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Abstract: Low temperature district heating and cooling networks (5GDHC) in combination with very
shallow geothermal energy potentials enable the complete renewable heating and cooling supply of
settlements up to entire city districts. With the help of 5GDHC, heating and cooling can be distributed
at a low temperature level with almost no distribution losses and made useable to consumers via
decentralized heat pumps (HP). Numerous renewable heat sources, from wastewater heat exchangers
and low-temperature industrial waste heat to borehole heat exchangers and large-scale geothermal
collector systems (LSC), can be used for these networks. The use of large-scale geothermal collector
systems also offers the opportunity to shift heating and cooling loads seasonally, contributing to
flexibility in the heating network. In addition, the soil can be cooled below freezing point due to the
strong regeneration caused by the solar irradiation. Multilayer geothermal collector systems can be
used to deliberately generate excessive cooling of individual areas in order to provide cooling energy
for residential buildings, office complexes or industrial applications. Planning these systems requires
expertise and understanding regarding the interaction of these technologies in the overall system.
This paper provides a summary of experience in planning 5GDHC with large-scale geothermal
collector systems as well as other renewable heat sources.

Keywords: 5GDHC; large-scale geothermal collector; very shallow geothermal potential; vSGP

1. Introduction

Due to their high demand for energy and raw materials, cities contribute significantly
to climate change. The urbanization is one of the main drivers of these increasing demands
in combination with economic growth [1]. Therefore, the international community of states
has decided with the “Sustainable Development Goal 11” of the “Agenda 2030” to make
cities and human settlements inclusive, safe, resilient and sustainable by 2030 [2] (p. 46). In
this context, one of the greatest challenges in Europe and in total for the whole world is the
climate-neutral energy supply of cities. Conolly et al. [3] examined six different strategies
proposed in the European Energy Roadmap 2050 for the energy system. The focus is mostly
up to the electricity sector. They showed that there is an enormous potential of energy
savings with district heating when it comes to renewable energy resources, heat savings or
heat recycling. In addition to this by the end of 2020 the European council tightened the
regulations to a net domestic reduction of at least 55% in greenhouse gas emissions in the
year 2030 compared to 1990 [4] (p. 5).

Because of the need to reduce greenhouse gases Rezaie et al. [5] reviewed the devel-
opment of heat networks with the goal to find improvements for future systems. Heat
networks can therefore be classified with circulating fluid, thermal application, network
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size, and energy source. In addition, district heating systems are more economic for higher
density and more populated regions such as urban structures. According to Lund et al. [6],
they can be classified into 1st to 4th Generation to show the improvements over the last
100 years. These start with 1st Generation and coal fired steam systems up to 4th Generation
with highly efficient renewable systems and temperature levels less than 100 ◦C.

As shown in Figure 1, the development of heating networks over the last 150 years
indicates a trend from centralized fossil heat sources, with very high heat losses, to decen-
tralized renewable energy sources at low temperature levels with almost no heat losses in
smart thermal grids. In addition, in Table 1 the typical features of the different generations
are compared. With 5th Generation first time non insulated polymer pipes with antifreeze
as heat carrier are used. This process leads to strong CO2 savings.
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Table 1. Typical features of district heating networks from first to 5th generation (Source: [6–8] (p. 120.6 ff)).

1G 2G 3G 4G 5G

mostly used 1880–1930 1930–1980 1970–now currently used currently used

motivation comfort, reduced
risk fuel and cost savings reliable heat supply renewable energie renewable energie,

efficiency, cooling

temperature level <200 ◦C >100 ◦C >100 ◦C–70 ◦C 90 ◦C–40 ◦C 20 ◦C–<0 ◦C

Temperature
spread 20–60 K 20–40 K 20–40 K 20–40 K 3–6 K

heat carrier steam pressurized hot water (pressurized) hot water,
often below 100 ◦C water antifreeze

source of heat
(examples) coal, CHP, boilers coal, oil, CHP, boilers CHP, boilers, waste,

fossil-fired boilers

waste heat, solar
thermal energy,
biomass, deep

geothermal energy

waste heat,
geothermal energy,
savage water, river

water
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Table 1. Cont.

1G 2G 3G 4G 5G

heat distribution steam pressure centralized pumps centralized pumps (de-)centralized
pumps

(de-)centralized
pumps

Heat distribution
losses very high high moderate moderate low/heat gain

Pipe materials (on-site isolated)
steel pipes

(on-site isolated) steel
pipes pre-isolated steel pipes pre-isolated

steel/polymer pipes
non-isolated polymer

pipes

heat transfer condensers tube-and-shell heat
exchangers plate heat exchangers plate heat exchangers heat pumps

heating system
(radiators)

high-temperature
radiators using
steam or water

(>90 ◦C)

high-temperature
radiators using district
heating water direct or

indirect (90 ◦C)

medium-temperature
radiators using district
heating water direct or
indirect (70 ◦C), floor

heating

low-temperature
radiators (50 ◦C)

using water indirect,
floor heating

floor heating

With 4th Generation district heating networks (4GDH) smart thermal grids where
introduced and efficiency increased by use of renewable energy sources [6]. In those
smart thermal grids renewable energy can be shared within the whole district and the
network itself can be used as heat storage [9]. Because of this the transition to 4GDH and
implementation of smart thermal grids all over the world is inevitable.

