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Low temperature district heating and cooling networks are a promising solution to increase the share of
renewable energy within the heating and cooling sector. However, the transition to bidirectional networks
poses new challenges (representation of fluid-specific properties, coordinate operation with power grid,
retrofitting of existing networks) requiring a new generation of simulation tools. In this paper, we present a
simulation tool for thermal networks capable of bidirectional flows, zero mass flows and a dynamic temperature
calculation. The structure of the tool allows coupling to other sector’s simulation tools enabling multi-domain
analysis of relevant interactions with power and gas grids. We showcase the tool with two case studies inspired
by the heating and cooling infrastructure of our campus. The first case study analyzes the operation of a
unidirectional high temperature district heating network supplied by a power-driven combined heat and power
plant. The case study highlights the suitability of district heating networks as a source of flexibility to the power
grid by using its thermal inertia. The second case study investigates the transition from independently operated
district heating and district cooling networks into a bidirectional low temperature district heating and cooling
network highlighting the energy saving potential by thermal balancing effects.

boundaries [8]. This can play a particularly important role in local
energy communities that have limited systemic flexibility.

Lund et al. [9] define four generations of DH networks varying in
their time of application and functionalities. Between the first and the
fourth generation, the temperature level of the network decreases and
the energy efficiency increases. The first generation is characterized
by steam as a heat transfer medium and is operated on temperatures
up to 200 °C, while the second generation uses pressurized water with
temperatures more than 100 °C. First and second generation DH net-
works are exclusively supplied by fossil fuels, while the third generation

1. Introduction

Climate change requires decarbonization strategies for the energy
sectors power, gas and heat. Within the last decades, the efforts mainly
focused on the electricity sector with increasing expansion of renew-
able power production by wind and PV systems [1]. However, the
generation of heat for space heating and domestic hot water has great
share within the total greenhouse gas emissions [2]. Within the EU,
the heating and cooling sector accounts for 50% of the total energy
consumption of end users [1], while the heat generation is mainly based
on fossil fuels (to 60%) [2]. As renewable energies only generate about

one quarter of the total domestic heat demand [3], one opportunity is
seen in an increased use of district heating (DH) networks. These can
integrate a variety of renewable and commercial waste heat sources
and thus drive forward the decarbonization targets within the heating
sector [4,5]. However, the degree of enhancement strongly depends on
the situation within the investigated country, such as electricity mix
and existence of combined heat and power (CHP) plants [6]. In terms
of sector coupling, DH networks with their inherent thermal inertia can
provide flexibility to the electricity sector, e.g. through the electricity-
driven use of heat pumps (HPs) [7] and CHP plants within thermal

integrates alternative energy sources, such as biomass and industrial
waste heat. With the fourth generation (40 °C to 70 °C) more renewable
energy sources, mainly geothermal and solar energy, are integrated
into the system. A further development of thermal networks is seen
in the usage of low temperature district heating and cooling (LTDHC)
networks. The European Commission [10] refers to these networks
as fifth generation networks, while Lund et al. propose in [11] that
these networks are a parallel development of the fourth generation.
LTDHC networks are characterized by bidirectional flows and their
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Nomenclature

Abbreviations

CHP Combined Heat and Power

CoP Coefficient of Performance

DC District Cooling

DH District Heating

DHC District Heating and Cooling

EBU Energy Balancing Unit

EER Energy Efficiency Ratio

FZJ Forschungszentrum Jiilich

HP Heat Pump

HPC High Performance Computer

LTDHC Low Temperature District Heating and
Cooling

NR Newton Raphson

Symbols

a Heat transfer coefficient

1 Mass flow rate

0 Heat flow

14 Volume flow rate

n Efficiency

A Heat conductivity

u Viscosity

v Mean fluid velocity

P Density

A Area of pipeline

C Heat capacity

< Specific heat capacity

D Diameter of pipeline

f Friction factor

kg Roughness of material

I Length

P Electricity

r Radius of pipeline

Re Reynolds number

T Temperature

t Time

|4 Volume

v Fluid velocity

Subscripts

amb Ambient

CD Cooling Demand

el Electricity

HD Heating Demand

HE Heat Exchanger

in Inflow

out Outflow

temperature level nearby ambient temperature (6°C to 40°C) [11].
The low operating temperature yields reduced heat losses within the
distribution system [12] and the integration of different kinds of waste
heat sources [13]. Furthermore, LTDHC networks enable a simultane-
ous supply of heating and cooling energy leading to cost reductions
regarding electricity consumption and operational efforts [14]. This
is relevant in terms of an increasing cooling demand, while exclusive
district cooling (DC) networks still play a minor role in European
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countries [15]. LTDHC networks can therefore expand the decarboniza-
tion strategies on the cooling sector, which is essential for future
developments of DC systems [16].

1.1. Modeling approaches

Several approaches exist in literature to calculate and simulate
the hydraulic and thermal properties of DH and district heating and
cooling (DHC) networks. As the temperature variation within a thermal
network is slower compared to the pressure distribution, the hydraulic
and thermal properties can be calculated in a coupled or decoupled
approach. The decoupled approach solves the hydraulic problem first
— commonly with the Hardy-Cross [17] or Newton-Raphson algo-
rithm [18] — and the resulting values of the mass flow rates can be used
in the following thermal calculation. The coupled approach calculates
the hydraulic and thermal problem in one matrix [18], which is then
usually solved by the Newton-Raphson algorithm [19] or the Jacobi
method [20]. The coupled approach leads to fewer iterations within
the solution process and therefore to a faster convergence compared to
the decoupled approach [18,19]. However, the larger Jacobian matrix
within the coupled approach results in a higher computation time.

