Energy 266 (2023) 126410

Contents lists available at ScienceDirect

EWERS I

Energy

ELSEVIER journal homepage: www.elsevier.com/locate/energy

L))
A new quasi-dynamic load flow calculation for district heating networks el

Josef Steinegger , Stefan Wallner, Matthias Greiml, Thomas Kienberger

Chair of Energy Network Technology, University of Leoben, Franz-Josef Strafie 18, 8700, Leoben, Austria

ARTICLE INFO ABSTRACT
Keywords: District heating networks can serve as large heat reservoirs due to thermal inertia. To analyse the behaviour of
Quasi-dynamic approach these networks, a load flow calculation must be performed. There are three basic approaches available for this
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purpose. One is the steady-state approach, which cannot consider the temporal temperature distribution.
Another one is the dynamic approach that considers the thermal inertia of district heating networks, but it has a
high computation time. The presented method uses a quasi-dynamic approach, which can provide a faster
calculation time than dynamic approaches and can also consider thermal inertia. This method is based on a
Lagrangian specification approach which shows better performance than Eulerian specification approaches but is
more complex to implement. The validation of the method indicates that the accuracy is high and, therefore,
acceptable. The computation time of the method is several times faster than dynamic approaches and slightly
slower than steady-state approaches. However, with quasi-dynamic approaches, it has not been possible to
compute networks of arbitrary size and complexity. With the method described in this paper, this is now possible.
Furthermore, due to its properties, the method can be well integrated into calculation methods of multi-energy-

systems.
(continued)

Nomenclature
A. Greek letters y Measured value
n Kinematic viscosity z Current time step
p) Friction factor N Number of time steps
p Density C. Abbreviation
B. Parameters NEFI New Energy for Industry
g Reciprocal of the resistance value IPCC Intergovernmental Panel on Climate Change
R Resistance value EU European Union
Re Reynolds number DHN District Heating Networks
\Y Volume flow LFC Load Flow Calculation
d Pipe diameter MAPE Mean Absolute Percentage Error
k Wall roughness MSL Modelica Standard Library
[ Pipe length KPI Key Performance Indicator
Ap Pressure drop MES Multi-Energy-Systems
Cp Heat capacity CPU Central Processing Unit
o) Consumed or generated power D. Indices
AT Temperature difference k Iterat%on step
u Thermal transmittance coefficient g Iteration step
C Circumference i Node
x Moved distance j Node
T Temperature FF Feed flow
At Duration of a time step RF Return flow
A Cross section of a pipe meas Measured
n Number of nodes
y Calculated value
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1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC)
report published in 2022, the impact of climate change on the structure
of ecosystems is huge. The regions in Europe and North America are
particularly affected [1]. As part of the European Green Deal, the Eu-
ropean Union (EU) has set itself the goal of achieving climate neutrality
by 2050 [2]. As a member of the EU, Austria has set itself even more
ambitious goals, namely, to achieve climate neutrality by 2040. By
separating Austria’s energy consumption into the sectors of heat, elec-
tricity and mobility, the share of the heat sector was around 50% [3] in
2019. Due to the enormous importance of the heating sector, according
to the actual government program, Austria plans to reduce CO, emis-
sions, among others, by expanding district heating networks (DHN) in
regions with a high density of heat consumers [4]. The preferred heat
sources for sustainable heat networks are primarily renewable and in-
dustrial waste heat sources. An important reason is that industrial waste
heat can replace additional oil and gas heating, thereby reducing CO»
emissions [5,6]. Therefore, supraregional heat transfer lines may be
required to connect industrial waste heat sites with consumers. These
lines will show high losses. To compensate for them, heat pumps,
thermal storage, or heating plants may be needed to raise the temper-
ature of the water to acceptable values [7]. Due to the high heat capacity
of water and the slow volume flow (0.2-4.0 m/s) [8] in DHN, these
systems can also store heat for several hours. This property means that
they can be used for load shifting in electric grids, e.g. with the help of
heat pumps [9]. This will be particularly necessary for our future energy
systems with a high proportion of renewable, fluctuating energy pro-
ducers. Therefore, when planning district heating networks, not only the
heating sector must be examined [10]. It is also necessary to consider the
other sectors simultaneously to consider the complex interrelationships
between the different energy carriers.

