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District heating networks (DHN) are an essential part of the decarbonization of the heating sector. As a high
proportion of the buildings provided with district heating are integrated into larger networks, there is a need
for efficient simulation tools that enable the simulation of large-scale DHN. This paper introduces a modeling
concept for the dynamic simulation of DHN with several thousand substations using the modeling language
Modelica. The emphasis is on the simulation of strongly meshed networks, usually appearing in large-scale
DHN. To test the modeling concept, a generic, large-scale DHN is designed and simulated. The results are used
to determine the time constants of the DHN for different load cases and evaluate the efficiency of the heat
provision. We show that our modeling concept is suitable to simulate a DHN with 2167 substations, while
the results suggest that there is still room for upscaling. To make the modeling concept fully open-source, a
smaller DHN model is designed and simulated in OpenModelica. A comparison to Dymola shows that Dymola
is not only 15 times faster in terms of simulation time; it also needs much less time for the translation and
compilation of the model, highlighting future development of OpenModelica.

1. Introduction
1.1. Motivation

In recent years, the efficiency of district heating networks (DHN)
as well as the optimal use of primary energy sources have become in-
creasingly important. In particular, the possibility of integrating waste
heat and renewable energies is a valuable advantage of DHN. DHN
are classified into four generations described in [1]. In Europe and
Germany, third-generation DHN are widely spread. A high share of the
heat supply distributed by DHN is provided by large-scale DHN. For
example, cities like Hamburg, Berlin, or Dresden own DHN with several
thousand substations.

Due to the challenges that occur within the necessary transfor-
mation and expansion planning, suitable tools are needed for the
simulation of large-scale DHN [2]. For instance, the optimization of
the temperature control used by many DHN is a possible use case
for dynamic simulation [3]. Adapting the supply temperature with
consideration of the thermal inertia of the network can be used for load
shifting and, therefore, can decrease peak heat production. Another
use case is the storage of surplus electricity in DHN for the better
integration of fluctuating renewable energies [3]. However, also plan-
ning for grid expansion combined with the integration of fluctuating
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heat sources raises the challenge of ensuring the security of supply for
every consumer. To investigate these use cases and bring them into
application, it is crucial that simulation tools can efficiently simulate
larger-scale DHN.

This paper introduces a fully open source modeling concept for the
dynamic simulation of large-scale district heating networks with the
objective of bringing the simulation tool into application. In further
research, this modeling concept shall be used for supply temperature
optimizations and the reduction of peak production due to load shifting.

In the first section, the scope of the paper is explained. The second
section focuses on the latest modeling concepts and delineates them
from our modeling approach. In the third section, we introduce our
modeling concept and its methodology. To prove the applicability of
the concept, we present simulation results for a DHN with more than
two thousand substations. Finally, our findings are summarized and we
outline directions for our future work.

1.2. Research gap

One of the main issues concerning the dynamic simulation of district
heating is the simulation of large-scale DHN [4-6]. To the authors best
knowledge, there is no publication featuring a dynamic simulation of
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a DHN with more than a thousand consumers, as models that allow
consideration of thermal inertia are normally limited to a few hundred
substations. However, such simulations are necessary to investigate
the described use cases for the DHN of larger cities like Berlin or
Hamburg. Moreover, in [6] it is stated that there are limited papers on
mathematical optimization, and existing studies on DHN simulations
mainly focus on specific case studies. This paper tries to close this gap
by analyzing the solution process of a DHN model in Modelica [7] and
suggests options to avoid the specific problems of DHN simulations like
the appearance of non-linear equations, a huge number of states, or
unnecessary iterations. A numerically performant modeling approach
for the dynamic simulation of large-scale DHN is presented and its
applicability is shown by a DHN simulation with 2167 substations.

An issue with using Modelica is that mostly the software Dymola [8]
is used to simulate larger models [9,10]. Although Modelica is a free
open source modeling language, Dymola is a commercial, chargeable
simulation tool. As a result, simulations done with Dymola cannot
be seen to be fully open source. However, with OpenModelica [11],
there is a fully open source software environment. For this reason,
the modeling concept introduced in this paper is created to enable
large-scale simulations not only in Dymola but also in OpenModelica.

2. Pipe network simulation - literature review
2.1. Modeling of district heating networks

In the literature, the modeling concepts for DHN are normally
classified by their calculation method and the investigated system
behavior [6,12]. The calculation method refers to the process of solv-
ing the hydraulic and thermal problems. It is differentiated between
methods that solve the hydraulic problem separately from the ther-
mal problem and methods that use an integrated approach [6]. The
behavior of the system is categorized into dynamic and steady-state
methods [12]. Inside this category a division between models that
are fully dynamic and, therefore, are considering hydraulic as well as
thermal dynamics and models that only consider thermal dynamics can
be done. Moreover, it is differentiated between the control strategies
of the DHN. There are three common control strategies: Constant
temperature and variable flow control (CT-VF), variable temperature
and constant flow control (VT-CF) and variable temperature and vari-
able flow control (VT-VF) [6]. Some simulation tools are designed to
represent one specific control strategy [6].