Based on the coupled and decoupled approach, three major model-
ing approaches exist. These approaches vary in their calculation of the
temporal temperature distribution, while the hydraulic properties are
commonly assumed to be steady-state, except of some works like [21].
The steady-state approach neglects hydraulic and thermal dynamics,
while the dynamic approach includes the thermal transmission delay
within the pipelines and nodes over time [19]. The quasi-dynamic
approach is a simplification of the dynamic approach, only considering
the temporal temperature distribution within each node [22].

For steady-state simulations, both the coupled and decoupled ap-
proach can be applied. Especially analyzes of multi energy systems
use steady-state approaches, as their computational power is to be
minimized [23,24] and a detailed thermal distribution within DH or
DHC networks might not be of main interest. Analogue to the steady-
state approach, quasi-dynamic approaches can be based on coupled
or decoupled calculations, while in literature only the decoupled ap-
proach exists [23]. However, Dancker and Wolter [19,25] introduce a
quasi-steady-state coupled calculation approach. Within quasi-dynamic
simulations, the flow is represented either by an Eulerian or a La-
grangian method. Within the Eulerian method, specific locations within
the network are observed, while water segments flow through these
locations [23]. In contrast, the Lagrangian method focuses on the
water segments themselves [19], also referred to as the plug-flow
method [26,27]. The quasi-dynamic approach is commonly based on
the node method, where the transmission delays of the thermal proper-
ties are exclusively stored in the nodes and the temperature or thermal
distribution between the nodes stays unknown [22]. One advantage
of the node method are the small computational times, as only the
incoming water segment propagation time is calculated together with
the thermal losses. This goes along with the slightly reduced accu-
racy due to the mixing of water segments temperatures in one single
node [28]. If temperature data between the nodes needs to be known,
a thermal dynamic approach can be applied. The dynamic approach
can be based on several methods, such as the element method [29] or
the node method [30]. Some works extend these methods to the finite
difference method [31-33], the function method or the method of charac-
teristics [27]. Although achieving more accurate thermal results by the
usage of a dynamic calculation, computational times are significantly
higher compared to steady-state or quasi-dynamic approaches [26].
The specific use case should therefore set the priority between a more
accurate simulation or reduced computational costs.
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Table 1

Overview of published open-source tools and libraries for the simulation of thermal networks.
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Tool/Library License Bidirectional Thermal-hydraulic Modeling Remarks
flows modeling approach Language
DHNx open-source X steady-state Python
DiGriPy open-source X steady-state Python
pandapipes open-source X steady-state Python Focus on MES simulations
nPro Required for v dynamic Python Not extendable by user
commercial users
AixLib Requires Dy- v dynamic Modelica
mola/OpenModelica
TransiEnt Requires Dymola X quasi-dynamic Modelica
IDEAS Requires Dy- v dynamic Modelica
mola/OpenModelica
This tool open-source v quasi-dynamic Python

1.2. Existing tools

There are several tools available for modeling and simulating ther-
mal networks based on the approaches presented in the previous sec-
tion. Commercial tools like STANET [34], TRNSYS [35] or ROKA3 [36]
usually provide a well-prepared user interface and a good costumer sup-
port. However, this paper concentrates on open-source tools, as these
provide a high level of transparency and reproducibility, which can
have a positive impact on the development of research activities [37].

Published open-source tools for modeling and simulation of thermal
networks are DHNx [38], DiGriPy [39], pandapipes [40], nPro [41]
and some open-source modeling libraries such as TransiEnt [42],
AixLib [43] or IDEAS [44] (see Table 1).

The tool DHNx is written in Python and the used components
are based on the open-source Open Energy Modeling Framework (oe-
mof) [38]. It can be used for optimization, as well as hydraulic and
thermal simulation of DH networks [45]. Nevertheless the tool does
not consider dynamics within the flow and heat transfer. DiGriPy has
the same area of application as DHNx [39], while also focusing on the
steady-state approach. Another open-source tool is pandapipes [40],
which is a complementary development of the power grid simula-
tion tool pandapower [46]. Pandapipes is a steady-state tool for the
simulation of gas and heating networks and has a strong focus on
coupled simulations of the sectors power, gas and heat [40]. The three
mentioned tools have their emphasis on the simulation of unidirectional
networks and do not provide the possibility of simulating bidirectional
flows. This feature is available within the tool nPro [41], which is
a software tool for planning district energy systems such as DH and
DHC networks. However, nPro lacks of the possibility of individual
extensions by the user and cannot be coupled with other energy sectors.

There are several Modelica-libraries enabling dynamic simulations.
TransiEnt is developed for the simulation of multi energy grids with
a focus on the integration of renewable energies. The library uses
basic components such as pipeline models from the Modelica-library
ClaRa [47] and extends these [48]. However, TransiEnt is not capable
of modeling bidirectional networks. Moreover, the commercial Model-
ica environment Dymola is used to perform the simulation [49]. The
library AixLib [43] has a focus on modeling and analyzing buildings
and distribution networks in the context of urban energy systems [50]
and is capable of modeling and simulating bidirectional networks.

1.3. Goal of this paper, contribution and paper structure

The presented review demonstrates that there are several open-
source tools for the simulation of DH networks, however, the mentioned
Python based tools use a steady-state approach and are not capable
of bidirectional flows. This feature is possible within some of the pre-
sented Modelica-libraries. However, the commercial software Dymola
is still mostly applied for research purposes instead of the free version
OpenModelica. Moreover, Modelica faces several issues regarding the
simulation of large-scale DH or DHC networks [51].