1.1. State-of-research

There are several approaches to calculate and simulate the load flow
of district heating networks described in the recent literature. For
different calculation purposes, considering the temporal temperature
distribution within the spatially resolved network is of particular in-
terest. In this regard, the load flow calculation (LFC) can be divided into
various approaches. The temporal temperature distribution is not
considered in steady-state approaches but is regarded in dynamic ap-
proaches [9]. This means that dynamic approaches include the temporal
temperature distribution due to different temperature inputs in each
pipe section and node over time. There is also a quasi-dynamic
approach. The difference between quasi-dynamic and dynamic ap-
proaches is that in quasi-dynamic approaches, the transmission delay is
only considered at each node [11]. The methods described in the liter-
ature can be categorised according to their basic approach, as shown in
Table 1. In addition to the approaches listed in the table, there is also an
intermediate category (quasi-steady-state) described by Dancker and
Wolter [9,12]. The method described therein contains the essential
points of a quasi-dynamic approach and is therefore considered as a
quasi-dynamic approach in this paper.

In heat load flow calculations, thermal- and hydraulic calculations
can be coupled or decoupled. The calculation equations are split be-
tween a hydraulic and a (dynamic) thermal part if the chosen method
uses a decoupled approach. In a coupled approach, the equations for the
hydraulic and the thermal parts are combined into one equation [9].

1.1.1. Steady-state approaches

Steady-state approaches can be coupled or decoupled. Both ap-
proaches generally use the Newton-Raphson method or another iterative
procedure to calculate the heat load flow. In the decoupled calculation
approach the hydraulic part of the load flow is calculated first. This is
usually done with the Newton-Raphson method [9] or the Jacobi
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Table 1
Classification of the different methods according to their approach.

Method Approach

Steady-state Quasi-dynamic Dynamic

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[9]
[25]
[26,27],
[28]
[29,30]
[31]
This Paper
[32,33]
[34]
[35]
[36]
[371
[38]
[39]
[40]
[11]

>

PN K X X X X
PO X X X X X

PO X K K X X

 District cooling systems.

method [41]. The thermal part can be calculated with the calculated
mass flow rates from the hydraulic calculation. Due to the decoupled
approach, the matrix required to calculate the hydraulic part is smaller
than for a coupled approach. This leads, on the one hand, to a faster
calculation of the matrix but, on the other hand, to more iteration steps
in the calculation. With the coupled approach, the heat load flow can be
calculated in a single equation using the Jacobian matrix in combination
with the Newton-Raphson method. This leads to fewer iteration steps
but to a higher computation time of the matrix due to the larger matrix
[9]. Steady-state approaches are wusually applied to calculate
multi-energy networks because they require little computational power
[30].

1.1.2. Quasi-dynamic approaches

A quasi-dynamic or a dynamic approach can be based on a
Lagrangian or an Eulerian specification of the flow field. These two
specifications describe the way of looking at a water segment motion.
The difference between these two is that in the Eulerian specification, a
specific location in the network is observed through which water seg-
ments flow as time passes. In contrast, in the Lagrangian specification,
the observer moves through the network with water segments as time
passes [9]. In quasi-dynamic approaches, the transmission delay is
considered and stored only at the nodes of the considered network [11].
In the method presented by Benonysson [31], the quasi-dynamic
approach is based on a “node method” that determines the tempera-
ture, considering the transmission delay at the nodes. This method is
based on an Eulerian specification approach and reduces the numerical
diffusion [9] and the computational effort [29] compared with some
dynamic approaches. But the numerical diffusion increases with strong
mass flow changes [9].

