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Abstract

Modelling of district heating and cooling (DHC) sys-
tems allows for optimized system design and opera-
tion. We present a novel thermo-hydraulic network
model, which we apply to a large 5" generation DHC
network, coupled to a horizontal ground heat ex-
changer. We use Co-Simulation with finite-volume
models in order to account for heat gains of both, the
ground heat exchanger as well as the uninsulated net-
work piping system. We found that the network con-
tributes about 50 % of the source heat demand during
the heating period, whereby it strongly varies over the
course of the year. The model’s simulation perfor-
mance is relatively high as we reduce the number of
pipe ground models by identify pipes with similar
ground temperatures.

Introduction

In recent years, novel district heating and cooling
(DHC) concepts have been applied in practice, incor-
porating renewable heat sources such as geothermal
energy. These systems, referred to as low temperature
district heating and cooling networks or 5th generation
DHC (5GDHC) [1], [2] feature operation temperatures
in the range of -5 °C to 20 °C. Several 5GDHC sys-
tems have been installed in Europe, mainly in Switzer-
land and Germany already. An overview of existing
systems can be found in Buffa et al. [2].

Simulation models constitute a valuable tool for de-
sign, planning and optimization of 5GDHC systems.
A comprehensive literature review regarding model-
ling tools can be found in Allegrini et al. [3]. Also
Schweiger et al. [4] compared several thermal net-
work simulation tools and validated the pipe models
with measured data from a laboratory setup. In recent
years, the most widely used tool among researchers
has been Modelica, using the pipe model from IBPSA
Modelica Library [5]. The respective model is de-
scribed by van der Heijde et al. [6] and widely used in
multiple studies (see e.g. [7], [8]). However, Modelica
models have shown poor simulation performance
when applied to large-scale networks, making simula-
tions time-consuming or practically impossible. Mod-
ellers therefore often simplify the network topology or
the physical relations [9]. Additionally, heat exchange

between uninsulated network pipes and the surround-
ing soil as well as between supply and return pipes is
commonly modelled with over-simplified soil models,
which cannot account for changing boundary condi-
tions at the soil surface.

Therefore, we developed a novel thermo-hydraulic
network model [10], which is part of open-source sim-
ulation software SIM-VICUS [11]. For heat exchange
with the soil, we use two-dimensional hygro-thermal
finite-volume models of the ground that can also cap-
ture ice-formation around the pipes [12].

In this paper, we present our model and simulation re-
sults of a 5GDHC network with a horizontal ground
heat exchanger (HGHX), which has been installed re-
cently in Germany. We briefly describe the thermo-
hydraulic network model, the ground models for the
pipe surrounding and the HGHX as well as the cou-
pling method. Eventually, we evaluate heat gains from
the network and the HGHX in detail and consider the
impact of passive cooling.

Simulation Model

Thermo-Hydraulic Network Model

The thermo-hydraulic network model is part of open-
source simulation software SIM-VICUS [11] and ex-
tensively described in [10]. In contrast to existing
models, we take into account the current flow regime
for calculations of pressure loss and convection inside
the pipe, thereby also considering temperature-de-
pendent fluid properties. Pipes are discretised in mul-
tiple fluid volumes along flow direction, whereby we
solve the thermal balance equation for each single
fluid volume. For numerical solution we use error-
controlled, multi-order, adaptive time step solver
CVODE.

We have implemented hydraulic controllers (P, PI-
controller) for controlling the temperature difference
at each sub-station. For modelling of heat pumps, we
use bi-quadratic polynomials for the COP, which are
based on evaporator and condenser temperatures. Heat
demand profiles are obtained from building energy
simulations of all buildings in the district, which have
been carried out with SIM-VICUS as well.
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Pipe Ground Model

As mentioned before, pipes in 5th generation DHC
networks are usually not insulated and thus exchange
heat with the surrounding soil. The network operation
temperatures are expected to drop below 0 °C, so we
can assume that this heat exchange strongly influences
the surrounding soil temperature. We therefore set up
a finite-volume model of the pipe surrounding, which
accounts for boundary conditions at the soil surface as
well as for heat exchange between supply and return
pipe. For this purpose, we use hygro-thermal simula-
tion software DELPHIN, which features coupled heat
and moisture transport, as well as a physical freezing
model based on the material pore size distribution
[13], [14]. The hygro-thermal parameters for differ-
ent soil types have been implemented as described in
[15].

