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Abstract

The current operation of district heating networks often
relies on static analyses and control parameters. In the
future, possible integration of renewable energy sources
like solar or geothermal energy are getting more and more
important. To investigate the impact of these new en-
ergy source in combination with new control strategies,
dynamic simulation models for district heating and cool-
ing systems are getting more important. However, these
models are often large and therefore have large computa-
tion times and require manual effort to create and optimize
them. Thus, this paper investigates in the simulation of a
large and meshed district heating network. We present a
workflow for automated generation and model simplifica-
tion of simulation models based on GIS data. The validity
of the model simplification is proven and the usability of
the model is demonstrated by a Use Case with two differ-
ent control strategies.

Keywords: District Heating and Cooling Networks,
Model Simplification, Control Strategies

1 Introduction

The current design and operation of district heating net-
works often relies on static analyses and control parame-
ters. In the future, possible integration of renewable en-
ergy sources like solar or geothermal energy as well as
distributed heat sources is getting more important. As the
integration of renewable and distributed energy sources
are influencing the dynamic behavior of thermal networks,
understanding and representing these dynamic processes
within such systems is of great importance. This applies
not only to the design of these networks but in partic-
ular the operation and implementation of different con-
trol strategies. Dynamic simulation models for thermo-
hydraulic systems provide an opportunity to gain insights
in the dynamics of district heating and cooling (DHC) net-
works. Although various demonstration for complex dis-
trict heating and cooling (DHC) systems, with high share
of renewable energy have already been realized (Lund
et al., 2014) and dynamic models have been applied to
thermal networks (Schweiger et al., 2017), dynamic mod-
eling of DHC networks are still rarely used for design and
operational optimization. One of the reasons for this is the
complex modeling of these systems.

In recent years, the IEA-EBC Annex 60 (Wetter et al.,
2015) and the follow-up project IBPSA Project 1 develop
models in the modeling language Modelica for building
and urban energy systems. This cooperation has resulted
in a thermo-hydraulic pipe model that meets the require-
ments for the simulation of complex district heating and
cooling networks (van der Heijde et al., 2017). In addi-
tion, tools were developed for the automated generation of
models of complex network structures (Fuchs et al., 2016).
These tools make use of object-oriented programming in
Modelica and GIS (Geographical Information Systems)
data to generate network system models.

In the case of complex networks, which are character-
ized, for example, by several feed in or a meshed net-
work topology, large and complex models are the con-
sequence. These models have a large number of equa-
tions, state events and Jacobian-evaluations. This makes
the translation and simulation of these models slow and of-
ten leads to instabilities. Optimizing the models with sev-
eral hundred pipes and substation is very time-consuming
and requires manual input as well as very detailed expert
knowledge. One option to make the models faster and
more stable is topological and parametric model simpli-
fication. Model simplification for heat network calcula-
tions has been widely used, (Larsen et al., 2004). How-
ever, these simplifications often involve a loss of spatial
information. For distributed networks with multiple feed
in with different temperature levels, the spatial distribution
plays a decisive role.

For this reason, we present a methodology for model
simplification for complex and meshed thermal networks.
In a first step, GIS data is subjected to a topological sim-
plification. Certain pipes are replaced by weighted analo-
gous pipes. This is necessary to create an executable sys-
tem model, which still reflects the spatial properties of the
network. In the second step, particularly short pipe sec-
tions are identified and modeled with a static pipe model.
This reduces the number of equations, state events and
Jacobian-evaluations but still keeps the spatial resolution
of the model.

The paper is divided into five chapters. After the in-
troduction, the methodology section describes the models
used. In addition, the methodologies for model simplifi-
cation are presented in more detail here. The presented
methodology is tested using the example of two control
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strategies for the thermal network of a research center in
Germany. Before the paper ends with a summary, the lim-
itations and an outlook, a verification of the model simpli-
fication as well as results of the use case are shown in the
results section.