The so-called improved quasi-steady-state approach, introduced by
Dancker and Wolter [9], uses an extended steady-state approach to
calculate the heat load flow. For this purpose, they use a coupled
calculation approach, combining the hydraulic and thermal parts in one
equation in the Jacobian matrix. Therefore, they introduce a



J. Steinegger et al.

temperature-gradient which is integrated into the equation for the hy-
draulic and thermal parts. This allows the steady-state approach to be
upgraded to some extent to a quasi-dynamic approach. In addition, the
coupled approach enables high accuracy and leads to fewer iteration
steps, which increases computational efficiency, according to the au-
thors. However, there is one limitation noted with this method. The
Investigation of a highly meshed network with short pipes and large
time step durations can cause temperatures at nodes that increase too
fast and decrease too slowly. This is because the temperature-gradient
method only considers a single change between two time steps. There-
fore, the mixing temperature from a node more than one node back
cannot be considered in a time step under consideration. This means that
the proposed method offers only limited accuracy in such situations [9].

Another quasi-dynamic method uses a Lagrangian specification
approach, as shown in Ref. [26], for district cooling networks. With this
approach, water segments are tracked across the entire network. In some
literature sources (e.g. Refs. [26-28]), this method is called the
plug-flow method. For this purpose, a hydraulic model is created to
obtain information about the mass flow and the pressure differences if a
predefined system does not give this. The hydraulic model is usually
based on a steady-state approach since the dynamic effects can be
neglected due to the high propagation speed of pressure. The water
segments for the thermal part of the calculation are moved through the
pipes and split or merged at nodes with more than one outlet or inlet
pipe. In this way, the temperature profile and flow path of the segments
in each pipe of the network can be tracked so that the dynamic thermal
behaviour of the network at each node can be determined as the seg-
ments pass through the node of interest. To prevent mixing two or more
water streams in a single pipe from resulting in too many segments, only
a maximum number of segments is allowed in one pipe. If the number of
segments exceeds the maximum number, adjacent segments with the
closest temperature are combined into one equivalent segment. This can
prevent a too large calculation time due to too many segments. The
accuracy is comparable to dynamic approaches with the advantage that
the computation time is faster and the calculation does not involve
artificial diffusion [26].

Leitner et al. [30], based on the results of [29], use a plug flow
method to calculate DHN.

Dénarié et al. [28] present an improved plug-flow method which
uses the “method of characteristics” to determine the dynamic behav-
iour at nodes.

However, [26,28-30] do not describe their approach for large,
highly branched networks.

1.1.3. Dynamic approaches

Dynamic approaches typically use an Eulerian specification
approach. There exist different methods for this specification like the
“element method” [32,39], the above-described “node method” [31]
and other methods or sub-methods like e.g. the “finite difference
methods” [34,36,37], the “function method” and the “method of char-
acteristics” [28]. [9] With the element method, the pipe length is
decomposed into finite elements with a predefined length. These ele-
ments can be used to calculate the temperature as a function of the
location in the pipe and the time step by using the parameters of the
previous time step [32]. Depending on the number of elements, the
calculation time scales linearly with it, and the accuracy is inversely
proportional to the square of the element length [29]. The comparison of
the computation times in Ref. [29] shows that dynamic approaches have
a computation time several times higher than the other approaches.

1.1.4. Comparison of the approaches

The literature review shows that quasi-dynamic (except the
described quasi-steady-state approach from Dancker et al. [9]) and dy-
namic approaches are always designed as decoupled calculations. A
dynamic approach requiring only one equation, resulting in a coupled
calculation, would be superior because it would allow the realistic
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calculation of considered DHN with a fast calculation time [9]. How-
ever, such a method currently does not exist. The properties of each
different approach are shown in Table 2.

1.2. Research Need

As shown in Chapter 1.1, several approaches already exist to calcu-
late the load flow in district heating systems. The presented method in
this paper must meet several requirements:

e An easy implementation into existing multi-energy-system (MES)
simulation frameworks, especially the HyFlow framework [42].

e A hydraulic calculation equivalent to an existing gas load flow

calculation that uses a Jacobi method to calculate the nodal pressure

to obtain solutions that are comparable in terms of accuracy.

A calculation method which is fast enough to calculate multiple

networks in an acceptable time frame.

The possibility of taking temporal temperature distribution into

account.

Covering all types of network topologies, i.e., both small, highly

branched networks and networks with long transmission lines.

