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Abstract: District heating and cooling (DHC) networks, and in particular, the fifth generation
of DHC networks, offer great potential in increasing the overall system efficiency and reducing
CO2 emissions in the heating and cooling of urban districts. Due to the growing complexity of
these energy systems, the use of new planning methods, such as the use of dynamic simulation
models based on Modelica, becomes more important. However, especially with large, complex
thermal networks, there is a high effort for manual model construction and parameterization. For
this reason, we present a framework for automated model generation of DHC networks based on
simulation models in Modelica written in Python. The core function of the Python framework is to
transform a graph representation of a district heating network into a dynamic simulation model. The
authors briefly describe the workflow and demonstrate its applicability with three different use cases.
We investigate the impact of different design decisions, e.g., comparing the difference between central
and decentral pumps as well as a combination of both in one network. In addition, we present the
results of evaluating the impact of different network temperature levels or pipe insulation compared
to the overall energy supplied to the network, leading to the conclusion that the presented framework
is capable of reducing the manual effort for performing DHC network simulations with Modelicaand
allows to easily perform parameter studies in an early planning phases in the future.

Keywords: 5GDHC; ULTDH network; bidirectional low temperature network; numerical simulation;
graph framework; dynamic thermal hydraulic pipe simulation; district heating

1. Introduction

The current energy transformation in Europe leads to high shares of renewable energies
in the market. Between 2004 and 2018 the share of primary from renewable sources almost
doubled in the EU [1]. The goal of this transition is to reduce the amount of fossil fuels
used in Europe in order to further reduce the impact of energy supply on global climate
change. Therefore it is fundamental to reduce the overall energy demand through efficient
energy distribution and consumption. Half of the energy used in Europe is applied for
heating and cooling of buildings [2,3], from which again 40% is allocated to the residential
building sector. This leads to the fact, that the building sector in general has a high share
of the total energy consumption. The growing urbanization together with the predicted
higher cooling demand [4] will be a major challenge to further reduce the overall energy
consumption in the building sector. For this reason, one of the most important challenges
for the future will be to develop an efficient method of supplying energy that encompasses
the entire process from the energy supply system to the building itself. District heating
and cooling (DHC) networks are one key technology to achieve an efficient method for
energy supply, especially in urban areas [5]. This is also driven by the trend in the scientific
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literature that district heating and cooling networks are increasingly seen as a potential for
demand-side management through sector coupling, leading to a so-called smart energy
system [6,7]. In addition to the efficiency aspects of the supply of heating and cooling, a
major task in the decarbonization of thermal networks will also lie in the integration of
fluctuating renewables, the use of decentralized heating and cooling sources at different
temperature levels, and providing flexibility for the higher-level energy system [8].

As a consequence, new DHC concepts are evolving over the last years, leading to
the fifth generation of district heating and cooling systems (5GDHC) [9,10]. This new
development of the DHC system will rise the total share of renewables as well as the total
efficiency of DHC systems. Hereby, 5GDHC represents a supply concept for districts that,
on the one hand, enables the integration of various renewable energy technologies due
to the low temperature requirements and, on the other hand, the coupling of electricity,
heating and cooling through the operation of decentralized heat pumps and chillers [11–14].
These networks provide buildings with thermal energy close to the ambient temperature
and local heat pumps utilize the fluid with low temperatures as a heat source to lift the
temperature level to be suitable for the building heating system. At the same time, the
network serves as a sink for waste heat from chillers, refrigeration or heat from other
low-temperature sources [13,15]. A comprehensive description and ranking compared to
the other generations of DHC systems is represented in Figure 1. It is worth noting that
there is an ongoing discussion about the definition of the fifth generation DHC systems
in comparison to the fourth generation [16,17]; nevertheless, the authors of this paper
continue to use the term fifth generation DHC (5GDHC). From the author’s perspective,
the term is already widely used in different publications and the overall concept in terms of
the technical design is different enough to argue for a new generation. Whereas the authors
agree that the overall ecological goals are the same as in the fourth generation of DHC,
the fifth generation can be a side by side technology with the fourth generation. As the
development of 5GDHC networks has been strongly intensified in recent years there is still a
comparative lack of experience in the design and operation of these hydraulically complex
systems [18]. Here, dynamic simulation can provide detailed insights into the system
behavior and thus offer new possibilities for designing and evaluating these systems [13].

To date, district heating network design and operation is usually based on static analy-
ses, heuristic design rules and control parameters. The integration of possible renewable
heat sources, such as the use of local waste heat, solar and geothermal energy, is becoming
more and more important. In particular, due to the fluctuating characteristics of decen-
tralized renewable energy sources, which strongly influence the operation and thus the
behavior of DHC networks, the importance of methods that provide knowledge about
the systems behavior as well as representations of the dynamic processes also becomes
more important. This includes the design of DHC systems as well as the operation and
development of control strategies. In this respect, dynamic thermo-hydraulic simulation
models offer the possibility to gain an understanding of the dynamic processes of DHC
networks. Although various demonstrations for complex DHC networks with high shares
of renewable energy sources were already realized [6] and dynamic models have been
applied for the design of thermal networks [19], the usage of dynamic modeling of DHC
networks during design and operation are still uncommon. One of the main reasons for this
is that the modeling process of these systems is often complex and not easy to automate.

One possibility to automate and organize this large and complex data sets are Geo-
graphical Information Systems (GIS). GIS are used in many areas of urban planning and
urban energy systems planning, providing a central platform for data collection. These
data platforms are used, with other applications, to identify and develop energy efficiency
strategies for both large-scale and small-scale areas. For example, Byren et al. [20] use GIS
as a central component of a socio-economic assessment study to investigate the potential of
small-scale renewable energy systems, taking into account life-cycle costs. A GIS-based
approach to investigate the potential of the regional renewable electricity production and
the resulting developments of combinations of measures at the community-scale is used
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in [21]. Besides, GIS is already used in the field of planning of district heating and cooling
systems, such as GIS-based potential analysis of district heating systems for the entire
United States presented by Gils et al. [22]. In particular, the identification of local heat
sources and waste heat potentials, such as wastewater [23], are of great importance for the
development of 5GDHC, as the integration of these heat sources is a major step towards a
renewable heat supply. Therefore, the interface to GIS is an important functionality that
enables the use of already existing data as well as the collaboration of different areas of
planning of cities and energy systems.
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Figure 1. Visualisation of the evolution of district heating and cooling networks, from the 1st to the
5th generation of DHC networks [24].

