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Abstract: Heating districts have become one of the key infrastructures to efficiently and
sustainably supply heat to consumers. With the current climate change crisis, not only
are heating districts of the essence but their efficient and optimized operation as well. To
analyze and achieve such an optimization, transient simulations of heating districts are
needed. These simulations are a means of upgrading older town networks to smarter
energy grids as well as an effective tool for the planning and building of newer heating
networks. Therefore, this work presents an easy simulation method for the transient
simulation of heating districts based on a control theory approach. The simulation method
can calculate multiple-loop networks as well as non-looped networks and correctly predict
how a heating network can behave over time. Additionally, this approach allows for the
inclusion of new renewable energy sources into existing heating networks and to simulate
the resulting network behavior. The method was tested on five different testcases involving
a single-loop network, a multiple-loop network, and a real-life non-looped network. In
each case, the calculated massflows were validated with the software Epanet (Version 2.2),
while the simulated temperatures were compared to the theoretical steady-state values
as well as the theoretical times of arrival of each heating network. The simulation results
present a good approximation in each testcase. Finally, the limitations of the method are
discussed, and a recommendation for the usage of the approach is given.

Keywords: heating districts; dynamic simulation; transient simulation; energy analysis

1. Introduction

In tackling the current climate change crisis, district heating networks have gained
particular importance. Their ability to efficiently supply private households, commercial
units, and heavy industry with heating places them as one of the most important key infras-
tructures in modern city planning and supply management. In this context, the adaptations
of older energy grids as well as the optimization of current working city networks are the
main focus of state-of-the-art research. A modern heating district network usually consists
of a feed line, which transports a heated medium to customers, and a return line, which
transports the cooled medium back to its source. Sources are either centralized power
plants like CCGT (combined cycle gas turbine) plants or decentralized power plants like
solar thermal collectors. The current modernization of older heating district networks tends
to include more decentralized suppliers as well as a general temperature reduction in the
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feed and return line. For this reason, simulations of district heating networks are consid-
ered a state-of-the-art procedure and are nearly always included in every city planning
or modernization project. However, current simulations of district heating networks are
often limited to steady-state solutions and negate the transient behavior of these systems.
In the past, this was sufficient for monitoring or regulation processes due to interest in the
sole steady-state solution. The more modern and decentralized plants, however, demand
higher flexibility of the networks, which is often negated in these steady-state solutions.
With the increasing complexity of these heating networks and more decentralized supplier
and consumer behaviors, transient simulations are needed.This is work is an extended
version of our paper published in the 19th Conference on Sustainable Development of
Energy Water and Environment Systems [1].

There already exist various simulation models for the transient simulation of district
heating networks, such as the works [2-19]. Although these works can be considered as
state of the art for transient simulations of heating districts, sometimes their transparency
and reproducibility are limited. Additionally, there seems to be two main issues regarding
the transient simulations of district heating networks. The first issue is the correct calcula-
tion of the massflow distribution in a looped heating network. The second issue is the actual
transient simulation and numerical simulation as well as the computational workload they
usually demand. Therefore, solutions for these issues tend to vary significantly, from very
detailed one-dimensional CFD simulations of heating networks to simplified lumped heat
models for the calculation of larger heating grids. Ref. [2] created a transient simulation
tool for district heating with a primal focus on lag times and attenuation degrees of dis-
trict heating systems. Their calculation relies on a space- and time-dependent differential
equation, which was tested on three simple but different district heating networks. One of
their main assumptions is that the flow rate is kept constant. Ref. [3] created a prediction
method for the simulation of thermal transients in district heating systems. Similarly
to [2], they used a space- and time-dependent differential equation for the calculation of
thermal transients. They used a steady-state hydraulic solution for the pressure changes
and massflows within the heating network. Their tested network does not have internal
loops. Ref. [4] tested two different transient simulation approaches (TERMIS software and
a node method) on their measured district heating system. Their measured system has
no internal loops. Similar to ref. [4], ref. [5] tested a software (AMBASSADOR) for the
simulation of transient district heating behavior. The software is a framework in Modelica
and is a library for detailed models of the distribution and consumption components found
in district heating systems. The tested software was compared to two different types of
software (IDA-ICE and Apros). Ref. [6] presents a transient simulation model (ISENA)
that calculates a quasistatic hydraulic model and a transient thermal model for district
heating networks. Their quasistatic hydraulic model calculates the massflows occurring in
a heating network, which are input needed for the calculation of the transient temperatures
in their thermal model. Their model seems to include the calculation of network loops.
Ref. [7] focuses on the simulation of bidirectional power flows in district heating networks.
Their work derives a holistic mathematical system for the calculation and regulation of
the network’s thermohydraulic steady state. Their networks include multiple internal
loops. The simulation method focuses only on the steady state. Ref. [8] presented a new
software implementation within the IBPSA Modelica Library for the transient simulation of
thermohydraulic district heating networks. Their model focuses on the transient calculation
of the massflow change and the temperature change in a district heating network. The
presented heating network has no interacting loops. Ref. [9] deals with the full transient
simulation of district heating networks, including massflow change and looped networks.
The focus of the work was to study the effects of network dynamics in contrast to steady-
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state solutions. Ref. [10] focuses on an alternative formulation of the Global Gradient
Algorithm (GGA) for the correct calculation of massflow in a multiple-loop network. The
algorithm includes the calculation of nonlinear pressure terms in looped systems but not
the calculation of the transient temperature changes in a network. Ref. [11] presents a
simulation method in Matlab/Simulink for the correct calculation of the massflows inside
a looped network and the analyzation of the resulting temperature distribution. Their
work focuses on the steady-state behavior of networks. Ref. [12] compares two open-source
approaches (DHNx/SESMG and Thermos) for the modeling and optimal integration of
heating networks. Their focus is the optimization of heating networks. Ref. [13] uses a new
one-dimensional finite-volume method to simulate approximated heat wave propagations
inside heating networks. Their work focuses on the correct transient simulation of heat
waves propagating throughout a test network including a turbulence model and correct
numerical stability. The work, however, does not clarify if the tested network has internal
loops. Ref. [14] presents a new alternative adjoint-based numerical optimization strategy
for the simulation of large-scale nonlinear thermal networks. Their focus is on the optimiza-
tion of network topology and pipe size diameters on large-scale networks. The presented
heating districts involve multiple-loop networks as well as independent suppliers and
consumers. Ref. [15] deals with a systematic approach of simplifying heating network
topology complexity for the purpose of reducing the computational workload caused by
the transient simulations. Their network topology does not include loops. Ref. [16] presents
an equivalent model for the dynamic simulation of combined district heating networks and
electricity operations. Their main focus lies in the optimization of both combined systems.
Ref. [17] focuses on the technical-economical optimization of district heating networks.
Their tested network has no loops. Ref. [19] presents a new transient and multiple-timescale
simulation method for the calculation of combined electricity and heating networks. They
use a space- and time-dependent formulation for heat wave propagation. Their tested
heating network has no internal loops. Ref. [20] created a data-based compact model or
reduced-order model for the prediction of transient temperature evolution in a district
heating network. They assume throughout the simulation time a constant massflow inside
the pipes, and their tested network has no interacting loops.

