by the electricity grid. Energy transmis-
sion and storage losses increase the environmental impact of heat pump appli-
cations. At the heat sink, a large heating requirement has the worst impact on
emissions. Heat transmission and thermal storage losses need additional driving
energy production, which contributes to even more emissions. Increasing the
contribution from heat pumps in multiple heat sources allows decreasing the
emissions due to the higher efficiency of heat pumps compared with conven-
tional heat sources. Heat pumps in district heating systems have great potential
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for contributing to a significant reduction in emissions [88]. It is clear that reduc-
ing the environmental impact of heat pump based district heating is achievable
through using low emission heat pump driving energy, increasing the contribution
of high-efficiency heat pump technology, limiting the energy use and the heat
losses, and by adjusting the energy generation and heat sinks [89, 90].
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Fig. 3.19. The relative emission from DH system vs HP share in heat supply
for Poland and Sweden: a) SFP = 3.0, b) SPF = 4.0 [10]
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To illustrate the influence of the above-mentioned considerations on emis-
sions from heat pump based district heating systems, emission calculations were
conducted as an example for district heating systems for Poland and Sweden
[10, 27]. The calculations considered energy generation technologies and emis-
sions from national energy systems in both countries and were based on alloca-
tions of emission to the electricity and heat according to the fixed-heat-efficiency
approach methodology [91-94]. The countries were selected from among the EU
countries based on the renewable proportion in national power generation. The
renewable contribution in power generation is maximum in Sweden and mini-
mum in Poland. The proportion of electricity generated from renewable energy
sources is 57.2% in Sweden, and only 15.5% in Poland, the rest of the electricity
required comes from fossil fuel-based technologies and has similar emission fac-
tors for heat generation technologies [95].

Figure 3.19 shows the relative emission changes in district heating due to
the contribution of electrically driven heat pumps in the heat supply. In the fig-
ure, where the SPF = 3.0, the total relative emission for Poland decreases to 65%
with the 50% of heat pump contribution, in which 15% comes from the genera-
tion of driving energy consumed by the heat pump. Even a 100% heat pump
contribution in district heating reduces emissions to 31% only. In Sweden, a 50%
contribution from heat pumps reduces the emissions to 52%, and 100% contri-
bution reduces emissions to 3%, due to a large share of renewables in the Swe-

dish power system.

From Figure 3.19b for SPF = 4.0, it is clear that emissions for Poland will be
reduced to 23% if the contribution of heat pumps in district heating will equal
100%. Meanwhile, the emissions for Sweden will be 3% for 100% heat pump
contribution. These results confirm that it is not possible to create a universal
heat pump integration into district heating for all EU members. Each EU country
should be analysed individually, taking into account all technical and emission
considerations mentioned above [10, 27].
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CHAPTER 4.
ASSESSMENT OF FLEXIBILITY
FOR HEAT PUMP-BASED DISTRICT HEATING

4.1. Introduction

The term smart grid is used to refer to smart electricity or smart power grids.
The problem of this one-sided vision to the term of smart often leads the re-
searchers to concentrate on electricity challenges like transmission lines, flexible
electricity consumption, electricity storage, etc., as being the main ways to deal
with the integration of fluctuating energy sources from RESs. The efficiency of
the energy system is increased when it is combined with thermal energy systems
such as heating and cooling systems, gas grids, and transportation [1, 2]. It is
evident that the most important factors for smart thermal networks are intelli-
gence, efficiency, and flexibility in heat production and consumption, integra-
tion with other energy systems, reliability and customer involvement.

DH and cooling are argued to be important tools for reaching European en-
ergy and environmental targets. The major objective of this chapter is to study
the special characteristics of flexibility in heating networks, concerned with heat
production and consumption integrated with RESs, thermal storage, CHP plants
and heat pumps in the infrastructure of smart energy systems and how DH net-
works are adapting to them [3, 4].

As stated above, previously smart energy systems have been studied
widely, but nowadays a wider perspective is needed to link electricity with heat.
In the other hand, the heat pumps in DH are linking the thermal and the electrical
sectors and for that, they are seen as part of a flexible coupler to match the thermal
and electrical demand. It will be necessary to combine research concentrating on
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power grids with combination to different energy systems to find the most en-
ergy-efficient solutions, especially the studies where the concentration is on the
flexible part of thermal energy systems in the context of DH which has received
less attention [5, 6].

4.2. Flexibility definition
and measures in energy systems

Most analyses of the future European energy system conclude that in order to
achieve energy and climate change policy goals it will be necessary to ramp up
the use of renewable energy sources. The stochastic nature of those energies,
together with other sources of short- and long-term uncertainty, have already
significant impacts in energy systems planning and operation, and it is expected
that future energy systems will be forced to become increasingly flexible in or-
der to cope with these challenges.

Anincrease in wind and especially solar PV power plants might reduce peak
times of conventional generation. Thus, the flexibility of the power system be-
comes more important. Key factors for a flexible system are the availability of
flexible capacities on the generation side, high transmission capacities by bal-
ancing through the reserve market. With growing variable renewable energy
(VRE) shares, all these mechanisms become increasingly important to integrate
successfully renewable energies into the power system, when the flexibility is
needed [7, 8].

Flexibility is a widely used term, in general, defined as the ability to change,
to suit new conditions or situations. This definition can be transferred to the
flexibility definition in the context of demand-side energy management. It is the
ability to modify the energy generation or consumption of a system in response
to external signals specified by markets or market members. Flexibility is defined
in terms of the ability of a system to deploy its resources to respond to unex-
pected changes in supply and load.

Flexibility can be defined too as the ability of a system to adapt its operation
to both predictable and unpredictable fluctuating conditions, either on the de-
mand or generation side, at different time scales, within economical boundaries,
or as the ability of a system to cope with the short-term uncertainty of energy
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system variables, or to deploy the systems’ resources to respond to unexpected
changes in supply and load [8-10].

Another possible definition of flexibility is the ability to speed up or delay
the injection or extraction of energy into or from a system. Speeding up or de-
laying entails that a comparison with a reference energy use prole is made [11].
A complete overview of the concept of flexibility for electrical networks was
given by Lund et al. [12]. Schuetz et al. [13] overviewed the flexibility definition
of a residential heating system. Stinner et al. [14] discussed possible flexibility
indicators for thermal applications. Arteconi et al.[15] provided an overview of
the Active Demand Response (ADR) potential in systems with thermal storage.
The researchers identified different types of flexibility and suggest ways in which
the large flexibility potential can be unlocked.

While in the past a high share of thermal and power plants guaranteed suf-
ficient flexibility in the energy system, the increasing share of volatile RESs
changes this paradigm. Those RESs create a new source of the above mentioned
short-term uncertainties, defined as uncertainties appearing on an hourly time
level. Due to these development uncertainties requiring flexibility occur along
the complete supply chain in energy systems. They most often turn up due to
forecast deviations (end-use demand, demand-generation balancing, for differ-
ent time-scales and all time-steps) of the energy system. To handle those devi-
ations a range of technological options are available, (such as demand response,
grid and storage expansion, excess capacity, curtailment of RES peak feed-in)
which will be explained further.

Flexibility is a measure of the capability of power systems to maintain sys-
tem stability. Demand-side flexibility can support energy system balancing es-
pecially for a short-term consideration. Peak-shaving and trading flexibilities at
balancing power markets are two suitable applications.

Many technologies are able to provide flexibility, including centralised
power plants, decentralised power supply, energy storages and demand-side
devices. While a large energy supply or demand system can trade flexibility in-
dividually, smaller customers are not able to participate in flexibility markets be-
cause of high barriers or lack of expertise. Aggregation is a function of the mar-
ket to trade the flexibility of many de-centralised customers, often referred to
as a pool. Aggregators are intermediary market players and offer services to
trade the flexibility of smaller customers. They play an important role in the
complexity of energy markets.
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4.3. Challenges of electricity system flexibility
in the energy system

Most analyses of the future European energy system conclude that in order to
achieve energy and climate change policy goals, a significant increase in re-
newable energy in the energy mix is required. As part of this the proportion of
electricity generation from renewable energy is expected to increase from
20% in 2010 to 36% in 2020, and to 44% in 2030 and 52% in 2050 [16]. Hydro
generation is the largest contributor to renewable electricity in Europe but its
potential is for the most part already exploited. This means that a significant
part of renewable electricity development in the future will be based on VRE
generation such as wind and solar PV. However, for electricity demand, these
renewable energies have a variable nature that is not perfectly predictable. As
a consequence, short and long term variability and uncertainty in the electric-
ity load generation balancing is likely to increase in the future, so the increas-
ing share of solutions which link power and heat like heat pumps or power to
heat (e.g., electrical boilers, large scale heat pumps, etc.) with their variability
will have an additional influence on the operation efficiency of the thermal
networks in the future.

To cope with the increasing variability and uncertainty, the electricity sys-
tem will need to have sufficient flexibility to maintain the demand-generation
balancing at all time. Therefore, energy and power system planning will need
to address both the problem of capacity adequacy and flexibility, the adequacy
can be defined as: Adequacy is connected with the issues of investment deci-
sions and is used as a measure of long term ability of a system to match de-
mand and supply with an accepted level of risk. This is a measure that inter-
nalizes the stochastic fluctuations of the aggregate demand and supply [5, 10,
17, 18].