The model geometry and boundary conditions are de-
picted in Figure 1. We take into account convection,
solar irradiation and long-wave radiation at the soil
surface. The supply pipe (light blue) and the return
pipe (dark blue) are simplified through quadratic
empty spaces and placed 1.5 m below the surface with
a separation of 0.3 m. The edge length of the quadratic
spaces is xpipe = %d with d,;,. being the pipe
outer diameter.

pipe:

solar long-wave
convection irradiation radiation
1.5m
5 0.3m 3 i :‘:
s P> 3
c ——» <
8 5 n :
- E:
10m
constant
temperature

Figure 1: Ground model geometry and boundary
conditions

Both lateral edges of the volume have sufficient dis-
tance from the pipes, so that the influence of the pipes
can be neglected. Below the pipes, a constant temper-
ature of 10 °C in a distance of 10 m is set. The geom-
etry is simplified to a two-dimensional plane perpen-
dicular to the pipes. We assume a constant moisture
content for the entire plane, hence only heat conduc-
tion and ice formation perpendicular to the pipes are
considered. The final discretised finite-volume model
contains approximately 2000 elements.

Co-Simulation of Network and Pipe Ground Model

For coupling between the network pipe model and the
ground model, we use the FMI interface, which is sup-
ported by both SIM-VICUS and DELPHIN. The

DELPHIN ground model provides the averaged soil
temperature T,,;; at the pipe outer surface for the SIM-
VICUS network models as input. As shown in Figure
2, our pipe model is discretised in multiple fluid

Qloss,il Tsoil

Trivia,i-1

Triiai | Trivia,is1
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Figure 2: Scheme of discretized pipe

volumes. Accordingly, we calculate the pipe heat loss
as

Qloss = Z(Tfluid,i - Tsoil)UApipe,i (8]
i

with the pipe’s UA-Value

li
pipe,i=
T 1 @)
mhd Upipe

UA

and the fluid temperature of each discretised volume
Truia,i» the length of each discretised volume ;, the
pipe diameter d, the heat transfer coefficient between
fluid and pipe wall h and the pipe’s length-specific U-
Value Uy pe.

The boundary condition for the ground model is then
formulated as the area-specific heat flux

. Qloss

qplpe T dpipe lpipe (3)
Considering the fact that the entire network model, as
shown in Figure 4, has a total of 387 distinct pipes,
using a unique pipe ground model for each pipe would
result in very high computational effort. Hence, we
coupled the same pipe ground model to pipes with
similar fluid temperatures.

For this purpose, we developed the following algo-
rithm:

1. We calculate the fluid temperature change be-
tween inlet and outlet for each pipe, assuming a
mean temperature difference of 1 K between fluid
and soil as well as a nominal mass flow m,,,,.
Using equation (1) this can be written as

UAy,
ATpipe = —22°
pipe mnom cp (4)

2. We follow the flow path from the source, i.e. the
horizontal ground heat exchanger (HGHX) outlet,
to each single building using a graph algorithm
and sum up the cumulative temperature change
along that path (between the HGHX outlet and
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each single pipe outlet). This value, called the cu-
mulative temperature change AT,,,,,, is assigned to
each pipe along that path. Subsequently, a pipe
that is far away from the HGHX has a higher
AT, and one which is closer to the HGHX has
a lower AT,,,,, even though both may have the
same diameter.

3. We divide the range between minimum and max-
imum obtained AT, by a prescribed integer
Npgm(€.9. Npgm = 10), which is the number of
different pipe ground models. Now we have N, ;,,,
intervals of AT,,,,, and we can assign each pipe to
one of the intervals, i.e. to one pipe ground model.