When it comes to smart thermal grids and the use of waste heat there is one major
problem. Energy at such low temperature levels cannot be used directly within 4GDH. Be-
cause of this, the 5GDHC with temperature levels around soil temperature as a descendant
of 4GDH [10] was introduced and defined 2019 by Boesten et al. [11] and Buffa et al. [7].
Moreover, 5GDHC are decentralized, bidirectional, and close to ground temperature net-
work systems with a direct exchange of warm and cold return flows [11]. This makes them
ideal for integrating renewable energies—which are often also decentralized and at rather
low temperatures. With temperature levels around soil temperature heat losses hardly
occur in these systems [11]. By using geothermal systems as a heat source, heat gains can
even be achieved by the distribution network [12] (p. 26). With the analysis of more than
40 different 5GDHC Buffa et al. showed that there are no stringent guidelines for planer
and designer. There is a lack of understanding of how to integrate multiple distributed heat
and cold sources in such a network. Theoretical analysis with several Modelica simulations
were done by Bünning et al. [13]. Because of all the benefits renewable 5GDHC networks
should be introduced all over the world.

This paper mainly investigates in large-scale geothermal collector systems (LSC)
in combination with 5GDHC as a renewable heat source. These can be used as a heat
source for 5GDHC networks in European countries showed by the example of Germany.
Several collector systems are analysed. Moreover, the planning and design of these systems
is addressed.

2. Low Temperature District Heating and Cooling
2.1. Definition of 5GDHC

With the help of successful research activities in the field of heat supply of settlement
structures during the last years, more and more 5GDHC have been built in Europe. They
serve as heat distribution networks of the current 5th generation [7], with low temperatures
of below zero up to 20 ◦C and usually low temperature spreads of 3–6 K [14]. Due to
intermittent low system temperatures in the distribution network, a heat transfer medium
(mostly water-glycol mixtures) with a lower freezing point than water is used as heat or
cold transfer medium. The low temperature level in the distribution pipes can therefore
be used for heating by heat pumps in residential buildings as well as for free or active
cooling. Furthermore, the low system temperatures lead to hardly any distribution losses
in the non-insulated pipelines. Moreover, there can be significant heat gains from the
surrounding soil of the distribution pipe [12] (p. 26).
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Different renewable technologies can be used as heat sources for 5GDHC. These can
be for example vertical ground heat exchanger fields, large-scale geothermal collector
systems, wastewater heat exchangers and low-temperature waste heat from data centers or
industrial processes. They are designed for the respective heating and cooling demands
of the settlement to be supplied. Typically, the on-site available heat sources and their
temperature levels are analyzed first. Then, the 5GDHC is planned in its dimension and
temperature level to supply the buildings. The heat gains of the distribution pipes are
taken into account in the final design of the available heat sources.

Positive interactions can occur between heat sources within the supply structure. For
example, one type of building withdraws heat from the grid at one time and feeds waste
heat to another [7]. A user that draws energy from the grid and feeds it back in at different
times is called a “prosumer” [11] (p. 131), [15]. A residential building that extracts heat
in winter but extracts cooling in the summer months represents a typical prosumer. This
effect can also occur across multiple different consumers, for example when a housing
development is coupled with a data center. When prosumers are interconnected, it is
referred to as a bidirectional network, since the energy flow is not permanently rectified
from the energy source to the users [14] (p. 6). Heating and cooling demand by different
users do not always occur simultaneously and in the same amount within the network,
so different energy sources must be used depending on local supply and availability [16].
Another advantage of 5GDHC is their modularity and flexibility in the face of changing
boundary conditions. Additional consumers or energy sources can be integrated into
the network afterwards [7]. However, 5GDHC also have disadvantages. With the low
temperature difference between the pipes (3–6 K), high volume flows are required. To
keep the pressure loss in the system as low as possible, large pipe diameters are required.
This leads to higher investment costs for the large pipe dimensions and the heat transfer
medium. In addition, more space for laying the pipes is required in the usually very
narrow earth body below the street. Depending on the number of consumers and the
energy demand density, a network can be designed to be active or passive.

2.2. Passive 5GDHC

In a passive network, the circulation within the distribution network is achieved solely
by the feed pumps integrated in the heat pumps. Therefore, the pressure loss is the most
important design feature in the planning state. This depends mostly on the individual
components such as piping, house substation, distributor, line regulating valve, heat source,
heat transfer medium, etc. Since passive networks are operated without central network
pumps, the feed pumps of the decentralized HP’s must be able to overcome the pressure
loss in the overall system in order to ensure the circulation of the heat transfer medium. If
no minimum flow can be ensured in every part of the network, a hydraulic short circuit will
occur [17]. If all HPs are operated simultaneously, the maximum flow is achieved. In order
to keep the pressure loss as low as possible, large pipe diameters and short pipe lengths
should be selected. Due to the large pipe dimensions, it must be ensured that the fittings
are available in the appropriate dimensions. In addition, more space is required when
laying below the street. Consultation with the other trades (water, electricity, wastewater,
etc.) is necessary.