In Modelica there are open source libraries that can be used for
the dynamic simulation of DHN. Modelica is a modeling language
that in recent years became popular in research topics of DHN sim-
ulations due to its equation-based and object-oriented character [6].
Furthermore, Modelica enables dynamic simulation and bidirectional
flow. Libraries that can be used for the simulation of DHN in Modelica
are, for example, the ClaRa [13], the TransiEnt [14], and the IBPSA
library [15].

The ClaRa library is based on balance equations for mass, energy,
and momentum which are discretized using a finite volume approach
on a staggered grid. The use of the TIL media library [16] enables
the investigation of two-phase flows. Therefore, the models are very
detailed and designed for the investigation of specific effects in power
plants and other components. The TransiEnt library is a library for
the dynamic simulation of integrated energy grids. It is based on the
ClaRa library and therefore uses a similar modeling concept for the
pipe and junction models. However, it has a wide variety of models and
also features a plug-flow model, which was used and further explained
in [17].

Using a plug-flow or Lagrangian approach for considering the ther-
mal dynamics became popular in recent years and has been used in
various publications since then e.g. [17-20]. In the IBPSA library,
a pipe model based on the plug-flow approach was created [18]. It
uses the in Modelica implemented spatialDistribution operator [7] to
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track single fluid particles along a stream and, therefore, can take time
delays into account. Because this approach enables the consideration
of thermal inertia without the use of a huge number of states, it is
considered an efficient approach. The temperature losses along the pipe
are calculated with an analytical solution of the energy balance, and
the inertia of the pipe wall is considered with a model of lumped
heat capacity. The pipe model of the IBPSA library was validated with
measured data and is known to have good accuracy [4,18]. Based on
the IBPSA library, the DisHeatLib library was created, which provides
component models for the simulation of DHN, like pump models and
detailed models of substations [21].

In [22] a robust modeling concept for the efficient creation and
simulation of thermofluidstream models like cooling systems for air-
planes or cars is presented. The modeling concept takes advantage
of the fact that computational fluid dynamics (CFD) normally has a
high number of states, which can cause a huge computational effort.
Algebraic modeling, on the other hand, can lead to large non-linear
systems with unknown solvability. The presented solution in [22] uses
mass flow states to avoid implicit non-linear systems and trades them
against implicit linear systems, which are much easier to solve.

The Python package PandaPipes [23] is a table-based tool for the
static simulation of DHN in Python. It uses a separate calculation of the
hydraulic and thermal parts of the network. The algebraic equations
are solved with a Newton solver and the handling of the simulations
is numerically robust and user-friendly. According to the authors ex-
perience, PandaPipes is a good tool for the static simulation of larger
district heating networks. A commercial tool that is sometimes used in
research is Stanet [24] which, for example, was used in [23,25].

In [26] the authors developed a modeling approach to simulate
DHN of arbitrary size. A coupled calculation of the hydraulic and
the thermal part is done and the thermal dynamics of the network
are considered using an improved plug-flow approach. The modeling
concept is tested and compared to a model created with the Modelica
standard library for a smaller DHN simulation [26].

The modeling approach developed in this paper is a coupled ap-
proach that solves the hydraulic and thermal problem together. It is
based on the three balance equations but only considers the dynamics
of the thermal problem. The energy balance is discretized with a finite-
volume approach, and therefore no plug-flow approach is used. Various
control strategies can be investigated, but it is designed to represent a
DHN with a temperature and flow control.

2.2. Simulation of large-scale DHN

So far, the simulation of large-scale DHN is often done via the
use of aggregation methods e.g. [27-29]. However, these aggregation
methods are producing an error due to the simplifications made. This is
especially the case, as those aggregation methods refer to a certain load
state, and therefore the error produced in all-year simulations is often
difficult to assess. Moreover, for the practical application of simulation
tools, an aggregation may not be suitable as key locations in the grid
might not be represented [20] and the security of supply cannot be
guaranteed for every consumer.

Another approach for the simulation of large-scale DHN is to neglect
dynamic effects and perform a steady-state simulation e.g. [23,30].
Nonetheless, this concept does not allow the consideration of thermal
inertia like the piping network or thermal storage. As a result, opti-
mizations of central or decentralized heat storages as well as using the
thermal inertia of buildings cannot be investigated with such tools. Fur-
thermore, this method is less accurate as the effect of the propagation of
a supply temperature change on the heat losses cannot be considered.