Besides dealing with large and complex data sets of DHC systems, another challenging
issue is that there is a lack of modular and automated design approaches in the analysis
and design of conventional and novel DHC systems. As outlined, dynamic methods are
mandatory in order to address the fluctuating dynamics and they can help engineers or
researchers to investigate and design such systems via customized software. However,
software solutions capable of large and fast DHC simulations are often restricted to limited
use cases while charging licences cost for software and support. A few Open-Source tools
addressing this problems can be found in [25–27].

However, Open-Source solutions for these tools are lacking, making the methods
available to everyone, especially researchers who need highly modular and extensible
solutions. Addressing the lack of freely available and modular Open-Source tools, in recent
years, during the projects IEA-EBC Annex 60 [28] and the follow-up project IBPSA Project
1 [29] the project members worked together to develop models for buildings and urban
energy systems in the modeling language Modelica. One result of this cooperation is the
development of a thermo-hydraulic pipe model, which is especially designed in order to
fulfill the requirements of complex DHC network simulations [30]. Besides, a set of tools has
been developed to enable the automatic generation of network system models using GIS-
data and object-oriented programming in Modelica even for complex network structures [31].
In addition to the work of IEA-EBC Annex 60 and IBPSA Project 1, Modelica is being used
to an increasing extent in the context of thermal network simulation; one reason is the
possibility to model components from different domains in an overall phyiscal system
model [32]. In this context, Cotton et al. [33] developed a Modelica library based on models
from AixLib [34] and the Modelica standard library to model and compare district energy
systems and low-temperature networks (LTN). Abugabbara [35] uses Modelica to design
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and model a 5GDHC system in Lund. In their work, the authors characterizing different
components of a 5GDHC system as well as the general approach on the logical progression
of modeling 5GDHC. In earlier work we develop and use thermo-hydraulic dynamic
simulation models of a 5GDHC system in Modelica to perform simulation studies with
the goal to investigate the effect of different configurations, such as different temperature
levels [13].

This trend of increased use of dynamic simulation models is also driven by the
introduction of the Functional Mock-Up Interface (FMI) standard [36]. The FMI is an
independent standard providing an exchange container and interface for dynamic models,
thus enabling co-simulations between different tools [32,36]. Using this standard, physical
simulation models can be combined with methods of mathematical optimization or other
domains to model and simulate complex interconnected systems. Abugabbara et al. [32]
gives various examples for the application of the FMI standard and co-simulation in the
building sector. In the context of 5GDHC networks, however, the use of FMI is still not
very widespread, but offers great application potential due to the high system complexity.

Nevertheless, complex networks, which can be include several energy sources or have a
meshed network topology, often lead to large and complex models. Such models typically have
a large number of equations, state events, and Jacobian-evaluations, which lead to slow and
unstable models. One possibility to improve these models is a time-consuming and expert based
model revision with the goal of optimizing the complexity of the equation system. Another
option can be the complexity reduction based on a topological and parametric model simplifica-
tion. This approach has been widely used, for example, in [37]. However, these simplifications
often comes with the loss of spatial information and therefore overall accuracy, but for large
networks with multiple energy sources, the spatial distribution plays an important role.

Addressing these challenges, this paper presents the underlying methodology, tool
structure, and usage of our self-developed Open-Source tool called uesgraphs. An earlier
version of this tool is publicly available under https://github.com/RWTH-EBC/uesgraphs
(accessed on 1 June 2022) and has been introduced in [31]. However, this version only pro-
vides the graph representation of urban energy networks and addresses the representation
and data storage of such models. Therefore, in this paper we present the enhancement
of the framework to handle multiple types of DHC networks with different interfaces,
leading to an automated Modelica simulation model generation, consisting of models from
the Open-Source library AixLib but at the same time staying open for any kind of Model-
ica library. Enabling the import of different GIS formats capable of performing network
simplification processes to improve simulation speed, uesgraphs exports a ready to run
simulation model which is at the same time open for modifications by the user. Currently,
the code is in preparation and planned to be published as a new update using Python 3.9.

The rest of the paper is divided into four chapters. After the introduction, in the
methodology section, we describe the overall structure of the developed framework, lead-
ing to the interfaces with import and export functions. Subsequently, the simulation models
of individual components and the methodology of the automated model generation of
DHC system models are described. The presented framework is tested using input data of
three different use cases in the context of DHC networks. The whole approach is tested
and presented with the results of the three use cases. Finally, the conclusion and an outlook
are presented.

2. Methods

The aim of uesgraphs is to create modular and ready to run thermal network simulation
models on urban scale in Modelica. The generated models are able to simulate conventional
thermal networks as well as fourth or fifth generation DHC networks. The advantage of
Modelica in this case is the physics-based modeling approach, which offers great interoper-
ability in combination with a high modularity of the models used, while maintaining high
accuracy. Uesgraphs consists of three main parts which will be introduced in more details in
the following:

https://github.com/RWTH-EBC/uesgraphs
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• The graph framework for data storage and data handling with graph theory based
methods [38].

• Data sources and interfaces to create and fill the graph with real world data, e.g.,
OpenStreetMaps.

• Simulation model export based on Mako templates [39] by writing Modelica code.

The graph framework, written in Python, manages all the data handling and data
representation. It contains methods for network layout simplification as well as differ-
entiation between various kinds of networks. The data source and interface part is the
module of uesgraphs that provides interfaces to other dataformats and data sources such
as OpenStreetMaps [40]. The last module of uesgraphs is the simulation model export. This
module automates the process of simulation model generation by reducing the amount of
user interactions to a minimum. A schema of the workflow used with uesgraphs is shown
in Figure 2. In the following, we introduce the listed models of uesgraphs in more detail.
Starting with the graph framework, followed by the different data sources and interfaces,
and followed by the simulation model explanation and automated model generation.

Input

DWG
Files

3D CityGML

OpenStreetMap

Data handling

Parameters

Simpli�ication

Network

Export

sourceIdeal

Substation1

Pipe1

Pipe4

soilTemperature

heatDemand1

soil

Pipe2

Pipe3

Modelica

Figure 2. Overview of uesgraphs workflow: Exemplary input data with geospatial information which
can be used to create a graph, the data storage and data handling afterwards, the Modelica model
export in the end.