A major advantage of passive 5GDHC is the fact that no energy center is required. Only
a small technical building is needed, in which pressure maintenance, refilling and ideally
degassing are integrated. This can also be arranged in one of the connected buildings.
Together with the elimination of central feed pumps, this leads to long-term cost-effective
and energy-efficient operations. However, it cannot be easily expanded at a later date.
Additional heat sources or network sections can usually not be integrated. A typical passive
5GDHC is used in smaller construction areas with short pipeline distances between the
consumers and smaller heat sources. They are in the order of magnitude of up to 100 heat
consumers. This is dimensioned depending on the distance of the heat source to the
building area as well as the planned development (multi-family house, single-family house,
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etc.). The lower the customer-specific heat demand, the more customers can be supplied
by this system. With a high amount of multi-family houses, such a network will quickly
reach its hydraulic limits. The heat sources should be located next to the consumers.

2.3. Active 5GDHC

In an active 5GDHC, similar to conventional district heating networks, central pumps
are usually installed inside an energy center. With central feeding pumps, the delivery
head in the pipe network can be freely selected, which means that the pressure loss is not
the central planning variable like in a passive network. Therefore, the pipe diameter can
be dimensioned significantly smaller. Furthermore, it is possible to expand the heating
network with additional heat sources or network sections later on. However, this should
already be considered during the initial planning, so that the energy center and the heat
pumps with their temperature spread of 3–6 K are designed accordingly. The energy
center usually contains the central network pumps, pressure equalization tanks, motorized
butterfly valves and the network degassing system. To enable maintenance and possible
malfunctions without downtime, the pumps are designed redundantly. This means that
several identical pumps are installed in parallel and operated alternately.

In each house substation, a control and regulation unit (motorized butterfly valve) is
placed to prevent permanent flow. There is only a flow through the HP during its operation.
This must be taken into account during planning in order to minimize the pressure loss in
the overall system and thus the wear and electricity demand of the central pumps.

The feeding pumps can be operated via differential pressure, so they adjust their
output to the pressure present in the network. Therefore, various heat sources can be
developed further away from the construction area, which provides more flexibility in the
selection of potential heat sources. However, the permanent circulation of the heat network
means that electrical energy is required the whole time. This leads to efficiency reductions
in the overall system.

An active 5GDHC is used for spatially extensive construction areas with more than
50, up to many hundreds of heat consumers. Several remote heat sources can be linked
bidirectional, allowing heating and cooling energy to be shifted. If it is not possible
to provide sufficient space for large pipe dimensions when installing the network lines
(passive network), an active network is also suitable for smaller supply areas.

2.4. Requirements of 5GDHC Network Pipes

There are special needs for the pipe material and the installation process. The low
temperature network pipes material is either PE 100-HD (high density) or PE 100-RC
(resistant to crack). PE 100-HD is the same as it is used for drinking water supply. With this
material there is the need for laying the pipes into a sand layer to avoid damages during
backfilling. With PE 100-RC, there is no need for a sand layer. This material is characterized
by very high lifetime, high safety against damaging or point load and stress crack resistance.
In every case the pipe is constructed without insulation material. The distance between
the two pipes in the ground should be at least 0.5 m and 1.2–1.5 m in depth, so there
are no natural freezing issues. The distance to the drink water supply should be at least
0.7–1.0 m to avoid interactions. To connect those PE-Pipes during construction, there are
two connection processes: mirror welding or electrofusion coupling.

3. Large-Scale Geothermal Collector System (LSC)
3.1. Definition of Very Shallow Geothermal Potential

The 5GDHC networks aspire to connect to renewable energy sources [18], including
geothermal sources [17,19]. Shallow geothermal sources are suitable for application re-
garding 5GDHC networks. They are generally defined by depth and encompass those
energy achieved from the sources up to 400 m [20] (p. 1). Sources from shallower depths
are more practical to exploit. Therefore, very shallow geothermal potentials (vSGP) should
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be segregated as a geothermal layer with special characteristics. A graphic overview of
very shallow, shallow, and deep geothermal sources is shown Figure 2
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vSGPs are those acquired by depth less than 10 m [21]. This depth range relevant
for very shallow geothermal systems can be divided further in three layers: 0–3 m, 3–6 m,
and 6–10 m [22], which differ by physical soil properties. Thus, for vSGPs mainly soil
parameters are decisive, whereas for vertical shallow geothermal systems largely the
geologic rock strata is critical for their heat extraction potential. The role of soil regarding
geothermal use is also discussed by Di Sipio and Bertermann [23]. Thermal properties of soil
are the crucial parameters that affect heat extraction of the very shallow geothermal systems.
These properties such as thermal conductivity, thermal diffusivity and heat capacity are
strongly affected by the physical soil parameters, namely bulk density, water content,
and soil texture defined by grain size distribution [24,25]. Climate factors, such as solar
irradiation and precipitation, also have certain influence on vSGP [21,26]. Heat input from
the earth’s interior (terrestrial heat flow) is negligible in the shallower soil layers. However,
the influence of terrestrial heat flow becomes more important in the regeneration behavior
of the soil with increasing depth, while the influence of solar irradiation is opposite.