In summary, the transient simulation of district heating networks usually includes
multiple space- and time-dependent differential equations of the heat wave propagation.
However, for the fully correct numerical simulation of a heat wave propagation, not
only do the transient temperature changes have to be calculated but also the transient
massflow change inside a network. This nearly always results in a full one-dimensional
CFD simulation of a pipe flow. Unfortunately, these kinds of calculations demand, under
normal circumstances, a high amount of computational workload and are limited for
large-scale networks. Secondly, the correct massflow calculations inside a looped network
tend to have numerical issues when included in a one-dimensional CFD pipe flow. This is
the reason why most simulation models focus either on single-branch networks or use a
simplified simulation approach for calculations of larger multiple-loop networks. Thus,
this work aims to provide an easy-to-implement and simplified simulation method for the
transient simulation of looped and non-looped district heating networks.

2. Materials and Methods

As presented before, there are many various ways to calculate the transient behavior
of district heating networks. This paper presents an approach based on control theory,
which can be considered as an easy-to-understand method that is more easily implemented
for the simulation of transient district heating networks. A simulation approach based on
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control theory is one where every time-dependent temperature change in a network can be
calculated via a state-space model as in the following equation:

%= Ax(t) + B -u(t) (1)

State-space modeling is already a proven practice in many transient simulations of
dynamic systems. It has found a wide range of uses from live process controlling to the
simulation of house heating and the optimization of energy costs [21]. Particularly, house
heating simulations have proven that, due to their similarities to district heating, state-space
modeling can be used for transient simulations of district heating networks.

However, to use state-space modeling for transient simulations of heating networks,
certain steps need to be taken. The final model itself consists of three different smaller
mathematical models or matrices, which in summation allow the state-space modeling
of the heating networks and thus the simulation of the transient behavior. As mentioned
before, there are two main issues regarding the simulations of heating networks. The first
one is the correct calculation of the massflow distribution in a looped network. Looped
networks in general are heating networks where one or usually more pipe loops are present.
These loops cause a different pressure distribution inside a heating network and result
in a different massflow distribution than in a simple non-looped network. Therefore, the
first smaller model of this work focuses on the correct massflow calculation in a looped
network and is called a “hydraulic model”. With known massflows in every pipe, the
second smaller so-called “thermodynamic model” converts the massflow information
into a mathematical description of the thermodynamics-dependent network. Finally, the
“comprehensive model” uses the information of every other model to create the state-space
modeling of the heating network and simulates the transient behavior. In this context, the
first issue of transient simulations of heating networks is being solved by the hydraulic
model, wherein the second issue regarding the numerical simulations is being solved in
the thermodynamics and comprehensive model. In the following, every model will be
explained in more detail.

2.1. Hydraulic Model

The hydraulic model uses the characteristics and structures introduced in graph theory
for the mathematical description of a heating network. Simplified, the graph theory uses so-
called nodes and edges to describe a network. Applied to a heating network this means that
edges are pipes, while nodes are usually every pipe connection, every supplier (source) and
every consumer (sink). With the help of the graph theory the very massflow distribution in
a non-looped or looped network can be calculated. While there are better algorithms to
calculate the massflow distribution in a network, like the “Global Gradient Algorithm” used
by the software Epanet [10], this work focuses on an older numerical approach by Chua [22]
to calculate the massflow distribution in every pipe. The reason why this work uses the
older approach by Chua is that it is fundamentally easier to implement in a program and
easier to find potential issues in the numerical solution. Mathematically the algorithm by
Chua works by the same principle as more modern approaches like the Global Gradient
Algorithm. Additionally, Chua’s algorithm was originally developed for electrical circuits
but can be adapted for the calculation in heating networks due to the similarities between
electrical and hydraulic networks

The purpose of the hydraulic model is to calculate the massflows of every pipe. Due
to the difficulties of looped networks massflow calculations tend to be quite complex,
nearly always resulting in a numerical solution of a system of equations. In essence, the
calculations of the hydraulic model can be divided into two different approaches. The first
approach focuses on non-looped networks or simplistic heating networks, wherein the
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heating network only consists of single branches and no interacting loops. The second
approach deals with complex heating networks, where one or more loops are interacting
with the massflow distribution. Figure 1 presents a visual description of a simplistic and
complex heating network.

N .

Figure 1. Left side example of a simplistic heating network (no interacting loop), right side example
of a complex heating network (one interacting loop).

The hydraulic model solves both types of networks with the following equation:

Mhyd “Mynkown = MSources 2)

Mynkown are the unknown massflows of the networks, which occur in Figure 1 inside
the pipes a to d. Mmg,ysces are the known massflow sources and sinks or junctions inside
the network represented as Nodes A to F. My, 4 is the hydraulic model, which connects
the full system of equations and makes it ultimately solvable for a numerical solver. The
approach for the solution of both network types differs in the creation of the Mj,y matrix.
For simplistic heating networks the Mp,,; only consists of the incidence matric “A;y;” of
the network and can be easily solved with a simple solver for system of equations like
the Gaussian Elimination Method. For complex networks, where one or more loops are
present, the second approach via the algorithm of Chua is used [22]. The mathematical
reason why both approaches are used is in the composition of the My,; matrix. For
simplistic networks the system of equations has a greater number of equations to unknown
parameters, which can be easily solved by standard solvers. In case of a complex network
the system of equations has either the same amount or less equations needed for the
unknown parameters. On top, these systems of equations are linear-dependent, making
them difficult to solve for standard solvers. The algorithm by Chua [22] considers both
issues and converts the standard hydraulic matrix into a linear independent matrix, which
then can be solved via a numerical solver.