An accuracy that is largely independent of the step size.

e The consideration of typical elements of 3rd and 4th generation [43]

heat networks, like classic suppliers and consumers, heat pumps,

pressure pumps, throttles, thermal storage, and branch nodes in both

the feed and return flow.

A freely available code for integrating different operating strategies

for the sequence of use of heat generators in district heating net-

works. Which could be added in future work

Due to the required versatility, which includes the creation of various
operating strategies and the planned integration in HyFlow, conven-
tional software cannot be used. According to Table 2, only the quasi-
dynamic approach can meet all the requirements described. The calcu-
lation time of the dynamic approach is too high, and the steady-state
approach does not consider the temporal temperature distribution. To
avoid the described error in the method of Dancker and Wolter [9], only
the remaining methods based on the quasi-dynamic approach are suit-
able for this work. As described in Chapter 1.1, the Eulerian specification
approach proposed by Benonysson [31] can lead to numerical diffusion.
The plug-flow methods presented in Refs. [26,28], which are based on
the Lagrangian specification approach, are superior to the methods
based on the Eulerian specification approach because these two methods
have faster computation time, but the implementation is more complex
[9]. Due to this factual situation, this work focuses on a Lagrangian
specification approach similar to the existing plug-flow methods.
Zhaoguang et al. [25] describe their Lagrangian specification approach
only in minor detail. The method presented by Opplet et al. [26] is
designed for radial district cooling networks and doesn’t consider
meshed networks. However, Dénarié et al. [28] describe their method
for heat transmission over long pipes very accurately, but with the

Table 2
Definition of the different approaches.
Feature Approach
Steady-state Quasi-dynamic Dynamic
Consideration of thermal Yes Yes Yes
losses
Consideration of temporal No At nodes Whole
temperature distribution network
Fast calculation Yes Yes No
High accuracy Yes Yes Yes
Numerical diffusion No Yes/No* Yes/No"
Calculation approach Coupled/ Coupled/ Decoupled
Decoupled” Decoupled”

? Depending on the method.
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caveat that the work presented was not applied for an entire network
and the problems that arise from it. Based on this state-of-the-art, the
main contributions of this present paper are as follows:

e Introducing a quasi-dynamic approach using a Lagrangian specifi-
cation approach to calculate entire district heating networks with
any given structure.

Incorporation of various district heating network elements, such as
classic suppliers and consumers, heat pumps, pressure pumps,
throttles, thermal storages, and branch nodes into the calculation.
Solving the complex programming challenges of a LFC based on a
Lagrangian specification approach when a water segment has to
traverse a highly branched network within a time step.

2. Theoretical background

This research focuses on a quasi-dynamic load flow calculation based
on a steady-state calculation. The fundamentals of the steady-state hy-
draulic approach are described in the work of Riidiger et al. [41]. Here, a
node potential algorithm for gas networks is used based on the node
potential calculation method of electrical systems. This steady-state
method enables the calculation of the mass flow V and the pressure
drop Ap in the branches of gas networks. Therefore, a square, inverse

conductance matrix G is created with n rows and n columns, where n
is the number of nodes in the network plus an additional row and col-
umn for the slack node (see Chapter 4 Fig. 5). The content of this matrix
consists of the conductance g of each branch. Each conductance can be
calculated as shown in Egs. (2-1), where g is the reciprocal of the
resistance value R.

- 1)

The resistance value R can be calculated with the friction factor A,
which depends on the Reynolds number Re. As a first step, the Reynolds
number can be calculated with Egs. (2-2).

4eV
Re= hd

_ﬂodoﬂ (2-2)

For laminar volume flows (Re < 2320), the friction factor can be
calculated as shown in Egs. (2-3).

64
I=— 2-3

Re (2-3)
With the Colebrook-White equation, the friction factor can be calculated
for turbulent flows, as shown in Egs. (2-4). A Newton-Raphson method
can be used to solve this equation.