2 Methodology

In this section we present different models and tools used
for the dynamic simulation of district heating and cooling
networks. For this purpose, the dynamic simulation mod-
els of the individual components of a district heating or
cooling system that are necessary to build a system model
are presented first. Afterwards it is shown how these com-
ponent models are used for the automated generation of a
district heating system model using the Python tools ues-
graphs and uesmodels, (Fuchs et al., 2016). Starting from
a GIS data set, the process of model generation, parame-
terization and model simplification is described. Finally,
the control strategies of the district heating network con-
sidered as an example are presented.

Dynamic Simulation Models

For the dynamic simulation and analysis of district heating
networks, dynamic, thermo-hydraulic simulation models
are used which are developed in the modeling language
Modelica. Modelica provides the possibility to text-only
description of the models and a object oriented modeling
approach. This makes it easy to provide a model gen-
eration process with the help of other frameworks, more
suitable for large data handling, such as Python. In ad-
dition, Modelica is capable of a multi-physics simulation
approach which is useful for future investigations regard-
ing the flexibility of thermal networks to the electrical net-
work for example.

The system model of the district heating networks con-
sists of three main components: The models for the hy-
draulic network (i. e. the pipes and junctions), the substa-
tion models that represent the consumers connected to the
network and the model of the central heat supply. These
models are combined according to the considered network
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Figure 1. Exemplary system model of a district heating network

topology to build a system model of the respective DHC
network. The individual component models are connected
to each other by fluid connectors, developed in the An-
nex 60 (Wetter et al., 2013). These connectors provide
information on the state of the fluid, including the mass
flow, thermodynamic pressure and the specific thermody-
namic enthalpy of the medium. All used models are devel-
oped within the Modelica libraries Modelica IBPSA (Wet-
ter et al., 2015) and AixLib (Miiller et al., 2016).

The pipe elements of a district heating network
are modeled using a dynamic, equation-based thermo-
hydraulic pipe model, the so-called plug-flow pipe model
developed by (van der Heijde et al., 2017). This section
explains the underlying idea of the plug-flow pipe model
and describes additional work to use this model within a
system model. The plug-flow pipe model is based on a
plug-flow approach, which enables the dynamic simula-
tion of long pipes, including the pipe network of district
heating and cooling networks. Besides the hydraulic be-
havior, heat losses, heat storage effects of the medium and
the pipe as well as the propagation of temperature waves
along the pipe can be simulated. In addition, the pipe
model is usable for various network layouts (e.g. branched
and meshed networks), thus enabling a wide range of ap-
plications in the field of dynamic simulation of DHC net-
works. For this purpose, the properties of the pipe, such as
the length, diameter as well as the thermal and hydraulic
properties of the pipes and the pipe insulation can be spec-
ified with physical parameters. In order to be able to repre-
sent the pressure losses of a pipe segment more accurately,
the plug-flow pipe model features the parameter fac. This
parameter allows to take into account the flow resistances
of e.g. bends and thermal expansion joints for each pipe
section individually. In order to simulate the heat losses
more accurately, we added a model that represents the sur-
rounding soil as a combination of cylindrical thermal re-
sistors (R) and capacitances (C). These RC-combinations
model cylindrical heat transfer and thermal storage effects
in the pipe and the surrounding soil. The pipes are con-
nected by thermal connectors to the inside of the cylin-
drical thermal capacities. On the outside, the undisturbed
soil temperature is used for the heat loss calculation. In
contrast to the static design methods, dynamic simulation
models allow to take into account changing soil temper-
atures during the year. Therefore, the annual profile of
the undisturbed soil temperature is calculated according
to Florides et al. (Florides and Kalogirou, 2005).

The pipe model is used to model the network topology
and thus the system model. In a real network there are
pipes and pipe sections of different length. Whereas the
dynamic behavior along long pipe sections is of great in-
terest, the effects in shorter pipes play a less important
role (e.g. connection to buildings). The spatialDisribu-
tion() operator is used in the plug-flow pipe model to cal-
culate the advection of fluid through the pipe and thus the
temperature propagation along the pipe. For reducing the
complexity of the system model and thus the number of
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equations and the computation time, a pipe model without
spatialDistribution() operator was developed based on the
plug-flow pipe model. This simplified pipe model is used
for short pipe length, see section 3.

