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Abstract

The fourth and fifth generation of district heating
(GDH) networks are among the key elements for the
energy optimization of districts. Low heat losses in
the distribution lines as well as bidirectional heat
flow and the use of low-temperature waste heat can
lead to new business models for energy suppliers.
Despite the continuous development of heat net-
works, significant heat losses still occur in conven-
tional networks, despite well insulated pipelines, with
fluid temperatures at 60 — 100 °C. Therefore, a study
was conducted to investigate heat losses and gains in
hot water heating (3GDH), low temperature heating
(4GDH) and district heating and cooling networks
(5GDHC) based on numerous simulations.

The main purpose of the investigations is to deter-
mine the main factors influencing the heat transfer
characteristics of underground heat networks. The
derived results serve as a basis for the development
of future planning tools to determine the heat losses
and gains of local heating networks quickly and cost-
efficiently.

Introduction

The effects of climate change are clearly noticeable
in the form of melting ice masses, rising sea levels
and an increase in severe weather and drought. To
counteract this, drastic changes have to be made in
various sectors and especially in the energy supply of
buildings. In the future, it should be designed to be
climate-compatible with renewable energies. Since
the heating and cooling supply accounts for a large
part of the final energy demand of buildings, the
integration of renewable energies as well as new
storage concepts must be pursued and researched
(Bundesministerium fiir Wirtschaft und Technologie
(BMWi), 2011). Energy efficiency and the integra-
tion of renewable energies in heat supply are there-
fore increasingly becoming the focus of research.

The energy supply of buildings can be realized with
the help of various concepts. Here, heating networks

can supply settlements or even entire cities. Large-
scale power plants are usually used for this purpose,
which primarily address electricity generation and
use the "waste heat" profitably for the heat supply.
Heating networks are systems that transport thermal
energy to the end user. This energy is generated at a
central point (Fernwidrme Arbeitsgemeinschaft,
2017). This type of heat distribution is mainly used to
heat buildings and to produce hot water. Heat net-
work systems and fluid temperatures have developed
significantly over the last 140 years (Zeh, et al.,
2021). Due to the temperature difference between the
heat transfer medium and the surrounding soil, heat
losses occur during the transport of energy. These
affect the network temperatures as well as the eco-
nomic efficiency and must therefore be taken into
account.

The present work deals with the heat losses and gains
of the three current Generations of district heating
networks. The influence of different factors is inves-
tigated with a special focus on low temperature heat-
ing networks and district heating and cooling net-
works.

With the help of computer-aided simulations, the
heat transfer characteristics can be analyzed, which
lead to the estimation of the heat losses and gains of
31 4% and 5% generation heating networks. Similar-
ly, this enables the comparison of different influenc-
ing variables of the network types.

The research question deals with the systematic in-
vestigation of specific influencing factors for the
determination of heat losses and gains of heating
networks for future planning tools.

Development of heating networks

Existing 3rd generation heat networks are operated
with a water temperature of up to 100 °C in insulated
distribution lines (see Fig. 1). In order to transport the
hot water to the consumers, a flow and a return line
are usually laid next to each other as a pair of pipes.
In general, there are different variants of installation
(Fernwirme Arbeitsgemeinschaft, 2017).
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e Underground installation directly in the
ground
e Underground installation in a concrete
channel
e Underground installation in a walkable
concrete channel
e Above-ground installation
This work is limited to underground installation
directly in the ground.
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Figure 1 Dristrict heating networks with a central
power plant (3GDH)

The structure of classic 3rd generation heating
networks usually consists of pre-insulated steel
pipelines (plastic composite jacket pipe - KMR). The
insulating material used is polyurethane foam (PUR
foam), which can have a different heat transition
coefficient (U-value) depending on the structure of
the pulp (Deutsches Institut fiir Normung e.V. 2020).
The thermal insulation serves both to reduce heat
distribution losses and to prevent damage to the
pipeline. In addition, the jacket pipe protects the
thermal insulation from outside influences.

The 4th generation of heating networks, in contrast to
the first three generations, faces the challenge of
supplying  energy-efficient  buildings  through
intelligent and regenerative energy systems (see Fig.
2).