1 2.51 k
= —2elogi (2-4)
VI glO(Reo\//I_ 3.7.d>

Finally, the resistance value can be determined with the calculated
variables, the density p and the geometry pipeline factors [ and d:
1 Bepej |

R :g = . ys (2-5)

Using the Darcy-Weisbach equation, as shown in Egs. (2-6), the
pressure drop in a pipeline between two nodes (4p;) can be calculated.
V; corresponds to the volume flow between those two nodes.

1 > 8epel; [ .o
Apii:g—’:/o Vi :T.d_g. Vi (2-6)

To compensate for the non-linearity of the Darcy—Weisbach Egs. (2-
6), the quadratic dependence on the volume flow must be converted into
a linear dependence. For this purpose, the volume flow can be divided
into a volume flow of the previous iteration step k-1 and the current
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iteration step k. Thus, to calculate the pressure drop (shown in Egs. (2-
7)) for iteration step k, the volume flow from the previous iteration step
k-1 is required. Since there are no volume flows from the last iteration
step in the first iteration step, the initial volume flows are used in this
case. Using the Darcy—Weisbach equation (Egs. (2-7)), the pressure drop
in the pipe can be calculated in a few iteration steps.

_Bepeldju Iy

Vi =——y e Lo Vg eV 2-7)
i) ij.(k) P df] ij,(k=1) ij,(k)

Apij i =

To illustrate the calculation of the node pressure Apj ) of each node,
the following section explains the basics of the nodal potential method
in a hydraulic network in more detail using an example network. This
network is shown in Fig. 1 and has one supplier-, one slack-, and two
consumer nodes. The incoming- or outgoing volume flow V; 4 at each
node is described by its index with the node number i.

Fig. 2 shows the equivalent circuit of the sample hydraulic network.
The horizontal conductance values g; 1) correspond to the reciprocal
resistances Ry —1) in the pipes between two nodes.

The vertical conductance values g ) multiplied with the pressure
difference Apjo () of each node with respect to the environment (node 0)
correspond to the incoming- or outgoing volume flows V; 4, at each node
in the sample network as shown in Egs. (2-8).

Vi =g ® APio.w (2-8)
The equivalent circuit is used to set up the node equations, as shown
in Egs. (2-9).

Nodel:

gi2,k-1) ® | AP0, —Apzo,(k)) —Viw =0

Node2:

g12.0-1) ® [ Ap2o,) —Aplo,(k)> +823,k-1) ® (APZO,(k) —Apzo.(k)> +Vaw =0

Node3:

823,(k-1) ® | AP3o,) —Apzo,(k)) + Vi =0
(2-9)

These equations are transformed so that the node pressures are sor-
ted, and the incoming- or outgoing volume flows V;  are on the right
side of the equation, as shown in Eq. (2-10).

Nodel:

812,(k-1) 'APm.(k) —812,(k-1) 'Aon,(k) = Vl,(k)

Node2:

—&12,(k—1) ®*Ap1o.w) + <812,(k71) +823,(k—1)) ©Apao. ) — 823.4-1) #Ap30.ay =—Va

Node3: )

—823,(k—1) ®AD20,(k) + 823,(k-1) ®AP30,(k) =—Viu
(2-10)

The system of equations in Eq. (2-10) is put into matrix form as
shown in Eq. (2-11), which can be described by Eq. (2-12).

812,(k-1) —812,(k-1) 0 Apio,k) V;.(k)
—8n.4-1) &i2.4-1) T 83.k-1) —83.k-1) | ® Apzo.(k) = *Vz,(k)
—823,(k—1) 823,(k-1) Ap3o,) Vi
(2-11)
G1) ® Xoode,(k) = Znode.(t) (2-12)
Network
Fontmean e e S ESSaaiEaSG SR e A AN T O T it e s IS s e e e . T e 1
! L Y5
! 1
1
1 Pipe Pipe :
1 1 3 1
! 1
P 1 2 3 !
: Slack Consumer Consumer 1
J

Fig. 1. Sample hydraulic network.
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Network

JE PR FEE T EELON S S PR SNSRI T U PR O RS S E RS S S SRS P SR e 1

1 1

! Api2 Apa3 :

1 1 1 1

! _ L !