Several publications deal with the dynamic simulation of DHN, but
as already mentioned, none of them deal with simulations of DHN with
more than several hundred substations. For example, in [31], a DHN
with 250 consumers is autogenerated based on open street map. It is
simulated dynamically with models of the IBPSA library [15]. In [25],
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the creation of a network topology is validated with a real DHN. For this
purpose, the simulation tool Stanet [24] was used to simulate a DHN
with 200 substations. [32] features a simulation of the DHN of Turin,
which is a large district heating system. However, in this simulation,
only the 70-km transport network with 182 distribution networks was
considered. A similar network was also used for a static simulation to
determine the optimal location of a large heat pump in a DHN [30]. [5]
used the pipe model of [33] to create a simulation of a district heating
and cooling network in Dymola with over 100 consumers and optimize
it. In the publication of [33], the author states that 100 consumer
models is the largest number of consumers the modeling concept can
handle at the moment. Nonetheless, the publication is from 2016, and it
is noted that there is room for improvements to be made. Another small
DHN was simulated in [34] to determine the time constants of the grid
and the buildings with the objective of using this thermal inertia for
peak shaving.

One of the largest dynamic simulations found in the literature is
the work of [35], where a network with 413 substations is validated
using measurements from a real network. In [36], the design of a 160-
consumer DHN is considered large-scale. This also holds true for the
work of [10] where a discretized, dynamic model of a DHN is solved us-
ing the solver Cvode. Here, a 5th-generation DHN with 180 distributed
heat pumps is simulated with good results regarding efficiency and
computational effort. The DHN of the city of Rostock was simulated
in [37] using the models of the ClaRa library [13,38]. However, for
this simulation, the network was widely simplified.

The review of the publications concerning the simulation of large-
scale DHN shows that most simulations are limited to a few hundred
consumers, or at least until now, it has not been proven otherwise. This
leaves room for improvement, as most of the DHN considered large-
scale are only a few kilometers long with a few hundred consumers,
but DHN in larger cities like Berlin, Hamburg, or Dresden can easily
reach several hundred kilometers and tens of thousands of substations.

3. Modeling concept

In this paper, the modeling language Modelica is used. Modelica
is an acausal and object-oriented modeling language that is suited
for performing dynamic simulations. The equation-based character and
the automatic processing of time derivates enable the description of
physical behavior with algebraic and ordinary differential equations.
For developing a model that is capable of running an efficient dynamic
simulation, it is key to design the component models as numerically
robust as possible. Therefore, the component models have to suit the
issue, and simplifications have to be made. There are three key points
that ensure an efficient design of the DHN model created in this paper.
These are:

1. Use of a suitable consumer model and mass flow states to avoid
non-linear implicit systems in the algebraic part of the system of
equations inspired by [22]

2. Avoidance of unnecessary equations, for example, assumption of
constant fluid properties like density, specific heat capacity or
dynamic viscosity

3. Enabling a robust simulation due to discretization of only the
energy balance to utilize sparse properties of the occurring
matrices

For example, the avoidance of dynamic media models simplified the
handling of the simulations by a lot and improved the applicability.
This approach seems justified as the only medium used in DHN is water
and no relevant chemical reactions occur.

In general, five main components are needed for the simulation of
a district heating grid. These are: a pipe model, a consumer model,
a junction model, a producer model, and a pump model. The three
balance equations for energy, mass, and momentum form the basis for
all of these components. All of them use the Modelica stream connector
described in [39], enabling flow reversal in every component. In the
following section, these component models will be described.
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3.1. Pipe model

The pipe model uses a static mass balance described in Eq. (1). The
definitions of the different variables from the following equations can
be found in the table of abbreviations at the end of the paper.

iy, + Higy =0 (€8]

There is no consideration of mass storage effects or density changes.
This is an often-made assumption for the simulation of DHN [9]. As a
result, no pressure states are used in this model. A dynamic momentum
balance is used to describe the pressure loss over the pipe. However, it
is not used in every pipe, as will be explained later in Section 3.7. The
starting point for deriving the momentum balance is Eq. (2), which was
derived in [22].

dm

52

1
& —ds+Aq=Ap— A 2
dt ‘/S] A s q p Dext ()

The acceleration of a particle in the fluid due to a shift of the particle
in the flow field is neglected, so 4q becomes zero. The pressure loss due
to external forces Ap,,; consists of the friction pressure loss. To calculate
the pressure loss due to friction, a pressure loss model of a straight
pipe from the fluid dissipation library described in [40] was used. It
uses the Darcy—Weisbach equation for determining the pressure loss
and considers different flow regimes. In [22], the remaining integral
term is defined as the inertance L (3).