I

Figure 2 Low-temperature heating network with
central heat pump and various renewable heat
sources(4GDH)

The distribution lines are also laid as a pair of buried
pipes. The primarily difference between these heating
networks and the previous generations are the system
temperatures. Fluid temperatures range from
20 — 60°C (Lund, et al, 2014). Due to the
temperatures below 80 °C, plastic pipelines (plastic
medium pipe — PMR) can be used beside steel
pipelines. They are easier to install and do not require
corrosion protection. Another option, in addition to
the individually installed pair of pipes, is the
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installation as DUO pipelines (both pipes as double
pipeline insulation). In this case, the flow and return
line are laid together in an insulating jacket. The
advantage are a significantly lower heat losses on the
way to the end user. In addition to the lower heat
losses, the use of waste heat and the integration of
renewable heat sources are possible. This is a
significant advantage over the third generation.
Because 4th generation heat networks are a complex
type of district heating system that can use local
waste heat from commercial building processes and
require detailed planning, this is often referred to as
the "future of heat networks." (Pehnt, 2017).
However, the 4th generation is the state of the art of
today's technology and due to the lower flow
temperatures, significantly facilitates the integration
of renewable energy sources such as geothermal
energy through the use of heat pumps (HP).
Furthermore, the exergy efficiency increases
compared to a classic combustion heating system and
almost triples the exergy lever of heat generation
(Deutsche Physikalische Gesellschaft e.V., 2010).
Research and development results show that
buildings will be both electrically and thermally
interconnected in the upcoming years (Pehnt, 2017),
(Zeh, et al., 2019). Heat networks of the 5th
generation, so-called district heating and cooling
networks,  represent the necessary  further
development of heating networks in this context. Due
to their low temperature level, the heat losses of
previous heating networks can be avoided. Due to the
improvement of building standards and the resulting
decrease in heat demand, the percentage of heat
losses in conventional heating networks is increasing.
When installing a SGDHC network, there is no
insulation of the distribution lines and the network is
operated with system temperatures close to the
ground temperature. As a result of this system, heat
gains can be generated in the network (see Fig. 3).
Buildings, are given the opportunity to evolve from
pure "consumers" to so-called "prosumers" that can
also feed energy back into upstream networks at
certain times (Zeh, et al., 2019).

a b .Q)
!
V4 o\

It LMQH

Figure 3 District heating and cooling networks with
various renewable heat sources (5SGDHC)

A 5th Generation District Heating and Cooling
Network is a thermal energy distribution network that
uses brine as a carrier medium and hybrid substations
(which consist of heat pumps with other heat and
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power sources). The heat is distributed at fluid
temperatures close to the ambient ground
temperature, so it cannot be used for direct heating
purposes. On the other hand, there is the possibility
of integrating industrial waste heat, urban heat
surpluses and renewable energy sources at low
temperature levels. In addition, the operation of the
customers substations can be reversed. This makes it
possible to meet both the heating and cooling needs
of a wide variety of buildings simultaneously and
with the same distribution lines. Through hybrid
substations, the S5th generation contributes to the
sector coupling of heating, electricity and gas
networks in a decentralized smart energy system
(Buffa, et al., 2019).

Hygrothermal simulation of heating net-
works

The hygrothermal simulation software DELPHIN,
developed by the Technical University of Dresden at
the Institute for Building Climatology, was used for
the calculations (Bauklimatik Dresden, 2021). This
allowed the determination of the heat transfer from
the distribution lines to the surrounding soil for
different variants. With the help of the software,
physical processes can be simulated and heat
transport can be analyzed with hourly precision. The
calculation is carried out using the finite difference
method, in which the results of the individual
calculations are passed on to the adjacent elements in
the same time interval. To check the correct
implementation of the physical equations, validation
calculations were carried out by the Technical
University of Dresden at the Institute for Building
Climatology. Due to the interrelations and the
number of discretized wunits (single and fine
resolution units of the whole system) the accuracy of
the simulation improves (Sontag, et. al., 2013). The
reference simulation was set up with the following
boundary parameters.

e Location: climate zone - CLZ 4; Potsdam

e Soil type: sandy loam

e System temperature: 80/60 °C (3GDH),

50/30 °C (4GDH), 0/-4 °C (5GDHC)
e Nominal size: DN40 (3GDH and 4GDH),
DN100 (5GDHC)

e Insulation level (DS): DS1pngo = 0.0110 m,
(DSZ pn4o = 0.0125 m, DS3 pngo = 0.0140 m)
Pipe spacing: 0.20 m
Pipe cover: 1.40 m
Soil moisture: 15 %