2.1. Graph Framework

The overall structure of uesgraphsis based on the Python graph framework NetworkX [41]
and builds up the core module of uesgraphs. One core feature of it is the data storage and
representation of common network topologies for urban energy systems. NetworkX uses
nodes and edges to represent a network as a graph. The nodes can be hydraulic network-
related nodes such as junctions or bends or energy system-related nodes such as substations
of the buildings. The nodes are connected with edges, representing the pipes of the
hydraulic network. In addition, NetworkX comes with a few graph-based algorithms which
are useful for network representations on an urban scale. For example, functions such as
finding the shortest path between two nodes or finding the most peripheral node generate
useful information for the hydraulic design of networks. For further in-depth information
about the core functionality of uesgraphs, we refer to [38]. As the base framework is modular
and supports multiple kinds of network typologies and types, we build up a system model
as an inheritance of the uesgraphs class. This new system model class is used to integrate
network-specific information and methods. As a first step, the nodes and edges of a
network type are converted to specific network components, e.g., in a DHC network, the
edges are converted to represent actual pipes and the nodes are the junctions between the
pipes. Further, the district heating class for example contains methods to automatically size
the hydronic network based on a design pressure loss per pipe meter. Currently, there are
three different system models integrated into uesgraphs, district heating, district cooling
and a bidirectional model for new generations of DHC networks. With these models, the
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user can configure one of these networks directly. Nevertheless, the whole framework is
open to including, for example, electricity networks as well.

The graph-based framework in combination with the individual system models can
therefore provide useful features for the analysis and design of DHC networks. One
is the automated pipe diameter design of the networks based on the most peripheral
substations together with a design pressure loss the user is able to set. Besides that, network
simplification is an essential feature for the efficient simulation of large-scale DHC systems.
Therefore, uesgraphs analyzes the graph and creates a simplified representation by taking all
relevant thermo-hydraulic parameters into account. A detailed description of this process
can be found in [42].

2.2. Data Sources and Interfaces

The handling of network data in a graph framework for automated model generation
and simulation is one core module of uesgraphs. The other one is the provided data
sources and interfaces. Most other tools for thermal network simulations are using GIS
representations of their networks as a basis for generating the simulation models. Uesgraphs
on the other hand provides not one data source but several interfaces to common geo
data sources such as OpenStreetMap, QGIS [43] or dxf files. The overall architecture of
uesgraphs is open to any kind of data source which can be integrated via a custom interface.
The most basic method of creating a new network structure with uesgraphs is to define
the corresponding nodes and edges step by step and provide all necessary information by
hand, meaning that the modeler needs to define every position of the nodes and every edge
between the existing nodes. In addition, the modeler needs to provide information about the
nodes and edges, e.g., if the node is a building or a supply unit. Besides this manual method
of generating networks, uesgraphs provides an interface to QGIS and OpenStreetMaps,
data models introduced in the following. OpenStreetMaps provides the possibility to
download a specific map detail under https://www.openstreetmap.org/export (accessed
on 1 June 2022). This map raw data can be imported by the uesgraphs import functions.
Uesgraphs is able to detect buildings and their position as well as streets, represented with
nodes for the street junctions and edges for the street itself. An example provided by the
example section of uesgraphs is shown in Figure 3. It represents the imported streets of a
OpenStreetMaps representation of one RWTH research campus in Aachen, Germany. The
buildings detected by the import method are shown in orange, whereas the streets and
corresponding street nodes are shown in grey. For Figure 4, a DHC network was generated
automated via uesgraphsbased on the existing streets and connecting all larger buildings.

The third approach for modeling and creating network structures for the work with
uesgraphs is to use a GIS representation of the considered network. QGIS is a free and
Open-Source GIS software, supporting many GIS-related application scenarios. For the
use with uesgraphs, the user needs to draw the network in QGIS or import other GIS data
formats into QGIS. Afterward, the network topology and additional defined parameters
can be exported as GEOJSON. This GEOJSON is then imported into uesgraphs.

2.3. Model Export

This section provides information about the automated model generation process,
from the graph data to ready-to-run Modelica simulation models. For a better understanding,
this section includes the used models, starting with the conventional and fourth-generation
DHC network simulation models implemented via the Modelica library AixLib. This is
followed by an overview of simulation models for the fifth generation DHC networks, and
an outline of the export process. At the end of this section, we elaborate on the modular
export, making it easy for other users to use their own simulation models.

https://www.openstreetmap.org/export
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Figure 3. Representation of the graph based on the OpenStreetMaps import to uesgraphs, showing
orange dots as detected buildings and grey dots and lines as street nodes and edges.

Figure 4. DHC network generated by automated process based on OpenStreetMaps import, showing
grey dots as buildings and red dots and lines as network nodes and edges.
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Conventional DHC Dynamic Simulation Models

This section describes the models used for dynamic simulation of conventional DHC
networks, divided into the main components of a thermal network. The used components
for the dynamic simulation are thermo-hydraulic models, developed in the versatile, and
multi-physics modeling language Modelica. In the following, a short summary of the
main components is outlined. Mans et al. [42] already described the used components in
more detail.

The overall simulation model for DHC networks is basically defined by three different
components:

• Substations, representing the consumer (or prosumer) within the network.
• Supply, providing heating or cooling to the network.
• Pipes and junctions, connecting the substations and supply to one network.

An exemplary overview of these three components connected to one simulation model
is figured in Figure 5, showing the icons for the corresponding Modelicamodels. In the
upper area on the left side, the supply to the flow lines can be seen. The two return pipes
are located in the lower part of the figure, whereas the used substations are located in the
middle between the flow and the return pipes. One pipe exemplary shows the connection
to a simplified RC model representing the heat exchange with the surrounding soil. The
remaining models are inputs, used to define the simulation model boundary conditions.

sourceIdeal

Substation1 Substation2

Pipe1

Pipe4

soilTemperature

heatDemand1

soil

Pipe2

Pipe3

heatDemand2

T_supply

k=1217+7273.15

dp

k=200000

Figure 5. Exemplary system model of a district heating network with one heat supply, two substations,
and four pipes. One pipe is exemplary connected with the RC model of the surrounding soil.

The individual component models are connected to each other by fluid connectors,
developed in the Annex 60 project [44]. The connectors handle and exchange the fluid
state, including the mass flows, pressures and enthalpy of the underlying medium model
for each Modelica fluid component. All used component models are developed within the
Modelica libraries IBPSA [28] and AixLib [34].