So assessing the flexibility needs and adequacy will probably emerge as
a new task in power and thermal energy systems planning. However, addi-
tional variability and uncertainty driven by RESs will increase the needs and
the solicitation of power system flexibility. The development of RESs capacities
is based first of all on the geographic distribution of wind and sun resources
which involves a necessary adaptation of the existing electrical and thermal
energy system (networks constraints) and drive additional costs [26].

In spite of the fact that flexibility is mostly required at the operational time
scales from minutes to day-ahead, it needs to be considered from the planning
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stage. A system that has sufficient capacity to meet peak load is adequate but if
this capacity is composed mostly by low flexible plants the system can experi-
ence problems for handling demand and generation variability. As a conse-
quence, the representation of flexibility at the thermal energy and power sys-
tems planning stage will help to deliver a system that can handle this variability
in a cost-effective fashion.

4.4. Holistic approaches
to the flexibility of the energy system

Future energy systems will likely be a complex combination of centralized and
decentralized energy production with a wide variety of energy resources and
new VRE technologies. When VRE generation, especially from wind power and
solar PV, with new technologies and market based solutions are required at all
levels of the energy system to integrate economically with the increasing var-
iability and uncertainty. Electricity consumers are becoming more important
but harnessing the flexibility in the demand side is a complicated and multidis-
ciplinary issue. To adequately analyse and mitigate the impact of increasing
shares of variable generation in the existing energy system, analysis and mod-
elling methodologies need to be improved at all levels including frequency and
voltage stability studies, as well as unit commitment and economic dispatch
tools, regional planning models and global integrated assessment models [10, 16].

A central question which needs to be analysed and modelled is the value of
flexibility, i.e. what is the value of flexible generation, flexible demand, and other
flexibility options, such as energy storages, and/or combination of these op-
tions. The value of flexibility should be considered in different operational time
scales, in different geographic regions, and in different market regions. The dis-
tribution of the value of flexibility to the different participants in energy systems
is also an important question. A more integrated view of future energy systems
is enabled by integration of different simulation and optimization models oper-
ating at different time domains and with different sectoral and/or geographic
coverage [25-27].
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4.5. Thermal networks as a flexible part
of a smart energy system

Flexibility in DH and cooling systems (thermal networks in general) is an im-
portant means to cope with the intermittent generation of heat and electricity
as the share of RES increases. Important sources of flexibility are the thermal
energy storages present in the DH and cooling networks, the thermal inertia
of buildings, storage units and the thermal networks themselves. To unlock
this flexibility in the thermal network and to use it effectively, a suitable con-
trol strategy and efficient technologies are required to quantify the flexibility
needs [28].

In recent years, smart energy systems and smart cities have been under
wide discussion. The term smart grids found in academic literature is used in
many ways and is used differently by different authors depending on the parts
of the energy system that are considered or depending on the authors’ perspec-
tives and focus of the study domain. Research of smart energy systems has con-
centrated on smart electricity grids, and few studies can be found in the area of
smart thermal networks [30-32].

The drivers behind the development towards smart energy systems are var-
ied and the approach to the future smart energy systems paradigm character-
ized by [29]:

e Growing penetration of intermittent and decentralised RESs (solar heat-
ing plants, geothermal plants and waste heat from an industrial process, bio-
mass in energy systems, etc.).

e Fluctuating nature of renewable energy supply.

e The emergence of a very big number of buildings acting as local producers
and consumers (prosumers) of the energy.

e Increased electrification in all energy sectors (from transport to buildings
heating and cooling sectors and else).

These changes challenge the traditional power system which is designed
for a small number of large power plants, operated to supply the demand at
all times. Growing penetration of RESs such as solar and wind with their nature
of intermittency and high fluctuation makes stable and profitable operation of
the electric power system a challenging task. To accomplish this task, the en-
ergy infrastructure needs to be upgraded to accommodate higher flexibility,
on both of the supply and the demand side. So the role of heat pumps and
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their contribution in the future smart energy system processes will be more
essential [29].

Since energy systems are evolving and the thermal systems need to take
advantage of such development. On the other hand, the environmental aspects
are changing energy systems. Dependency on FF needs to be reduced. CO; emis-
sion targets are changing the fuel mix in many energy systems. These pretences
will increase the share of RESs with their fluctuating characteristics. The ex-
pected energy systems based on decentralised production and various pre-
dicted renewable energy technologies need good management systems and in-
formation data and information communication technologies (ICT) to work
more efficiently.

Flexibility in thermal networks (DH and cooling systems) is an important
means to overcome with the intermittent generation of heat and electricity as
increased penetration of RES [28] and to coordinate the provision of the heat-
electricity interface in thermal networks.

Many advantages could be achieved with elimination of daily thermal re-
quirement variations such as less use of the peak thermal load supplied by HOBs,
which usually use more expensive fossil fuels, less need for electricity needs for
pumping energy, easier optimisation of the DH system operation, and less need
for maintenance because of the smoother use of heating plants [33]. It is neces-
sary to mention that the start-up and maintenance costs of the HOBs are also
additional significant cost items for DH companies [33].

Fig. 4.1. General flexibility considerations of supply and demand sides
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In another hand, the market studies are examinations into the causes of
efficient functionality of particular thermal network markets, taking an overview
of regulatory and other economic drivers in a market and patterns of consumer
and business behaviour. In which the networks can be more exposed to com-
petitive forces and can still afford to make a capital contribution to the devel-
oper, Fig. 4.1 shows some considerations of thermal network flexibility in the
context of markets with relation to supply and demand sides. The thermal net-
works will be a flexible part of the smart energy system, this will bring adapta-
bility in the short, medium, and long term [33-35].

Short-term adaptation means adapting energy supply and demand situa-
tions with different sizes of storage systems, demand-side management and
thermal peak-load supplied by HOBs, all of which need to be integrated into the
smart energy system.

Medium-term adaptation means adjusting the temperature level in exist-
ing networks and in the long-term, adapting by aligning the network develop-
ment with urban planning. Smart thermal systems should also be flexible in size,
which means they should bring wide possible solutions for neighbourhood-level
or city-wide systems, according to their demands for heat and cold.

Also in the long-term, smart thermal systems should be flexible in the case
of heat (and/or cold) demand decreases due to emission targets.

4.6. Flexibility in district heating—electricity interface

DH is centrally produced thermal system where the heat is distributed as steam
or warm water to the consumers through network pipes. The DH with a natural
monopoly structure, municipalities, cooperatives and other local organizations
coordinate the provision of heat. The DH—electricity interface describes the area
where DH and power systems are connected. CHP and power to heat technolo-
gies (electric boilers, large heat pumps) are identified as the most ideal technol-
ogies in the DH—electricity interface for increased flexibility. CHP can produce
electricity and heat simultaneously, while the power to heat technologies con-
sume electricity to produce heat. There are no direct policies for flexibility in the
DH systems in European countries, which means that flexibility is mainly pro-
vided by market incentives and frugally by Energy Pol.

On the other hand, the need for flexibility varies throughout the countries
under study. It might become most pronounced in the short term in some
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countries (like the Nordic countries) that have larger amounts of variable renew-
able electricity, while sufficient capacity and self-supply are goals of higher priority
in other countries (like the Baltic countries). Hence, there is no one size fits all-
solution for flexibility, which concerns DH—electricity interface [10, 17, 25, 36].

Presently, the power market reflects what is best flexibility needs, but it
does not itself provide a sufficiently attractive business case to invest in CHP and
power to heat. Some solutions like subsidies for CHP and power to heat might
be necessary. All countries with DH networks display potential for changes in
other regulatory framework conditions with which different solutions or subsi-
dies should be compared, in addition to socio-economically and in an energy
system perspective.

It is necessary to mention that since the DH markets differ between the
European countries with regard to the energy technology mix and fuel distribu-
tion, so the presence of certain regulatory framework conditions has greater im-
portance in some countries than in others. The observations show a large varia-
tion in regulation but at the same time, some similarities and patterns have
emerged. General characteristics of DH flexibility, in general, is a concern with
the current and future role of DH, infrastructure and regulations of DH. The flex-
ibility resources related to DH—electricity interface are[36]:

e heat storage,

e CHP plants,

e electric boilers in DH,

e large heat pumps (HP),

e HOBs in DH (as a substitute to CHP),

o |arge field of solar PV panels,

o flexible DH network operation,

e consumers of DH as flexibility providers,

e individual HO generation (as a substitute to DH),

e feed-in to the DH network from industry, etc.

4.7. Addressing the operation flexibility
in thermal networks

Reducing the primary energy demand in DH systems has to be undergone in three
different sectors: the heat generation sector (conversion process efficiency, rene-
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wable heat and integrated energy), the heat distribution sector (better distribution
thermal efficiency) and the consumers of the thermal demand sector (thermal
loads reduction, smoothing the requirement profiles). 4GDH network with lower
temperature levels and an increasing number of small scale generation plants,
yielding both to a higher level of decentralization and demand for more flexibil-
ity and further a higher level of complexity as an author’s own composition
shown in Fig. 4.2 as a flexibility paradigm of heat pump based district networks.
As a result, only holistic solutions taking into account all three sectors seem to
be promising. These challenges can be addressed by the concept of smart ther-
mal networks.

Fig. 4.2. Flexibility paradigm of thermal networks

Flexibility only requires that the system has inertia such that the energy
balance can be respected at all times. In thermal networks, the thermal capacity
serves as a source of thermal inertia. These capacities are found at different lo-
cations in the DH network.