Consequently, there exists no further development of a DH simula-
tion tool enabling the following characteristics and functionalities:

 non-proprietary software, extendable

« capable of bidirectional flows and zero mass flow

+ capture thermal transmission delay (quasi-dynamic)

» suitable for the integration into a MES simulation framework

The first major contribution of this paper is to close the recog-
nized gab by providing a thermal-hydraulic simulation tool enabling
the mentioned advanced concepts and properties. Secondly, the two
presented case studies show that DH networks coupled to power-
driven CHP plants can provide flexibility to the power grid by adapting
the supply temperature. Moreover, we demonstrate that bidirectional
LTDHC networks can achieve a high energy saving potential by thermal
balancing effects.

The paper is structured as follows: The development of the simula-
tion tool is presented in Section 2, starting with the explanation of the
component models in Section 2.1. This is followed by the description of
the simulation flow in Section 2.2, where we describe the generation
of the network structure and explain the applied solution algorithm.
We verify the pipeline model with a state-of-the art plug flow pipe
model in Section 3 and show results for the flow and heat transfer. The
simulation tool is firstly applied within two case studies in Section 4
showing the tool’s capability to be coupled to other energy sectors
and control algorithms and stressing the energy saving potentials of
bidirectional networks. We conclude our paper with by summarizing
the main findings in Section 5.

2. HeatNetSim

HeatNetSim is an open-source tool, written in Python, which is
designed for the thermal-hydraulic simulation and operational control
of thermal networks. The tool’s modular structure based on Python
classes enables an easy extensibility, modification and substitution of
single elements, such as component models or solvers.

The tool enables a quasi-dynamic approach with a steady-state
hydraulic calculation and a dynamic temperature calculation. The con-
sideration of thermal dynamics is implemented to increase the scope
of application, as thermal dynamics are especially relevant for net-
work operation changes [52]. However, in case the user prefers faster
computing times instead of a more detailed thermal representation, a
purely steady-state approach can be chosen. The hydraulic and thermal
properties are calculated by using the decoupled approach, according
to Section 1.1. We apply the node method, while the temperature
calculation is based on the Eulerian method. This enables us to limit
computational power, which is especially relevant when coupling the
tool to other domains.

For the modeling of the components, we meet the following assump-
tions:

+ the water is considered as an incompressible and homogeneous

fluid

« the flow is considered as one-dimensional and fully developed

» the material has constant properties

« gravity effects are neglected

+ the time step is constant
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2.1. Modeling

DH and DHC networks consist of the prosumers exchanging heat
with the thermal network, while the substation serves as an interface
between the building and the thermal network. The network consists of
a pipeline system connecting the prosumers with the energy balancing
unit (EBU) supplying the residual heating or cooling energy.

2.1.1. Pipeline model

The pipeline model guarantees the correct calculation of pressure
and heat losses, divided into a hydraulic and a thermal calculation
part. Within the hydraulic calculation of HeatNetSim, we distinguish
between laminar and turbulent flows, characterized by the Reynolds
number of the flow. Based on that, the pressure difference between inlet
and outlet node and the occurring mass flow rate is determined (for a
detailed mathematical description, see Appendix A). The resulting mass
flow rate is then applied within the non-linear heat loss calculation
taking the heat transfer coefficient and the ambient temperature into
account Appendix B.

The pipeline wall serves as an inertia in the network system, which
can be modeled as a volume within each pipeline segment. The size of
the volume V,,, is calculated from Eq. (1) with C,,;, being the heat
capacity of the pipe wall.

Cwa[l

Viwall o, €Y

The final outlet temperature T(/)' of the pipeline is calculated
in Eq. (2). Hereby, V is the volume flow rate, 4t,, the time step
length of each simulation and T,,,;,(#;,_,) is the wall temperature of the
previous time step.
T(l) + unllTwull(ti—l)
VAtsfep + Vwall

According to the described node method in Section 1.1, the ther-
mal transmission delay is considered between two neighboring nodes.
Therefore, we assume a constant flow velocity within an individual
pipeline for an individual time step. The fluid travels in flow batches
through the pipeline system and we calculate the time when the frontier
of an incoming batch reaches a specific node. Therefore, ¢,,(i) represents
the arrival time for node i, #;,(i + 1) the arrival time for the neighboring
node i+1 and v, (/) the velocity of the flow in pipeline i:

VAty,,

T = 2

t i+ 1) =1t,,() + - 3
Uﬂow(l)
The flow velocity of pipeline i is calculated equation in (4):
) m/low(i)
Uflow(l) = p—A (4)

2.1.2. Substation

For the heat transfer within the substation, we model a heat ex-
changer, a HP and a compression chiller. According to the applied
control algorithm variable Flow Constant Temperature (VF-CT), a decen-
tral circulation pump is used to provide the mass flow rate within the
network.

The heat exchanger can be used for heating and cooling purposes
and is explained in Appendix C. The HP model is based on an energy
balance and a variable coefficient of performance (COP) calculation
according to the network and demand temperature Appendix D, while
the compression chiller is modeled analogue, but with a constant
efficiency Appendix E.

After calculating the thermal demand on the primary side of the
network, Eq. (5) determines the corresponding mass flow rate i,
T, and T),,,0rk.0, TEPresent the temperature values of the inlet

network,in
and outlet node of the substation.

Q’ network
5

network,om)

mflow =
Cp(Tnetwork,in -
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The electricity consumption of the circulation pump can be calcu-
lated according to the following equation [53]:
1 £ 1oy AP

Plpt

Hereby, Ap is the pressure difference between the inlet and outlet
node of the circulation pump, 7, is the hydraulic efficiency and #,, the
motor efficiency.