In the system model, the substation models represent

the heat consumption of the connected buildings. For
this purpose, the heat demand profiles of the individual
buildings serve as model input and can either be deter-
mined using dynamic building simulations or defined us-
ing measured values. The demand profiles are loaded with
Combi Time Tables and assigned to the corresponding sub-
stations. The model parameters of the substation are the
nominal return temperature on the one hand, and the min-
imum temperature difference between flow and return line
on the other. These parameters are used in combination
with the heat demand profiles to control the mass flow of
the substations. For this purpose, the flow temperature
at the inlet of the substation is measured with a temper-
ature sensor. Based on the heat demand profile and the
measured flow temperature, the required mass flow is cal-
culated using the defined return temperature. Using this
equation-based control approach, the substation ideally
covers the heat demand of the building at every time step.
By combining several substations in one system model,
the total mass flow in the DHC network is determined.
In order to provide the mass flow with the required flow
temperature, a heat source is used in the model of the cen-
tral heat supply of the district heating system. For testing
different flow temperature controls, the supply tempera-
ture of the district heating network is defined as model in-
put. Constant supply temperatures but also temporal tem-
perature profiles, such as outside temperature-dependent
heating curves, are possible. In addition, the return pres-
sure and the pressure difference between flow and return
are parameters of the supply model. Using a mass flow
sensor and temperature sensors that measure the flow and
return temperatures, the heating power of the heat supply
is calculated.

Figure 1 shows exemplary the structure of the system
model of a simple district heating system with one heat
supply, two substations and four pipes. The upper two
pipes represent the flow line, the lower two pipes the re-
turn line of the district heating network. For one pipe, the

Figure 2. Original model cutout of an exemplary district heating
erid

connection to the RC-model of the surrounding soil and
the connection between the RC-model and the undisturbed
soil temperature are also shown. The heat demand profiles
of the two substations are integrated with two Combi Time
Tables. The inputs of the supply model (supply tempera-
ture and pressure drop) are defined as constant values in
the example.

Workflow and Model Reduction

The used workflow for district heating grid simulations
presented in this paper is divided into 4 steps:

* GIS data import
* Network topology optimization
* Model reduction

* Model export

Whereas, the first two steps (GIS data import and
network topology optimization) is handled by an Open-
Source tool called uesgraphs (Fuchs et al., 2016), the last
two steps are handled by a tool called uesmodels. Ues-
graphs handles information of district networks (electric-
ity, heating, cooling and gas) as a graph with edges and
nodes and is written in Python. In the context of this paper,
we use a GIS network topology of a real network in Ger-
many. This data, stored in a Postgres SQL database, is im-
ported in uesgraphs, which can represent the related build-
ings and building substation as nodes, as well as pipes as
edges. To each node and edge individual information are
assigned, for example the address of the building or the
diameter and the insulation standard of the pipe.

Figure 2 shows an exemplary cutout of the investigated
district heating network, substations in green dots, net-
work edges and nodes in red lines / dots and the central
supply as a green dot with a red circle. Using all edges of
the network as a representation of single pipes in the sim-
ulation model, it is obvious that the resulting simulation
model will have a high complexity and a huge number of
used components. Therefore we reduce and optimize the
shown network topology to reduce the number of nodes
and edges. This step, which is carried out on the graph,

Figure 3. Simplified model cutout of an exemplary district heat-
ing grid

DOI
10.3384/ecp19157179

Proceedings of the 13" International Modelica Conference
March 4-6, 2019, Regensburg, Germany

181



Automated model generation and simplification for district heating and cooling networks

O

- 1001 — static 60 m

E’ plug-flow 60 m
3 801 ——~ static 120 m

g ........ plug-flow 120 m
2 60

g

()

[_4

7050 7100 7150 7200 7250 7300 7350 7400 7450
Time in s

Figure 4. Step response to a temperature step of dynamic and
static pipe model with different lengths

refers to the simplification of the network typology (Net-
work topology optimization).