The flexibility of operation. Flexibility is a characteristic of all energy sys-
tems, with higher levels of VRE shares (primarily, wind and solar) which can be
connected to TES, so the flexibility of operation means the ability of a power
/thermal system respond to the changes of the demand and supply sides re-
quirements [37].
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With the development of thermal networks, it is necessary to incorporate
more renewable energy and responsive demand. Regulators and system operators
are recognizing that flexibility across all elements of the thermal systems must
be addressed by ensuring:

Flexible heat generation. Plants that can quickly and efficiently ramp up
and down and run at low output levels (i.e., deep turn-downs).

Flexible heat distribution. In heat transmission networks with limited bot-
tlenecks and sufficient capacity to access a broad range of balancing resources,
including sharing between neighbouring systems (back up or auxiliary), and with
smart network technologies that better optimize the heat distribution usage.

Flexible demand-side resources. Incorporation of smart grids to enable de-
mand response, thermal storage, responsive distributed generation, and other
means for customers to respond to the market signals or direct thermal load or
the requirements control.

The usage type of thermal networks and thermal requirements and their
demand profiles will largely impact on the flexibility potential of these networks,
The following categories will be used to describe the major parts of the thermal
system: local heating and cooling of buildings, DH and cooling, heat for industry,
etc. [37, 38].

4.8. The flexibility of the thermal network
and thermal storage

To increase the level of flexibility, the DH networks perform as small heat stor-
age systems. In addition to this, many DH systems have separate heat storage
capacity to even out the imbalance of the heat demand and production. In the
energy systems with CHP production, heat storage units are also used to opti-
mise the profits from electricity production.

As mentioned above thermal networks are a flexible part of the thermal
energy system, with the capability of storing heat or cold in the short/long term.
Heat storage systems have been studied widely in different scales and imple-
mented to decrease thermal peak requirement capacity and investigate the ef-
fects on the whole energy system, and their role will increase in future energy
systems with fluctuating renewable energy or VRE sources. Advanced thermal
storage systems should be developed to be more efficient and applicable (such
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as seasonal storage for high temperatures, i.e., storing heat in summer to be
used in winter) but they are not widespread in many DH systems since compet-
itive technology does not yet exist [35, 39-43].

Heat storage systems have been suggested as one way of handling the ther-
mal requirement variations. Short term energy storage in the form of batteries
or thermal-electric systems connected to thermal storage can provide some of
the needed flexibility.

As mentioned different sizes of heat storage units for DH systems have
been studied [35, 41, 42, 45]. The use of building mass as heat storage has also
been studied too [44]. For daily heat variations After having a functioning ICT
system (smart heat meters), the exploitation of heat storage and DSM will make
energy systems more efficient.

4.9. The interface of CHP and heat pumps
in district heating

CHP generation is widely used in DH systems. CHP plants are an important
source of heating energy in DH networks around the world. These plants are
characterized by high efficiency due to the electricity produced alongside heat,
this allows them to have lesser fuel consumption and smaller carbon footprint
compared to when the two types of energy are produced separately [46].

The primary task of CHP plants connected to DH networks is supplying the
heating energy, whereas electricity is often treated as a by-product. However,
for worthwhile participation in electricity markets, more certainty is necessary
regarding the heating demand. Although there are measures which allow more
flexibility in the production of electrical energy by somewhat untying it from the
heat demand, i.e., heat storage tanks, peak water boilers, improved cycling op-
eration proper scheduling and operational control of CHP plants nevertheless
heavily relies on heating demand forecasts. Accurate demand forecasting in DH
networks is an essential and imperative task in the everyday operation of both,
the network itself and the heating energy suppliers [46-48].

DH is a system for distributing heat that is generated in centralized units.
DH has a high coverage especially in North, Central and Eastern Europe and it is
primarily based on CHP production supported by HOBs [47, 48]. Currently, CHP
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is encouraged generally by the Energy Pol., not because of flexibility but to in-
crease energy efficiency and security of supply.

Rapidly increasing penetration of intermittent renewable Energy produc-
tion (i.e., wind, solar power) in the power system will remarkably increase the
need for flexible and controllable power generation. As total heat production
into the DH network needs to be balanced with the total heat consumption, this
sets significant limitations to the long-term power production. However, the
heat load and electric production can be decoupled temporarily by using the
heat storage capacity of DH networks and heat accumulators, it is necessary to
analyse the dynamic operability of interconnected CHP plants and DH networks.
In cogeneration or CHP plants heat pumps will enable primary energy savings
and higher energy efficiency in comparison to alternative heat and power gen-
eration technologies, thus the mitigation of GHG emissions [49, 50].

To date, the operation of CHP and HP is mostly heat-controlled: it conse-
quently follows the demand for heat. With regard to energy systems with high
VRE shares, a reorientation of these units towards power-controlled mode
needs to be pursued [51-54]. This implies an adjustment of the operation to the
current power demand and RE generation, and consequently a decoupling of
production and consumption of heat by using TES. Furthermore, CHP supply sys-
tems can be complemented by the integration of an electric boiler or heat pump,
which might be used to reduce or avoid VRE curtailments in times power gener-
ation exceeds demand, storage charging and grid capacity [55].

In CHP production, back-pressure turbo generators that produce electricity
and heat at a fixed ratio are very common. As total heat production into the DH
network needs to be balanced with the total heat consumption, this sets signif-
icant limitations to the power production. This issue is important, as CHP pro-
duction and DH are seen as a future prospect to lower CO; emissions [56]. The
momentary power increase in CHP production can be conducted in two ways
when the steam turbine is not yet running at its full capacity. The first option to
increase power production is to disconnect the fixed ratio of heat and power
production in the unit, e.g., by controlling the bypassing reduction valves of tur-
bines (by-pass), by reducing internal steam consumption (condensate stop) or
other respective actions. The second option to increase the power production is
to maintain the fixed ratio but increase the boiler power output and to store or
waste the excess heat that is produced along with electricity. The storing can be
conducted by utilizing heat accumulators [35, 57-60] and DH networks as heat
buffers [61-63]. In practice, the solution can be a combination of these both
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options, depending on the required power change rate and capacity require-
ments [64].

The most effective exploitation of the flexibility potential of CHP plants
takes place when the plant owners are able to take part in some market where
the flexibility in electricity production can be tendered. The market structure
defines the change rate and capacity requirements to enter the market. The
attainment of the requirements depends on the CHP plant and DH network
structures and their momentary operation regions. Therefore, it is useful to
analyse the potential of different flexibility sources, to assess the possibility to
take part in different markets and to analyse how the plant operates during
a momentary change of power level driven by external control signal [64, 65].
However, the flexibility energy markets are still developing, it provides an in-
dication of possible requirements and prospects in the future market struc-
tures [64—66].

The proportion of heat pump technology in the residential heating sector is
growing and this trend will continue in further. The structure of CHP energy pro-
duction in EU members determines the proportion of DH consumers with CHP
and heat pump units. This advantage will facilitate and encourage the integra-
tion of renewable power generation. As it is known, managing heat and electric-
ity demand is a core requirement when dealing with fluctuating energy genera-
tion sources, especially when linking RESs and TES [29].

In a CHP plant, electricity and heat are produced simultaneously. If the heat
pump is powered by electricity from the CHP plant, the excess heat generated
from CHP must be consumed to ensure a high energy system efficiency, other-
wise, the heat will have to be dissipated and lost. Currently, there is not a simple
way for completely changing the supply to all European DH systems if a system
is to be supplied by a heat pump powered by electricity, it is not easy addition-
ally to accommodate heat from a CHP plant. Considering the scale of additional
electricity required to electrify future heating and cooling demands, heat pumps
should be prioritised over electric heating and other alternatives, such as fossil
fuel DH and cooling, they will be required to minimise the strain on the power
grid in the future [67].

The development of DH networks and heat pump technologies demonstrates
that heat pump technology can meet the needs of DH. Heat pump technology is
able to feed DH effectively, by using both conventional and RESs as driving energy,
which has never been used before on a large scale for DH [67, 68].
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4.10. Energy flexible buildings and heat pumps

Energy flexibility of a building is the ability to manage its demand and generation
according to local climate conditions, occupancies within these buildings or con-
sumers’ needs and power grid requirements. Flexibility can be understood as
the margin in which the building can be operated while respecting its functional
requirements, the flexibility will allow for demand-side management/require-
ment load control and demand response based on the requirements of the sur-
rounding grids [69, 70].

Flexibility in buildings’ energy use is needed to accommodate the further
integration of varying renewable heat and power energy generation. The level
of flexibility is strongly dependent on the thermal characteristics of the building,
increased thermal mass and insulation levels have a positive effect on the
switch-off times. The same is true for thermal energy storage, so the buildings
have the ability to become energy flexible. Heat pumps can be used successfully
to provide demand response, regarding the level of flexibility in relation to the
different thermal characteristics of the building stocks [69—73]. Energy flexibility
is represented as one of the main pillars governing the smartness of a building since
the EC-study defines a smart building as a building that can manage itself, interact
with its users and take part in demand response. In the proposed framework, the
smart readiness level integrated with buildings is evaluated with a qualitative ap-
proach according to the number and type of services provided by its components.