: v &12 ¥ 823 e i

A R . T T S |
Apjo Ap20 820 Ap3o &30

0

Fig. 2. Equivalent circuit of the sample hydraulic network.

With the incoming- or outgoing volume flows Vi‘(k) of each node in the
volume flow vector Z,mde_(k), multiplied with the inverse conductance
matrix E(kl_l), the pressure Apj ) at each node can be calculated and
stored in the pressure vector )_(node,(m as shown in Eq. (2-13). To consider
the slack node in the calculation, the conductance matrix E(k,l) and the

vector Zmde,(k) need to be modified, as shown in Figs. 5 and 6 in Chapter
4.

_ L
Konode,t) = G 1) ® Znode,k) (2-13)

The pressure drop Ap; ) between two nodes can be calculated with

the results from Eq. (2-13) as shown in the Eq. (2-14).
Apij k) =Apio.y — Apjo.) (2-14)

The new volume flow V;; 4 for each pipe can be determined for each
iteration step with the help of Ap;; ) as shown in (2-15).

. e &
v,._:'(AI--) S S———" A,-v’ 2-15
.0 = sign( Apj ) © \/8 e T AP (2-15)
Using the equations described, the volume flow and the pressure can
be calculated for each time step. Whereby the iteration must be carried

out for each time step.
3. Overview methodology

The improved plug-flow method presented in this paper corresponds
to a quasi-dynamic approach. This approach is divided into a hydraulic
part for the feed- and return flow, a thermal part and a Lagrangian
specification part, as shown in Fig. 3.

First, the hydraulic part for the feed- and return flow is calculated
based on the approach of Riidiger [41]. Second, in the thermal part,
based on the results of the hydraulic part, the temperatures are calcu-
lated for the entire network in steady-state. Third, the water segments
resulting from the steady-state calculation are shifted through the
network using a Lagrangian specification approach to calculate the
network’s dynamic behaviour at each node. Finally, an overall iteration
is performed over the steady-state and quasi-dynamic parts of the
calculation until the calculated temperatures at each node of iteration
step g converge to the temperatures of the previous iteration step g-1.

The LFC has been implemented in MATLAB® using a class pro-
gramming approach. The following assumptions were made:

e The temperature and velocity profiles are axially symmetric inside a
pipe section.

e There is no thermal stratification in the radial direction.

e There is no thermal diffusion in the axial direction.

e Water is considered as an incompressible and homogeneous fluid.

e The properties of the materials are constant.
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range?

¥
Warning [

End time step ]
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Fig. 3. Calculation method of the quasi-dynamic approach.

o The density, heat capacity, and kinematic viscosity of water were
assumed to be temperature-independent quantities.

In addition, the thermal inertia of the pipe wall was neglected. This
decision was made based on the results of Wang et al. [44]. It states that
thermal inertia produces an error similar to the neglect of the temper-
ature dependence of the specific heat capacity and is therefore negli-
gible, especially for larger pipe diameters.

4. Steady-state calculation part

The steady-state calculation part is divided into the hydraulic part for
the feed- and return flow and the thermal part. Each part corresponds to
a decoupled calculation, with each part building on the previous one.

4.1. Hydraulic part — feed flow

As shown in Fig. 3, each hydraulic part has its iteration loop to
calculate the pressure drop and volume flow of each pipe in the network.
Fig. 4 shows this iteration loop in detail.

At the beginning of the hydraulic part, the input vectors Zy.ge 1)
and Xnode_(k) and the conductance matrix é(k,l) must be prepared for Eq.
(2-13). The volume flow vector Znode,(g_1> needs to be prepared only once
for all iteration steps of k within one iteration step of g. Because of this,
the described vector is defined by the iteration step g in the index. The
other two variables need to be updated each iteration step of k. For this
reason, these variables are defined by the iteration step k in the index.
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Iteration g - Prepare data
(only feed flow) Eq.(4-1)
L2
Conductance matrix
calculation

Eq.(2-2), Eq.(2-3),
Eq.(2-4), Eq.(2-5)
v

Node pressure
calculation Eq.(2-13)

|
|
|
|
|
|
|
|
|
|
|
v i
|
|
|
|
|
|
|
|
|
|

Pressure drop
calculation Eq.(2-14)

v

Pipe volume flow
calculation Eq.(2-15)

Iteration k

Convergent
Vit ~

no
Vi, (k-1)

Fig. 4. Development of the heat LFC from the hydraulic LFC.