52 1
L:/S1 st 3

Using the inertance L and the fluid dissipation pressure loss model
results in (4).
2
_ dm L.s m 4)

dt a2 |, =

4 is the pipe friction coefficient, / is the length of the pipe, d is the
diameter of the pipe and p is the density of the fluid. The benefits of
the introduced mass flow states are further discussed in Section 3.7.
Other external forces than friction, like gravity, have been neglected,
although they could easily be included if they were of interest. The
thermal behavior of the pipe is described by a dynamic energy balance
for an open system, which can be seen in Eq. (5).

4ap

du . X .
pr-(Vr+Vy)- d_l‘n = My, - h’in + Moy houl + Oloss (5)

To set up this equation, a thermal equilibrium between the fluid
and the pipe wall was assumed. The volume of the pipe wall has been
converted to an aquivalent water volume V. This made it possible
to regard the thermal inertia of the pipe wall, which is necessary
according to [41]. To add the thermal capacity of the pipe wall to the
capacity of the water is described in [41] as the most efficient way
of taking the wall inertia into account. It can be seen that potential
and kinetic energy have been neglected. Only mass transfer in the flow
direction and heat transfer perpendicular to the flow direction have
been considered. The energy balance was discretized with the upwind
discretization scheme, which uses a case distinction depending on the
flow direction (see Fig. 1).

This method enables efficient discretization without using too many
variables. Further information about this type of discretization can, for
example, be found in [10]. Because the mass balance is stationary, and
the fluid properties are constant, there is no need to discretize all of
the balance equations but only the energy balance. This reduces the
number of states and variables and leads to a sparse Jacobi-matrix of
the generated system of ordinary differential equations.

Using the plug flow concept was also considered for the pipe model.
However we found, that usage of the spatial distribution operator can
lead to numerous rejected solver time steps. Therefore, it can make a
simulation inefficient, as will be explained further in Section 3.6. This
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Fig. 1. Discretized pipe with different flow directions.

is especially the case for larger networks containing many pipes with
different time constants. Moreover, the heat losses for a state change
can be accessed more accurately with a discretized pipe model, as the
computation of the heat losses in the plug flow pipe are not valid for
sudden temperature changes and flow reversal. Finally, the use of a
high number of spatial distribution operators lead to problems when
testing DHN simulations in OpenModelica. Heat losses are considered
with a constant heat loss factor of U = 0.3Wm™! K~!. This heat loss
factor U is normally part of the data sheets of the pipes. The heat losses
are calculated with Eq. (6).

Qloss =U- -4x-(T- Tground) (6)

where O, is the heat loss to ground, U is the heat loss factor, Ax is
the discretized length of the pipe, T is the temperature of the pipe and
Tyrouna 1s the temperature of the surrounding ground.

3.2. Junction

The junction model used in this publication is a model to split or join
mass flow rates. It contains a lumped control volume with a dynamic
energy balance and a stationary mass balance. There is no consideration
of heat losses, and for pressure loss, a linear pressure loss model is
assumed.

3.3. Heat pump

The heat pump model is a stationary model of a heat pump. It
is used to calculate the needed electric power from a given heat
flow rate. The Carnot COP of the heat pump is calculated with the
supply temperature, the temperature of the heat source, and an internal
temperature difference with Eq. (7) similar to [42]

Tsupply + ATinternal (7)
(Tyuppty +2 - AT,

COPcynor =
arnet mtemal) - Tsource

AT, ernar 1S 5K and Ty ,... is assumed to be 20°C. A constant ef-
ficiency factor #,, = 0.45 is assumed to calculate the COP from the
Carnot-COP, which is described in Eq. (8)

COP =1 - COPypey ®

With the COP and the given heat flow rate, the needed electric
power can be determined with Eq. (9)
0
Py=—— 9
= cop ©)
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The specific enthalpy at the outlet of the heat pump is calculated
with the needed heat flow rate, the inlet temperature of the heat pump,
and the mass flow rate provided by the pump described in Eq. (10).

(9]
houl = hin + ; 10

3.4. Pump

The pump model is a stationary model for the calculation of the
needed electric pumping power. It provides a pressure difference and
calculates the needed electric power for a given mass flow rate, a
provided pressure difference and an efficiency factor (11).

o Ap
P, =2 a1
pump el

An efficiency factor of 7, = 0,9 is assumed.