The vSGP systems are principally horizontally installed geothermal systems that
utilize the heat potential on the earth’s surface rather than at depth. These are horizontal
ground heat exchangers, such as geothermal collectors in the classic single pipe instal-
lation or tube mats, but also special designs such as trench collectors, heat baskets, and
comparable modular collector systems up to a maximum depth of 10 m.

Geothermal systems for heating and cooling have lower operational costs compared
to other systems [27]. Horizontal ground heat exchangers have advantages in lower
installation costs and lower drilling technology requirement, therefore are widely used in
engineering and more suitable compared with the vertical ground heat exchangers [28].
When sufficient ground area is available, horizontal ground heat exchangers provide the
most cost-effective solution for heating and cooling [29].

In Germany, for instance, energy for heating and cooling achieved from vSGPs has
been on a permanent rising trend in the recent past. The share of shallow geothermal
energy and the environmental heat in total energy for heating and cooling achieved from
renewable sources was around 9% in 2020 [30,31]. Further, 20,500 ground source heat
pumps focused on closed loop systems were installed in Germany in 2020 [32]. This is a
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rise of 17% compared to 2019. It is realistic to assume that approximately 30% of these
ground source heat pumps operate with horizontal systems. Due to drilling restriction
and ground water protection regulation horizontal systems and their special forms are
receiving more attention.

3.2. Definition Large-Scale Geothermal Collector System

A very shallow large-scale geothermal collector system (LSC) is distinguished from
smaller systems in particular by its size and performance. Typical large-scale geother-
mal collector systems supply entire settlements with heating and cooling energy via
5GDHC [17] (p. 3) by using the vSGP. There are also large-scale geothermal collector sys-
tems which are built below the buildings [33] (p. 2), [34] (p. 50). The following parameters
describe the large-scale geothermal collector classification. At least one of the criteria as
shown in Figure 3 needs to be fulfilled:

• ≥1.000 m2 area
• ≥25 kW maximum source power
• ≥50 MWh/y source heat extraction
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Large-scale geothermal collectors differ from small systems, which are usually built
for individual buildings, in their size and complexity. They can also be constructed in
multiple horizontal layers. Due to the large number of pipelines and distribution shafts,
the pressure loss must always be taken into account in detail and optimized for the system,
so that all pipelines are evenly flown through with heat transfer medium and thus, an even
heat extraction can be guaranteed. Within the large-scale geothermal collector system, the
mutual influence of the individual collectors, which affects the heat extraction behavior,
also comes into play. This requires more detailed planning, usually with the help of
simulation programs.

Previous LSC’s usually consist of modular trench collectors, distribution shafts and an
energy center. The advantage of modular trench collectors is that the pressure loss is known
and stays the same for all modules within the system. By connecting several modules in
parallel on a collector line, this can be dimensioned, and the number of distribution shafts
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can be determined. In multi-layer geothermal collector systems, the collector layers are
usually connected separately. This means that every layer can be controlled separately
during operation in order to guarantee targeted use of the advantages of the multi-layer
system (seasonal heat and cold storage).

3.3. Advantages and Disadvantages of Large-Scale Geothermal Collector Systems

The advantage of the area development down to a depth of a few meters lies in the
high regeneration potential through the climate, primarily the solar irradiation. Thus,
over short periods of time, heat can be extracted from the soil to below the freezing
point of the moisture present in the soil. In this way the heat energy, which is released
in the phase transformation from water to ice, is tapped by the LSC. The cooled soil
is naturally regenerated again by solar irradiation and precipitation. Subsequently, the
supplied regeneration heat can be extracted from the soil again in the next heating season.
For natural regeneration through the climate, it is important that solar irradiation and
precipitation can enter the soil as unhindered as possible. It is also important to note that
the phase transformation of liquid water to ice causes the pores of the soil to expand. For
this reason, care must be taken during planning to ensure that the ice of the large-scale
geothermal collector does not merge with the natural icing on the surface. This can possibly
do damage to overbuilt or adjacent structures.

It is almost impossible to cool the surrounding soil of a large geothermal single-layer
collector at a depth of 1.5–2 m with the heat extraction for the heat supply of classical
heat applications to such an extent that it cannot be regenerated again over the summer
months at a location in temperate latitudes (four seasons, sufficient precipitation) [35]. The
situation is different with heat baskets where a massive block of ice can form in the center
that cannot be regenerated naturally, without the supply of thermal energy (usually in
the form of waste heat). The same applies to multi-layer collector systems (e.g., frozen
soil storage [35]), since the natural regeneration is “shut off” by solar irradiation and
precipitation from the uppermost collector layer. However, this effect can also be exploited
by deliberately generating excessive cooling of individual areas in order to provide cooling
energy for residential buildings, office complexes or industrial applications and to use the
heat released in the process of regeneration of the frozen areas [36] (p. 6).