In the following the algorithm by Chua [22] is applied on a heating network. The
usual approach by the algorithm uses the incidence matrix A;;,; of a network to calculate a
cutset matrix “D” and resulting in a loop or tieset matrix “B,,,”. With a known incidence
matrix and loop matrix the full hydraulic model for complex networks can be created

©)

Apew and Byey are adjusted incidence and loop matrices. The Ay is the arbitrarily
shortened incidence matrix A;,.; as explained in [22]. The By, matrix needs to be an
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updated loop matrix with the friction coefficient of the calculated pipes in the loop matrix.
The By, matrix can be updated following equations [23]:

Brew = Bloop'K "munkown‘ (4)

With K as the resistance coefficient of the specific pipe [24]:

8 L-f

T DS pinlg ®)

L is the specific pipe length, f is the friction factor, D is the pipe diameter, p the density of
water and g is the gravitational force of the earth. The complex hydraulic model Mj, 4 can
then look like the following example:

-1 0 0 0 0 0
1 -1 0 -1 0 0
Anew 0 1 -1 0 0 ~1
Myya = = 6
hyd Brew 0 0 1 0 0 0 ©)
0 0 0 1 ~1 1
0 Kp |1y | 0 — K || 0 K|y

With the created hydraulic model, the unknown massflows in Equation (2) can be solved
with a numerical solver for system of equations. In this work the Newton-Raphson method
has been used via the following example:

.n+1 . - n
manown(l) manown(l) AF (munkown(1)>
e N : @)
. +1 -n .
manown(i) Mynkown (i) AF (manown(i))

With the system of equations as follows:

AF (manown(l))
: = Mhydn'munkownn — Msources 8)
AF (manown(i))
And the Jacobi matrix as shown in [22]:
R KT
aﬁll aml‘
) A
AR ISP I R ©
;" ;" new
oy om;

2.2. Thermodynamic Model

After the hydraulic model calculated the unknown massflows inside a network, the
thermodynamic model can be created. Unlike the hydraulic model the thermodynamic
model aims to mathematically connect the time-dependent temperature dynamics of the
pipes (edges) and the sources or sinks (nodes). Essentially this means that the thermody-
namic model calculates the time-dependent energy equation of every node. Equation (10)
shows the transient energy equation [18]:

dE . 1 . 1 - .
Tl me- (hin + fclzn + g-zi,Z) — Zmout- (hout + §c§ut + g-zout> +Q+W (10)
in

out
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Equation (10) can be simplified to Equation (11) if it is considered that no kinetic
work or height changes occur in the network. Additionally, the fluid is considered as an
incompressible medium (water) and the incoming and outflowing massflows are considered
equal in every element.

dE . . :
at = Zmin'cp'Tin - Zmout'cp'Tout“"Q (11)
in out
Equation (11) can be further simplified, if only the specific temperature change in a node is
considered: .
AT _m cp(Tin — Tow) — Q (12)
dt m-cp
With Q as the following heatloss equation:
Q = m'CP‘(Tin - Tout_loss) (13)
And Tyt 1oss as follows [18]:
(=)
Tout?loss = (Ti - Tumbient)'e "0+ Tambient (14)

And U as the heatloss coefficient of the specific pipe. It needs to be mentioned that
Equation (14) only considers the heat loss over the pipe in a steady-state approximation.
For a more numerical correct calculation the heating up or cooling down of all the pipe
material (metal and coating) needs to be calculated. This would lead to an exponential
higher numerical workload regarding the simulation of a heating network due to its
calculation in every pipe element and is simplified with Equations (12) to (14). Such an
approximation of the heat loss is however common in most transient simulation models
like [4,7,8,11,12]. With the help of Equations (12) to (14) a simplified pipe flow and the
corresponding temperature change can be calculated. However, to elevate the simplified
pipe flow calculation to the transient simulation of a heating network a system of equations
needs to be formulated. The important part of this system of equations is that it needs to
describe all the correct temperature connections of the heating network. Therefore, the
so-called “thermodynamic model” is created, where all the temperature connections are
defined. For the calculation of the temperature changes in a heating network the following
equation can be used:

T = Mtherm'T(t) - Q(t) (15)

T are the temperature changes in every node present in a heating network. T(t) is the
current timestep temperature of each node and Q(t) is the current heatloss of each node.
Miperm is the thermodynamic model, which uses a matrix to describe all the temperature
connections inside a heating network. The thermodynamic model My, can look like the
following example:

A B C
m
A —T” 0 0
Mipern = e 0 (16)
Mg Cp Mg -Ccp
C 0 iy 1
my-cp my-cp

The main difference between the hydraulic model and the thermodynamic model
is that the hydraulic model uses the incidence matrix for the mathematic description of
the network as well as the calculation of the massflows. The thermodynamic model in
contrast does not use the incidence matrix as a means for the description of the network but
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moreover describes the node-to-node connections of the heating network. By describing
the very node-to-node connections, the thermodynamic model can calculate which node
temperature directly affects which node. In Equation (16), for example, A, B and C are the
present nodes of a network and the matrix describes which node affects which node. The
thermodynamic model can only calculate the node-to-node connections if the hydraulic
model has calculated the massflows as these are needed in the M;,,,,- matrix. With a
known thermodynamic model, Equation (16) can look like the following matrix, fully
describing the state-space modeling of a heating network:

TA o mtznlz:p 0 0 T(t)A , 0

T _ Ti’la 'rh,; O T t QB(t) 17

.B - Ma-cp _mﬂ-cp 4 ’ ( )B | macp ( )
t

e |0 ] bod |8

2.3. Comprehensive Model

With a state-space model of a heating network, its transient behavior can now be
simulated. For this reason, the comprehensive model is created. It solves Equation (2) via
a numerical scheme. In this work the “Explicit Forward Euler Method” has been used as
a numerical scheme. In this context, the comprehensive model uses a fixed timestep to
calculate the new temperatures of each node via the following equation:

AT = (Miern T(£) = Q1) ) -t (18)

And
T(t+dt) = AT+ T(t) (19)

With Equation (19) the new temperatures of each node can be calculated based on the
calculated temperature changes in Equation (18).