3.5. Consumer

The consumer model has two purposes. Firstly, it calculates the heat
flow rates needed for the household at a given ambient temperature.
Secondly, it determines the required mass flow rate from the calculated
heat flow rate. It contains five subcomponents: a heat capacitor, a
thermal conductance, a P-controller, a pump, and a heat exchanger.
The structure of the model can be seen in Fig. 2.

The heat capacitor represents the thermal inertia of the buildings
with an average room temperature, described in (13). With this tem-
perature, the heat conductance, and a given ambient temperature, the
heat flow rate loss from the building is calculated with Eq. (12).

Qhouse =G- (Troom - Tamb) 12)

dTrocm _ :
c.—m=30 a3

The parameters C and G have been calibrated with a detailed
building model built in [43]. It represents a single-family household
with the German KFW 55 insulation standard. However different house
types can be considered for each consumer if needed.

The heat exchanger transfers the heat from the fluid to the building
using a lumped energy balance described in Eq. (14) and a linear heat
transfer model described in Eq. (15). The factor kA is the product of
the heat conductance and the area of the heat exchanger.

du .
I/hex “Pr % =nm- (hin - hnut) + Qhex a4

Qhex =kA- (Tr - Troom) (15)

It is designed for the maximal transferred heat flow rate and a
temperature difference of 30 K.

The mass flow rate is controlled by the P-controller, which gets a
set value for the room temperature and regulates the mass flow rate
through the pump to keep this temperature constant. The parameter
of the P-Controller was set to P = 10. The steady state error which
occurs due to the missing integrator part in the controller amounts to
a maximum of 0.08K and is therefore neglected. Normally, a consumer
model would consist of a valve instead of a pump e.g. [5]. The opening
of the valve would be regulated by a controller to set a mass flow
rate with a given pressure difference. This, however, would create a
dependency on the mass flow rate from the hydraulics of the overall
system. In the chosen configuration, where the mass flow rate is being
set directly by the controller, it only depends on the supply temperature
and the needed heat flow rate. A deviation between those two cases
would only occur if the pressure difference at the consumer would not
be enough to enable the needed mass flow. This would not be the case
for the regular operation. On the other hand, the decoupling of the
mass flow from the pressure difference at the consumer avoids implicit
non-linear systems of equations and leads to a massive reduction of the
complexity of the system.
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Fig. 2. Structure of the consumer model.
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Fig. 3. Structure of the solution process.

3.6. Solution process of a modelica model

The general solution process of the Modelica model using a variable
order and variable time step size solver such as DASSL [44] is shown
in Fig. 3. It consists of an algebraic part and an ordinary differential
equation (ODE) part. The states are part of the solution of the ODE part
and are used to solve the algebraic part. The derivatives of the states are
treated as unknowns in the algebraic part and are therefore a solution
of the algebraic part. The calculated variables and state derivatives are
transferred to the ODE part and used for the solution of the ODE part.
If the algebraic part of the model is explicit, the system of equations
can be solved easily by bringing the system matrix into block lower
triangle form. The unknowns can then be calculated one by one without
the use of iteration methods. However, if there are systems of equations
that are implicit, they need to be solved iteratively. If these systems are
also non-linear, a Newton-Raphson method is applied, which requires
a lot of computational effort. This effort is especially high because the
implicit system has to be evaluated for every time step of the ODE
solver, which can be seen in Fig. 3.

The ODE system is solved with an implicit solver. For this paper,
the Runge-Kutta based solver sdirk34hw available in Dymola is used.
The resulting set of equations is therefore implicit and non-linear, so
the Newton-Raphson method has to be applied. The more states a
DHN model contains, the larger the Jacobi-Matrix gets. For solving this
Newton-method, the variables and the state derivatives are needed for
every iteration step. This means that the algebraic part of the model is
solved for every step of the Newton iteration. After a Newton iteration

has done a maximum number of steps, the solver evaluates the accuracy
of the step and checks for convergence. If the convergence criteria are
not met, it rejects that step and tries again with a different step size or
a different integrator order.

It can be concluded that especially rejected steps of the solver
and large non-linear systems occurring in the algebraic part should be
avoided to enable an efficient simulation of the model.

3.7. Handling of meshes

Implicit non-linear systems occur naturally in hydraulic simulations
due to the non-linear character of the pressure loss and the meshing of
the network. These non-linear systems can get especially large in DHN
models because of the high number of nodes and meshes. However, we
can avoid these non-linear systems with a strategic use of momentum
states. The reason for this is that states are a solution of the ODE part
and are therefore treated as known in the algebraic part. The right
definition of states can consequently manipulate the algebraic system
of equations in a way it becomes explicit. This leads to a shift of the
computational effort from the algebraic part to the ODE part.