Figure 3 shows the exemplary result of the automated
simplified network topology for the same cutout of the dis-
trict heating grid. The simplified network contains much
less pipe network representations by nodes and edges.
This is mainly done by a weighted reduction of the exist-
ing pipes between nodes which represent junctions, sub-
stations or supplies. Therefore, all pipe edges between
two network nodes which have more then two connecting
edges are summarized and replaced by one pipe edge, rep-
resenting the weighted diameter and the total length of the
pipes reduced. An good example is the substation in the
lower right corner, where three edges are simplified to one
straight edge, representing the sum of the total length of
the original three edges. In addition, the new represent-
ing edges summarize the pressure losses of the replaced
pipe sections caused by bends and take these into account
by increasing the already described parameter fac in the
plug-flow pipe model.

In the two last steps, the network model and its features
are further processed and exported. Therefore, a further
model simplification is applied, to reduce simulation time
and numerical complexity. In this case, the used Python
tool uesmodels is able to replace all pipes below a cer-
tain length with a static pipe model instead of the IBPSA
plug-flow pipe model, which reduces the simulation com-
plexity through the reduction of the system of equations
of the system model while causing only minor losses in
accuracy. Regarding the impact of this replacement, re-
sponses on a temperature step on both models were in-

vestigated. Figure 4 shows the comparison of the plug-
flow pipe model with the static pipe model, used for the
replacement, on a temperature step of 50 K. Two differ-
ent length with typical pipe diameters and mass flows are
compared with a simulation output of 90s. One can see
that with longer pipe length, the dynamic behavior of the
two models are different, but with shorter pipes, in this
case 60 meters of length, there is no difference observed.
This leads to the conclusion that shorter pipe length can be
replaced with static pipe models with no huge deviation in
terms of the dynamic behavior. In addition, its shown that
the steady state behavior before and after the temperature
step is equal, resulting in a feasible assumption for the re-
placement.

Afterwards, the network graph and its features gets
translated to Modelica code with the use of mako tem-
plates (Mayer, 2016). The resulting simulation model is
ready to run in the simulation environment Dymola.

Control Strategies

The control of district heating and cooling networks has a
big impact on the operation and efficiency of a district en-
ergy system. Especially for the integration of renewable
energies into conventional heating and cooling networks
as well as into 4th generation heating and cooling net-
works (Lund et al., 2014), the control of these networks
is important because generation and demand are tempo-
rally decoupled (Vandermeulen et al., 2018). Since these
control strategies and the resulting network operations are
becoming increasingly complex, dynamic system models
are important for developing and testing these strategies.
In this paper, two different simple control strategies of
a district heating network are exemplary examined and
compared on the basis of dynamic simulations. For this
purpose, a constant flow temperature is compared with a
variable flow temperature that is dependent on the outdoor
air temperature.

3 Use Case

The subject of the presented Use Case is the research cen-
ter Jillich in Germany. The research campus consists of
over 200 buildings with different usage, for example of-

Figure 5. District heating network of the investigated research
center in Germany

Figure 6. Simplified district heating network of the investigated
research center in Germany
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Table 1. Modelica translation and simulation information of original and reduced model

Model Characteristics Original Model Reduced Model Difference in %
Number of equations 82527 81411 -1.4
Simulation Time in s 116920 64107 -45.2
Number of Components 15475 15357 -0.8
Number of state events 13551 10162 -25.0
Number of Jacobian-evaluations 27855 22681 -18.6

fices and laboratories. The building stock varies between
different construction periods, with a peak between the
year 1958 and 1968. Nearly all buildings on the research
center are connected to a district heating network, which
is supplied by waste heat of a nearby lignite-fired power
plant. The annual peak load of around 28 MW are sup-
plied with the help of more then 100 substations to the
buildings for space heating, domestic hot water and pro-
cess heat. Figure 5 shows the district heating network of
the described Use Case. The green dots represents the sub-
stations for the buildings, the red edges the actual heating
network and the green dot with the red circle the central
supply unit. The network diameters are qualitatively in-
dicated by the width of the red edges of the graph. The
network itself has a total pipe length of 37 km and pipe
widths between DN 32 and DN 400. The pipes are all
plastic jacket pipes to ensure low heat losses while having
high flow temperatures between 90 - 140 °C.