It needs to be mentioned that because this method is a numerical calculation the
numerical accuracy as well as the numerical stability needs to be addressed. In general, a
higher number of nodes increases the numerical accuracy but also increases the computa-
tional workload. For a more exact simulation result, a better approximation of a heating
network is needed, resulting in an increased number of nodes. For this reason, this work
uses the approximation presented in Figure 2 of a heating network portraying a heating
network with so-called main nodes and sub-nodes.

—eo—Q

e o @

Figure 2. Example of a main node and sub-node distribution.

The main nodes in Figure 2 are A, B, C, D, E and F and each non-titled node is a
sub-node of each pipe. The main nodes are used for the calculation of the hydraulic model
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and the corresponding massflow distribution. These main nodes are always the beginning
and ending of each pipe. For the thermodynamic model a higher number of nodes leads
to a higher numerical accuracy of the simulation. That is why the sub-nodes are created,
dividing each pipe into a set number of sub-nodes resulting from the specific massflow of
that pipe. This increases numerical accuracy of the transient simulation. It is important to
mention that because each pipe has its specific massflow, a homogeneous increase in each
sub-node can lead to accuracy errors or instability issues.

Furthermore because of the used numerical scheme, the numerical stability needs to
be addressed. In this work the numerical stability is highly dependent on the set numbers
of sub-nodes in each pipe, the used fixed timestep and the occurring massflow inside
each pipe. If the timestep, the set numbers of sub-nodes and the massflow does not fit,
numerical instability can occur. For example, if the massflow is too high for the set numbers
of sub-nodes, the temperature transport information can mathematically skip one sub-node
and thus result in numerical instability. If the massflow is too slow for the set numbers of
sub-nodes, the numerical accuracy decreases. This is the reason why this work calculates
for every pipe a set number of sub-nodes based on the massflows of the hydraulic model,
the used fixed timestep and each pipes’ volume. Equation (20) presents how the sub-nodes
in each pipe are calculated:

m ;-dt

. (20)

num; =

The number of each sub-node num; can be calculated based on the fixed timestep
dt, the volume of each pipe V; and the resulting massflow of each pipe m ; from the
hydraulic model. Through this formula, the number of nodes is based on the fixed timestep.
Thus, the numerical accuracy of a simulation can be increased by simply decreasing the
fixed timestep.

3. Results
3.1. Simulations of Single-Looped Networks

Because of the complexity of the massflow calculation the used method was tested
on five different testcases. Each testcase represents a different heating network with a
specific issue regarding the network. While testcases 1 and 2 represent a single pipe and a
network with two single branches, testcases 3 and 4 are of particular importance due to
their interacting loops. All testcases, which are not explicitly presented here, can be viewed
in the Appendix A. Testcase 3 presents a heating network with just one loop between nodes
B, C and D and can be seen in Figure 3:

—@

@

Figure 3. Testcase 3, network with just one interacting loop.
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Time 0 (s)

Time 16 (s)

Time 46 (s)

For analysis purposes and a fast computational time, the transient simulation calcu-
lated only 1 min of network behavior. In the first 30 s node A was the sole source of the
network supplying the consumers with a constant temperature of 100 °C and delivering
a constant massflow of 4 kg/s. Nodes E, D and F are the sole consumers in the first 30 s
demanding 1 kg/s, 2 kg/s and 1 kg/s, respectively. After 30 s a second source was added,
changing the node E from a consumer to a supplier. Additionally, the temperature in source
A was reduced to 70 °C, while the temperature in source E was set to a constant temperature
of 100 °C. At the same time, the massflow of node A was reduced from 4 kg/s to 2 kg/s and
the massflow of the second source E was increased to meet the same massflow demands
of the network (increased to 2 kg/s). Furthermore, nodes C, D and F were changed to
consumer nodes, with a massflow demand of 1 kg/s, 1 kg/s and 2 kg/s. Figure 4 presents
a short illustration of the transient behavior of the system.

Time 8 (s) Time 14 (s)

Time 30 (s) Time 32 (s)

Time 60 (s)

Temperature (°C)

.
0 20 40 60 80 100

Figure 4. Visualization testcase 3. Transient simulation of one looped network.

The visualization of testcase 3 shows that in the first 30 s supplier A manages to fully
supply all consumers. While it takes around 14 s for consumer E to fully heat up, at the
same time a mixed temperature of 66 °C occurs at node D. At first this mixed temperature
at node D is transported to node F. After around 16 s node D is also fully heated and
transports the high temperature down to consumer F. Consumer F is the last consumer
to fully heat up and needs around 20 s. After the first 30 s the second network behavior
test starts with a fully heated network. After 38 s node B’s temperature decreases because
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of the temperature reduction in source A, while simultaneously node C’s temperature is
kept constant due to the new source E. After 44 s a new mixed temperature at node D
occurs around 87 °C, resulting from the temperatures of source E and A. Just as before, this
new mixed temperature is then delivered to consumer F. Additionally, around 48 s a small
temperature decrease in node C can be seen. Similar to node D, this temperature decreases
results from the mixing of source A and E.

3.2. Simulations of Multiple-Looped Networks

Testcase 4 represents a heating network with three interacting loops. One loop between
Node B, D, F and C. One loop between nodes B, D, F and E. And another loop between
nodes B, C, F and E. The network of testcase 4 can be seen in Figure 5.

9_5H<<_@_f%n_@

Figure 5. Testcase 4, network with multiple interacting loops.