This method is very efficient if the ODE-part is a stable system
and does not limit the step size of the solver. The idea behind this
approach can be best understood with an example. In Fig. 4, a graphic
of a hydraulic circuit of two parallel pipes is shown. The pipes are
connected with a split and a join. The split and the join are connected
with two boundary conditions. The split is connected to a mass flow
source with a known mass flow rate and an unknown pressure. The
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Fig. 4. An example of a hydraulic circuit.

join is connected to a sink with a known pressure and an unknown
mass flow rate. Although this looks like a simple computation, this
system of equations cannot be solved explicitly. The reason for this is
that the mass flow rate going to each of the pipes is unknown and has
to be calculated from the pressure difference. The pressure difference
between the two pipes is also unknown and dependent on the mass
flow rate. This system of equations can be solved easily if one mass
flow rate through the pipes is known. This can be achieved with a mass
flow state, as shown in Fig. 5. The mass flow derivative is an unknown
in the algebraic part. On the other hand, the mass flow rate becomes
known in the algebraic part, which is the point of this operation. The
system of equations becomes fully explicit, as can be seen in Figs. 5 and
6. In Fig. 6 the sequence of the calculation of the variables is shown.
Firstly, the mass flow rates can be calculated from the mass balances.
This is not possible in the other scenario, as the splitting of the mass
flow rate depends on the unknown pressures. After that, the pressures
can be calculated with the given mass flow rates. Finally, the mass
flow derivative is calculated. In Fig. 5, the Dymola screenshot of the
translation shows that no implicit systems of equations occur in this
set-up.

4. Verification

For the creation of the large-scale DHN model, different assumptions
have been made to simplify the component models and ensure a robust
and efficient simulation of the overall network. Therefore, there is a
need for verification and validation to determine if the models can
accurately describe the thermal behavior of DHN components. The
focus of the verification is on the pipe model, which represents constant
fluid properties. Moreover, it is the most important component model
of the simulation, as it is used most often. To verify the pipe model,
a test set up is created where the new pipe model is compared with
established pipe models. As a reference, the L4 pipe model of the ClaRa
library and the plug-flow pipe model of the IBPSA library are used. The
Clara model has a detailed description of the physical behavior of a
pipe flow and can therefore be used to check physical assumptions. For
example, it is suitable for checking if the assumptions about constant
fluid properties are legit. The IBPSA pipe model has been validated
several times with a real DHN test setup and is known to have good
accuracy [4]. It is used to determine if the pipe is representing the
thermal inertia correctly.

The simulation results of these models can be seen in Fig. 7. The
input for the simulation is a temperature step, which happens at 3600 s.

Table 1
Error of the output temperature of the new pipe models compared to the output
temperature of the IBPSA plug-flow pipe after a temperature step.

Component Input Compared variable Max. deviation RMSE

Pipe Ax=5m 10K Ty 418K 121K

Pipe Ax=1m 10K Ty 3.68K 0.66K
Table 2

Error of the test models compared to the models of the ClaRa library.

Component Input Compared variable Max. deviation RMSE
Heat exchanger 10K step Tow 0.024K 0.012K
Heat exchanger 10K step 0 11.86 W 6.18W
Junction Stationary m - -

Pipe 10K step T, 0.043K 0.034K

The comparison criterion is the root mean squared error (RMSE) of the
outlet pipes temperature. The inlet temperature of the pipes is repre-
sented in blue. The new pipe model was simulated with a discretization
of 1 m and 5 m. For the simulation with a discretization length of 5 m the
pipe has been instantiated twice. In one of the instances, the thermal
capacity of the pipe wall was neglected to make it comparable to
the ClaRa model. The ClaRa model was accordingly simulated with a
discretization length of 5m. The outlet temperature of the new pipe
model and the ClaRa model have an accurate fit. That is why, the
difference cannot be seen in the simulation.

The simulation with a discretization of 5m has good accuracy in
terms of the time constant and also a small mean error. It can be seen
that the pipe wall capacity is necessary to regard because the turning
point of the ClaRa pipe temperature does not fit the turning point of
the IBPSA pipe. This was also determined in [41]. The results of the
verification for the pipe with the IBPSA model can be seen in Table 1.
The other component models like junctions and heat exchangers used in
this publication have been verified with the ClaRa library as well. The
results of this verification can be seen in Table 2. It can be concluded
that the accuracy of the used models is sufficient.