Heat output: 100 kW

Pipe type (composite pipe system): plastic
composite jacket pipe - KMR (steel), plastic
medium pipe - PMR (PEX), plastic medium
pipe as double pipe insulation - DUO (PEX/
Steel), plastic medium pipe not insulated -
PMRni (PE)

The choice of climate zone 4 and soil type "sandy
loam" was set as an average for Germany (D.
Bertermann (FAU) 2010). The respective system
temperatures were selected as examples for the
investigated heating networks. In connection with the
specified output of 100 kW, the dimension of the
respective pipe system was determined via the
required volume flow and the specified spread at a
velocity of 0.8 m/s. According to DIN EN 253, three
insulation levels are used for the warm heating
networks (Deutsches Institut fir Normung e.V.,
2020). The insulation levels are based on the
dimension of the pipe and indicate the insulation
thickness in ascending order. The pipe distance, the
pipe cover, the soil moisture and the performance
specification were selected as standard values.
Various pipe systems and configurations were
considered in the study (see Fig. 4).
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1) both pipelines insulated Il) both pipelines Ill) both pipelines as

not insulated double pipe insulation
Figure 4 Consideration of different pipeline systems

The KMR and PMR composite pipe systems are
designed according to point I and therefore
correspond to pre-insulated, in-ground flow and
return pipes. The SGDHC as PMRni is not insulated
and is therefore installed in the ground in accordance
with point II. The DUO pipe system is examined
according to point III as a flow and return line in an
insulating jacket.

The comparison of static calculation methods and
dynamic simulations shows a clear difference in the
accuracy of the results. With the help of the climatic
site conditions, boundary effects can be investigated
and precise statements can be made.

Heat losses and gains of heating networks

The investigations of the influencing parameters
mentioned are intended to show the heat transfer
properties. In order to be able to make precise
statements on the heat losses and gains of different
networks, the influencing parameters of location, soil
type, system temperature (flow and return
temperature - VL/RL), dimension, insulation level,
pipe distance, pipe cover, heat output and pipe type
were varied. In the investigation of the locations, in
addition to CLZ 4 Potsdam, a warmer (CLZ 1
Bremerhaven) and significantly colder climate zone
(CLZ 11 Fichtelberg) were simulated.

The simulation results show an influence of up to
40 % of the reference system to the cold climate zone
at SGDHC (see Dia. 1). CLZ 1 to CLZ 4 shows no
significant influence. It has also been shown that for
warm heating networks there is only an influence of
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10 % on average between the reference system to the
cold climate zone (see Dia. 2).
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Heat flow [kWh/m*a]

Diagram 1 Heat flow of different climate zones and
system temperatures (SGDHC)

Heat flow [kWh/m*a]

50
0
40/20 °C 50/30 °C 60/40 °C 70/50 °C 80/60 °C 90/70 °C

—Climatezone I —Climatezone 4 —Climatezone 11

Diagram 2 Heat flow of different climate zones and
system temperatures (3GDH, 4GDH)

Thus, the climate zone has a much smaller influence
on district heating networks than on S5GDHC.
Furthermore, it has been confirmed that at the colder
locations, lower heat gains are achieved with
5GDHC. According to this, however, there are also
higher heat losses at colder locations with the warm
heating networks. The main influencing factors here
are precipitation and solar radiation, which change
the thermal conductivity in the soil under otherwise
identical boundary conditions.

300

— 200

t:

E 100

2 0
2-100
Z-200
=300
Sand (A=1.19 Loam (A=1.48 Silt (A=1.31 Clay (A= 1.70
W/mK) W/mK) W/mK) W/mK)

—80/60 °C —50/30 °C —0/-4 °C
Diagram 3 Heat flow of different soil types and
System temperatures