2.4. Fifth Generation Dynamic Simulation Models

In 5GDHC models, the substation models are more complex compared to conventional
networks. They represent the buildings connected to the network as well as the equipment
installed in the substations. This includes not only heat pumps, heat exchangers, and
chillers but also the distribution pumps, which are required to provide the mass flow for
heating and cooling applications. Figure 6 shows a schematic illustration of a 5GDHC
substation with a heat pump, chiller, and decentralized distribution pumps.
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Figure 6. Schematic illustration of a 5GDHC substation with heat pump, chiller, and decentralized
distribution pumps.

The demand profiles are also inputs of the 5GDHC substation models. These profiles
are used in the substations for the equation-based control of mass flows. To this end, the
required mass flow is calculated on the basis of the current heating or cooling demand by
specifying a temperature difference between flow and return and passed on to the pump
models. For modeling the heat pumps and chillers within the substations, a power curve
based on the Carnot efficiency is used. In these models, the coefficient of performance (COP)
is calculated as a function of the source and sink temperature using a Carnot effectiveness
of the heat pump or chiller.

The main function of the central supply unit, or central balancing unit, is to ensure that
the limits of the network temperatures are not exceeded. Therefore, the model contains two
heat exchangers for heating and cooling. The direction of flow within the central supply
unit is determined by the buildings and indicates whether the current demand for heating
or cooling is predominant. In the case of a predominant heat demand, heat must be added
to the network; in the case of a predominant cooling demand, heat must be extracted from
the network accordingly. As long as the network temperatures are within the defined
temperature range, the heat exchangers neither add nor remove heat from the network.
The model of the central supply unit allows to simulate the required heating and cooling
supply without considering specific equipment for heat and cold generation.

2.5. Modelica Model Export

The Modelica model export of uesgraphs is the core functionality of this framework. It
enables the user to use Python and Modelica for a rapid generation of simulation models for
energy system analysis. The export itself follows the following procedure:

• Template generation based on OpenModelica;
• Template and model selection;
• Template rendering.

First, the template, which takes part in the information mapping between the Python
network representation and the described simulation models, needs to be generated. There-
fore, uesgraphs comes with the functionality to use OpenModelica and its Python API to
automatically generate Mako templates [39] based on the actual Modelica simulation model.
The Mako template represents the Modelica model with a certain placeholder for necessary
parameters. These necessary parameters need to be set in uesgraphs and can then be mapped
to the Mako template automatically. After the template for the simulation model is created,
the user can select one of these templates for each part of the network system. This leads
to the selection of templates for the pipes used, the substations and supply used, and the
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model used for the calculation of heat losses to the ground. The last step of the model
export is the rendering of the template itself and the generation of all necessary input files.
To do this, uesgraphs exports all building requirements into human- and software-readable
text files and renders the Mako templates with the information entered by the user. An
example of such a rendered parameter is the individual heating system temperature on
the secondary side of each building. Models for the simulation of conventional and fifth
generation DHC networks are already implemented in the AixLib and also supported
as templates by uesgraphs. To give an in depth overview of the capability of the tool in
combination with the Modelica modeling language, we elaborate on three selected use cases
in the following application section. These use cases are different in terms of network type,
size, and structure and will be analyzed under different research aspects in the context of
DHC networks.

3. Use Cases and Results

In the following, we demonstrate the capabilities and usability of uesgraphs through
three use cases. The first use case demonstrates the application of the tool within the
international IBPSA Project 1, a collaboration of different universities and industry partners
working on the enhancement of Modelica in urban energy systems simulations. Uesgraphs
is used to represent the first prototype of the DESTEST (District Energy Simulation Test)
and via uesgraphs we generated the fully automated model for DESTEST. In the second
use case, we demonstrate the usability of uesgraphs for a small city district of newly built
residential buildings. All buildings are supplied with a 5GDHC network with the use of
shallow geothermal energy as an energy source. In the third use case, we demonstrate
the capability of easily performing parameter studies with the help of uesgraphs and the
Mako template-based Modelica Code generation in the context of a 5GDHC network. In
addition, this case conducts a comparison of an automated network generation with the
modeling by hand.

3.1. Use Case 1: Application to an Open-Source Benchmarking System—IBPSA Project 1 DESTEST

The first use case is based on the 16 buildings introduced as the IBPSA Project 1
DESTEST [45]. The purpose of the network is to create a reusable and comparable network
layout for DHC modeling approaches. Therefore, the network layout and its boundaries
are kept quite simple. The network consists of two branches within a neighborhood
structure connected to all 16 buildings. This use case is used to test and demonstrate
the capability of uesgraphs to create, parameterize and automatically export conventional
DHC simulation models. Therefore, the available layout and all given parameters are
processed to uesgraphs with a manual script-based method. After creating a graph with all
necessary information, uesgraphs automatically generates the necessary Modelica code for
the simulation, as described in Section 2. As described in DESTEST [45], the substations
of each building are modeled with a defined temperature difference of 20 K between the
supply and the return pipe with a minimal bypass flow of 0.002 kg/s. The central supply is
defined with a fixed flow temperature of 50 °C. The pipe sizing used for the use case is also
described in [45].

The layout of the use case is shown in Figure 7, where 16 connected buildings are
marked as grey points and the connected central supply is marked as a deep red dot.
The network structure with diameters and length as well as insulation information is set
according to the DESTEST description [45]. The building heat demand profiles are also set
to the available profiles that emerged from the DESTEST description. The used simulation
models are designed with the available models of the AixLib [34] and parameterized
according to the available information. That includes the use of a plug-flow pipe model,
a central supply with an ideal heater set to 50 °Cand a substation model with an ideal
heat exchanger and an ideal pump. For the automated approach of the model generation
via uesgraphs, uesgraphs first reads all available pipe information and creates the shown
graph representation of Figure 7. After modeling the pipe, supply, and substation model,
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uesgraphs automatically creates Mako templates with the help of the OpenModelica Python
interface. With that, uesgraphs is able to use these templates to export a ready-to-run
simulation model.