Similar to testcase 3, testcase 4 was simulated for 1 min. The first 30 s of the simulation
node A is the only supplier of the network, while node G is the only consumer. Supplier A
has a constant temperature of 100 °C and a massflow of 4 kg/s. After the first 30 s, supplier
A’s temperature was reduced to 70 °C and its massflow to 1 kg/s. At the same time node
D was changed to a second supplier with a massflow of 3 kg/s and a source temperature
of 100 °C. In both cases, consumer G is the only consumer of the network with a constant
massflow of 4 kg/s. Figure 6 presents the transient behavior of presented system.

Similar to testcase 3 testcase 4’s simulation presents, that in the first 30 s supplier A
manages to fully supply every node. However, due to the multiple-loop network, multiple
different mixing temperatures at node F can be seen throughout the first 30 s. The first
mixed temperature caused by the temperature of the lowest network branch results in a
mixing temperature of 43.49 °C. The second mixing temperature of 79.31 °C occurs around
10 s, when the temperature of the upper network branch arrives at node F. Finally, the
last mixing temperature of node F can be seen around 18 s, when the temperature of the
middle branch fully arrives at node F. Throughout the whole simulation it is noticeable
that each mixing temperature arrives at the consumer G. After the first 30 s it is noticeable
that supplier A’s temperature has been reduced. Meanwhile node D has been changed
to a second supplier. Although there are now two suppliers in the system, a temperature
reduction in all other nodes can be seen after 60 s. Consumer G’s temperature was reduced
from 99 °C in the first 30 s to 92.4 °C after 60 s. The reason for this temperature drop is
the mixing temperature at node B and the backflow of supplier D. Because supplier A’s
massflow has been reduced and supplier D’s massflow has been increased, a backflow of
source D to node B is occurring. This new backflow results in a new mixed temperature at
node B, which is then transported to node C, E and finally again mixed at node F. This final
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mixed temperature at node F with a temperature of 92.49 °C is then transported to consumer
G, resulting in a temperature reduction at the consumer despite two independent sources.

Time 6 (s) Time 10 (s)
© LA © © ® © ©
Time 28 (s) Time 32 (s)

Time 38 (s)

Temperature (°C)

© | |
0 20 40 60 80 100

Figure 6. Visualization testcase 4. Transient simulation of multiple-loop network.

3.3. Simulations of a Non-Looped Networks

Testcase 5 was the last heating network to be tested. It is the biggest testcase and
represents a real heating district. In comparison to the other presented testcases it defines
itself as a non-looped network, where 1 h in total was simulated. Figure 7 presents the
non-looped heating network.

Similar to the other testcases, two different behaviors were simulated. In the first
30 min the heating district was supplied with only one supplier in node A. After the first
30 min a second supplier B was added. Supplier A delivered a constant temperature of
100 °C in the first 30 min. After the 30 min and while supplier B was active, suppliers A
temperature was reduced from 100 °C to 70 °C. At the same time the massflow of supplier
A was reduced by a factor of 4.7 and the massflow of supplier B was increased to meet the
same massflow demand of the heating network. Supplier B also supplied the network with
a constant temperature of 100 °C. For the later discussion, temperatures and massflows
of nodes C, D, E, F and G were noted. These nodes are the last nodes of each branch of
the presented heating network and thus were chosen for the later comparison. Figure 8
presents a visualization of the network behavior.
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Time 0 (min)

»
\
’.,'b

Figure 7. Testcase 5, non-looped real heating network.

Time 15 (min)

Time 60 (min) Time 65 (min)
A\

Time 120 (min)

Temperature (°C)

Time 25 (min)

Time 90 (min)

Figure 8. Visualization testcase 5. Transient simulation of multiple-loop network.

Significant in Figure 8 is how the temperatures in the simulated network behave. It
is noticeable that in the first 30 min supplier A managed to fully supply all nodes with a
high temperature. Node G takes the longest to heat up. Additionally, it is also noticeable,
how the activation of the second supplier changes the network behavior. While the second
supplier is active, the heating network can be divided into two regions. The upper region



Energies 2025, 18, 658

14 of 22

of the heating network, which is only supplied by supplier B and the lower branch of the
heating network, which is supplied by a mixed temperature of supplier A and B. This
mixed temperature occurs at node C and is transported down the lower branch of the
heating network.

4. Discussion

For the validation of the simulations method, the results of the testcases have been
compared with results from the software Epanet and theoretical results via a manual
calculation. In this context, for the validation of the hydraulic model and the calculated
massflows, the software Epanet is used. For the validation of the transient temperatures a
manual calculation of the networks’ temperature steady state is calculated and compared
to the simulations result. Tables 1-3 compare the massflow calculation of the presented
testcases with the massflow calculation of Epanet:

Table 1. Testcase 3, Comparison massflow results between simulation and Epanet.

0-30s 30-60 s
Pipe Massflow Massflow Massflow Massflow
P Simulation (kg/s)  Epanet (kg/s)  Simulation (kg/s)  Epanet (kg/s)
a 4 4 4 4
1 1 3 3
c 3 3 1 1

Table 2. Testcase 4, Comparison massflow results between simulation and Epanet.

0-30s 30-60 s
Pipe Massflow Massflow Massflow Massflow

P Simulation (kg/s)  Epanet (kg/s)  Simulation (kg/s)  Epanet (kg/s)
a 4 4 2 2

b 2.01 1.95 0.77 0.77

c 1 1 -2 -2

d 1.99 2.05 1.23 1.23

e 1 1 2 2

f 1.01 0.95 1.77 1.77

Table 3. Testcase 5, Comparison massflow results between simulation and Epanet.

Hour1 Hour 2
Massflow Massflow Massflow
Massflow . .
Node Simulation (kg/s) Epanet Simulation Epanet
(kg/s) (kg/s) (kg/s)
A —2.53 —2.53 —0.53 —0.53
B 0.03 0.03 -1.97 -1.97
C 0.73 0.73 0.73 0.73
D 0.20 0.20 0.20 0.20
E 0.02 0.02 0.02 0.02
F 0.24 0.24 0.24 0.24
G 0.20 0.20 0.20 0.20

Throughout Tables 1-3 it is visible that the hydraulic model calculates in nearly every
case the same massflow distribution as the software Epanet. The largest massflow deviation
of 0.06 kg/s can be seen in testcase 4 in the first 30 s. However, it is also noticeable, that all
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changes in massflows as well as potential backflows were correctly approximated by the
hydraulic model.