P,

el

©

2.1.3. Waste heat source

The waste heat source is modeled analogue to the heat exchanger,
together with the mass flow calculation from of Eq. (5). To guarantee
a physically possible heat exchange, a controller checks if the waste
heat temperature is high enough to be cooled by direct cooling from
the network.

2.1.4. Energy balancing unit
The EBU balances the difference between the overall heating and
cooling demand by rising or lowering the temperature of the incoming
flow. The temperature of the outgoing flow is set to the predefined
temperature T,,,,, in case of a positive mass flow and to T, in case
of a negative mass flow:
Tuul — { ?warm’
old>

c

11 > 0 @)
1 f1o < 0.
The temperature adjustment can be done either by a gas-fired boiler

or a central air-to-water HP.
2.2. Simulation

The presented component models are now combined to generate the
network structure and perform the simulation. The thermal network
consists of two subsystems, the warm pipeline system and the cold
pipeline system. The representation of the subnetworks is based on the
graph theory, where the nodes represent the joints and the edges build
the connections between the nodes (pipelines). Within the network,
we distinguish between reference nodes, supply nodes, and demand
nodes. The reference nodes are located within the EBU to ensure that
at least one reference node is included in each subsystem. According
to this, the reference nodes set the pressure and temperature values
for each system. The supply and demand nodes are located within the
substations or the waste heat source, where the values for the mass
flow are known and the values for pressure and temperature need to
be calculated.

2.2.1. Input data

Input data is required to assign the network parameters for nodes,
pipelines, substations, the EBU and the waste heat source(s). The input
data is subdivided into two types of inputs given by the user:

» the topology of the network together with the necessary parame-
ters of the pipelines (Fig. 1a)

+ the heating and cooling demand of the substations and the supply
data of the waste heat source(s), the temperature values of the
warm pipeline system, the cold pipeline system and the waste
heat source(s) (Fig. 1b)

The input data is stored in several .csv-files for easy accessibility and
usage.

The file nodes.csv lists all nodes and defines if the node is included
as a reference node or a supply/demand node. In case of a reference
node the pressure value needs to be specified. The file pipelines.csv
lists all pipelines of the network and defines inlet and outlet node
of each connection. Furthermore, the parameters diameter, length,
roughness and thickness of the insulation, heat conductivity of the
pipeline material and pipe mode are specified. The pipe mode says
if the pipeline is part of the warm or the cold pipeline system. The
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Fig. 1. Usage and solution flow of HeatNetSim.

data for the substations, the EBU and the waste heat sources are stored
in the respective files, where inlet and outlet nodes are defined for
each component. Further information is necessary for the substations,
where the temperature value of the secondary side T, . and the
temperature differences of the primary and secondary side A4T),; and
AT,,. are specified. The user can additionally choose between a simple
heat exchanger or a HP/compression chiller for exchanging the heat
flow with the network. In case one or multiple waste heat sources are
to be integrated into the network, the file wasteHeatSources.csv contains
the temperature difference on the primary side AT,,.

The files heatingDemands.csv, coolingDemands.csv and wasteHeatDe-
mands.csv list all components in their columns. If a time series simula-
tion is to be executed, the demand data is given for each time step and
stored in the corresponding row. Analogue to the files containing the
demand data, the temperature data of the warm and the cold pipeline
system is stored in the file energyBalancingUnitTemperatures.csv. The
temperature values refer to the inlet and outlet node of the EBU. The
possibility of varying temperature values is especially relevant when
the EBU is not operated on the same temperature over the simulated
time scale. In the case of one or several existing waste heat sources,
the temperature data of the waste heat is specified analogue to the
temperature of the EBU.

Any further parameters not specified by the data tables can be
adapted manually within the tool. These parameters could be the ambi-
ent temperature, fluid specific parameters (e.g. specific heat capacity,
viscosity, density), and parameters concerning the pipe wall material
(e.g. specific heat capacity, density).

2.2.2. Solution flow

After setting up the network structure and assigning all necessary
parameters, the simulation can be executed. The presented tool uses
the Newton-Raphson algorithm (NR) to run the simulation of each
time step and solves the problem in an iterative way (Fig. 1c). The
process starts with the initialization, where the target flow rate of each
node is determined and starting points for unknown nodal pressure
and temperature values are set. However, the pressure values of inlet
and outlet node of each pipeline cannot be equal, as the mass flow of
the pipeline is calculated from the pressure difference between inlet
and outlet node. A zero pressure difference leads to a zero flow rate
and a poorly conditioned Jacobian matrix. After the initialization, the
iterative process starts with the flow rate calculation in each pipeline
and the updating of the Jacobian matrix. The value of the actual nodal

flow and the target nodal flow is compared and the simulation stops
once the error is smaller than the set tolerance. When the simulation
is converged, the temperature value of each node is updated and the
results are saved.

2.2.3. Time series simulation

Thermal networks are usually not simulated for only one time
step, but for multiple time steps. Therefore, HeatNetSim provides the
possibility of a time series simulation with varying demand and tem-
perature data. This function is implemented via a loop updating the
time depending values in each time step and transferring these to the
NR initialization. The simulation process is then executed for each
time step individually. For the simulation, the time step length as
well as the number of time steps can be specified by the user. Fur-
thermore, HeatNetSim distinguishes between a steady-state simulation
and a quasi-dynamic simulation. In case of a quasi-dynamic simula-
tion, time varying values (temperature values) are transmitted between
several time steps and taken into account in the following simulation
processes.