Another advantage of large-scale geothermal collector systems is the low efficiency
loss due to mutual influences. Efficiency losses may occur in the center of a LSC system,
but regeneration is always ensured due to regeneration by the surface conditions (solar
irradiation and precipitation) and only to a lesser extent by the terrestrial heat flow. Finally,
it should be mentioned that the yield of geothermal collectors can be estimated accurately
in advance, since analyses of the upper soil layers can be carried out easily and at low
cost [24].

The main disadvantage of the vSGP to the shallow systems is that their heat potential
is subject to seasonal fluctuations, which means that the lowest natural geothermal poten-
tial is available in winter. Geothermal systems using the vSGP tap the soil all around the
plant, which is why the area demand is often higher than the demand for other geother-
mal systems.

3.4. Application Scenarios of Large-Scale Collector Systems

A large-scale geothermal collector system is in constant competition or even in com-
bination with other sustainable forms of heat supply such as ground heat exchangers,
solar thermal energy, biomass or waste heat sources (industrial waste heat, wastewater
heat, etc.). A large-scale geothermal collector is a good choice, especially if the overall
system can be operated at a low temperature level via 5GDHC and not every building can
have its own heat source, e.g., due to space constraints. If larger open areas are available
during the development of the building area, a LSC can be considered. It can be placed, for
example, below a rainwater retention basin, below sports fields, in compensation areas or
in agricultural areas, in order to enable dual use of the areas.
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If the large-scale geothermal collector is operated via 5GDHC, it can provide both
heating and cooling energy for the settlement. For example, in the case of a multi-layer
collector installation, it can show its benefits by utilizing the phase transformation of the
soil moisture. As a result of the increased heat extraction up to the local icing of the soil,
the specific heat extraction per square meter of soil surface increases [36] (pp. 6–7), [37]
(pp. 657–658). This process leads to savings in area demand of vSGP systems. However,
multi-layer collector systems can only be used if the settlement requires thermal energy
in the winter months and sufficient cooling energy in the summer months. In addition, it
must be ensured that regular freezing and thawing does not cause the soil to permanently
lose moisture. Dry regions are unsuitable for this, unless additional moisture is deliberately
introduced into the soil via special structures (e.g., drainage pipes).

The drilling of borehole heat exchanger systems is usually subject to special legal
approval requirements, which are checked in advance. In Germany, for example, it may be
prohibited to develop a vertical heat exchanger via a borehole for reasons of groundwater
protection or due to mining law requirements. In the case of large-scale geothermal
collector systems, requirements under licensing law must also be checked. However, the
requirements are usually much less stringent and can be met. Thus, the development of
settlements with regenerative low-temperature heat can usually be carried out in areas
with a special legal situation.

A large-scale geothermal collector can act as an intermediate storage unit in a 5GDHC.
Low-temperature waste heat from industrial processes or from a wastewater heat exchanger
can also be integrated. Seasonal load peaks, both in generation and consumption, can be
temporarily stored within a LSC and then provided as needed.

4. Examples of 5GDHC with Different Heat Sources

The combination of large-scale geothermal collector systems with 5GDHC networks is
a very young technology. Because of this, yet there are not very much of these systems built
around Europe. In Germany there is a trend in sight, that these systems are increasingly
used with 5GDHC. Projects in different European countries are also in sight. The following
examples show the use of different heat sources for 5GDHC around Europe and the use of
several large-scale geothermal collector systems in Germany.

4.1. Examples of Different Heat Sources for European 5GDHC Networks

Figure 4 shows the different locations of existing low temperature networks in Europe
according to Buffa et al. [7] with six supplemented projects which are large-scale geothermal
collector systems. It can be seen that the use of ground water and shallow geothermal
energy are the most common in Europe. As Buffa et al. have already shown, Switzerland
and Germany are pioneers in 5GDHC. Switzerland relies mainly on groundwater and
shallow geothermal energy. In Germany, the focus is increasingly on shallow and very
shallow geothermal energy to supply heat grids. In other EU countries, ground water
and sea water are often used as heat sources. Especially in France there are a few low
temperature networks with ground water as the heat source which are not displayed in
the figure. The lack of 5GDHCs in Eastern Europe is noticeable. One reason for this is
that there are common district heating systems from the communist era in many Eastern
European cities. They are often characterized by very high temperatures, fossil fuels, and
outdated technologies [38].
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4.2. Examples of 5GDHC in Connection with Large-Scale Geothermal Collector Systems
in Germany
4.2.1. Agrothermal Collector with Passive 5GDHC in Wüstenrot (Germany)

The first large-scale agrothermal collector in 1.5 m depth was built in 2011. Since then,
4400 m2 of agricultural land have been used to provide heating and cooling energy for
about 25 residential buildings in Wüstenrot (see Figure 5). The project was the first one
demonstrating the possibilities of dual use for heat provision and agricultural cultivation.
This project showed the potentials of heat and cold supply of the very shallow geothermal
energy zone in connection with a 5GDHC [17]. The original plan was to increase the size
of the collector system when the neighborhood is going to be expanded. However, due
to the “high” temperature levels of the 5GDHC of 2–16 ◦C, the 4400 m2 collector area is
sufficient for the entire district. Even though the additional buildings have been connected
to the 5GDHC, the system temperature is still permanently above 0 ◦C. This means that
the heat potential available in the phase transformation of the soil moisture does not even
have to be used. Consequently, an additional reserve for expansions of the construction
area is given.