As mentioned before, in the case of the temperature comparison the simulated tem-
peratures were compared to a manual calculation of the steady-state temperatures of each
network. The reason why this comparison has been made is because unfortunately no
real temperature measurements of the presented networks exist. By using the theoretical
steady-state temperatures not only can the temperature values of the transient simulations
be compared but moreover the time validated at which the transient simulation should
occur at which node. This comparison can be performed because every transient simulation
converges until a steady state is reached. By comparing the theoretical steady state with
the transient simulation, conclusions about the transient simulation can be drawn. In
general, deviations between the steady-state solution and the transient solution indicate
that the transient simulation itself calculates incorrectly. Tables 4-6 present the temperature
comparison of each testcase.

Table 4. Testcase 3, comparison between temperatures simulation (left) and theoretical temperatures
(right).

Simulation Theoretical Values
Time(s) A(°C) B(°C) C(°O) D (°C) FCCO ECCO Time(s) A(CC B(CC C(O D (°Q) F(CO E(CO

0 100 0 0 0 0 0 0 100 0 0 0 0 0

2 100 0 0 0 0 0 - 100 0 0 0 0 0

4 100 99.67 0 0 0 0 3.76 100 99.99 0 0 0 0

6 100 99.99 0 0 0 0 - 100 99.99 0 0 0 0
" 8 100 99.99 99.99 66.26 0 0 7.5/7.54 100 99.99 99.99 66.31 0 0
%I 10 100 99.99 99.99 66.31 0 0 - 100 99.99 99.99 - 0 0
o

12 100 99.99 99.99 66.31 66.30 99.99  11.30/11.26 100 99.99 99.99 - 66.30 99.99

14 100 99.99 99.99 66.31 66.30 99.99 - 100 99.99 99.99 - - 99.99

16 100 99.99 99.99 99.99 66.30 99.99 14.93 100 99.99 99.99 99.996 - 99.99

18 100 99.99 99.99 99.99 66.30 99.99 - 100 99.99 99.99 99.996 - 99.99

20 100 99.99 99.99 99.99 99.99 99.99 18.69 100 99.99 99.99 99.996 99.99 99.99

30 100 99.99 99.99 99.99 99.99 99.99 - 100 99.99 99.99 99.996 99.99 99.99

32 70 99.99 99.99 99.99 99.99 100 32 70 - - - - 100

38 70 69.99 99.99 99.99 99.99 100 37.52 70 69.99 - - - 100

40 70 69.99 99.99 99.99 99.99 100 - 70 69.99 - - - 100

44 70 69.99 99.99 87.90 99.99 100 43.63 70 69.99 - 87.70 - 100
z 46 70 69.99 91.66 87.70 87.81 100 - 70 69.99 - - - 100
; 48 70 69.99 91.66 87.70 87.70 100 47.27 70 69.99 91.66 - - 100

50 70 69.99 91.66 87.70 87.70 100 - 70 69.99 91.66 - - 100

52 70 69.99 91.66 82.81 87.70 100 51.52 70 69.99 91.66 82.78 - 100

54 70 69.99 91.66 82.78 82.80 100 53.40 70 69.99 91.66 82.78 82.78 100

56 70 69.99 91.66 82.78 82.78 100 - 70 69.99 91.66 82.78 82.78 100

60 70 69.99 91.66 82.78 82.78 100 - 70 69.99 91.66 82.78 82.78 100

Table 4 presents the temperature comparison of testcase 3. On the left side of the
table are the results of the transient simulation, while on the right side of the table are the
above-mentioned theoretical steady-state results. The upper half of the table covers the first
30 s of the simulation, while the lower half presents the later 30 s of the testcase. Noticeable
is that both the absolute temperature values as well as the arrival times of the simulation
match the theoretical steady-state values of the manual calculation. Additionally, the above-
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mentioned mixing temperature at node D is also well approximated in the simulations.
The first mixing occurs around 8 s with a temperature of 66.31 °C, while the second mixing
occurs around 15 s with a final temperature of 99.99 °C. Both mixed temperatures are
then transported to node E. After the first 30 s the two new mixing temperatures at node
D (at 44 s and at 52 s) are also well approximated by the simulation. Even the above-
mentioned slight temperature reduction at node C matches the theoretical results. The
largest temperature deviation of this testcase is 0.21 °C. In the following table testcase 4
temperature comparison is presented.

Table 5. Testcase 4, comparison between temperatures simulation (left) and theoretical temperatures
(right).

Simulation Theoretical Values
Time A B C D E F G Time A B C D E F G
(min)  (°O) Q) (@) Q) Q) Q) (@) (min) Q) Q) (@) O (W Q) (@)
0 100 0 0 0 0 0 0 0 100 0 0 0 0 0 0
2 100 57.46 0 0 0 0 0 2.1 100 99.99 0 0 0 0 0
4 100 99.99 0 0 0 0 0 - 100 99.99 0 0 0 0 0
6 100 99.99 0 0 99.99 435 0 4.6/5.1 100 99.99 0 0 99.99 435 0
8 100 99.99  99.99 0 99.99 435 0 6.7 100 99.99  99.99 0 99.99 - 0
) 10 100 99.99  99.99 0 99.99 698 0 10 100 99.99  99.99 0 99.99  79.31 0
i 12 100 99.99  99.99 0 99.99 7931 0 - 100 99.99  99.99 0 99.99 - 0
14 100 99.99 9999 9976 9999 7931 435 13.7/123 100 99.99  99.99  99.99  99.99 - 43.5
16 100 99.99 9999 9999 9999 7931 435 - 100 99.99 9999  99.99  99.99 - -
18 100 99.99  99.99 9999 9999 99.99 79.31 17.3/17.2 100 99.99  99.99 9999 99.99 99.99 79.31
20 100 99.99 9999  99.99 99.99 99.99 79.31 - 100 99.99 9999 9999 9999 9999  99.99
28 100 99.99 9999 9999 9999  99.99  99.99 - 100 99.99 9999 9999 9999 99.99  99.99
30 70 99.99  99.99 100 99.99  99.99  99.99 30 70 - - 100 - - -
32 70 99.99  99.99 100 99.99  99.99  99.99 - 70 - - 100 - - -
38 70 99.99  99.99 100 99.99  99.99  99.99 - 70 - - 100 - - -
40 70 90.36  99.99 100 99.99  99.99  99.99 38.2 70 90.36 - 100 - - -
42 70 90.36  99.99 100 90.36 959  99.99 40.8 70 90.36 - 100 90.36 - -
é 44 70 90.36  90.36 100 90.36 959  99.99 43 70 90.36  90.36 100 90.36 - -
%I 46 70 90.36  90.36 100 90.36 959  99.99 - 70 9036  90.36 100 90.36 - -
48 70 90.36  90.36 100 90.36 925  99.99 46.3 70 90.36  90.36 100 90.36 925 -
50 70 90.36  90.36 100 90.36 925  95.87 - 70 90.36  90.36 100 90.36 925 -
52 70 90.36  90.36 100 90.36 925  95.87 - 70 90.36  90.36 100 90.36 925 -
54 70 90.36  90.36 100 90.36 925  92.56 53.5 70 90.36  90.36 100 90.36 925 9249
60 70 90.36  90.36 100 90.36 925 9249 - 70 90.36  90.36 100 90.36 925 9249