DESTEST is developed to create a comparable simulation setup and was recently
enhanced with an automated results comparison tool (available: https://github.com/
ibpsa/project1-destest, accessed on 1 June 2022). For the presented use case, the results of
the simulation setup are automatically compared with the provided comparison framework.
Figure 8 shows the heat injection at the central supply station within the district. The
framework compares the heat provided by an ideal heater dynamically for one exemplary
day in winter. It becomes apparent that the AixLib modeling approach (blue line) meets the
IBPSA Library results and proves that the automated network export approach is working
properly. The AixLib modeling approach shows the same error as the IBPSA Library Model
to the reference results which represents the mean of all results.

Figure 7. Network layout of the DESTEST network with 16 buildings.
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Figure 8. Heat injection comparison between different simulation models at a exemplary winter day,
calculated with the DESTEST result comparison tool.
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3.2. Use Case 2: Design Evaluation of Ultra Low District Heating Network

The second use case is a fifth generation DHC network built in the town of Schleswig
in the northern part of Germany. It is a residential neighborhood of 50 buildings connected
to an ultra-low-temperature district heating network (ULTDH) with a network length of
about 1.3 km. The heat sources for the network are 100% renewable shallow geothermal
energy combined with two different designs of ice storage [46]. Thereby, the aspired flow
temperatures are around −2 °C to 10 °C, combined with heat pumps in every building,
providing the necessary temperature levels for space heating and domestic hot water. The
possibility to use the network as a direct cooling source is not mandatory for the building
owners, but this option is provided by the energy supplier and can help to increase the
overall efficiency of the network by using the ice storage as seasonal heat storage. Therefore,
this network is characterized as a directed bidirectional low-temperature network. The
predicted heat loads of the buildings were calculated within the ErdeisII [47] (Grant N.
03ET1634A-E) project by the Institute of Building Climatology, TU Dresden and are used
within this use case.

As elaborated in use case 1, where uesgraphs is used for the design, simulation, and
comparison of smaller conventional DHC networks, the following section presents the
application of uesgraphs to help design a ULTDH network in an early stage of the planning
process. The scope of the investigation is to evaluate the influence of different diameter
selections on the overall pumping power as well as the necessary maximum pressure of
the pumps. This investigation is presented with both a central pumping system as well as
multiple decentralized pumps, one for every building. In addition, a combination of both,
decentralized pumps combined with a central pump for maximum loads, is presented.

To support the planning process of the ULTDH network with digital tools, several
simulation studies are carried out for a neighborhood shown in Figure 9 to evaluate the
network hydraulics. Initially, four different design variants are distinguished. Variant (a)
represents a design dimensioning with maximum heating demand of all buildings and a
nominal pressure loss of 100 Pa/m. Accordingly, this is the largest dimensioning of the
pipes shown and simulated and represents a light over-sizing compared to the following
variants. Variant (b) uses the pipe dimensioning proposed by a specialist and is called
the design draft. Variants (c) and (d) reduce this proposed design for each pipe section by
one and two nominal sizes, respectively, and represent a light or heavy under-sizing. For
example, DN 125 pipelines become DN 100 and DN 80 pipelines, respectively. Accordingly,
variant (a) is oversized and variants (c) and (d) are undersized compared to the reference
design case.

Figure 9. Network layout of the area in the town of Schleswig.
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For the centralized pump case, a differential pressure control is implemented in single-
family house (SFH) 39 (representing the most peripheral substation). There, a minimum of
0.2 bar is implemented as a design pressure drop over the substation. The corresponding
valve is controlled via a temperature difference controller with a design temperature
difference of 3.5 K between the flow and return pipe.

Figure 10 shows an exemplary week in march, where the pressure head of the central
pump is marked as red. The mass flow over the most peripheral substation is marked as
green whereas the pressure drop over the substation is marked as blue. The figure shows
the influence of the valve opening of the substation on the central pump’s pressure head.
During the opening process, the mass flow through the valve raises as well as the central
pressure head to account for the additional pressure losses due to the higher flow rates.
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Figure 10. Central pump case with pressure increase of the central pump, pressure loss over the
substation as well as the mass flow at substation of SFH 39.

The control of the decentralized pumps is implemented with the same principle, as
a return temperature control. Here, a temperature difference across the substation of
3.5 K is aimed for. The controlled variable of the decentralized pumps in the simulation
model is the mass flow, which is adjusted accordingly with the associated pressure increase.
All simulations were performed as a heat-only case, with hourly profiles [47]. All substa-
tions are meeting the desired heat demand with an idealized carnot efficiency based heat
pump.

The results of the different design scenarios with a central pump are summarized in
Table 1. The annual pumping work of the central pump, the maximum pressure head of
the pump and the mass flow rate prevailing during this process are evaluated. The results
of the simulations obtained with decentralized pumps are shown in Table 2. Since each
decentralized pump delivers the corresponding mass flow required for return temperature
control, a corresponding pressure head is generated by the pump. The highest pressure
increase is required in building SFH 39, the most peripheral substation, and the specified
mass flow refers to that substation.

Table 1. Comparison of the different pipe sizing variants for a central pump system.

Variants Pumping Power
(kWh/a)

Maximum Pressure Head
(bar)

Massflow at Maximum
Pressure Head

(kg/s)

Design draft (variant b) 2835 1.01 30.72
Light over-sizing (variant a) 2623 0.92 33.57

Light under-sizing (variant c) 3519 1.62 29.17
Heavy under-sizing (variant d) 4234 2.41 27.91
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Table 2. Comparison of the different pipe sizing variants for a decentralized pump system.

Variants Pumping Power
(kWh/a)

Maximum Pressure Head
at SFH 39

(bar)

Massflow at Maximum
Pressure Head

(kg/s)

Design draft (variant b) 792 0.66 0.49
Light over-sizing (variant a) 533 0.44 0.49

Light under-sizing (variant c) 1460 1.35 0.49
Heavy under-sizing (variant d) 2577 2.87 0.49

The results show that the reference design draft in both cases represents a good trade-
off between the expected pumping work, the pressure head of the pump, and the selected
pipe diameters. The slight over-sizing allows energy savings, but in some pipes larger
diameters are required compared to the reference case, which can lead to increased costs. A
smaller dimensioning of the network, on the other hand, is not recommended under the
simulated boundary conditions, since the required energy demand of the pumps as well as
the required pumping capacity increases significantly.