In the context of the presented paper, the Use Case
shows the application of a dynamic simulation model
with the presented methodology. Leading to a simulation
model where the influence of different control strategies
can be tested. This will be illustrated in this paper us-
ing examples of two different control strategies. In this
case, the used geographical network information shown in
Figure 5 are reduced with the methodology described in
section 2, leading to a simplified, weighted network lay-
out shown in Figure 6. Ones can see that the complex-
ity in terms of the representing network edges is reduced,
especially regarding the representation of the thermal ex-
pansion joints and exact directions of the pipe edges. The
simplified representation is then translated to a dynamic
model representation in Modelica.

Regarding the application in the context of this pa-
per, different simulation exercises are present in section 4.
Starting with the comparison and evaluation of the simu-
lation model reduction in terms of complexity. Basis for
this is the graph where the network topology optimiza-
tion has already been applied. This graph is used to cre-
ate a simulation model where all pipes are modelled with
the plug-flow pipe model. For comparison a simulation
model, which is simplified by the step of model reduc-
tion described in section 2 is automatically generated. The
simplification is verified by a comparison of both simula-
tion results.

The simplified model is used to compare two different

control strategies for the heating network. A fixed temper-
ature control strategy and a control strategy with variable
flow temperature that is dependent on the outdoor air tem-
perature are applied to present the capability and usabil-
ity of the simplified dynamic simulation model to answer
control strategy related questions of district heating grids.

4 Results

The presented Use Case is used to examine different sim-
ulations already described in section 3. Starting with the
comparison of a complex model and a simplified model.
Evaluating the translation characteristics as well as simu-
lation time and results. Followed by a comparison of two
control strategies to exemplary show the capability of the
presented methodology and simulation models.

Model Reduction

The presented simulation model reduction takes the net-
work topology optimization, known from Figure 6, as a
starting point. Exporting the raw simplified network data
to a simulation model, a Modelica system model with
100 substations and 258 pipes is created. Translating this
model, in the following called original model, Dymola
creates the translation information shown in Table 1. Us-
ing a standard workstation with 32 GB of RAM and 12
Cores for the simulation of this model, we are not able to
create a stable and reproducible simulation. Replacing 59
pipes of the original 258 pipes with the static pipe model, a
simulation model with the characteristics shown in Table 1
was created, following the described methodology. In this
simplified case, uesmodels replaces all network pipes with
a length shorter then 20 m with static pipes, while ensur-
ing that a reduced pipe is not followed by another reduced
pipe. Meaning that in the presented case, 64 pipes were
shorter than 20 m but only 59 got replaced to ensure that
no further error gets introduced by replacing a lot of con-
nected pipes with static pipes.

Comparing the simulation log for this two models, a
significant reduction in the number of state events as well
as the number of Jacobian-evaluations is achieved. In
addition a more stable and reproducible simulation was
achieved on the same machine, while reducing the simu-
lation speed by 45.2 %. All simulations were tested on
different workstations with comparable hardware specifi-
cations, whereas only one of them was able to translate the
original model without running into a bad allocation er-
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Table 2. Results of the control strategy comparison

Fixed Variable
Temperature Temperature
Temperature 120 °C 95 -120°C
Provided Energy  83.9 GWh 82.6 GWh
Heat Loss 9.9 GWh 8.6 GWh
Pumping Energy  45.0 MWh 61.5 MWh