In the same manner as Tables 4 and 5 presents the temperature comparison of the
simulation and the theoretical steady-state values. The table shows that the simulation
results approximate the theoretical results to a sufficient degree. Significant are the three
mixing temperatures at node F, which each are, respectively, transported to node G. Every
mixed temperature matches in the value and the time the theoretical results. After the first
30 s the temperature reduction in every node despite two heating sources can also be seen.
The largest temperature deviation of testcase 4 is 0.001 °C. Table 6 presents the temperature
comparison of the last testcase.
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Table 6. Testcase 5, comparison between temperatures simulation (left) and theoretical temperatures
(right).

Simulation Theoretical Values
Time A B C D E F G Time A B C D E F G
(min)  (°O) Q) (@) (@) 0 Q) (@) (min) (W) Q) (@) (W@ 0 O (O
0 100 0 0 0 0 0 0 0 100 0 0 0 0 0 0
4 100 0 99.85 0 0 0 0 3.16 100 0 99.85 0 0 0 0
- 100 0 99.85 0 0 0 0 - 100 0 99.85 0 0 0 0
13 100 0.46 99.85 0 0 0 0 13.11 100 98.50  99.85 0 0 0 0
= 14 100 98.50  99.85 0 0 0 0 - 100 9850  99.85 0 0 0 0
3

é - 100 98.50  99.85 0 0 0 0 - 100 98.50 99.85 0 0 0 0
20 100 9850  99.85 0 0 98.27 0 19.77 100 9850  99.85 0 0 98.27 0

21 100 98.50 99.85 98.22 0 98.27 9751 20.44/20.29 100 98.50 99.85 98.22 0 98.27 9751

- 100 9850 99.85 98.22 0 98.27 97.51 - 100 98.50 99.85 98.22 0 98.27 9751

28 100 9850 99.85 9822 9404 9827 9751 27.85 100 9850 99.85 9822 9547 9827 9751

29 100 98.50 99.85 9822 9547 9827 9751 - 100 98.50 99.85 98.22 9547 98.27 9751

61 70 100 99.85 9822 9547 9827 9751 61 70 100 99.85 9822 9547 9827 9751
70 70 100 9940 98.71 9547 9827 9751 69.91 70 100 - 98.70 - - -
71 70 100 99.36 9871 9547 9826 9751 - 70 100 - 98.70 - - -
- 70 100 - 98.71 - - - - 70 100 - 98.70 - - -
« 73 70 100 99.27 9871 9547 9854 9751 72.94 70 100 - 98.70 - 98.55 -
sé 74 70 100 99.22 9871 9547 9856 9751 - 70 100 - 98.70 - 98.55 -
T - 70 100 - 98.71 - 98.56 - - 70 100 - 98.70 - 98.55 -
78 70 100 80.76  98.71 9594 9856 97.47 77.32 70 100 - 9870 9594 98.55 -
- 70 100 - 98.71 9594  98.56 - - 70 100 - 98.70 9594  98.55 -
87 70 100 80.72 9871 9594 9856 97.08 86.64 70 100 80.72 9870 9594 9855 -
- 70 100 80.72 9871 9594 98.56 - - 70 100 80.72 9870 9594 9855 -

104 70 100 80.72 9871 9594 9856 78.83 103.76 70 100 80.72 9870 9594 9855 7883

Table 6 presents that the simulated results closely approximate the theoretical results
of a non-looped network. The calculated temperature values as well as the arriving times
of the simulated temperatures match the theoretical steady-state calculation. Additionally,
node E takes the longest to heat up in the first hour. The second hour starts with the already
heated network and the source switch of node B. Through this switch, a mixing occurs
around 78 min at node C, which is then transported down the lower network branch and
arrives at node G. Therefore, node G takes the longest to reach its steady state in the second
hour. Significant is that although the theoretical values indicate that a temperature of 80 °C
should be mixed at node C around 86 min, the transient simulate shows that this mixed
temperature of 80 °C already arrives at around 78 min. The reason why the transient
simulation presents a much earlier arriving time of the fluid is because the second hour
starts with an already heated network. This new temperature distribution is then carried
by the new massflow and results in an earlier mixing temperature than the theoretical
results. This particular result can lead to the suspicion that the temperature and massflow
of supplier A could be further reduced, since the occurring mixing happens quite timely
with the high temperature of the network after 1 h. It is worth noting that such time- and
network-dependent results can only be obtained through transient simulation and can
lead to new and more optimized heating districts. Although the presented results indicate
only a small difference to the steady-state solution, it is quite apparent how such transient
results could become more significant in larger and more complex networks.
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In summary it can be said that all the presented testcases here are well approximated
by the transient simulation. Both the massflow calculations of the hydraulic model as
well as the numerical solution of the thermodynamic and comprehensive model match the
results from Epanet or the steady-state solution. Additionally, it needs to be mentioned
that especially the last testcase indicates why a transient simulation can be of interest for
the calculation of a heating districts.