Based on the simulations performed, the proposed design draft of the piping network
is recommended. Slight oversizing of the network in comparison could reduce the pumping
energy, but also leads to increased costs for the piping. This effect must first be evaluated
and weighted. The choice of a smaller diameter than planned as the draft design is not
recommended, since the disadvantages of a greatly increased pumping energy and the
correspondingly increased pressure head of the pumps outweigh the benefits here. The
simulation results also show that, from an energy point of view, a decentralized pump
supply performs better compared to a centralized pump. The disadvantage of a purely
decentralized supply is the more difficult assurance of supply security. The brine pumps of
the used heat pumps have a flow rate of 1.2 m3

h at a pressure head of 0.56 bar. Compared
to the required pressure difference at the network substations of 0.66 bar in the case of
the highest heating demand, a temporary undersupply of the building could occur here
due to a pump malfunction. Accordingly, pure operation with decentralized pumps is not
recommended in terms of supply security.

This leads to the third investigation scope, a hybrid solution with decentralized
pumps with the help of a central pump at the supply station. In order to be able to use the
advantages of the decentralized pump supply (lower energy demand) in combination with
the advantages of the central pump supply (supply security), a simulative investigation of
a hybrid supply concept is carried out. Here, the decentralized pumps are supported by a
central pump in the supply station, especially at times of high loads. For the simulation,
the central pump was configured to operate from the beginning of October to the end of
March, thus supporting the decentralized pumps during heavy load periods in winter. The
control strategy during this period was set to provide a minimum pressure head which
equals the total pressure losses within the supply station. This includes all pressure losses
from the swallow geothermal heat collectors as well as the two ice storages. The total
amount of energy required by the central as well as the decentralized pumps, in this case,
is 799 kWh and thus corresponds to an increase of 7 kWh compared to the total amount
of energy required for the pure decentralized supply. In this case, the pressure difference
required at the most peripheral substation at the time of greatest heat demand is 0.51 bar,
representing a reduction of 0.15 bar. This reduction is primarily due to the effect that the
decentralized pumps in the heavy load case now no longer have to overcome the pressure
losses of the supply, but only have to overcome the pressure losses of the substations and
the pipe network. The comparison for an exemplary week in January is shown in Figure 11.
The implementation by means of a combined pump concept thus offers the possibility to
combine the advantages of both supply concepts and is recommended on the basis of the
simulations carried out.
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Figure 11. Comparison of the pressure difference of the decentralized pump at the most peripheral
substation.

The results of this use case demonstrated the applicability of uesgraphs in an early
design phase of a ULTDH network. In this case, uesgraphs helped to identify a good solution
for the planned network sizing and hydronic configuration under energy efficiency and
supply security aspects.

3.3. Use Case 3: Verification by Manually Generated Model and Simulation Study on
System Variants

The third use case describes an urban district in Germany, which will be transformed
from an existing purely residential district into a larger mixed-used district for residential and
non-residential. The expansion of the district will result in 15 building clusters with a total net
floor area of 900,000 m². Figures 12 and 13 show the graph representation of the district with the
location of the building clusters (C1–C15), the pipe network as well as the location of the central
supply unit (S1) before and after network simplification by uesgraphs.
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Figure 12. Representation of the graph before network simplification.
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Figure 13. Representation of the graph after network simplification.

To supply the buildings with heating and cooling energy, a 5GDHC network with a
total pipe length of 11.5 km is planned. The network is designed as a non-directed bidi-
rectional low-temperature network, which is simultaneously used to supply the buildings
with heat and cold. Therefore, the thermal network has warm and cold lines which are
both operated at temperatures close to the ambient temperature. Decentralized heat pumps
are used at the substations of each cluster, which raise the low network temperatures to
the temperature level required in the buildings. The load profiles of the buildings for
space heating and cooling are generated using dynamic building simulations. For this
purpose, models of the Modelica library AixLib [34] were used, which are parameterized
with the Python tool TEASER [48]. Figure 14 shows the total thermal demands for heating
and cooling of all buildings as daily mean values. The annual demand for heating and
cooling of the district is 18.3 GWh respectively 9.3 GWh. Additionally, Figure 15 shows
the annual course of the district’s demand overlap coefficient (DOC) as daily mean values,
the annual mean value amounts to 0.43. The DOC according to Wirtz et al. [24] describes
the simultaneous occurrence of heating and cooling demands and is a key performance
indicator for evaluating the energy efficiency of bidirectional low-temperature networks.
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Figure 14. Aggregated heat and cooling demands (daily mean).
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Figure 15. Demand overlap coefficient of the district.

The main objectives of this use case are on the one hand to validate the automated
model generation by uesgraphs by comparing it with a manually generated model, and
on the other hand, the dynamic simulation model is used to compare different system
configurations. Here, the focus is on energy efficiency and on maintaining the cold water
temperature at the clusters, which is important for the design operation because only direct
cooling is provided. The models of the individual system configurations were generated
by changing the corresponding parameters at the beginning of the automated model
generation using uesgraphs.

First, the automated model generation of an undirected bidirectional low-temperature
network using uesgraphs is verified by comparing the simulation results with a manually
generated model. Secondly, the uesgraphs model is used to investigate different system
configurations of the thermal network. In particular, the effect of laying depth, insulation
of the pipe network, as well as the impact of cold line temperature on the energy efficiency
and the cold water temperatures at the building clusters are key investigations.

The first step for the generation of the dynamic simulation model of the thermal
network is a graph drawn with the program QGIS as shown in Figure 12. This graph
represents the thermal network with 45 edges connecting the 15 building clusters (C1–C15)
and the central supply unit (S1). Through the step of network simplification described in
Figure 2 the original 45 edges are combined into 30 edges which leads to the layout shown
in Figure 13. This graph is used for the model generation with uesgraphs as well as the
construction of the manual model. Thus, it is necessary to parameterize a total of 30 pipe
models each for the warm and cold lines of the network, which results in a high effort
for the manual model generation. In uesgraphs the pipe lengths are calculated using the
coordinates of the individual nodes in the coordinate system epsg:4326. The pipe lengths
calculated in QGIS are used for the parametrization of the manual model. Compared to
the total pipe length of 11.5 km determined in QGIS, the total pipe length of the network
calculated by uesgraphs is 11.57 km. Therefore, the different approaches result in a small
deviation of approx. 0.6%.