In addition to the agrothermal collector, one of the first 5GDHC in Germany was
created with 23 residential buildings. Every building is equipped with a heat pump
(different heat pumps from 6–22 kW power) and a photovoltaic system (from 5–28 kWp,
depending on the roof size). The area is constructed as a plus energy settlement, which
means that the photovoltaic systems on the roof produces more energy during the year
than the buildings are using. In addition, the buildings envelop is heavily insulated. The
heat pumps are connected with the 5GDHC, so every building is supplied with heating and
free cooling by the 500 m long network in combination with the collector system. Because
of the short pipe length and the nearby collector system, the distribution network was built
as a passive 5GDHC. The main network pipes were designed very large with a diameter of
DN250 in order to keep the pressure loss as low as possible. This ensures that the feeding
pumps of the decentralized heat pumps can overcome the pressure loss in every part of the
distribution network. The HPs have operated with an annual coefficient of performance of
more than 4.0 since 2011.
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4.2.2. Large-Scale Geothermal Collector System with Active 5GDHC in Bad
Nauheim (Germany)

In 2019, the largest geothermal collector system in Germany to date was built in Bad
Nauheim. It is the main energy source for the new housing settlement with more than
400 residential units. A total of 22,000 m2 of geothermal collector area, distributed over two
layers (1.5 m and 3.0 m depth) of 11,000 m2 each, was installed in the ground (see Figure 6).
Together with the approximately 6 km long active 5GDHC the system has to provide about
2.3 GWh of source heat per year. These are the objects of investigation of the four-year
research project “KNW-Opt” (Grant N.: 03EN3020B).
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The heat gains from the collector and the distribution network are made usable for
single-family and multi-family houses with decentral HPs in every building. Because of
the multilayer installation and the expected network temperatures, free cooling of the
residential buildings is possible during the summer months. According to initial studies,
the temperatures between the two geothermal collector layers will be below freezing in the
late winter months, which results in significant icing around the collector system. This icing
remains in the system until the summer months and serves cooling energy for the buildings.
Free cooling enables the transfer of the buildings’ waste heat into the system, which can
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regenerate the collector system. The large-scale geothermal collector system was installed
in an agricultural field which is already being cultivated again after the installation of the
collector system [16] (p. 56).

The construction area is connected to the double-layer LSC system via an approxi-
mately 600 m long collector line (DN400). The length of the 5GDHC is more than 6 km in
total. Three redundantly installed feeding pumps ensure permanent flow of the 5GDHC.
One of the three pumps runs continuously to guarantee minimal network mixing. At full
heat consumption two of the three pressure-controlled pumps run at full capacity. The
pumps are continuously rotated so that wear is evenly divided among all three network
pumps. Upstream of the decentralized heat pumps a motorized butterfly valve ensures that
the volume flow only occurs when heat is actually needed. The whole system is controlled
by the energy center next to the large-scale geothermal collector system.

4.2.3. Geothermal Collector with Air-Cooled Chiller Plant and Active 5GDHC in Neustadt
am Rübenberge (Germany)

In “Neustadt am Rübenberge” a large-scale geothermal collector system was built
with an area of around 3000 m2 below a rainwater retention basin in 2020. The geothermal
collector area is installed at a depth of 1.50 m below the rainwater retention basin (see
Figure 7). The annual heat energy required in the construction area is provided by the
geothermal collector area in combination with an air-cooled chiller plant and the 5GDHC. If
the air temperature is higher than the network temperature, heat can be extracted from the
air via the heat transfer surface of the air-cooled chiller plant. This principle can be applied
particularly well in the transition period (spring) when the air temperature already rises
above 15 ◦C while the ground and the heat transfer medium is still at a lower temperature
level. From this point on, the 5GDHC and the neighborhood are supplied with heat from
the air. This also improves the natural regeneration of the collector during the summer
months because no heat is extracted. In addition, excess heat from the air can contribute to
the regeneration of the large-scale geothermal collector system. However, it should not be
too much regeneration energy during the warm months in order to provide free cooling
at a directly usable temperature level. Wirtz et al. [39] (p. 25) showed that an optimum
temperature for free cooling is around 14 ◦C. The two heat sources (geothermal collectors
and air-cooled chiller plant) are hydraulically connected and therefore enable the shifting
of energy loads. Together with the 5GDHC, the consumers in the construction area are
supplied with heating and cooling energy.

The 5GDHC supplies single-family and multi-family houses. Due to the size of the
project with about 100 residential units, the network was planned as an active network
with central feeding pumps located in an energy center. According to the manufacturer’s
specifications the temperature spread of the heat pumps is 3 K. The pipes were designed
for the resulting volume flow. The integration of the two heat sources in addition to the
size of the construction area is the reason why the overall system was designed as an
active network.
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5. Interaction of the Technologies
5.1. Influence of the Residential Buildings on the Heat Source as Well as the Network

The heating and cooling demand of the supplied buildings is the most significant
factor for the 5GDHC. A low heat demand leads to a small heat source and small network
dimensions. Therefore, every planning of the supply concepts always starts with the basic
determination and the potential analysis.