5. Case study
In this section, a simulation of a large-scale DHN is performed. The

simulation of DHNSs is necessary for energetic assessments, for example,
the determination of the heat losses or the electric energy needed for
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Fig. 5. An example of a hydraulic
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Fig. 6. Structural graph of the hydraulic circuit.

the circulation pumps. Moreover, since the thermal inertia of the piping
network is considered, it is possible to investigate the shifting of the
heat production by raising or lowering the supply temperature. This can
be especially useful in the context of sector coupling when DHNs are
used for congestion management of the electricity sector. The question
arises for how long an electrical consumer, like a large-scale heat pump,
can be regulated down within the scope of its technical restrictions. The
time it takes for a supply temperature change to propagate through the
network is the time between two static operation points, and therefore
can only be determined by a dynamic simulation.

5.1. Description of the model

To test the modeling concept with regard to performance and
efficiency, a DHN with 2167 substations was created. The characteristic
of the network can be seen in Table 3. To design it as realistically as
possible, typical distribution topologies are combined with a typical

Table 3

Characteristics of the simulated DHN.
Number of substations 2167
Number of meshes 11
Network length 140km

main topology. For example, in [17], six typical housing structures
were identified and used for a coupled simulation. From these housing
structures, four were picked for this study to design a district heating
topology.

In one of the four topologies, a mesh was included, as most large-
scale DHNs contain meshes. The four distribution topologies were then
combined with possible main topologies according to [45]. In this book,
the main topologies are categorized into five different types of DHN
based on the position of the producer. For example, a producer could
be integrated directly into the network or could be on the periphery. It
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Fig. 7. Temperatures of the different pipe models for verification.

also differs between peak load and base load heat producers. For this
paper, a grid topology with a heat producer on the periphery is chosen.
In reality, this producer position could represent networks like those in
Hamburg or Prag [45]. The presentation of the network is shown in
Fig. 8.

The required variables in the simulation models are calculated as
follows: Mass flow rates are calculated in the consumer models. They
can be used to calculate the pressure difference over the pipes. An
exception occurs in the meshes. Here the mass flow rates are a solution
of the hydraulic calculation and are computed according to Section 3.7.
The absolute pressure at the producer outlet is dictated behind the
circulation pump. The pressure difference at this pump is controlled
by a PI controller. This PI controller sets the pressure difference at the
consumer in such a way that a minimum pressure difference at the
consumer farthest away from the producer is kept.

The model of the DHN is based on the fact that the operator has
two possibilities for changing the mass flow rate in the DHN. The
pressure difference provided by the pumping stations or the supply
temperature could be changed. However, changing the pressure dif-
ference could lead to an undercut of the minimum pressure difference
at the substations further away from the producer. The second option
is to change the supply temperature, leading to a higher temperature
difference in the substations and therefore reducing the needed mass
flow rate. For this case study, three load conditions of the DHN have
been investigated:

* 40 percent of the max. load
» 60 percent of the max. load
+ 80 percent of the max. load.

Three simulations were made with a prescribed supply temperature
to demonstrate how heat production can be shifted from one hour to
another by using the thermal inertia of the pipe network. A change
of the supply temperature of 10K is specified in all three scenarios.
For comparison purposes, three reference simulations with a constant
supply temperature under the same conditions were made.

5.2. Results

The supply temperature used as an input for the simulation are
shown in Fig. 9, exemplary for the 60 percent load case. The figure
displays the supply temperature at the outlet of the producer, the
supply temperature at the outlet of the first pipe, and the supply tem-
perature at a consumer being far away from the producer. The change
in supply temperature contains three phases. In the first phase, the
supply temperature is raised by 10 K in an hour. In the second phase,
the higher supply temperature is held for three hours, and after that, the
supply temperature is lowered back to the initial supply temperature.
It can be seen that the supply temperature at the pipe outlet is delayed
due to the flow velocity of the fluid. The same effect can be observed
with the supply temperature at the consumer. However, it is much more
delayed and a little lower due to the heat losses occurring in the piping
network. Furthermore, the temperature at the consumer is smoother
than the supply temperature at the producer. The change in supply
temperature is coupled with a change in the heat provision from the
heat producer. In Fig. 9 oscillations of the temperatures occur. These
oscillations are due to numerical effects of the discretization but are
not effecting the overall results in a major way.

The change in supply temperature leads to a change of the heat flow
rate of the producer if the mass flow rate stays constant. This effect can
be seen in Fig. 10. Fig. 10 shows the heat flow rate provided by the
producer for the three load cases and their reference simulation. The
80 percent case is represented in yellow. The 60 percent load case is
in red, and the 40 percent load case is in dark blue. In every scenario,
the heat flow rate increases when the supply temperature is increased.
The rate of increase, increases with a higher load on the network. This
is because the mass flow rate flowing through the DHN is much higher
when high loads occur.

In the 40 percent load case scenario, the heat flow rate increases
after the temperature rises and stays stable for a short period of time
before starting to drop again. Due to the change in supply temperature,
the substations start to reduce the mass flow rate when the raised
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Table 4
Time constants of the DHN at different load conditions.