Energy flexibility developed by IEA EBC Annexe 67 is based on quantitative
and physical indicators, smart readiness indicator (SRI) defining a method for
calculating affordably and easily an SRI, mainly rating different smart services
integrated in buildings, SRl is evaluated with a qualitative approach according to
the number and type of services provided by its components [73]. Energy flexi-
bility indicators take into account respective individual building components and
services, like occupant comfort, HVAC systems, and regional climate and energy
system condition, rather than providing a qualitative rating of the implementa-
tion level of smart technologies. Annexe 67 is developing a methodology for ob-
taining quantitative energy flexibility indicators aiming at supporting design de-
cisions on building and clusters of buildings’ levels as well as quantifying the
available energy flexibility in a building or neighbourhood during operation.

Thereby, buildings are introduced as an important potential source of en-
ergy flexibility in future smart energy systems. Three general properties return
when communicating energy flexibility:
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e Energy capacity, the amount of energy that can be shifted per time unit,
including the rebound effect.

e Time aspects like starting time and duration.

e Cost, potential cost saving or energy use associated with activating the
available flexibility.

These properties generally follow from underlying definitions of energy flexi-
bility as a change in power or energy compared to a reference scenario. In other
words, the quantification methods formulate the energy flexibility of a building by
assessing its ability [74]. In the context of integration of RESs, energy supply systems
tend to become decentralized. The variability of these sources has a significant im-
pact on the management of the power grid. To ensure grid balancing, several levels
of action take place at different times. On the day-ahead electricity market, electric-
ity suppliers have to nominate their electricity bids such that the forecast supply and
demand are in balance. At the intraday-level, mismatches between the forecast and
actual supply and demand can be compensated by using reserve capacity or by real-
time demand response [75].

Smart grid energy ready buildings can help to minimize the cost of electric-
ity supply at the distribution grid level in three different ways.

e A smart meter allows gathering information for better prediction of elec-
tricity demand profiles of local consumers.

e The electrical load of such buildings can be shifted based on time-of-use
(ToU) variable electricity tariffs [76].

e Finally, imbalance costs resulting from mismatches between forecasted
supply and demand can be tackled by real-time demand response.

In present energy systems, the flexibility of the heating requirement load
associated to residential buildings with the use of heat pumps can be defined as
the ability to shift the heat pump electric load from peak hours to off-peak hours
in terms of electricity prices [77].

4.11. Heat pumps flexibility in a smart system

When the penetration of renewable electricity production in the electricity in-
frastructure increases, an increased part of the production follows a stochastic
behaviour. In order to reduce power peak loads and to maintain the required
balance between production and consumption at all times, two solutions can be
envisaged: electricity storage and demand-side management (DSM) [78].
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a)

b)

c)

Fig. 4.3. Location features of heat pumps in the district heating network [95]
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As explained in Chapter 3, the flexibility connection and operational modes
of the heat pump into district heating networks due to the geographical location
of the heat source, the type of heat pump technology, the required supplemen-
tary heat sources to cover the peak heating requirements of the buildings. Fig-
ure 4.3 presents the location features of heat pump driven by electricity in the
district heating network; in Fig. 4.3a the location choice is as a main central heat
source in addition to RESs for heat pump or local heat sources in Fig. 4.3b, or on
optional location as an individual heat pump in Fig. 4.3c. Due to the connection
and operational modes presented in Chapter 3, it can be defined as the opera-
tional role of the heat pump technology integration in the district heating net-
work [68]. So due to the technical triangles and the case of heat pump applica-
tion in the district heating network, the flexibility can be provided to the power
system. It is evident that the technical and economic performance of the heat
pump is closely related to the characteristics of the heat source.

Heat pumps link the thermal and the electric sector. Researches indicate
that in the future the heat pump—district heating systems will play a pivotal role
in the energy infrastructure due to the ability to modify their electric demand
for a certain time and thereby providing flexibility to the power system [46, 68].

Besides lower carbon emissions compared to boilers fed by fossil fuels, the
possibility to decouple heating demand from electricity consumption, and
thereby offering flexibility to the power system, can be considered as the key
benefit of heat pumps. This will facilitate the integration of distributed renewa-
ble power generation as managing electricity demand, which is a core require-
ment when dealing with fluctuating electricity generation sources from RES. The
heat pump system not only provides a sustainable heating and cooling solution
for the buildings but can also act as a linking and enabling technology in future
energy systems.

The focus on consumer flexibility is a central point of demand response (DR)
and DSM [79-86] as well as decentralized energy management [87, 88] approaches
in the context of a smart grid, heat pumps are seen as a part of the demand side
that can be actively managed to support the realization of a smart grid [80, 89—97].
Coupling heat pumps to thermal storage or actively using buildings’ thermal inertia
offers the possibility to decouple electricity consumption from heat demand, which
brings flexibility in operation that can be used in a smart grid.

A wider, more holistic argumentation is stated in a reference where it is
suggested to extend the focus of a smart power grid towards a whole energy
system approach including not only electric demand and generation but as well
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thermal aspect and heat transportation sector. Some considerations and analyses
are discussed through the heat pump flexibility in the smart system [26, 30].

Time scales and the need for flexibility in the power system. The need for
flexibility in the power system is frequently motivated by an increase in RES [80, 97]
and the resulting need for an ability to react or plan for safe and efficient power
system operation. A transition towards a renewable electricity sector means
that all services that are nowadays provided by conventional power plants will
have to be provided by other devices [30, 32, 103].

For an individual device, the definition of flexibility provided by Eurelectric
[97] highlights the important properties as seen from the electric point of view:
On an individual level flexibility is the modification of generation injection and/or
consumption patterns in reaction to an external signal (price signal or activation)
in order to provide a service within the energy system. The potential of heat
pumps to provide flexibility to the power system depends on the case of applica-
tion and the characteristics of the HP system.

The dynamic properties of the heat pump unit are important for flexibility.
The speed of response is limited by the maximum allowed change rate of com-
pressor speed and thus power consumption over a certain time. A minimum run
and pause-time requirement as implemented in most heat pumps further de-
creases flexibility. Since frequent switching events reduce the lifetime of the
heat pump this should be avoided, which further reduces heat pump flexibility.

The annual performance of the heat pump systems is strongly influenced
by how the heat pump capacity is regulated depending on the variable heat re-
guirements or thermal demand. Fixed speed heat pump units are operated in
an on-off manner, whereas variable speed heat pumps allow a continuous reg-
ulation of the compressor speed over large parts of the operation range. This
allows control of the thermal output or electric demand. For applications with
variable speed heat pumps can but do not necessarily improve system effi-
ciency. For smart grid application, the possibility to increase or decrease electric
consumption offers higher operational flexibility which is for example used in
order to improve power quality or to increase local solar PV self-consumption
[78, 86]. A smart grid can potentially manage peak electricity demands imposed
by heat pumps and the heat pumps could help to reduce these peaks through
DSM by:

e Thermal demand, which determines the amount of energy that can be
shifted, and the time for recovery after a load shift (the time until storage is fully
charged or discharged). This concerns with the heat pump size which determines
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if thermal load shifting is possible at a certain time and the power that can be
ramped up or down.

e Dynamic properties of the system, which determines how a heat pump
can be used respecting the minimum runtime in an operation point, the allowed
number of switches and the allowed maximum gradients in heat pump opera-
tion [30]. Figure 4.4 shows an example which should be considered for smart
systems as the main distinctive key features of residential heat pump systems
[26, 30, 32, 103].

Fig. 4.4. Distinctive key features of residential heat pumps systems

Generally, a residential heat pump system can be characterized by the type
of heat source and sink, the technical features of the subsystems such as com-
pressor type, refrigerant cycle properties and controls, and the heating system
of the building. In all application cases it should be noticed that a) the level of
controls have a certain minimum autonomy to guarantee that the heat pump
unit is operated within the allowed range and user thermal comfort is not sacri-
ficed, b) the heat pump provides flexibility to the power system meanwhile
providing efficient heating and cooling solutions to residential buildings.

Flexibility parameters. Adequate parameters for the determination of en-
ergy system flexibility are essential. These parameters which describe the flexi-
bility must be defined individually for each energy system [3, 12, 53, 55, 98]. The
literature review on heat pump flexibility showed that most of the literature as-
sesses heat pump flexibility in special scenarios. These can be local, regional or
national power grids with renewable energy penetration or the response to real
price signals. Little research was done on generic approaches to determine the



Flexibility for heat pump-based district heating 159

flexibility of heat pump pools as a response to different signal types in thermal
networks. Widely used parameters of flexibility are shifted load or flexible
power [99]. These flexibility values are often daily means dependent on the am-
bient temperature or average daily means per month. Other studies present the
ability to balance intermittent power generation with self-defined indicators
[12, 80]. The alteration offers flexibility for heat pump systems without storages
and increases the flexibility of systems with storages.

4.12. Individual and pool heat pumps
in smart system context

Heat pump units can be installed in individual buildings as a competitor to DH
or in residential, commercial and industrial buildings. Heat pumps can be in-
stalled as a heat production units in DH networks, they can be placed as a cen-
tral, local or individual heat source and can be connected to the DH network in
serial or parallel connection modes [48, 98—102]. The integration of heat pump
technology into DH considers at least placement, connection and operational
mode of the heat pump unit. Heat pumps as individual units may be installed to
join a thermal system as a hybrid solution or may be used as integrating tem-
perature booster units. The installed heat pumps can be summarised in the fol-
lowing categories [100]:

e Small scale/individual heat pumps. Generally, the heat pumps have a ca-
pacity of 0-20 kW and a refrigerant charge of 0-5 kg.

e Medium scale/communal heat pumps. Generally, the heat pumps have
a capacity of 20-170 kW and a refrigerant charge of 5-50 kg.

e Large scale/district heat pumps. Generally, the heat pumps have a capac-
ity of more than 170 kW and a refrigerant charge of more than 50 kg.