Co-Simulation with Ground Heat Exchanger
Model

The network is coupled to a horizontal ground heat ex-
changer (HGHX), which we model with DELPHIN as
well, applying identical boundary conditions at the
soil surface and the bottom as described above. The
geometry, as shown in Figure 3, is simplified to a two-
dimensional plane, whereby we assume symmetry in
the centre and therefore only model half of the HGHX.
The final discretised finite-volume model for the
HGHX contains approximately 4200 elements. Due to
the size of the collector, we do not represent each sin-
gle pipe in this plane. Instead, we implemented a vol-
umetric heat source for each of the two layers. This
heat source is applied to a volume Vy;yx, which com-
prises the HGHX area (Aggyx = 11.000 m?) multi-
plied by the pipe outer diameter (d,;. = 25 mm).
Within the thermo-hydraulic network model, the
HGHX is represented through an array of N,, parallel
pipes. The boundary condition for the ground model,
provided by the thermo-hydraulic network model is
then

. _ Np Qloss
AHGHx = do A

®)

pipe AHGHX

where Q. is the heat loss of one single pipe.

) solar long-wave
convection jrradiation radiation
1.5m
Layer 1
S p— =
- 10m ®
= 1.5m 8
5 o
E: E:
T .
qHGHX 2

20m

constant temperature

Figure 3: HGHX model geometry and boundary con-
ditions

We use FMI simulation master MASTERSIM [16],
[17] for model coupling. All simulations were carried
out for a period of 5 consecutive years to ensure quasi
steady-state of the ground models. The results were
evaluated only for the 51" year.

Investigated DHC Network

The considered DHC network has recently been in-
stalled in the city of Bad Nauheim, Germany. It sup-
plies heat to a new housing area, consisting of 180
houses (multi-family and single-family) with distrib-
uted heat pumps and a total heat demand of appr.
2400 MWh/a.

Figure 4: Simulation model of the DHC network in
SIM-VICUS. The pipe diameters are scaled by factor
30 for enhanced visibility. Major grid size is 100 m.

The topology is shown in Figure 4. The source heat is
provided partly by a large horizontal ground heat ex-
changer (HGHX), which is buried in two layers (at
1.5 mand 3.0 m) with an area of 11.000 m2 each. The
remaining part of the source heat is covered by the un-
insulated network pipes, which have a length of 6 km
(12 km in total for supply and return). The network
can also be used for passive cooling during the sum-
mer without operating the heat pump. The network de-
sign fluid temperatures are in a range between -5 °C ...
20 °C. At each network substation there is a valve en-
suring a prescribed mass flux which corresponds to a
temperature difference of 4 K at the heat pump. For
further information, we refer to [1].

Results

Heat Gains from network and HGHX

In We carried out simulations with different number
of pipe ground models Ny, ,,, in order to evaluate how
this impacts the accuracy of the coupled model. In Fig-
ure 8 the heat gains from network pipes and HGHX
are shown over the course of the 5" year (upper plot).
Moreover, we plotted the respective heat gains relative
to the source heat drawn from the ground by all heat
pumps, i.e. the heat demand coverage (central plot) as
well as the ground temperatures at all supply pipes, re-
turn pipes and both HGHX layers (lower plot). Here,
supply pipes are in flow direction from HGHX to



. ¥
in Weimar

600 |

N
o
o

200

Heat Flux [kW]

pipes

HGHX layer 1
HGHX layer 2
HGHX layer 1+2
heat demand

100

80

60

Demand coverage [%]

—— pipes
—— HGHX layer 1+2 |

15.0

—— return pipes
supply pipes

—— HGHX layer 1
HGHX layer 2

12.5¢

10.0¢

Temperature [C]

Apr May Jun

Mar

Jul Aug Sep Oct Nov Dec

Figure 5: Upper plot: Heat gains from network pipes and HGHX layers. Center plot: Heat demand coverage
from network pipes and both HGHX layer. Lower plot: Ground Temperatures at supply pipes (HGHX to
buildings) and return pipes (buildings to HGHX) as well as at both HGHX layers. All values are daily averages.

buildings and return pipes are from buildings to
HGHX.

During the winter period, from October to March,
53 % of the source heat is provided by the HGHX,
while during the period of highest heat demand, in
January, it rises up to 65 %. The ground temperatures
clearly drop below 0 °C, implying ice formation at
both the HGHX and the network pipes. This is also
confirmed by the temperature field around network
pipes at end of February (see Figure 6).