2.3. Integration into multi energy systems

A coupled investigation of MES becomes more and more relevant
within future energy systems. Therefore it is important to analyze the
interconnections between multiple energy grids, while at the same time
offering detailed grid simulation models for each domain. To achieve
this, HeatNetSim enables the calculation of relevant input and output
variables for other domains within the coupling components, which can
be extracted easily and used for multi domain simulations. The data
exchange is also possible between the time steps to take temporally
varying interdependencies into account and enable an investigated
assessment of different domains. Thus, the coupling to the power sector
is for example enabled by the HP model calculating the electricity
consumption additionally to the thermal variables. Moreover, as this
tool is a further development of the gas network simulation tool Gas-
NetSim, developed by Lu et al. [54,55], the programming structure
of both domain’s tools is analogue and a coupling between them is
straightforward.
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Fig. 2. Pressure drop and temperature profile: (a) The pressure drop of a pipeline is shown for different mass flow rates considering three values for the roughness e. (b) The
temperature profile in a pipeline is shown over the pipeline length for two values of the thickness §,,, and the heat conductivity k,,, of the insulation. For both pressure and

temperature error, the results from HeatNetSim and Modelica are compared.

3. Verification

As this tool has its main focus on the modeling and simulation of
thermal networks, the pipeline model is the most important component
in order to calculate pressure and temperature values of the network.
Due to the lack of standardized test cases for DH networks [56] we use
the PlugFlowPipe-model [57] as a reference model. The PlugFlowPipe-
model is a dynamic equation-based thermal-hydraulic pipeline model
for DH and DC networks also used in the Modelica-library AixLib [43].
Our verification is carried out for a steady-state simulation with one
time step and a quasi-dynamic simulation with multiple time steps.
In both cases, the reference model is simulated within the simulation
interface Dymola.

3.1. Verification of steady-state simulation

The steady-state verification is performed with the single pipeline
model of HeatNetSim and Modelica. Therefore, we keep the inlet
pressure and the inlet temperature constant (2bar and 20°C). The
pressure verification is based on a pipeline with a length of 10 m and
a diameter of 0.1 m. We perform three simulation runs with different
roughness parameters of the material (0.01 mm, 0.1 mm and 0.5 mm)
and vary the mass flow rate between 0kg/s and 5kg/s. Fig. 2(a) shows
the exponentially decreasing pressure resulting from an increasing mass
flow rate. The two models from HeatNetSim and Modelica show very
similar results. In order to show the differences of the outlet pressure,
the relative error is calculated as the absolute error between the models
divided by the pressure drop over the pipeline length in Modelica. For
very small mass flow rates, the relative pressure error goes up to 29%,
however, the absolute error is not higher than 0.5Pa for mass flow
rates smaller than 0.1 kg/s. For mass flow rates higher than 0.1kg/s,
the relative error lies at around 0.06%.

For the temperature verification, we use a pipeline model with a
diameter of 0.1 m and a mass flow rate of 1kg/s. The values of the
thickness and the heat conductivity of the insulation are assumed to
1 mm and 2 mm as well as 0.04 W/(mK) and 0.08 W/(mK), respectively.
Fig. 2(b) shows that the temperature approaches the ambient tempera-
ture asymptotically, which is set to 10 °C. An increasing pipeline length
leads to decreasing heat losses, because of a smaller temperature differ-
ence between the fluid and the ambient. By changing the parameters

of the insulation, we demonstrate that a smaller thickness and a higher
heat conductivity result in higher heat losses over the pipeline length.
The comparison between both models shows small temperature differ-
ences. The relative error is calculated from the absolute temperature
difference between the models divided by the temperature difference
over the pipeline length from Modelica. This results in a maximum
relative error of 0.004%.

3.2. Verification of the quasi-dynamic simulation

The quasi-dynamic verification is executed with a small network
structure consisting of 6 nodes and 4 pipelines, which are connected
via an EBU and a substation. Fig. 3 shows the temperature results
for the initialization phase simulated with HeatNetSim and Modelica.
Both models use the same time step length for their simulation. The
system is currently in heating mode, therefore the EBU (node 1) has a
constant temperature of 50 °C. The remaining system is initialized with
20°C in the beginning of the simulation. Each node starts to change
its temperature when the fluid arrives at the corresponding node. Due
to the thermal inertia of the pipeline wall, the temperature slowly
increases up to the target temperature. When the initialization phase is
finished, the temperature of node 1, 2, and 3 is according to the warm
pipeline system and the temperature of node 4, 5, and 6 is according to
the cold pipeline system. Heat losses are not visible within this figure,
as the temperature difference between the nodes is not high enough
due to the set parameters of the pipelines.

Fig. 3 furthermore shows the influence of the time step length 4r,,,,
set in HeatNetSim and Modelica. Fig. 3(a) has a time step length of
1 s resulting in appreciable differences between the models. Decreasing
the time step length to 0.01s (Fig. 3(b)) shows nearly the same results
for both models, indicating the mismatch is mainly due to the different
numerical methods used.

4. Case studies

In the previous section, we verified the pipeline model for a steady-
state and a quasi-dynamic simulation. To test the simulation tool on a
realistic network structure and show different use cases, the following
section presents two case studies. Case Study 1 refers to a unidirectional
DH network with an integrated temperature control of the supply line
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Fig. 3. Temperature values of a dynamic temperature calculation: The solid lines
(simulation with HeatNetSim) and the dashed lines (simulation with Modelica) show
the temperature values of the nodes for the initialization phase with heating demands
only. Node 1 represents the warm node and node 6 the cold node of the EBU.

and a coupling to the power grid, while Case Study 2 analyzes a
bidirectional LTDHC network showing the impact of coupled heating
and cooling demands. Both case studies are based on the existing
DH network of Forschungszentrum Jiilich (FZJ), which is in reality
operated on 95 °C to 132 °C. The topology of the DH network consists of
421 nodes and 451 pipelines. 87 buildings are connected to the thermal
network, while Case Study 1 additionally uses a CHP plant as a heat
source and Case Study 2 a high-performance computer (HPC). For both
case studies, one EBU is used to supply the residual heating/cooling
demand. The values for the required pipeline parameters diameter,
length, roughness, thickness of the insulation, heat transfer coefficient,
etc. are according to the actual values of the DH network.