The comparison of the simulation results of both models shows that both models
represent the thermo-hydraulic system behavior equally. Small differences result from the
minimal length deviations of individual pipes, but these differences can be neglected since
they are of a small magnitude. Nevertheless, there are differences on the numerical side due
to the different methods of modeling, which are summarized in Table 3. The most important
result of this evaluation is that the automatically generated model has longer simulation
times. In this use case, the difference in computing time is about 11.5% in relation to the
computing time of the manual model. One possible reason for this increase in simulation
time is the generation of submodels that are used for the automated model export. Here,
the thermo-hydraulic network model is generated in a submodel and connected on a higher
level with the inputs, i.e., the demand profiles of the building clusters as well as the set
temperatures of the central supply unit. In contrast, in the manually generated model, the
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simulation inputs and the simulation model itself are on the same model level. Due to the
differences in computational time, it can be seen that there is still potential for reducing the
computational time of the simulation models generated by uesgraphs, for example, by using
alternative model generation procedures. Nevertheless, since the automatically generated
model correctly represents the thermo-hydraulic behavior and because the slightly longer
computational times of this model are in contrast to the much lower manual modeling
times, the automatically generated model is used for the following simulative investigation
of the 5GDHC network in use case 3.

Table 3. Comparison of numerical parameters of manual and automated model generation.

Parameter Manual Model Generation Automated Model Generation

CPU-time for integration 941 s 1050 s
CPU-time for one grid intervall 107 ms 120 ms

Number of state events 11,717 8665
Minimum integration step size 0.000139 0.00102
Maximum integration step size 924 1230

The dynamic simulation model is used to investigate and compare different system
configurations. Starting from a baseline scenario, different system configurations are
simulated and their impact on the system behavior and energy efficiency is evaluated. One
key aspect of the investigation is the temperature of the cold line at the substations. Because
the cold line is used for cooling directly, i.e., without further temperature reduction by
decentralized chillers, the temperatures have to be below 14 °C. The most important system
parameters of the baseline scenario are summarized in Table 4. In this scenario, the pipe
network is installed at a depth of 1 m without pipe insulation.

Table 4. Configuration of the low-temperature network in baseline scenario.

System Configuration

Total pipe length 11.5 km
Pipe diameter DN100–DN600

Limit temperature warm line (min.) 10 °C
Limit temperature cold line (max.) 14 °C

Temperature difference at substations 4 K
Laying depth 1 m

Insulation no insulation

Figures 16 and 17 show on the one hand the heat and cold supply of the central supply
as well as the temperatures of the warm and cold lines and the surrounding soil used
for heat loss calculation. As expected, the district shows a predominant heat demand in
winter and in summer a predominant cooling demand. In order to avoid excessive cooling
down of the network in the winter due to the high heat consumption of the clusters, heat is
fed into the network in winter through the central supply unit, thus ensuring a minimum
temperature of the warm line of 10 °C. In summer, the district has a predominant cooling
demand, i.e., more waste heat is fed into the network by the clusters. This leads to an
increase in network temperatures. In order to enable direct use of the cold line for the cold
supply of buildings in summer, a maximum permissible cold line temperature of 15 °C
must be guaranteed at the substations. For this purpose, heat is extracted from the network
by the central supply and water is fed into the cold line at a maximum temperature of
14 °C (see Figure 17). The temperature difference between the warm and cold lines results
from the operation of the substations, returning the water to the network at a reduced
temperature in heating mode and at an increased temperature in cooling mode. Besides
network temperatures, the temperature differences at the substations have a significant
impact on mass flows within the thermal network and are set for both heating and cooling
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at 6 K. In the transition periods between winter and summer operation, it is possible to
balance out most of the buildings’ thermal demands within the bidirectional network so
that the central supply of heat or cold to the network during these periods is very low.
The effect of energy balancing in bidirectional low-temperature networks is described in
Blacha et al. [13] and Wirtz et al. [24]. Overall, the baseline scenario has annual heat and
cold supply of approx. 13.3 GWh and 3.0 GWh, respectively, as summarized in Table 5.

Table 5. Comparison of central heat and cooling supply and cold line temperatures at cluster C9.

System Configuration Heat Supply in GWh Cooling Supply in GWh Temperature Cold Line at C9

Baseline 13.3 3.0 17.1
Cold line feed-in 11 °C 13.3 3.6 17.0

Laying depth 2 m 12.3 2.5 14.3
Insulation 5 cm 12.2 3.1 14.9
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Figure 16. Central heat and cooling supply (S1) in baseline scenario.
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Figure 17. Temperatures of warm and cold line at supply (S1) and soil temperature.
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In addition to the energy efficiency of the 5GDHC network, the temperatures of the
cold line at the clusters are important for the designed network, due to the direct use for
cooling. For this reason, the cold line temperatures are examined in more detail, Figure 18
shows the temperature curves of the warm and cold line at cluster C9. This cluster has
the longest distance to the energy supply and shows in summer the highest cold line
temperatures of all clusters. The peak temperature at C9 is 17.1 °C and is therefore 3.1 K
higher than the feed-in of 14 °C. Considering the temperature curves in Figures 17 and 18,
it becomes apparent that the pipeline temperatures depend strongly on the temperature
profile of the surrounding soil. This observation is very important for network operation,
so different options for reducing the cold line temperature are investigated in the following.
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Figure 18. Temperature of warm and cold line at cluster C9 (baseline).

Due to the laying depth of 1 m, comparatively high soil temperatures occur in summer,
which results in a heat input into the uninsulated pipe network. Since these temperatures
are too high, different possibilities for lowering the cold line temperature at the clusters are
examined in the following:

• Cold line feed-in with 11 °C
• Laying depth of 2 m
• Pipe insulation of 5 cm

First, the cases of a lower supply temperature in the cold line and an increase in the
laying depth to 2 m are investigated. In both cases, the pipe network is still uninsulated.
The decrease of the feed-in temperature into the cold line results in clusters near the central
supply being provided with lower cold line temperatures. However, as shown in Figure 5,
the temperature at cluster C9 is only 0.1 K lower than in the baseline scenario due to the
long distance from the central supply. At the same time, the higher temperature difference
to the surrounding soil in summer results in a higher heat input into the network, so that the
cold supply increases by approx. 20% compared to the baseline. Overall, this result shows
that the temperatures of the cluster located at a great distance from the central supply are
determined much more by the soil temperatures and thus by the heat losses/inputs of the
soil than by the operation of the central supply.