As it can be seen from the course of the temperatures
over the year, after the winter period, the ground
around the HGHX is significantly cooler than that
around the network pipes and the regeneration takes
longer. This is due to the fact that the HGHX pipes are

tightly packed leading to a uniform temperature distri-
bution in the respective layers. Accordingly, it takes
until June for the ice in the second (lower) layer to
vanish completely.

During summer, the heat gains of the second layer be-
come negative, while the network pipes provide more
heat than what is demanded from the heat pumps.
Hence, heat is carried from the network pipes towards
the HGHX.

While this effected was not intended during project
design, it is a potential benefit of the system, as it con-
tributes to the regeneration of the HGHX during the
summer.
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Figure 6: Temperature in ground around pipes at
network main supply line at end of February. The
pipe diameter is 40 cm.

Impact of passive cooling

In the current scenario only heating demand has been
considered, neglecting passive cooling of the build-
ings. In a next step, we have included passive cooling,
using according cooling demand profiles from build-
ing energy simulations. Figure 7 shows the respective
HGHX ground temperatures in comparison with the
default scenario without passive cooling. It should be
noted that the amount of required cooling energy is
only 10 % of the heating energy, as the district consists
solely of residential buildings.
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Figure 7: Daily averaged ground temperatures at
HGHX layers with and without passive cooling.

The ground temperature in both layers clearly rises
during summer due to the heat injection. The differ-
ence to the default scenario in August is about 5 K.
However, in December, the difference remains to be
only 0.5 K and almost vanishes until the end of the
heating season. Hence, the heat pumps benefit during
winter only slightly from heat injection during sum-
mer.

Simulation performance

We carried out simulations with different number of
pipe ground models N, in order to evaluate how
this impacts the accuracy of the coupled model. In Fig-
ure 8, the daily-averaged network return temperature
at the central pump is shown for different numbers of
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pipe ground models N, . As reference, we use a sim-
ulation with 50 models. The evaluated cases with 1 or
10 different models are both relatively close to the ref-
erence case. However, the case with only 1 pipe
ground model shows some deviation during summer,
so we decided to use 10 different models, i.e. Npgm =
10.

— 50 models
—== 10 models
100F """ 1 model

12.5}F
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501
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Temperature in C
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Figure 8: Daily averaged network return tempera-
ture at pumping station for different numbers of pipe
ground models.

Table 1 shows the required CPU time for one year of
simulation and different numbers of pipe ground
models respectively. We use a Laptop with an i7-
11800H and a CPU rate of 2.3 GHz for all simulations.
The performance is clearly dominated by the thermo-
hydraulic network simulation, which requires between
97 % of the CPU time (N,4m,m = 3) and 68 % of the
CPU time (N, gm = 50). Considering the fact that the
network model solves 1531 ODEs, which are in part
tightly coupled due to hydraulic controllers for
temperature  difference control, the obtained
performance is moderate when compared to similar
models in Modelica/DYMOLA.

Table 1: Performance of coupled simulation for 1
year real time

CPUtimeonly CPU time

N

pom network [h] total [h]

50 6.36 9.33

10 6.37 6.83

3 6.42 6.60
Conclusion

This article presented a model of a large-scale DHC
network coupled with a horizontal ground heat ex-
changer (HGHX). The approach focuses on detailed
modelling of heat exchange with the ground using
dedicated finite-volume models for both the pipe sur-
rounding and the HGHX. For modelling of the net-
work, we use open source simulation software SIM-
VICUS, which we couple to ground models in
DELPHIN using the FMI 2.0 interface. We showed
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that with 10 different pipe ground models, the heat ex-
change between all network pipes and the ground can
be described sufficiently, even though the network is
relatively large and uninsulated.

The heat gains from the network contribute to the total
heat gains by about 50 % during heating season and
35 % during peak heat demand in January. Subse-
quently, in January the ground heat exchanger covers
the substantial part, which leads to lower ground tem-
peratures compared to the pipe surrounding. Moreo-
ver, we found that passive cooling rises ground tem-
peratures during summer substantially but has only
minor impact on temperatures during heating season.
The simulation time for the coupled model is about
6.8 h for one year of real time, being strongly domi-
nated by the thermo-hydraulic network model.
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