The data for the heating, cooling and electricity demands of each
building is based on measured data with a time resolution of 15 min.
We use the year 2019 for our analysis. The simulation is run for one
week in February to also see the daily fluctuations of the heating and
cooling demand.

4.1. Case study 1: A unidirectional DH network

Case Study 1 uses the described network topology to simulate a high
temperature DH network with heating demands only. The DH network
is coupled to the real power grid of the campus via a CHP plant and
integrates the occurring heat into the thermal network. In common
applications, the CHP is operated based on the heating demand of the
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district ensuring a continuous heat supply of all buildings. However,
temporally fluctuating electricity demands resulting from PV gener-
ation or electric vehicle charging within buildings can in the future
be challenging in terms of power supply. Therefore, this case study
uses the DH network as a source of flexibility to the power grid by
operating the CHP based on the electricity demand. To enable the heat
integration at each time step, the supply line temperature of the DH
network is adapted according to the occurring amount of heat from
the CHP. This case study shows the coupling possibility of HeatNetSim
to other domain’s simulation tools and furthermore the integration of
a variable control algorithm.

4.1.1. Scenario setup

The investigated DH network is in standard mode operated on 80 °C
(return line) and 90 °C (supply line). The temperature of the supply line
is sufficient to provide the heating energy to the buildings by using a
standard heat exchanger.

The operation of the CHP is determined by the electricity demand
of the campus P, cyp, simulated with the open-source simulation
tool pandapower [40]. The amount of heat Qc gp can be calculated
from Eq. (8), where 7, is the thermal efficiency, set to 0.43, and #,,
the electrical efficiency, set to 0.34.

. 1
Ocup = ﬂPe/,CHP (3
el
To enable a maximal utilization of the heat from the CHP, the
applied temperature control algorithm (Eq. (9)) adapts the supply
temperature of the thermal network and consequently uses the thermal
inertia of the pipeline system.
Ocup -0
CHP HD ©)

ATad apt =

m f Iowcp

The produced heat temperature of the CHP is assumed to be suffi-
ciently high to be directly integrated into the thermal network via a
heat exchanger with an efficiency of 80%.

4.1.2. Results

Fig. 4 shows the electrical and thermal power production of the CHP
and the resulting adaptions within the supply line temperature. The
power grid simulation of the analyzed campus leads to the required
electricity consumption which is exclusively provided by the power-
driven CHP. According to Eq. (8), the CHP produces 2405.2 MWh
heat over the analyzed time frame of one week. According to the
real demand data of our campus, there is a mismatch between the
electricity demand and the heating demand. To make sure that the
overall waste heat demand of one week is equal to the overall re-
quired heating demand, we assume to utilize 85% of the produced
CHP-heat and analyze the flexibility potential within this time frame.
The heat is consequently used to increase the temperature from the
incoming return line to the temperature of the supply line of the DH
network. The difference between the produced waste heat and the
actual required heat supply in each time step needs to be balanced
by the adaption of the supply temperature. According to Fig. 4, the
supply temperature is increased from the standard supply temperature
when the CHP produces more waste heat than required within the
EBU, while the temperature is decreased when the occurring waste heat
is not sufficient to balance the heating demand of the network. This
leads to fluctuations within the supply line temperature from 80.7 °C
to 110.0°C. In case of an actually planned transformation towards a
power-driven CHP operation, temperature requirements of the supplied
buildings need to be checked and back-up mechanisms such as gas
boilers are necessary.

The results of the applied thermal-hydraulic network simulation of
the DH network are shown in Fig. 5. Hereby, the thickness of the lines
represents the mass flow value of each pipeline and the arrows indicate
the direction of the flow at this specific time step. According to the
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Fig. 4. Electrical and thermal power over one week: The grid-connected buildings
of FZJ lead to the electricity consumption, simulated with the open-source simulation
tool pandapower. The electricity-driven CHP produces the heat according to the applied
CHP-model, while the actual heating demand is generated with HeatNetSim.
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Fig. 5. Network topology of the unidirectional DH network: The thickness of the lines
represents the value of the mass flow rate in each pipeline and the arrow indicates the
direction of the flow. The black dots refer to the buildings and the red/gray dot to the
EBU and the CHP.

functioning of an unidirectional thermal network, the heat is supplied
centrally and distributed according to the decentral requirements to
the substations. This leads to a maximum mass flow at the EBU and
to decreasing flow rates towards the grid-connected buildings.

4.2. Case study 2: A bidirectional LTDHC network

With an increasing electrification of the heating sector via HPs and
additionally a rising demand for cooling energy, lower network oper-
ating temperatures become more and more reasonable. This enables
a simultaneous supply of heating and cooling energy and, thus, can
lead to energy efficient thermal balancing effects. To investigate the
occurring potential, this case study transforms the originally separately
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managed DH and DC network of FZJ into a bidirectional LTDHC net-
work and integrates the waste heat from the existing HPC. We simulate
the network structure with HeatNetSim and analyze the energy saving
potential of the coupling together with the occurring impacts on the
grid infrastructure.