The heat pump can be installed as an individual unit or single device in the
thermal network for residential individual consumer or as a group of a large
number or so-called pool heat pumps. A reason is sure that the single or individ-
ual heat pump units offer limited capacity.

Since individual heat pump units’ electricity consumption is relatively small,
pooling of a large number of heat pumps is required to satisfy the thermal re-
quirements and in order to actively participate in electricity markets or to pro-
vide services through the grid, simultaneously the heat pumps are used to sup-
ply the consumers for space heating and DHW purposes, and working toward
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peak load shifting and system balancing and evaluate flexibility, which may be
coupled to a thermal storage. Managing a pool of heat pumps requires funda-
mental managing and control knowledge about available power and thermal en-
ergy as well as the response expected when controlled externally. The availabil-
ity of heat pump pool for load shifting has a strong seasonal dependency,
showing negligible shifting potential during summer compared to winter and
changing season due to simulation study for example by using a pool of 284 heat
pumps which was conducted in Germany [100, 101].

Flexibility on the demand side will play an important role by installing a pool
of heat pumps. In the other hand, the pooling of heat pump units is required to
fulfil minimum requirements for market participation and allow for economies
of scale. The pooling of heat pumps can be a combination of a single building or
for a group of buildings. Hence, the technological approach used for integrating
heat pumps must be cost-efficient, reliable and simple enough to be deployed
to a large number of heat pump units. Aggregators are seen as potential players
for a pool of a large number of heat pumps, to operate on markets or provide
services to other actors in the power sector. For such aggregators, the question
is how to operate and control the flexibility of a pool of residential or commer-
cial heat pumps [80, 90, 100-104].

In order to offer the flexibility of heat pumps in the heating network and
for the undisturbed operation of heat pump pool, the heat pumps sizing and
backup heaters, bivalence temperature, building heating loads and charging-dis-
charging of the thermal storage should be based on recommendations from the
manufacturers. The sizing procedures should be adjusted by the parameters for
HP efficiency, which lead to under-/oversizing of the heat pumps and the ther-
mal storages. The pool of heat pumps is defined by three characteristics: build-
ing type, building age and the heat sources for the pumps. The simulation of the
buildings must be in accordance with the available thermal characteristics of the
building classes. Flexibility is the electric load deviation of the pool in response
to the signals and determined for: a) flexible power, b) flexible energy, c) dura-
tion, and d) regeneration. Most significant is the flexibility assessment depend-
ent on the ambient temperature. It should be mentioned that the socio-eco-
nomic competitiveness of individual heat pumps is high in non-district heating
areas.

The influence of the different signals on the performance in terms of heat
pump efficiencies COP or SPF is required for the economic assessment of flexibility
business models. A more detailed analysis of flexibility could define clusters
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beside the ambient temperature, for instance daily ambient temperature
courses. These details could allow an additional identification of patterns for in-
creased or reduced heat pump pool flexibility.

In the case of pool heat pumps, the system of heat pumps pool need to
receive information about the current or expected state of the system to adapt
their operation, or they could be directly controlled by an external body for the
benefit of the power system. To remotely access and control heat pumps for the
purposes of the power system. The smart grid ready (SG-Ready) communication
interface has been developed, this interface enables an external body to access
the heat pumps and use the flexibility [55, 99-102].

SG-Ready heat pumps are currently entering the European heat pump mar-
ket. The SG-Ready functionality is intended to enable heat pumps to participate
in a smart grid and to provide a standardised interface to third parties for using
the heat pumps. In order to design business models or control strategies, an
understanding of the potential flexibility in operation is essential [100-104]. Fur-
thermore, basic knowledge about the behaviour of a heat pump pool in com-
parison to single or individual heat pump units is required.

4.13. Large scale heat pumps in district heating

The term high-temperature heat pump or large heat pumps is frequently used
in connection with industrial heat pumps, mainly for waste heat recovery in pro-
cess heat supply, there are high-temperature heat pumps with heat sink tem-
peratures which range between 100 and 140 °C.

Fig. 4.5. High-temperature heat pump operating range [112]
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Figure 4.5 shows the extent of temperature levels of the heat source and heat
sink for conventional and industrial or high-temperature heat pumps [105-112].
High-temperature heat pumps can be used for heat recovery and heat upgrad-
ing in industrial processes. Apart from the industrial processes, they can also be
used for heating, cooling and air-conditioning in industrial, commercial and
multi-family residential buildings and increasingly often used in DH systems.
Starting with a few 100 kW power, they can reach capacities of several mega-
watts (MW), which is sufficient to provide for European different countries, e.g.,
in Helsinki, Stockholm or Oslo for heating and cooling purposes. Currently, large
heat pumps can generate more than 90 MW for heating and 60 MW for cooling
services.

Industrial heat pumps are most often bespoke systems designed to cater to
specific and large needs. DH companies have ambitious targets for lowering car-
bon emissions in heat production. Large heat pumps offer an interesting alter-
native heat production for DH allowing utilization of various heat sources that
would otherwise be wasted [113, 114].

It must be remembered that the potential of large heat pumps and their
role in DH systems are highly sensitive to electricity and fuel prices. The compet-
itive conditions between large heat pumps and CHP plants depend on the mar-
ket price of electricity and the magnitude of national electricity tax. If large var-
iations of electricity price exist within a market, it is favourable to have both
heat pumps and CHP plants as heat supply units [112].

Every DH system is unique and varies in several ways including the size of
heat production, temperature level, and the network structure. The investments
of heat pump under consideration also vary largely, depending on factors such
as the characteristics of the DH system, the feasibility and scale of the heat
source to be used, and the location of the heat source relative to the DH net-
work. These are the reasons why it is not possible to give any universal guidance
for a heat pump’s profitability or their role in a DH or cooling system.

Table 1 shows the typical role for different sized DH and cooling networks
[113]. The largest potential for heat pumps is in small DH systems, where they
reduce the use of fossil fuels. In medium and large DH systems with economical
CHP production, the potential of heat pumps is smaller [113].

Lund et al. [115] and Lund and Mathiesen [116] predicted that the role of
large heat pumps will increase in future energy systems, large heat pumps would
produce 25—-30% of the total DH heat production. Werner [117] claims that fac-
tors such as lower temperature levels in the DH network and more variable
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electricity production in energy systems will make excess heat with large heat
pumps a more favourable source for DH.

Table 1. Typical role of heat pumps in different sized DH and cooling networks

System Other typical Target Role
size production types of a heat pump in production
. inimizing heat producti .
Small heat-only boilers m.|n|m|2|r'1g cat production continuous base load
with fossil fuels
. CHP plant maximizing CHP production . .
Medium (heat accumulators) or CHP full load hours supporting CHP production
CHP plant, energy storage |optimizing the whole system, continuous or periodical
Large (heating and cooling optimizing the system according |depending
accumulators) to varying electricity prices on the situation

The first case of large heat pumps being used within DH systems was in
1942 in Switzerland. This installation consisted of three units with a total heat
capacity output of 5.9 MW [118]. Sweden has long experience in large heat
pumps in DH systems. Several large heat pumps with an aggregated heat capac-
ity of more than 1500 MW have been installed in Swedish DH systems since the
1980s [8, 111] and in 2013, Sweden had 73 large heat pump units still in opera-
tion with approximately 1220 MW heat capacity and producing almost 4 TWh
heat energy (7.4% of total production) [112].

The analysis showed that there were several ways of how large heat pumps
could increase the total profitability of existing DH systems. Heat pumps were
regarded as devices bringing flexibility to a DH system, especially together with
CHP production. Heat pumps start up quite quickly (usually in less than an hour),
and starting-up costs are small, which brings flexibility in the case, where some
other units are unavailable.

Heat pumps regarded also as diversifying the production mixin DH systems.
The flexibility of the DH system and a versatile production mix were regarded as
one way to manage market risks, which was raised as the third advantage. A ver-
satile production mix protects the DH system from fluctuating electricity and
fuel prices. Heat pumps also enable co-production of DH and district cooling and
thus increasing the profitability of the heat pumps investment even further. In
addition, the large heat pumps are favourable as they provide flexibility in the
electricity system [112, 113].

The installations of large heat pumps initially created an important synergy
for the introduction of district cooling because of installing cooling capacities
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and from the extensive operation and maintenance experiences. Further recent
developments have been that many heat pumps have been installed in order to
recover heat from local cooling devices and data centres to DH systems. Future
operation of large heat pumps in district heating systems will probably be based
on variable power generation with short term availability [111].

The environmental aspect and emissions of refrigerants from large heat
pumps are one of the major issues concerning service and maintenance. These
can be divided into three categories. The first category is emissions which occur
during maintenance, the second is continuous emissions due to large non-her-
metically sealed components, and the third is breakdowns, characterised by
sudden and large emissions. However, statistics regarding these three leakage
categories have not been collected in details. The primary concern has been
emissions into the surrounding air. However, it is also important to consider
emissions into the hydronic system, as refrigerants deteriorate into acids which
cause corrosion on the DH system.

The previous chapter presented the environmental obstacles of heat
pumps and the refrigerants in details. A comprehensive and detailed list of
known complications with respect to emissions of refrigerants from the per-
spective of system design can be found in the literature [111, 112, 119].