Caused by continuously improving insulation properties of modern new buildings, the
specific heat demand (kWh/m2y) is decreasing, compared to existing buildings. Nowadays,
highly efficient buildings are frequently equipped with surface heating systems such as
underfloor or wall heating. Because of the reduced heating loads resulting from building
insulation and larger heat transfer surfaces, supply temperatures of only about 35 ◦C
are required which ensures an efficient use of a HP within a 5GDHC network. In the
transitional periods the solar heat gains, which are achieved through the windows in
combination with the internal heat gains, are partially sufficient to achieve a comfortable
room temperature. In the summer months. However, the large window areas also lead
to an increase in cooling requirements even in temperate regions. This relationship is
becoming more acute as outside temperatures continue to rise due to climate change.

In addition to the necessary heating and cooling quantities, heat is also required for
domestic hot water. Legionella protection leads to hot water tanks with a minimum tem-
perature of 55 ◦C [40]. Depending on the country there are different regulations. According
to this, in Germany the heat pump should provide a storage tank charging temperature of
about 60 ◦C. To provide this temperature by a HP, its efficiency decreases because more
electrical energy is required. This in turn reduces the proportion of source heat required
from the 5GDHC. In consequence, 5GDHC cannot be considered in isolation from the heat
consumers. There is always a reciprocal influence on the other network components.

Planning a 5GDHC means to continuously cross-check the coupled network com-
ponents. Because of the complexity of the heat sources and their interactions with the
users, the heat demand calculation is mostly a simulative approximation considering the
environmental influences. A geothermal heat source, such as a large-scale geothermal
collector, can be modeled in a hygrothermal simulation software, such as DELPHIN [41].
The behavior during heat extraction or injection as well as the behavior under regeneration
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by solar irradiation and precipitation can be investigated. Through metrological data
analysis, the overall system can be aligned with the original expectations and optimized.

5.2. Parallel Planning of 5GDHC Network and Heat Source (e.g., Large-Scale Geothermal
Collector Systems)

The parallel planning of 5GDHC with different heat sources requires a holistic ap-
proach. In contrast to conventional supply networks, which are planned monodirectionally
from the energy center to the customers, a bidirectional approach is required for planning
these networks [42]. In the planning of conventional heating networks, there is a clear
separation between the generation of heating energy, its distribution and the transfer at the
point of use. This conventional connection of the supply elements is not applicable when
planning 5GDHC.

5GDHC are not only used for almost loss-free heat distribution but also as a heat source
itself. These advantages of the network result from the low distribution temperatures of
the heat transfer medium flowing through it. This leads to an interplay between the heat
sources and the 5GDHC because the large-scale geothermal collector system does not have
to cover the whole heat demand. The heat gains through the distribution pipes allows
the other heat sources to be dimensioned smaller. The heat gains of the network itself are
around 10–50% of the total required source heat demand. This leads to parallel planning of
the heat sources together with the 5GDHC.

This connection between the heat sources (large-scale geothermal collector system,
vertical ground heat exchanger field, air-cooled chiller plant, wastewater heat exchanger,
etc.) and the distribution network currently represents the challenge in planning. Each
heat source for itself can already be planned and dimensioned very well. Accordingly, in
the planning procedure, the on-site available heat sources are first analyzed and selected.
Then the 5GDHC can be planned and dimensioned according to the construction area. This
process helps to assess whether an active or a passive network has to be realized. At this
point, the heat gains of the network and the size of the heat sources can be estimated.

The (seasonal) shifting of heating and cooling energy between heat sources must
be taken into account in the hydraulic planning of the overall system. Temporary heat
surpluses from a wastewater heat exchanger, for example, can be stored in a large-scale
geothermal collector system or a vertical ground heat exchanger field in order to pro-
vide them later for the 5GDHC. To realize this shift, network sections need to operate
autonomously without affecting the heat supply of the residential buildings.

Also, the heat extraction density is crucial when it comes to planning 5GDHC. It is
important that the buildings are connected close to each other to get a high energy density
within the network length. This leads to an economic use of the network. Otherwise,
the earthwork per meter, the costs for the machinery and construction site equipment is
mostly the same in less and very high dense areas. For economic reasons mostly only one
heat source can be developed in less dense areas. Because of this there are no positive
interactions between several heat sources within a 5GDHC. On the other hand, in some
cases, the heat sources can be placed next to the settlement in rural areas which may lead
to a passive network structure without the need for an energy center.

5.3. Heat Gains from 5GDHC Networks

The planning of various implementation and research projects in Germany made
apparent that the necessary source energy amount is also provided to a large extent by
the 5GDHC itself. Because of non-insulated PE pipelines the 5GDHC functions like a
horizontal geothermal collector that is extended in length. Heat gains are realized via the
walls of the pipelines due to the temperature differences between the heat transfer medium
and the surrounding soil.