4.2.1. Scenario setup

The analyzed LTDHC network is operated on 20°C (cold pipeline
system) and 30°C (warm pipeline system). However, the required
demand temperature on the building side is higher than the warm
network temperature and HPs with a temperature difference of 10K on
the secondary side are assumed within the buildings. To investigate the
influence of the HP operation on the network, we choose three different
demand temperatures: 40 °C, 60°C and 80 °C. This shows the effects
of the demand temperature on the overall electricity consumption
and the behavior of the network. The temperature gap between the
network and the demand also occurs for the cooling energy, resulting in
additional compression chillers in the buildings with cooling demands.

The waste heat provided by the HPC has a temperature of 30 °C to
40 °C. Therefore, we assume that a heat exchanger with an efficiency of
80% is sufficient to integrate the waste heat into the LTDHC network.

4.2.2. Results

Fig. 6 shows the heating and cooling demand of the grid-connected
buildings, together with the waste heat from the HPC over the analyzed
time frame. The simulation results show that, in all three scenarios, the
heating and cooling energy can balance each other to a certain extent.
The residual demand is then covered by the EBU, while a positive value
means an additional heat supply and a negative value an additional
cooling supply. The shown electrical power is consumed by the HPs and
compression chillers in the buildings in order to increase or decrease
the temperature of the fluid to meet the demand temperature. Hereby,
the electrical power consumed by the circulation pumps is not part of
the analysis, as the focus lies on the energy saving potential coming
from thermal balancing effects. Within the three analyzed scenarios, a
higher temperature difference between the evaporator and the conden-
sator side of the HP results in a reduced COP and a higher electrical
power consumption. Hereby, using a demand temperature of 40 °C and
60 °C leads to similar simulation results. This can be explained by the
defined upper limit of the COP, which is set to 6 within this case study
in order to prevent unrealistic efficiencies of the HP.

The different values of the COP result in a slightly changed energy
efficiency and a change in the location of the energy consumption
(Fig. 8). While the lowest demand temperature has an overall energy
consumption of 926.9 MWh, a high share of the energy is provided
within the EBU, indicated as heating supply in the figure. The highest
demand temperature consumes 951.5MWh energy, which is mostly
supplied via electrical energy within the substations. In all three sce-
narios, clear thermal balancing effects can be achieved by the bidirec-
tionality of the network, as the overall heating and cooling demand
lies at 1820.7 MWh and 1069.8 MWh, respectively. This stresses an
improvement by coupling heating and cooling demands in a campus
with variable thermal requirements.

However, transforming an unidirectional DH network into a bidirec-
tional DHC network can have impacts on network internal variables,
which can be revealed by the applied thermal-hydraulic simulation
(Fig. 7(a)). The previously mentioned balancing effects are clearly
visible as the pipelines connected to the EBU transport only comparably
small mass flows. In contrast, the mass flow nearby the HPC whose
waste heat is constantly fed into the network is significantly larger.

This requires a more detailed look into the pipeline diameters, as
excessive pressure drops may occur in some parts of the network.
Fig. 7(b) therefore shows the diameter values of the network indicated
by the thickness of the lines. We calculate the pressure drop per unit
length for each pipeline by using the maximal occurring mass flow
rate in the corresponding pipeline segment. The pressure drop per unit
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Fig. 6. Thermal and electrical power over one week: The time series of the heating and cooling demand and the waste heat supply lead to the thermal supply of the EBU and the
electrical power consumption of the HPs and compression chillers. The thermal and electrical power is shown for the three demand temperature levels 40 °C (left), 60°C (middle)

and 80°C (right).
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Fig. 7. Network topology of the bidirectional LTDHC network: In Figure (a), the thickness of the lines represents the value of the mass flow rate in each pipeline and the arrow
indicates the direction of the flow. In Figure (b), the thickness of the lines represents the diameter of the pipeline and the color indicates the pressure drop per unit length. The
results are generated for a demand temperature of 60 °C. The black dots refer to the buildings and the red/gray dot to the EBU and the HPC.
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Fig. 8. Thermal and electrical energy for one week: The heating and cooling demand
over one week lead to the heating and cooling supply of the EBU and the electrical
power consumption of the HPs and compression chillers. The cooling demand includes
the waste heat. The thermal and electrical power consumption is clustered into the
three demand temperature levels 40 °C (left), 60°C (middle) and 80°C (right).

length should not exceed 200Pa/m to 250Pa/m [53,58,59] to limit
the power consumption of the circulation pumps. Consequently, the
hydraulic pipeline simulation demonstrates that certain parts of the net-
work structure might be undersized when transforming a unidirectional
thermal network into a bidirectional one, especially when integrating
an additional waste heat source.

5. Conclusion

The usage of thermal networks can accelerate the decarbonization
targets of the heating and cooling sector to supply buildings. Advanced
concepts for the operation of DH networks, coupling to other energy
sectors and the integration of waste heat sources requires suitable
thermal-hydraulic modeling and simulation tools. In order to analyze
the potential of bidirectional DHC networks, these tools must further-
more enable flow reversion and a zero mass flow rate. This work
presents an open-source simulation tool for uni- and bidirectional net-
works, which is capable of the mentioned properties. The modeling of
the required components is explained and the simulation flow based on
the generated network structure is presented. The results of the steady-
state and quasi-dynamic simulation of the pipeline model are verified
with the PlugFlowPipe-model developed by Van der Heijde et al. [57].
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With the two presented case studies we demonstrate the function-
alities of the developed simulation tool for unidirectional and bidirec-
tional thermal networks. The basis of both case studies is the existing
DH network of the FZJ-campus, which has 421 nodes and 451 pipelines.
Case Study 1 refers to a high temperature DH network which is coupled
to the power sector via a CHP plant. The power sector is represented
by the real power grid of the FZJ-campus, simulated with the open-
source simulation tool pandapower. According to the operation of the
CHP, which is based on the electricity demand of the campus, the
DH network provides flexibility to the power grid. We show that by
an appropriate adaption of the supply temperature, the DH network
can be exclusively supplied by the heat from the CHP. The supply
temperature therefore fluctuates between 80.7 °C and 110.0°C, while
the standard supply temperature lies at 90 °C. However, as expected
for coupled power and heating networks, there is a mismatch between
the overall electricity and heating demand over the analyzed time
frame. To overcome this mismatch and enable a maximal utilization
of the occurring CHP-heat, additional thermal or electrical storages
or import/export options to neighboring districts could be beneficial.
Moreover, a broader time frame and consequently larger temperature
adaptions of the supply temperature might increase the amount of
waste heat integration. However, the building’s heating supply with
sufficiently high temperatures need to be ensured what can be checked
by a thermal-hydraulic network simulation.