Furthermore, investigations were carried out for
typical soil types. The soil types sand, loam, silt and
clay are compared (see Dia. 3). It can be seen that for
highly compacted soil types such as clay, a difference
in thermal conductivity and thus in the typical heat
losses prevails. The remaining soil types investigated
show no significant influence on the heat losses and
gains in the network. However, since soil moisture
can influence the thermal conductivity of the soil,
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further investigations with different moisture
contents will be carried out in the future. A strong
influence of the moisture content is to be expected.
Insulation is a key element in reducing heat losses
from a building and the distribution of heat to the end
user. As described at the beginning, there are three
insulation levels. Diagram 4 shows the three
insulation levels at different system temperatures of
40°C — 90°C in the flow. Furthermore, the
difference between two individually insulated pipes
and a double pipe insulation is shown. When the flow
and return line are laid in an insulating jacket, the
pipes influence each other. The flow pipe loses part
of the heat to the return pipe directly next to it, which
reduces the overall heat loss to the surrounding soil.
This accounts for a reduction in heat loss of up to
60 % for plastic pipelines.

Heat flow [kWh/r

0
40/25°C  50/30°C  60/40°C  70/50°C  80/60°C  90/70°C

KMR ----- DS1  ----- DS2 DS3
PMR ——DSI DS2 DS3
DUO —DS1 —DS2 DS3

Diagram 4 Heat flow of different insulation levels for
KMR, PMR and DUQO systems

In the case of 3GDH, the change in insulation level
from DS1 to DS2 has a noticeable influence on the
distribution losses, whereas different insulation levels
in the 4GDH no longer contribute to a noticeable
improvement in efficiency. Here it is important that
insulation is present at all. Further investigations
showed an increase in heat losses with an uninsulated
pipe of 4 times that of the reference variant, which
would mean a heat losses of almost 500 kWh/m*a
without insulation. Insulation is therefore crucial, but
insulation with insulation level 3 with a system
temperature less than 60/40 °C is no longer effective.
Diagram 4 shows that the differences between
various insulation levels in 4GDH are so small that
insulation according to DS2 or DS1 is sufficient. This
means that oversizing or additional, unnecessary
insulation of the pipes can be avoided. This leads to a
cost reduction and an economical construction
method. Different power specifications in the
network, on the other hand, have no influence on the
heat losses and gains of the heating networks
considered and are therefore negligible. The fluid
temperatures are decisive. As can be seen in diagram
4. Here, different temperatures of the warm heating
networks were simulated and mapped for the
different pipe systems KMR, PMR and DUO. It
shows a strong increase in heat losses at high fluid
temperatures, which is an essential part of optimising
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the heat losses of heating networks. Furthermore, the
influence of steel to plastic pipelines, from a
temperature of more than 70 °C, becomes clear. But
above all, the reduction of heat losses when installing
DUO piping systems becomes clear here.

In the further investigation of the dimensions, due to
the amount of simulations, it was decided to consider
only three temperature levels (80/60 °C, 50/30 °C
and 0/-4 °C) (see Dia. 5). The dimension of the
pipelines of 3GDH have a high influence on the heat
losses in the network. However, 4GDH also show a
3-fold increase in heat losses from DN40 - DN500.
In contrast, the SGDHC shows only a small increase
of 50 % in heat gains. This can be explained by the
lower temperature difference between the fluid and
the surrounding soil. Due to the different results, a
calculation of the heat losses and gains must always
be considered in connection with the dimension.

1000
800

= 600
i 400
g 200
= 0
2 200
-400
50 100 150 200 250 300 350 400 450 500
Nominal size DN
0/-4 —50/30 —80/60

Diagram 5 Heat flow of different dimensions and
System temperatures

In addition to the previous investigations, it is evident
that the pipe spacing has a non-negligible share in the
heat losses and gains of the networks. The reference
investigation (with 0.2 m) of the 4th generation was
therefore varied with the following listed pipe
distances: 0.0m; 04m; 06m; 1.0m. This
investigation (see Dia. 6) resulted in a deviation of
the heat losses of up to 15 %. Here, the lowest heat
losses was noticed with a pipe distance of 0.0 m.
Since both pipes influence each other, there is less
heat losses to the surrounding soil.

400
300
200
100
0

-100

-200

-300
0.0 m 0.2m 0.4 m 0.6 m 0.8 m 1.0m

—80/60 °C —50/30 °C 0/-4

Heat flow [kWh/m*a]

Diagram 6 Heat flow of different pipe distances and
System temperatures

However, heating of the return temperature must be
expected. This also occurs with the DUO pipe
systems, which is why lower heat losses occur. In
warm heating networks, a large distance between the
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pipes therefore also means an increase in heat losses.
In contrast, a large distance between the SGDHC
pipes is intended to increase the heat gains.
Accordingly, the distance between uninsulated pipes
should not be less than 80 cm, as losses of up to 20 %
of the heat gains may have to be accepted.