However, it is important to note that while the temperatures are calculated using a
transient differential equation the calculated massflows are assumed to be constant. This
assumption introduces an error into the solution, as the massflow change is assumed to
be abrupt. In reality the massflows adjust gradually through the pressure difference in
each pipe and the networks layout. Calculating the correct massflow change in a heating
network is, however, very computational demanding and is only used in very small
networks and via a suitable working station. As mentioned in the literature comparison,
some sources also use a constant massflow assumption as a valid approximation due to
the difficulties of their correct calculation [5,7,11,18,19]. The presented simulation method
is in theory capable of simulating the time-dependent temperature changes based on the
transient massflow changes if a suitable transient hydraulic model is implemented via,
for example, a manual table or mathematical approximation. Additionally due to the
simulation method being a simplified method for the correct heat wave propagation, the
actual error of this simplification needs to be further studied. Effects like the heating and
cooling down of the network’s pipes can lead to different temperature dynamics and thus
realistic arrival times of the heat wave. However, the simulation method presents a first easy
step for the simulation of transient district heating behavior and a course approximation of
how a heating network could behave based on the presented suppliers, consumers and
network layout.

5. Conclusions

This work presents a simple transient simulation method based on state-space mod-
eling of heating networks. The usage and the results of transient heating district can
lead to a better understanding of the network’s behavior and thus to a more optimized
operation of heating districts. Especially with the current trends of more decentralized
suppliers and more flexible consumers, the need for transient simulation for heating district
is gaining more importance. The presented algorithm focuses on an easy to implement
simulation method for a transient simulation of looped or non-looped networks. Addi-
tionally, time-dependent changes and time-dependent switches of consumers to suppliers
can be applied, which lead to different network behaviors as shown in the testcases. The
simulation method presents a good numerical accuracy of temperature and arrival times,
when compared to the steady-state solution of each network. Furthermore, the simulation
method shows a sufficient approximation of the massflows distribution in single looped
and multiple-loop networks.

Although the calculation of the simulation method presents an overall good approxi-
mation, it is important to mention the computational effort each simulation requires. Due
to the numerical background of the simulation method, larger networks need more calcu-
lation nodes for sufficient approximation. This increase in calculation nodes can lead to
larger matrices and thus to a higher computational workload and time. In conclusion, this
means that the algorithm should only be used for smaller networks, while it can be adapted
for larger networks by a more optimized coding involving, for example, sparsematrix or
quick-search algorithms.
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Nomenclature

A / State-space matrix

x(t) / State-space variable

B / Input matrix

u(t) / Input variable

X / Change in state-space variable
Mpya / Hydraulic model matrix
Mynkown  (Kg/S) Unknown massflow
Msources  (Kg/s) Massflow sources

Ainei / Incidence matrix

Anew / Arbitrary shortened incidence matrix
Byew / Adjusted loop matrix

Bigop / Loop matrix

K ) Pipe resistance coefficient
L (m) Pipe length

f ) Friction factor

D (m) Inner pipe diameter

0 (kg/ m?) Density

g (m/s?) Gravitational acceleration
] / Jacobi matrix

AF / System of equations

% J/s) Change in internal energy
h (J/kg) Enthalpy

d (J/kg) Kinetic energy

z (J/kg) Potential energy

Q J/s) Heat loss

m (kg) Mass

T Q) Temperature

cp (J/(KgK)) Heat capacity

U (W/(@m2K)) Heatloss coefficient

Miperm / Thermodynamical model matrix
dt (s) Timestep

t (s) Time

num / Number of sub-nodes
Indices

Xin / Incoming values

Xout / Outgoing values

XA / Node values

Xg / Pipe values

x" / Values of the current timestep
i / Pipe identification number
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Appendix A

A : o b 1CJ

Figure A1. Testcase 1.

Figure A2. Testcase 2.

Table A1l. Testcase 1, comparison massflow results between simulation and Epanet.

Pipe Massflow Simulation (kg/s) Massflow Epanet (kg/s)
A 2 2
B 2 2

Table A2. Testcase 1, comparison between temperatures simulation and theoretical temperatures.

Simulation Theoretical Values

Time (s) A (°O) B (°C) C(°Q) Time (s) A (O B (°C) C(°O
0 100 0 0 0 100 0 0
5 100 99.99 0 3.76 100 99.99 0
10 100 99.99 0 - 100 99.99 0
15 100 99.99 99.76 11.27 100 99.99 99.76
20 100 99.99 99.76 - 100 99.99 99.76
25 100 99.99 99.76 - 100 99.99 99.76
30 100 99.99 99.76 - 100 99.99 99.76

Table A3. Testcase 2, comparison massflow results between simulation and Epanet.

0-30s 30-60 s
Pive Massflow Massflow Massflow Massflow
P Simulation (kg/s) Epanet (kg/s) Simulation (kg/s) Epanet (kg/s)
a 4 4 4 4
1 1 3 3

C 3 3 1 1
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Table A4. Testcase 2 comparison between temperatures simulation and theoretical temperatures.

Simulation Theoretical Values
Time (s) A (°O) B (°C) C(°O D (°O) Time (s) A (°O) B (°C) C(°O D (°Q)
0 100 0 0 0 0 100 0 0 0
2 100 95.03 0 0 1.88 100 99.999 0 0
® 4 100 99.99 0 0 - 100 99.999 0 0
o
E 6 100 99.99 0 99.998 4.38 100 99.999 0 99.998
10 100 99.99 99.997 99.998 9.4 100 99.999 99.997 99.998
12 100 99.99 99.997 99.998 - 100 99.999 99.997 99.998
14 100 99.99 99.996 99.998 14 100 - - -
16 100 99.99 99.998 99.998 15.88 100 99.99 - -
® 18 100 99.99 99.998 99.997 16.51 100 99.99 99.998 -
(@]
i 20 100 99.99 99.998 99.997 - 100 99.99 99.998 -
o
22 100 99.99 99.998 99.996 21.52 100 99.99 99.998 99.996
28 100 99.99 99.998 99.996 - 100 99.99 99.998 99.996
30 100 99.9992 99.9982 99.9962 - 100 99.9992 99.9982 99.9962
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