Another design option is to lower the laying depth instead of lowering the feed-in
temperature at the central supply. The comparison of the soil temperatures at a depth of 1
m (Figure 17) and 2 m (Figure 19) shows that the soil temperature at a depth of 1 m varies
much more in the course of the year. Especially the minimum temperatures in winter are
much lower and the maximum temperatures in summer are much higher. This results in
higher heat losses in the network in winter. Since the demand for heat is predominant
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in this period, higher heat losses of the network lead to an increase in heat supplied to
the network. In summer, the higher soil temperatures at a laying depth of 1 m result
in increased heat input to the cold line of the network, which results in a higher annual
cooling demand and higher cold line temperatures at the clusters. As shown in Table 5, the
lowering of the laying depth leads to reductions in the central heat and cold supply as well
as a significantly lower cold line temperature at cluster C9.

The last system configuration investigated comprises the installation of a 5 cm pipe
insulation. Therefore, the simulation results make it possible to compare the effect of
insulation of the pipe network with the lowering of the laying depth to 2 m. For this
purpose, the heat losses of the pipe network for both scenarios are shown in Figure 20. The
simulation results show that insulation of the pipe network reduces the heat losses/gains
of the network in winter as well as in summer. The lower heat losses in winter lead to a
reduction in the amount of heat that has to be supplied to the network. In summer, on the
other hand, the heat losses of the network have a positive effect on the energy balance of
the network, as there is a predominant cooling demand and heat has to be extracted from
the network. For this reason, the system with pipe insulation has the lowest heat demand,
but at the same time, a higher cooling demand compared to the baseline scenario.

The comparison of the four investigated options in Table 5 shows that the best results
in terms of energy efficiency and cold line temperature are achieved by lowering the laying
depth of the piping. The results of this use case show that the model of the 5GDHC
network generated automatically by uesgraphsenables the investigation of important issues
and thus already provides important knowledge in the planning process. By changing
specific parameters, uesgraphscan be used to automatically generate models that enable
rapid investigation of various system configurations. In addition, the comparison with the
manually generated model for the district in use case 3 showed that the automated model
generation works correctly and thus saves a lot of manual work.

0 50 100 150 200 250 300 350
Simulated time in days

0

5

10

15

20

25

T
e

m
p

e
ra

tu
re

 i
n

 °
C

warm  line

c old line

soil

Figure 19. Temperature of warm and cold line at cluster C9 and soil temperatur in depth of 2 m.
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Figure 20. Comparison of heat losses of network with 5 cm insulation and laying depth of 2 m.

4. Conclusions and Outlook

District heating and cooling networks are a promising technology for reducing energy
consumption and emissions in the heating and cooling of urban districts. In particular, the
introduction of the fifth generation of DHC networks offers great potential for improving
the efficiency of districts energy supply by integrating waste heat sources and balancing
energy between buildings across the thermal network. The modeling language Model-
ica is increasingly used in the context of thermal network simulation since it offers the
possibility to model components from different domains in a physics-based interconnected
system model.

For this reason, this paper presents a framework for automated model generation
for rapid prototyping as well as detailed analyses of DHC networks based on dynamic
simulation models in Modelica. The implemented methods within the framework were
explained; they contain the graph framework for the network representation, different data
interfaces for network data import and export, as well as the Modelica model export with
the use of Mako templates.

The applicability of uesgraphs for different modeling approaches and network types is
demonstrated using three different use cases. The first use case explained the capability
of uesgraphs to generate and simulate the DESTEST. A fourth generation district heating
network with the focus on comparing different Modelica simulation models in the field of
district heating network simulation.

The second use case demonstrated the use of uesgraphs in an early design phase
for a residential ultra-low temperature network in Germany. The presented simulations
investigated different design options and the hydraulic behavior of the network with the
use of decentralized pumps, central pumps, or the combination of both. The presented
results lead to the conclusion that the advantages of decentralized pumps in terms of energy
efficiency overweight, but the supply security of every building needs to be raised by the
additional use of a central pump, supporting in times of high demand.

The third use case deals with a 5GDHC network and compared the manual model
generation with the automated model generation approach implemented in uesgraphs.
Therefore, the dynamic simulation of the DHC network is based on component models of
the AixLib Modelica library. Heating and cooling demand profiles required as inputs for
the simulation are determined using the Python tool Teaser. The comparison showed that
the overall model complexity increased slightly due to necessary submodels, which are
used in the automated model generation. Thus, the simulation time also increased slightly
but was still underweight compared to the manual modeling time. The third use case also
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compared the energy efficiency of an undirected, bidirectional low-temperature network.
The simulation study showed that there are multiple parameters influencing the energy
efficiency of a 5GDHC network. Therefore, the impact of the pipe insulation, the pipe
laying depth as well as network temperatures was investigated. In the presented use case,
a deeper pipe laying depth of 2 m is the best option to meet the most energy-efficient use
of the network. This use case demonstrates how uesgraphs can be used to generate and
investigate parameter studies of complex DHC networks in order to provide important
knowledge for the planning process.

The presented framework with the corresponding workflow also has some limitations.
First, the framework does not provide the ability to perform DHC network simulations by
itself. It is a framework to handle DHC network data in a structured way and is able to
perform an automated export process by generating Modelica model files. For the simulation
of these files, a suitable simulation environment for Modelica needs to be used; in our case,
it is tested with Dymola 2021. Second, the overall complexity of the generated models
and thus the complexity (size and branch structure) of the underlying network is limited.
uesgraphs provides some functionality to reduce the complexity in an automated process,
but with a very large DHC network, the simulation, with the models we presented and use,
will not be possible. In the current state, we did not meet this limit, but we also did not
perform a simulation larger then 100 substations.

In the research field of novel DHC systems, automated model generation is a promis-
ing, and in some cases even necessary, a method for rapid prototyping and perform
simulation studies. Dynamic simulation models are becoming increasingly important in
the planning of these networks, since the simultaneous supply of heating and cooling leads
to a system behavior that is much more complex than in conventional heating networks
and thus can no longer be adequately represented by static planning tools.

In addition, automated model generation provides a good basis for co-simulation
with other tools, since a physical simulation model offers the possibility of interoperability.
Especially for 5GDHC networks, the control of individual assets, as well as the overall
system, is a major challenge for these new systems. Thus, the introduced framework
represents an important step toward optimal design and control of 5GDHC networks.
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