Additional column

(slack)
slack nodeq nodep
811,(k—1) 812,(k—1) 8in(k—1) 1] Slack
- 82L,k-1 822,(k-1 8n,(k-1) O Node,
S-n=| ; : 0
Additional Snl,(k—1) &n2,(k—1) Sn,(k—1) 0| Node,
1 0 0 0 0

row (slack)

Fig. 5. Conductance matrix (slack).

~ 0 7Slack
V2,(g) Node,
yA d =|
node,(8) Vn,(g) Node,

Ap1p |+<—— Additional row (slack)

Fig. 6. Vector Z (slack).

The vector Znoge 1) is filled with the volume flows Vi, 1) of the
individual nodes i. Vi_(g,l) can be calculated from the consumer- or

generation power Q; for each node of the considered network for the
considered time step. Depending on whether the node is a consumer or a
supplier, the temperature change AT; 1) in Egs. (4-1) is calculated
differently. If the node is a consumer, the upper temperature is taken
from the calculated feed flow from the previous iteration step g-1, and
the lower temperature corresponds to the predefined return flow tem-
perature of the consumer. In the case of suppliers, the predefined sup-
plier feed flow temperature is used as the upper temperature, and the
calculated temperature of the return flow from the previous iteration
step g-1 is used as the lower temperature. In the first iteration step, g, the
return flow temperature is estimated for the supplier, and the feed flow
temperature is estimated for the consumer. Finally, the node volume
flow can be calculated with Egs. (4-1).
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Furthermore, each hydraulic load flow calculation needs a slack
node that defines the basic system pressure. This basic system pressure
can be defined by a heat supplier in the feed flow. To calculate the total
load flow of the considered network, either the pressure or the volume
flow for each node can be used as input parameters in Eq. (2-13) for the
volume flow vector Znod g-1)- If the pressure is given (as it is for slack
nodes), the volume flow gets calculated for the considered node in the
node pressure vector Xz k). To consider this, the slack node (and each
node with a given pressure) requires an additional entry in the volume
flow vector dee_(g,l) and the conductance matrix E<k71)~ Therefore, an
extra row and column with zeros must be added to the conductance
matrix Gk,l). Afterwards, the value “1” must be set in the place of the
slack, as shown in Fig. 5.

Also, the given pressure (for the slack node or any other node with a
given pressure) has to be added as an additional row to the volume flow
vector dee,(g,l). In addition, the volume flow at the slack has to be
defined as zero, as shown in Fig. 6. In this way, the volume flow of the
slack-node (or any other node with a given pressure) can be calculated in
the node pressure vector )_(mde,(k).

Once the described variables are defined, the hydraulic part can be
calculated using the equations listed in Fig. 4.

4.2. Hydraulic part — return flow

The hydraulic part of the feed flow and the return flow has to be
linked because the return flow calculation needs the input data of the
feed flow. In the return flow, the node with the lowest pressure in the
feed flow part, minus the pressure losses of the corresponding heat
exchanger, is the slack node. Depending on the consumer behaviour of
each time step, this slack node of the return flow may change.

After the slack node is defined, the hydraulic calculation for the re-
turn flow can be calculated the same way as the hydraulic part of the
feed flow, including the district heating elements. The initialisation data
is the same as the data of the feed flow, except that a supplier in the feed
flow is a consumer in the return flow, and a consumer in the feed flow is
a supplier in the return flow. As a result, the signs in the volume flow
vector Zmde_<k) change according to Egs. (4-1). This is because the input

parameter Q; (consumer- or generation power) changes its sign due to
the described change of supplier and consumer.