Scenario Time constant of network
40% load case 6h

60% load case 4.25h

80% load case 35h

supply temperature arrives. Because of the thermal inertia of the DHN,
this happens delayed according to the position of the substation in the
network. After the supply temperature at the producer is lowered again,
the heat flow rate decreases rapidly and sinks below the reference
simulation. The heat flow rate stays decreased for six hours but begins
to rise again after 1.5 h. In the scenarios with a higher load, there is a
higher change of the heat flow rate due to the larger mass flow rate in
the DHN. The higher mass flow rate also leads to a lower time constant
of the system. It can be concluded that the time constant of the system
and the time it takes for temperature change to propagate through the
network decrease with the height of the load. The time constants for
the different load cases can be seen in Table 4.

The presented model can be used to evaluate the energetic efficiency
of the DHN. In Fig. 11, the heat losses, the COP of the heat pump,
the pumping power, and the total consumed electric power are shown.
The evaluation of efficiency is based on three effects that happen
due to an increased supply temperature and a decreased mass flow
rate. Due to the increased supply temperature, the COP of the heat
pump decreases because the efficiency of the thermodynamic process
decreases. Moreover, heat losses increase due to the higher temperature
difference between the soil and the pipes. On the other hand, the
pumping power needed is reduced due to the decreased mass flow rate
in the network. The overall consumed electric power increases with
the supply temperature but decreases when the supply temperature is

lowered again. From the diagram of the consumed electric power, it can
be seen that the increase in electric power is higher than the decrease.
This is because the dominant factor in the efficiency evaluation is the
decrease of the COP of the heat pump rather than the saved pumping
power.

To ensure that the models can be used fully open-source, a test in
OpenModelica was made. For this purpose, a smaller DHN with 852
consumers was created because there were problems simulating the
larger model in OpenModelica. The topology of the model can be seen
in Fig. 12. The simulation is done both in OpenModelica and Dymola
to compare the results in terms of accuracy and simulation efficiency.
The solver Dassl [44] is used in for both simulations. In Fig. 13, the
heat flow rate and the consumed electric power of the heat pump are
shown for both the Dymola and the OpenModelica simulations.

It can be checked that the results are identical. However, the
simulation in Dymola is substantially faster than the simulation in
OpenModelica. The total simulation time consists of the translation
time of the model and the pure simulation time. When simulating in
Dymola, the model took two minutes for the translation and six minutes
for the simulation. In contrast, OpenModelica needed one hour for the
translation and 1.5 h for the simulation of the model.

6. Conclusion

In this paper, an open source modeling approach for the simulation
of large-scale DHN using the modeling language Modelica is presented.
A simplifying approach is used to try to avoid unnecessary equations
and the occurrence of implicit non-linear systems. It can be used fully
open source, which is proven by a simulation in the software environ-
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ment OpenModelica. The pipe models have been compared and verified
with other established pipe models and can be regarded as sufficiently
accurate. To prove the efficiency of the modeling concept, a DHN with
over 2000 consumer models is simulated. Because the simulations took
about half an hour for each, they can be considered efficient. The
simulation of an exemplary DHN has shown that the time constant of
the DHN changes with the mass flow rate and therefore also with the
current load. A change in supply temperature changes the mass flow in
the network. For this reason, the propagation of the temperature step
changes over time when the increased supply temperature decreases
the mass flow rate. At last, a comparison between the two software
environments, Open Modelica and Dymola, was done, which showed
that both can be used to simulate larger-scale DHN, although Dymola
is much faster at translating and simulating the DHN model.

In future work, this modeling concept can be used for the dynamic
optimization of existing large-scale DHN. In particular, this applies
to the operational optimization of the DHN and central as well as
decentralized heat storages. Therefore, adaptions such as taking hot
water demand into account and testing the modeling concept for even
larger topologies are possible next steps.
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P Power

T Temperature

AT Temperature difference
n Efficiency factor

/ Length

L Inertance of the pipe
d Diameter

U Thermal transmittance
A Pipe friction factor

P Density of water

m Mass flow rate

0 Heat flow rate

p Pressure

|4 Volume

u Inner energy

A Area

s Coordinate in flow direction
Ax Discretization length
Subscripts

return Return line of DHN
supply Supply of heat pump
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source Heat source of the heat pump
in Ingoing flow

out Outgoing flow

room Room temperature in the consumer
el Electric

hex Heat exchanger

f Fluid

w Wall of the pipe

ground Ground around the buried pipe

ext External

Abbreviations

DHN District heating network

COoP Coefficient of performance of heat pump
CFD Computational fluid dynamics
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