4.14. Power to heat in district heating

Power to heat concept further will refer to conversion into heat from power and
not to the combined generation of heat and power (CHP), simultaneously it will
not consider another sector of coupling strategies, i.e., interactions between
electric vehicle batteries and the power system [111] or conversion paths like
power to gas or power to liquids, etc. [120-122].

The concept of power to heat with respect to buildings may be described
as the use of heat pumps or electric boilers for covering heat demands in build-
ings. From a system perspective, there are two main ways to perceive this con-
cept. It could either be large scale solutions at energy conversion plants or small
scale solutions, i.e., individual heating systems at end-users. To be viable, large
scale solutions require a DH system for heat distribution. Competitive advantages
with large scale solutions are: a) fuel flexibility in heat supply, b) greater reception
capability due to large heat storages, c) possibilities to integrate higher propor-
tions of renewable energy due to power balancing capabilities, d) absorption of
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surplus electricity can be implemented at lower costs due to economy of size,
and e) in the case of heat pumps, there is a potential to make use of strategically
advantageous heat sources. Previously mentioned advantages are lost with
small scale solutions, somewhat due to the size and static demand of end-users
[111]. However, the possibility for small heat pumps with heat storage units, to
be used for power balancing capacities at the location of the end-users has been
analysed in other researches [123, 124].

To be viable, the power to heat relies heavily on the prevailing price of elec-
tricity; and since the price depends on supply and demand, a situation of surplus
power is bound to increase the viability of power to heat due to lowered elec-
tricity prices. The main application area for large scale solutions would thus be
in a system with a continuous surplus power situation, whether it be short term
surpluses, i.e. wind and solar power, or a more long term surplus, i.e. hydro and
nuclear power, and limited capabilities of power transmissions. Small scale so-
lutions like individual heat pumps are generally best implemented in rural or
suburban areas, where heat densities are lower and district heat distribution is
not feasible [125, 126].

Flexibly using renewable electricity for heating purposes may help to de-
carbonize the heat sector, and contribute to the power system integration of
VREs by providing additional flexibility. Power to heat technologies that have
a large future flexibility potential also face large barriers today mainly due to
Energy Pol.. The main cost drivers for these technologies are the energy taxes
that with the present level are prohibitive for investing in large heat pumps or
electric boilers.

As expected, the results are varying among the countries, but a common
result is that operation on the power markets provides the best signal to DH for
flexible operation. This may not be a sufficient incentive, since the gains of op-
erating flexible on the power market have not brought sufficient business-eco-
nomic incentive in all cases, to establish flexible equipment and operational pro-
cedures.

4.14.1. Flexibility of power to heat
and interconnection strategies

The use of renewable energy sources will play a major role in the global response
to the threat of climate change. In particular, increasing shares of VREs such as
wind and solar power have to be integrated into different end-use sectors. In
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this context, the coupling of power and heat sectors receives increasing atten-
tion of researchers and policymakers alike. Compared to other flexibility options
and sector coupling strategies, linking the power and heat sectors is often con-
sidered to be particularly promising because both the costs of generating heat
from electricity and the costs of heat storage are relatively low [41]. Power to
heat technologies are identified as the technologies in the heat-electricity inter-
face providing the largest potential for supplying flexibility [127].

The integration of VRE sources requires additional flexibility in the power
system as the feed-in patterns of wind and solar power are only partly correlated
with electricity demand [128-130]. There are many ways of providing such flex-
ibility, for example, flexible thermal generators, various forms of energy storage,
demand-side measures, grid-connected electric vehicles, geographical balanc-
ing facilitated by transmission, as well as changes in design, siting, and dispatch
of VREs [131]. While generating heat from electricity was traditionally not a pre-
ferred option in fossil fuel-based power systems, the flexible use of electricity
for heating purposes, often combined with heat storage, has recently received
increasing attention as another and particularly promising source of system flex-
ibility [14, 127].

Fig. 4.6. Categorization of power to heat options [127]

There are different means to convert electricity into heat. Figure 4.6 cate-
gorizes the most important options of power to heat for the residential heating
sector. Following the categorization provided in Fig. 4.6, we can first distinguish
between centralized and decentralized power to heat options. Under the cen-
tralized approach, electricity is converted into heat at a location that may be
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distant to the point of actual heat demand, and DH networks are used to distrib-
ute the heat to where it is needed [127, 132].

In addition, Fig. 4.6 illustrates the interconnection of different power to
heat options with the power grid and DH networks. Centralized power to heat
technologies draw electricity from the grid to generate heat, using either large
scale heat pumps or electric boilers. Heat energy is then transported to residen-
tial customers. In contrast, decentralized power to heat options do not make
use of DH networks.

Fig. 4.7. Interconnection of power to heat strategies to DH [127]

Figure 4.7 also indicates that most power to heat options involve some en-
ergy storage capability in heat supply and demand sides. In terms of energy sys-
tems, interactions between different kinds of heat storage and electricity stor-
age technologies are of particular interest.

4.14.2. Power to heat and decarbonisation

A flexible coupling of power and heat sectors can contribute to both renewable
energy integration and decarbonisation. In many industrialized countries, decar-
bonizing the heating sector is a precondition for achieving ambitious climate policy
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targets; in particular, space heating accounts for substantial fractions of final en-
ergy demand and greenhouse gas emissions.

Power to heat solutions like heat pumps and electric boilers are foreseen
to be possible future tools to stabilise international power markets with high
proportions of variable power supply. Temporary low-cost electricity can be
used for heat generation at times with high availability of wind and solar power
through substitution of ordinary heat supply, hence contributing to increased
energy system sustainability. Power to heat installations in DH systems are com-
petitive due to the low specific investment and installation costs for large elec-
tric boilers, heat pumps, and heat storages [111].

Achieving medium and long-term climate targets calls for decarbonisation
not only of electricity generation but also of the space heating sector. At the
same time, the power system integration of variable wind and solar energy
sources requires additional flexibility. A flexible coupling of power and heat sec-
tors appears to be a promising strategy to address both of these challenges. Sev-
eral power to heat technologies are available that may contribute to both decar-
bonizing heat supply and, if sufficiently flexible, integrating variable renewable
electricity [1, 10].

4.15. Flexibility of heat requirement

Heat requirement or thermal load profiles for space heating and DHW in DH are
determined by the weather, building thermal characteristics and consumers be-
haviour. Regardless of the method used, the heating demand profile of each
user consists of three major parts, including physical and environmental charac-
teristics of a building (i.e., building construction and the measure of thermal re-
sistance per unit of a barrier’s exposed area or R-values, infiltration rate, ambi-
ent air temperature, solar radiation, humidity, etc.), human-related factors or
social behaviour of the residential occupants and their comfort expectations,
and random factors that account for uncertainties. Different techniques have
been suggested in the literature in order to predict the demand profile of the
users considering one or all of the above factors including historical approaches
deterministic, and times series predictive methods, etc. [56, 58, 68].
Consequently, the daily heat requirement profiles can be quite diverse
across countries. In DH systems, where sometimes heat is stored in the pipelines
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of DH network and also in the building envelopes resulting in a daily profile with
little variation, they are mainly driven by ambient temperature variations [133].

According to the technical triangle presented in Fig. 4.2 in the previous
chapter, the operational strategy for heat pump flexibility is associated with the
profile for seasonal heating requirement, the seasonal behaviour of the heat
sources and their flexibility regarding heat generation. The combination of the
connection and operational modes of heat pump defines the flexibility role of
the heat pump integration in the DH system.

On the other hand, the available RESs for heat pumps have a great influence
on satisfactory fulfiiment of the heating requirement, and the corresponding
range of operational temperatures for the system. The profile of the heating
requirement determines the required heat pump thermal capacity and the ne-
cessity for any supplementary heat sources to cover the peak heating require-
ment. The heat pump technology should be designed to ensure high-efficiency
thermal performance in order to cover the needed heating requirement with
the available heat sources. All considerations mentioned, i.e., heat sources,
heating requirements and heat pump technology have bidirectional based de-
pendencies [68, 134].

Heating and cooling offer a very large flexibility potential for power sys-
tems. Much of it could become cost-effective as the share of variable RES gen-
eration increases.

In the current energy systems, the majority of electricity and heat is pro-
duced in CHP plants. With increasing shares of intermittent RES power produc-
tion, it becomes a challenging task to match power and heat production, as heat
demand and production capacity constraints limit the power plants.

Efficient heat pumps can be used to decouple the constraints of electricity
and heat production while maintaining the high energy efficiency needed to
match the environmental policies and CO, emission goals. The requirements in
terms of heat pump efficiency COP, location, capacity and economy were demon-
strated in the literature, by using an energy system model which includes power
plants, heat pumps and DH consumption profiles, as well as an evaluation of
techno-economical characteristics of technologies [135, 136].

The heat requirement profile variations require a flexible heat production
structure. When designing the production for a DH system, there are many strat-
egies for managing the thermal load duration curve or the thermal requirement
profile due to the combination of heat sources [68].
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To cover the heat requirements profile, the simplest case includes one heat
production unit as presented in Fig 3.8. in Chapter 3. The advanced case includes
more than one sources of heat production, which means that the needed heat
requirement can be generated by two divided sources, one for the base load
and the other for peak load (which takes shorter time period) in the year scale
as in Fig. 3.11 in Chapter 3. In the same chapter, similar multisource heat pro-
duction cases can be found in Figs. 3.4, 3.9, and 3.11-3.14. Multi-source cases
have more advantageous and better system reliability, it means that the needed
power generated can be divided for the base load and for the peak load. The
base load is typically produced in the CHP plants, but for the peak load demand
separated HOBs are used [68, 137].