rors. After the reduction, all of the testes machines could
run the model without errors. Leading to the assumption,
that with the current models and level of detail, the inves-
tigated network with its meshed structure is on the edge of
possible thermal network simulations with the used com-
puters. Nevertheless, the reduction needs to be compared
in terms of actual simulation variables. Thus, we present a
comparison of the original model with the reduced model
by comparing their supplied heat. In addition, the calcu-
lated mass flow rates at the supply and the calculated re-
turn temperatures at the supply are compared with a time
step of 15 minutes. The total supplied heat of the original
model is 82.7 GWh, while the total supplied heat of the
reduced model is 82.6 GWh, showing good accordance.
The comparison in Figure 7 and Figure 8 shows the
difference between the both results. It is shown that
the overall maximum difference in mass flow calculation
is —|—0.7k7‘g/ — 1.97]‘3—‘? (total average mass flow: 55.2’%’),
while the maximum difference in return temperature is
0.1K/ —0.2K (total average return temperature: 60 °C).
For a better visualization of the small error, Figure 9
shows the error as a histogram, underlining the small er-
rors between the two models, with an expected value of
—0.00032K. Nevertheless, ones can see e.g. in Figure 8§,
that there are some spikes and thus a deviation between
the two compared simulations. The reason for this be-
havior could be the heat loss calculation of the static pipe
model. Leading to smaller heat losses and smaller tem-
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Figure 7. Mass flow difference between the results of the re-
duced and complex model at central supply unit

perature drops on nearly zero mass flows compared to the
plug-flow model. Keeping in mind that these spikes at
the central supply are very small compared to the absolute
average temperature values of 60 °C, we further investi-
gated the deviations between the original and the reduced
model. Figure 10 shows the mean value of the calculated
deviations of the flow temperature for one year at all sub-
stations. It is shown, that the majority of the deviation is
smaller then 1 K. Nevertheless, there are higher devia-
tions which need to be further investigated in future work.
In the scope of this paper, the reduced model compares
good enough to the original model in terms of accuracy to
further investigate top level control strategies, while im-
proving overall stability and simulation speed.

Control Strategies

As already described in section 3, the presented district
heating network is used to apply an exemplary compari-
son of two control strategies for district heating networks.
In the context of this paper and based on the simplified
simulation model, two simple control strategies are com-
pared, showing the exemplary usage and capability of the
workflow and the simulation models. One simulation is
performed with a fixed flow temperature of 120 °C in the
flow line of the heating network to fulfill the tempera-
ture requirements of the buildings on cold days. A second
simulation is performed with a variable flow temperature
curve based on the ambient temperature. The results for
the overall supplied heat, the overall heat loss in the net-
work and the used pumping energy are shown in Table 2.

On the one hand, comparing the total supplied heat, the
variable flow temperature reduces the amount of heat use
by 1.3 GWh due to lower heat losses in the network. On
the other hand, regarding the used pumping energy, the
variable flow temperature increases the energy demand by
16.5 MWh. Compared to the reduced amount of heat in-
put, the slight increase of pumping energy is small, that
the variable flow temperature should be preferred against
the fixed flow temperature.
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Figure 8. Return temperature difference between the results of
the reduced and complex model at central supply unit
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5 Conclusion and Limitations

The presented paper describes a workflow for automated
generation and simplification of DHC network simula-
tions with Python and Modelica. Two different type of
simplifications are applied, on the one hand the network
topology is optimized by reducing the total number of
pipes in the model. On the other hand the model itself
is reduced by using static pipe models for short pipe sec-
tions. The dynamic simulation models are based on in-
ternationally develop district heating and cooling compo-
nents such as the IBPSA plug-flow pipe model. The au-
tomated workflow is applied to an existing district heat-
ing network of a research center in Jiilich, Germany. The
comparison of the simulation model reduction shows good
accuracy between the original and reduced simulation
model in terms of the simulation results, while reducing
the simulation time by 45.2 %. To show the capability and
usability of the presented workflow and simulation mod-
els, two different basic control strategies where examined,
showing significant improvements for a variable flow tem-
perature. The system model was not validated as part of
this work. However, this is essential for the use of the
model to optimize operation of DHC and will be done in
future investigations. The paper shows the usability of the
modeling language Modelica for DHC control optimiza-
tion. Future work will include a comparison of the used
models with even more simplified models, to elaborate
which model detail is necessary for the evaluation of top
level control strategies as well as the detail comparison of
different models at different points at the network. Never-
theless, the paper present possible network simplification
and their results of an Modelica user oriented view. How-
ever, future research needs to include the investigation of
the impact on the numerical system, especially regarding
the agebraic loops and blocks.
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