The resulting heat gains of the network depend on the network temperature and the
season. The higher the temperature difference and the longer the distribution pipes, the
greater are the heat gains with the network. This can lead to area and cost savings of the
large-scale geothermal collector system. However, the amount of the heat gains cannot be
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quantified in general terms. In addition, the temperature differences and pipe lengths, the
surrounding soil conditions (soil type, moisture, thermal conductivity), climatic conditions
(air temperature, solar irradiation, precipitation) and the main heat source of the network
have a great impact. Currently, calculation tools are developed to improve the estimated
heat gains and take those results into account when planning heat sources for 5GDHC [16].

In many projects in rural areas the energy demand density is rather low in contrast
to cities, which leads to relatively long pipes. Two research projects “ErdEisII” (Grant
N. 03ET1634A-E) and “KNW-Opt” (Grant N. 03EN3020A-F) as well as experiences from
simulations showed that the distribution pipes can provide up to 50% of the annual source
energy (see Table 2). Those 5GDHC networks are connected to a large-scale geothermal
collector system. In denser residential structures heat gains through the grid can be about
20–40%. The requirement is that the network temperatures are not permanently above the
ground temperature, which is in most cases only possible with geothermal heat sources.

Table 2. Influence of the heat gains via the 5GDHC in combination with large-scale geothermal
collector systems based on various implementation projects in Germany.

Number of Buildings 5GDHC Pipe Length [m] Heat Gains through 5GDHC [%]

1 62 760 20%
2 159 3400 26%
3 256 5650 37%
4 180 6500 40%
5 61 1440 45%

The heat gains through the 5GDHC network in combination with large-scale geother-
mal collector systems can differ depending on the size of the collector system compared
to the network length and heat distribution density. Network #1 and #5 from Table 2
have almost the same number of buildings connected to the 5GDHC network but different
network length. Because of this, network #5 doubles the network length compared to
network #1 which also doubles the heat gains through the network from 20 to 45%. In this
particular case, the large-scale geothermal collector system is dimensioned with equivalent
specific heat extraction (kWh/m2y) which leads to similar source and network tempera-
tures. This is comparable because of similar climate conditions and heat conductivity of
the locations soil.

The map displayed in Figure 8 shows that the soils heat conductivity for very shallow
geothermal potential (vSGP) changes within Europe. Surrounding soil conditions with
higher heat conductivity may lead to higher heat gains through the 5GDHC network. This
map also shows that the identified dependence in Table 2 may work for countries with
similar heat conductivity and climate condition as in Germany. Nevertheless, the most
important factor is the relation of the large-scale geothermal collector system compared
to the 5GDHC network length when it comes to the influence of the heat gains from the
network itself. In general, lower network temperatures compared to the surrounding soil
temperature lead to heat gains with non-insulated PE pipes.

Currently, there is a discussion in Germany about designing 5GDHC with double walls
to ensure that the heat transfer medium does not escape the distribution pipes. Compared
to the results shown in Table 2, this discussion is seen as very critical. This would lead to
the fact that there are no more or significant fewer heat gains via the distribution network.
This would mean that the source heat systems would have to be significantly larger in size,
which would result in more space requirements and higher investment costs.
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6. Conclusions

In this paper large-scale-geothermal collector systems as a heat source for 5GDHC net-
works are defined and described. These collector systems use the very shallow geothermal
potential in the first 10 m depth. In this depth, the regeneration energy for the collector
system is mostly driven by the sun in the summer months rather than the terrestrial heat
flow from inner depth.

As shown in this paper large-scale geothermal collector systems can be a very im-
portant energy source for 5GDHC networks. Some of the first projects in Germany are
described to show that this technology is already used on a large-scale and is working
properly for 5GDHC networks. In these projects, heating and cooling energy is used within
the buildings through decentral heat pumps and floor heating systems. These networks
are either constructed active or passive, which means the need for central pumps. This
is depending on the network size, caused of the distance from the energy source to the
settlement, the heat density as well as the number of connected buildings. In most cases
settlements with more than 100 buildings are in the need of an active 5GDHC network,
which means that there is an energy center with centralized network pumps.

Large-scale geothermal collector systems can also be built as multilayer collectors.
In the lower collector layer, there is potential for seasonal heating and cooling energy
shift. Because of the regeneration potential through solar irradiation there is also a new
classification of the geothermal systems needed. There is already the classification of very
shallow geothermal potential vSGP, which is accepted in this paper for these systems.

When it comes to 5GDHC the network itself can lead to significant heat gains caused
by temperature levels around soil temperature. In combination with large-scale geothermal
collector systems the heat gains from the network itself reach up to 50% of the heat demand,
depending on network size and fluid temperature.

At the moment, most of these systems are working in central Europe with temperate
climatic conditions. There is a clear difference between heating and cooling seasons, so the
energy shift can be done. Future investigations are needed to transform this technology
into warmer and cooler regions around the world. Indeed, 5GDHC networks are necessary
for decarbonization of the heating and cooling sector.

https://www.thermomap.eu/
https://www.thermomap.eu/
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