100%

Peak Boilers,
TES and HP

Micro CHP, Solar Thermal
and Decentralized HS

Geothermal
EfW
Waste Industrial Heat
Large Scale CHP

0 Hours per Year 8760

Heat Requirements

Fig. 4.8. Typical load duration curve for a multi-source DH network [137]

Managing heat requirements loads involves a comprehensive control strat-
egy, based on the full load hours of the heat sources and their costs, a priority
scheme can be derived, in order to actually realize the benefits of the installed
physical DH network [138]. The most efficient and reliable source, i.e., CHP, or
waste industrial heat sources are normally selected during base load hours while
only back-up sources, i.e., large scale boilers or thermal storages are used to
cover the peak load hours [139]. Figure 4.8 shows a typical heat requirement
profile curve for multi-source even with energy from waste (EfW) in DH network.
Usually, at times of peak heat demands, the electricity and heat production are
decoupled in CHP plants to enhance operational flexibility [137].
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By using long term thermal storage, the operational time of base heat
equipment, the efficiency, costs and environmental benefits of the entire DH
system can be enhanced substantially [140]. Several algorithms and control
strategies have been formulated to define the operational strategy of heat stor-
ages and the functionality of the involved heat plants [141]. The best mechanism
for operation can be achieved by accurately predicting future loads and applying
DSM techniques to balance out the load curves. Several forecasting techniques
have been developed with the most promising; using artificial intelligence meth-
ods, where the accuracy of 95% can be predicted [142].

In the future, the transmission of electricity and heat would be operated
and studied simultaneously. This is because of the several interlinked technolo-
gies and the fact that excess electricity from intermittent RES technologies and
TES, would be used for heat production [143, 144]. Excess electricity could be
utilized by using electric boilers for peak requirements shaving, in a DH network
and is thought to be a common strategy in the future. An extremely vital char-
acteristic of DH is its flexibility in the sources of heat. Many different centralized
and decentralized sources can be connected for reliable operation and flexibility
to a DH network.

4.16. Flexibility in the power grid

Traditionally, power systems are operated on the basis that the supply is ad-
justed to follow the load in real-time, meaning that the flexibility to maintain
a balance between the power supply and demand is mostly provided by the gen-
eration side, which is dominated by centralised, large-scale flexibly dispatchable
(fossil fuel based) power plants. So in the past, power grids were following a de-
mand-side design, consumer demand was followed by modifying the output of
numerous central power plants, where the electricity was mainly flowing from
the supply to the demand side [145-148].

Nowadays, the European power systems are evolving towards a generation
mix that is more decentralised, less predictable and less flexible to operate due
to the large-scale integration of distributed energy sources mainly by RES in or-
der to meet the European environmental targets. In this context, additional flex-
ibility is expected to be provided by the demand side [148—150]. Figure 4.9 rep-
resents the traditional and expected flexibility paths in future power system
operation.



172 Chapter 4

The power grid is changing with the ongoing “greening” of electricity pro-
duction, many comparatively small and decentralised power producers are en-
tering the power grid, making it more competitive and generating bidirectional
flows of electricity. Therefore, an increasing share of RESs increases the difficulty
to match supply and demand in the power system. This change makes the con-
trolling of supply side more difficult, if not impossible, as RESs, namely solar PV
and wind provide energy in variable amounts and at variable times.

In addition to previous changes, further strategies for stabilizing the electric
grid like digital components of monitoring and measuring elements are becom-
ing more needed criteria, so we have the possibility toward the smart grids. The
new approach to grid stabilization requires a focus on adjusting demand to the
given supply. New approaches providing demand-side flexibility are getting in-
creasingly important, some of which include: storage (hydro, building core,
ground, ice storage etc.), and batteries control strategies to modify electricity
demand of devices and systems in response to capacity/price signals from the
grid.

Fig. 4.9. Expected flexibility in future electric system operation [148]

So in future markets with increasing shares of RES, additional flexibility is
needed to maintain system reliability. Therefore, the grid flexibility is a concept
which has implications in a variety of components of an energy system. In gen-
eral terms, flexibility is the ability to supply and absorb energy whenever re-
quired and ensure a supply and demand equilibrium, so flexibility options are
required to balance residual load fluctuations. There is a trade-off between the
technologies presented: some are complementary and others compete with and
among a category.
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4.16.1. Residual load curve

In response to the increasing share of intermittent electricity generation from
VRE leads to several challenges in both of DH system and the power grid. The
availability of most technologies depends on the weather, wind speeds and solar
irradiation levels. In an energy system, the electricity generation is not neces-
sarily available when needed, in the case with high RES capacity, some situations
occur when the electricity generation from RES exceeds total demand as well as
situations when RES production cannot fulfil total demand. The difference be-
tween electricity demand and the RES generation is defined as residual load, or
the load that remains after the VRE generation is referred to as the residual load.
The term residual load refers to the electricity demand that is not covered with
intermittent renewable systems and therefore it must be met by dispatchable
electricity generation units.

Thus, in a system with high RES capacity, times occur when electricity gen-
eration from these plants excesses the demand as well as times, when they pro-
duce not enough electricity to fulfil the demand profiles of requirements. Fig-
ure 4.10 illustrates the residual load and load duration curve and the deficit or
surplus of VRE. Subsequently, the residual load should be analysed for different
compositions of the power system to expose the flexibility requirements for dif-
ferent scenarios [148, 152, 153].

Fig. 4.10. Residual load and load duration curves [112, 153]

As visualised in Fig. 4.10, the positive residual load (Eres > 0 ) indicates that
additional energy is required to reach the demand, whereas a negative residual
load (Ees < 0 ) indicates a surplus of the added energy.

The residual load duration curve helps to estimate the impact of renewa-
bles on the electricity system. The amount and number of hours with excess
generation will increase with the increasing number of RES plants. On the other
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hand, electricity generation from wind and PV or their hybrid plants cannot be
available during times with high demand. In this case, the peak of the residual
load is not significantly lower than the one of the total load curve. As a result,
a high amount of back-up capacity would be needed to ensure the security of
supply [151].

In addition, increasing the electricity generation from intermittent RES in-
creases the gradient and volatility of the residual load. Miscellaneous technologies
exist which can provide flexibility. However, they perform different technical and
economic characteristics. The project REFLEX was developed as a systemically
structured overview of flexibility options for a system integrated with RES [14,
151-153, 158].

4.16.2. Residual load and heat pumps

The flexible operation of the heat pump and its availability for seasonal load
shifting has a positive effect on heat pump operation. There are many analyses
for residual load-shifting by heat pump systems coupled to thermal storage,
therefore the heat pump based systems can normalize the demand side require-
ment profile by providing load shaping and load shifting services. The shifting
potential is required throughout the year (more in winter than in summer) and
can be balanced by heat pumps in residential and office buildings [12].

The smoothing effects on the residual load curve and reducing feed-in
peaks are a benefit that can be achieved by altering the heat pump operation.
The integration of VRE electricity takes place on different levels. By using heat
pumps for integration in larger VRE plants (such as solar PV arrays and wind)
requires different strategies as for maximising the use of on-site solar PV power
generation. To integrate large amounts of wind and solar PV, numerous heat
pump units or pool of heat pumps have to be coordinated according to their
availability and to the current production conditions. On the level of individual
buildings, coordination of the heat pump with other technologies (i.e., battery
systems) is required in case of on-site solar PV power generation [4].

The correlation between renewable power generation and heat demand
award the ability of heat pumps to support the integration of renewable elec-
tricity in the power system. There are some inconveniences or limitations to in-
tegrate the heat pumps to solar PV power generation. The reason is, that for
central and northern European climates the thermal demand is highest during
winter whereas the electricity generation from solar PV is lower in this period.
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In opposite, the electricity generation from solar PV in summer is higher,
whereas the thermal demand is lowest during summer time [112, 155-157]. Fig-
ure 4.11 illustrates the principles and impacts of smoothing effects on demand
response (DR) load shifting and load shedding. It is clear that the smoothing ef-
fects of the heat pump induce the flexibility on the demand side response curves
[17, 112].

Fig. 4.11. Smoothing effects through load shedding and load shifting [54, 112]

Fig. 4.12. Flexibility needs of the power system [8]
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Two kinds of flexibility can be distinguished:

e Long-term flexibility to adjust conventional generation technologies to
aresidual demand which might be decreasing over time but with increasing
scheduled ups and downs over hours. Figure 4.12 represents the flexibility op-
tions needed in a generation, transmission, market and operation in the power
system, down and up flexibility in critical hours, note that residual load is the
difference between power load and VRE generation [8].

o Short-term flexibility within one hour, which arises from short-term devi-
ations between forecasted and actual outcomes. Thus, sudden changes in the
supply-demand-balance, be it an unexpected decline or increase in VRE power
generation, or changes in load, challenge the power system’s flexibility [8].