The pipe cover must not be disregarded when
considering heat losses and gains. Pipes laid in the
ground are usually laid outside the frost zone
(-0.8 m) to prevent the fluid from freezing or cooling
down considerably. The pipecover, like the pipe
distance, was investigated for the 4th and 5th
generation and shows an influence of up to 8 % for
the 4th generation when considering overlaps
between 0.60 m - 2.0 m. The influence of the 5th
generation is up to 31 %. for the 5th generation and
should therefore not be neglected.

Summary
The investigations serve to determine the most
important influencing factors that

positively/negatively — affect the heat transfer
properties of underground heating networks. This
was done with the help of a computer-aided
simulation. A considerable reduction of heat losses is
shown when system temperatures are reduced. For
this reason, conventional heating networks with fluid
temperatures above 60 °C in the flow should no
longer be state of the art. By reducing the fluid
temperatures, not only heat losses are avoided, but
the integration of renewable energies and various
waste heat sources is also made possible.
Percentage influence on the
reference values in brackets [%]
S 222
D imen s o |
DN40-DN500)
\ 40 196
Temperaturc | —
(50-90 °C: -10-15 °C) 40 206

Climatezone m— 19
(KLZ 1,4,11) 20 43

Insulation —— 16
(DS1-DS3) 14

Pipedistance m— 15
(0.0-1.0 m) 39

Pipecover q g
(0.6-1.4 m) -
Soil type (sand 4
loam, silt, clay) -2 7

Heat output y |
(20-100 %) I 1
2

0 20 40 60 80
@) '(?) m both pipes insulated
both pipes as double pipe insulation
0O O not insulated
Diagram 7 Percentage influence of heating networks

as single and double pipe insulation and without
insulation for SGDHC

In summary, besides the dimension, the system
temperature influence the heat losses of the 3GDH
the most (see Dia. 7). This is followed by the climate
zone, the insulation level and the pipe spacing, which
should not be neglected for an accurate assessment of
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the heat losses. The consideration of the pipe
coverage also shows a small influence on the heat
losses in the network. The type of soil and the varied
performance specifications, on the other hand, have
no relevant influence on the heat networks
considered.

A further analysis of the influencing variables for the
4GDH showed that a reduction of the heat losses is
possible through various measures. In addition to the
system temperature, which can only be reduced to a
limited extent in this system, the pipe system plays a
decisive role. The remaining investigation parameters
cannot be optimised due to site-specific principles.
The insulation levels are handled according to
DIN EN 253 and were therefore not investigated for
other insulation material sizes (Deutsches Institut fiir
Normung e.V., 2020). However, it is possible to lay
the flow and return line in a duo-pipe with an
optimised U-value, which enables a reduction of heat
losses by up to 60 %. This considerable measure is
well worth considering for 4th generation heating
networks. Nevertheless, this should be weighed
against the cost of implementation and economic
viability. Especially for hotwater heating networks,
the change of the pipe system from two individually
insulated pipes to one duo pipe represents a
considerable optimisation potential.

However, a change to SGDHC networks can also
generate significant added value. However, the
design of such a network requires a detailed
simulation. In contrast to district heating networks,
the different parameters have a greater influence on
the heat flows of SGDHC. The dimension has the
highest influence on the heat gains in the network,
followed by the climate zone, the system
temperature, the pipe spacing and the pipe cover are
the most important parameters to consider. Due to the
fact that the pipe is not insulated, the fluid
temperature varies greatly and must be considered in
more detail for the individual months. This is why
the heat gain cannot be estimated purely over the
year. As in the case of warm heat networks, the type
of soil and a different heat output have no significant
influence on the heat gains in the network.

Outlook

On the basis of the different comparisons, general
statements on the initial assessment of heat losses
and gains could be elicited, which are to be combined
in a future planning tool. This brings the currently
prevailing determination of heat losses via static
tables to a new level and is intended to help planners
in particular with the dimensioning of heating
networks. This tool cannot and will not replace a
thermal simulation of heating networks, but it should
facilitate the path to an efficient and regenerative
heating network system.
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