Case Study 2 transforms the DH and DC network of FZJ into a bidi-
rectional LTDHC network and integrates the existing HPC as a waste
heat source. The thermal-hydraulic network simulation shows that grid-
internal balancing effects lead to an energy consumption of 926.9 MWh
for a demand temperature of 40°C and to 951.5MWh for a demand
temperature of 80°C, while having an overall heating and cooling
demand of 2890.5 MWh. However, we show that the transformation
from an unidirectional to a bidirectional network is linked to obstacles
concerning the pressure drop within the pipelines. Pipeline diameters
are designed for the operation of the unidirectional system which might
lead to bottlenecks. In our case study bottlenecks mainly occur in the
area of the waste heat source. However, large parts of the network
infrastructure are oversized due to generally higher mass flow values
within a network designed for a unidirectional supply. This aspect is left
out within the performed analyzes, as minimal pressure drop values are
hard to define in a network with changing flow directions.

Availability of HeatNetSim

https://jugit.fz-juelich.de/iek-10/public/simulation/heatnetsim
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Appendix A. Hydraulic calculation of pipeline model

The Reynolds number Re,,,,;,, is used to distinguish between lam-
inar and turbulent flows. In case of a laminar flow, the friction factor
f can be expressed according to Eq. (A.1) [60]:

64
=— . (A1)
Relaminar

The Reynolds number depends on the diameter D of the pipeline,

the density p, the mean velocity v and the viscosity y of the fluid:
pvD
Relamimzr =

(A.2)

The pressure difference between the inlet and outlet node 4p can be
expressed according to Eq. (A.3) with / being the length of the pipeline.

I p—o
Ap=f—= A.3
p=f DY (A.3)
The mass flow rate is consequently calculated according to Eq. (A.4).
. 1 D*p
Miaminar = 128 Ap” 1/4 (A4)

In case of a turbulent flow, the Prandtl-Colebrook equation for tur-
bulent flows is applied [60] where k, is the roughness of the material:

ky/D
L= or0g( 3S§1 s—2
\/7 : Returbu/enr \/7

The mass flow rate for a turbulent flow can then be determined by
using the Reynolds number Re,,,.,, from Eq. (A.6).

(A.5)

. A
Miyrbulent = BﬂRerurbulem (A6)

Appendix B. Heat loss calculation of pipeline model

Eq. (B.1) represents the differential equation for the temperature
calculation of one pipeline segment. Here, s is the mass flow rate, c, is
the specific heat capacity, T the fluid temperature, / the pipeline length,
« the heat transfer coefficient and T, the ambient temperature [60].

. dT
me, —

P4l = a(Tamb - T) (Bl)
Solving the differential equation leads to Eq. (B.2):
T =T @;,.10) —Typ) - exp(—fl—l) + Ty (B.2)
e,

The heat transfer coefficient « is written as « = 1/R. The thermal
resistance per unit length R is calculated from Eq. (B.3), where 4 is the
heat conductivity of the pipeline material, r; the radius of the pipeline
with insulation and r, the radius without insulation.

r
_ log(;)

R= B.
2z A (B-3)

The calculated outlet temperature of each pipeline is then stored in
the outlet node of the pipeline. In case a node is supplied by two or
more pipelines (to represent a junction within the thermal network),
the node temperature is calculated as a mixture of the incoming flows,
considering their specific mass flow rates:

Tin.lmin,l + e+ Ty it

inn

Z:’:l min,i

in,n
T =

node

(B.4)

Appendix C. Heat exchanger

Oy p represents the heating demand and O, the cooling demand
of the building. Q,.; . is the heat flow transmitted to the network
or extracted from the network and 7y the efficiency of the heat
exchanger:

QHD = WHEQnetwork’ (C.1)

nHEQCD = Qnerwork'
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Appendix D. Heat pump

Eq. (D.1) specifies the relation between the heating demand, the
thermal power extracted from the network and the electrical power
P, yp of the HP.

Oup = Onetwork + Perrip (D.1)
The electrical power can be substituted by Eq. (D.2):
Orip (D.2)

Pypp= copP,,

The coefficient of performance COPyp of the HP depends on the
demand temperature of the building 7,,,,,, and the network temper-

ature T,,,0kin [53]. The efficiency factor # is set to 0.5 within this
model:

T,
COPyp=1 demand (D.3)

Tdemand - Tnetwork,in

Appendix E. Compression chiller

The thermal power on the primary side of the compression chiller is
calculated from the cooling demand of the building O, and the electri-
cal power consumption of the compression chiller P, .., (Eq. (E.1)).
Within this model, we set the efficiency of the compression chiller to
5.

QCD + Pel,chiller = Qnerwork (El)
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