4.16.3. Overview of flexibility options

Due to developed flexibility options by REFLEX project (as mentioned above, the
residual load duration curve helps to determine the impact of renewables on the
power system as shown in Fig. 4.4. To compensate the fluctuation of the intermit-
tent RES feed-in, flexibility options are required. Situations with excess power
generation from RES (negative residual load) as well as situations with RES defi-
cit (positive residual load) need to be compensated in some way. A range of
flexibility options exists to provide the necessary compensation in these situa-
tions [14, 151-153, 158].

Fig. 4.13. Corresponding flexibility options
and the residual load and load duration curves [30, 153]



Flexibility for heat pump-based district heating 177

The future need for flexibility is mainly caused by the residual load. Both,
times with excess power generation from RES plants (negative residual load) as
well as times with RES deficit (positive residual load) need to be balanced. Mis-
cellaneous flexibility options exist, which can either provide flexibility in one of
these two situations or in both as shown in Fig. 4.13. Therefore, the way of flex-
ibility provision can be categorized into three different types [151-153, 158]:

e Downward-flexibility: Reducing or supplying the positive residual load
with power plants or load shedding (especially for peak load situations).

e Upward-flexibility: Reducing surplus RES feed-in from RESs by curtailing
the excess amount or increasing the demand.

o Shifting-flexibility: Shifting surplus feed-in of RESs to other regions or time
steps with the positive residual load as well as shifting positive load peaks to
times with low or negative residual load.

4.16.4. Shedding and shifting flexibility applications
and heat pumps

Each of the mentioned three types comprises different flexibility options. The
thermal power plants with load shedding applications can provide downward
flexibility by decreasing load peaks. Load shedding applications decrease their
electricity demand without compensating their reduction at another time. Shift-
ing flexibility options involve technologies which can be used for spatial and
temporal shifting. Power grids balance the intermittent power generation in one
region by transferring surplus electricity to another region (spatial shifting).

Demand-side management (DSM) is a broad concept encompassing a vari-
ety of tools aimed to manage the energy demand of consumers, which include
residential and industrial users. Flexibility will thus allow demand-side manage-
ment, load control and thereby DR based on the requirements of the surround-
ing power grid. Therefore a flexibility service that can help matching supply and
demand is DR, so DR can be defined as changes in power usage implemented di-
rectly or indirectly by end-use customers/prosumers from their current normal
consumption/injection patterns in response to certain signals [148, 159, 160].

DSM regarding load shifting applications and energy storage belong to the
category of temporal shifting. Energy storage systems can be charged with ex-
cess electricity (negative residual load) and discharged in times with capacity
deficits (positive residual load).
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In particular, flexibility options belonging to the category shifting flexibility
fulfil the categories downward and upward flexibility as well. To assess which of
these technologies can provide better flexibility needs (in each of these men-
tioned three categories), it is essential to consider the technical and economic
features too.

Flexibility can be obtained at the supply side or on the demand side of the
power system. On the demand side, promising flexibility options are DR and
storage. DR are the changes in the power consumption of the consumers rela-
tive to their normal consumption pattern in response to a certain signal. Multi-
ple devices (e.g., electric vehicles, storage units and heat pumps) can be con-
trolled with DR. DR with heat pumps is one of the options with a high potential
to provide flexibility to the power system, because of the increasing penetration
of heat pumps, and the capability of heat pumps to store energy close to de-
mand. Aggregators can play an important role in leveraging the flexibility poten-
tial of heat pumps too [137, 161].

The value and necessity of DR as a flexibility means has been widely recog-
nised among stakeholders and policy makers in Europe. The gradual roll-out of
smart meters at residential level and the deployment of smart grids are expected to
provide the hardware for DR. Also DR requires active participation of consum-
ers, who are rather passive nowadays [148, 150, 162-165].

4.16.5. Demand response with heat pumps

The applications of DR with heat pumps which researched in academic refer-
ences vary widely, but main generic applications can be distinguished as:

e to provide balancing services,

e to improve RES to electricity integration,

e to profit from variable electricity prices.

There are many factors mentioned in academic references which influence
the flexibility of DR potential with heat pumps but the main three factors are
determined by heat requirements or thermal load demand of building type, heat
pump technology, and the type and size of the storage [153]. These main deter-
minations can be described further as:

Heat requirements of a heat pump are the total thermal load demand for
space heating (which is the largest share) and DHW, so heat requirements con-
sequently determine the total amount of energy that can be shifted. There is
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a potential to shift load from the peak demand periods to the low demand peri-
ods that results in energy cost savings for the end-user.

The potential of shifting the demand for space heating was investigated for
residential apartment blocks, the total potential of the shifted load was in the
range of 30—47% of the original load [166, 167]. This potential can be used to
shift load from high to low peak periods to minimize electricity costs, and also
to minimize CO; emissions [168]. In other studies, the potential of DR by the
usage of heat pump to raise the temperature of DHW in an ultra-low tempera-
ture in DH system was investigated too, which results in energy cost savings for
the end-user [169]. The studies conclude that DR provides evident benefits for
reducing CO,-abatements costs. Both heat demand for space heating and DHW
have the potential for DR with heat pumps [167, 169].

Building types: The studies concerning thermal demand profiles differ in
terms of buildings and chosen climate, but they all focus on similar urban areas
which are: residential areas. Overall the academic literature proves that DR with
heat pumps has the economic potential in residential areas to serve as a flexi-
bility resource, but an analysis that includes other urban areas besides residen-
tial areas is scarce. It is necessary to mention that different thermal load profiles
related to the thermal demand of buildings are taken into account in current
literature for different countries. Differences exist between the requirement
load profiles of the residential sector and the service sector in terms of yearly,
monthly, weekly, daily and hourly dynamics that affects the potential for DR
with heat pumps [94, 137, 167, 169-172].

Heat pump technology: Concerns with heat pump size and technical proper-
ties. It determines the total amount of electricity consumption that can be increased
or decreased by ramping the heat pump up or down [153, 158]. Both large heat
pumps that provide heat for large or multiple consumers and smaller heat pumps
that provide heat for individual households [167] can provide extra benefits through
DR [168]. The analysis focused the smaller heat pumps which are providing heat for
individual households. The heat pump type and properties determine the speed of
response, the maximum ramping rate of electricity consumption and other extra
requirements like minimum run and pause times [30, 158]. The technical charac-
teristics of the heat pump differ for every heat pump type. In general two main
types can be distinguished: air source coupled heat pumps and ground source
coupled heat pumps [167]. Air source coupled heat pumps obtain external heat
from the air and ground source coupled heat pumps obtain external heat from
the ground. Air-coupled heat pumps as well as ground coupled heat pumps have
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flexibility potential for DR [170, 173]. Air source coupled heat pump system in
combination with floor heating is the best cost-optimal option in terms of CO,-
-abatement cost [137, 173].

The type and size of the storage determine how much energy can be
shifted over a period of time. There are two common storage options for heat
store from heat pumps, which are widely researched in the literature, they are
storage in a water tank or storage in the thermal inertia of buildings [174]. Flex-
ibility can- be increased by increasing the size of the storage tank. In addition
adjusting storage tank size has a significant effect on flexibility potential in terms
of load shifting and cost reduction, but that may increase the storage tank ca-
pacity and also leads to higher heat losses, which should be taken into account
when determining the optimal size of storage tank [168, 169]. Thermal inertia
of buildings as heat storage for individual households is used to balance electric-
ity use and local electricity production with keeping in mind the thermal comfort
for consumers [173]. The results show strong potential for short-term shifting
of peak electricity demand for heating with heat pumps to off-peak hours. Fur-
thermore, the interaction between the heat pump system and the thermal mass
is very important. Physical characteristics of building strongly influence on the
flexibility potential when the thermal inertia is used as storage. Well insulated
buildings have more potential for load shifting than traditional buildings which
are less insulated, due to the faster drop in temperature [167, 175-177].

4.16.6. Relevant technologies to provide flexibility

The technologies can be distinguished as technologies to downward flexibility
and technologies to shifting flexibility.

Technologies to downward flexibility. The key options that are able to pro-
vide downward-flexibility are conventional power plants (with or without CHP)
as well as load shedding applications, mainly in the energy-intensive industry.

Technologies to shifting flexibility. Various technologies are considered
when analysing flexibility options for spatial or temporal shifting: technologies are
related to different categories, such as energy storage, energy demand appliances
with the potential for shifting the use of related equipment (for DSM) or power
grids. Therefore, the comparison is made among technologies with different fields
of application, e.g., demand management of products which need electricity (such
as washing machines, dryers, freezers, etc.), options related to the electrification
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of other sectors (such as electric vehicles, heat pumps, water heating, etc.), or
power storage technologies (such as batteries).

For demand flexibility, it is important within which timeframe the needed
capacity is available for either decreasing or increasing the load.

To upward flexibility. Technologies that provide upward-flexibility are
needed if electricity generation exceeds demand during times of high feed-in by
VRE. In general, two concepts can be distinguished: either RES to turn down
feed-in or to increase the power consumption. The corresponding technologies
are wind power plants (on- and off-shore) and solar PV plants on the supply side
and power to heat (electric boilers, heat pumps), as well as the power to gas
(water electrolysis) concepts on the demand side curtailment of RES, provide
upward flexibility.

One important criterion for flexibility options is the activation time. The
feed-in of wind and solar photovoltaic plants can be regulated downwards or
even curtailed within seconds or minutes. The same reaction time applies to
power to heat (electric boilers, heat pumps) and power to gas (water electroly-
sis) can be turned on within seconds or minutes, depending on if it is a cold start
or the plant was operated in standby before [158].
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