4.2.1. Integration of district heating network elements

The integration of the different elements directly affects the hy-
draulic and thermal part of the calculation, as they affect the pressure
and the temperature. Due to these changes, the quasi-dynamic calcula-
tion part is only indirectly influenced. Since the Lagrangian specification
part uses only the data of the steady-state part, as described in Chapter 5.
There are three different system topologies to implement suppliers in a
district heating network [44]. One possibility is to take the water from
the return flow and feed it into the feed flow after heating it (Fig. 7a),
which is also the most common approach. Another way is to take the
water from the return flow and feed it back into the return flow (Fig. 7b).
The last option is to take the water from the feed flow and feed it back
into the feed flow (Fig. 7c).

To integrate the different hydraulic circuits in the hydraulic part of
the calculation, the input parameters of Eq. (2-13) must be adapted.
There are two possible ways to implement the hydraulic circuit pre-
sented in Fig. 7a, depending on whether it is a slack node or a common
node. As already mentioned, the slack node is responsible for the basic
pressure in the network, and it is integrated into the calculation as
described in Figs. 5 and 6. Assuming that the pressure of the node is not
given, the volume flow can be calculated from Egs. (4-1). In that case, it
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Fig. 7. Hydraulic circuits for heat feeders: (a) return flow - feed flow; (b) return flow — return flow; (c) feed flow — feed flow [44].

depends on the used signs of the volume flow in the volume flow vector
Z,wde_@,l) whether it is an inflow (supplier) to the network or an outflow
(consumer) from the network.

In the load flow calculation the hydraulic circuit from Fig. 7b and c is
realised identically. The difference between these two is that the first is
implemented in the hydraulic part of the return flow, and the second is
implemented in the feed flow. These types are typical for power-to-heat
applications like heat pumps, but conventional heat suppliers can also
be used this way. In the LFC, such nodes are divided into two nodes. For
this purpose, the node is split into an outflow (consumer) and an inflow
(supplier) node, as shown in Fig. 8.

The pressure loss Ap2s between nodes 2 and 3 in Fig. 8 equals the
predefined pressure drop in the heat exchanger. In this case, the
following conditions are fulfilled:

V2 |=1Vs| (4-2)
Vi =Vy (4-3)
Vip=V,y+Vy3 (4-4)
Apszo =4px — Apas (4-5)

To consider these equations, the outflow node is treated like a con-
sumer and the inflow node as a standard supplier node for the observed
hydraulic part in the load flow calculation. If the hydraulic circuit node
is made according to Fig. 7b, the hydraulic part for the feed flow has no
node at this point and vice versa for the hydraulic part for the return
flow according to Fig. 7c. To consider the pressure drop between these
two nodes, one row and one column with zeros, similar to the slack
node, need to be added to the conductance matrix E(k,n. The value "-1"
must be inserted in the place of the outflow node, and the value “1” in
the area of the inflow node, as shown in Fig. 9.

In addition to this, the pressure drop value Ap;; ) must be added to
the volume flow vector Zyqe ) (Fig. 10).

The integration of pumps and throttles follows the same rules as the
described hydraulic circuit according to Fig. 8, but there is no volume
flow at the supplier (inflow)- or consumer (outflow) node. For this
purpose, the volume flow from the in- and outflow node in the vector

Ap3p Apgg

V34, Ap34 ? V23, Apa3 5 V12, Ap12

V3 A2

§-<] Regulator

I Supplier

i Consumer

. Node

Fig. 8. Realization of feeder circuits according to Fig. 7b and c in the load flow
calculation.
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Fig. 9. Conductance matrix (slack + Fig. 7b/c).
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Fig. 10. Vector Z (slack + Fig. 7b/c).

Znode,(g—l) in Fig. 10 is set to zero. The conductance matrix G(k,l) is built
the same way as shown in Fig. 9.

For thermal storage integration, the storage operation strategy must
be defined before the load flow calculation starts. Depending on this, the
heat store can be treated as an ordinary consumer or a supplier, which is
set up according to Fig. 7a.

To implement branch nodes, the volume flow of these nodes in the
volume flow vector zrwde-(gfl) must be zero.

The described elements influence the thermal part of the calculation
due to the temperature increase caused, for example, by suppliers (see
Fig. 8).

4.3. Thermal part

The thermal part can be calculated with the input parameters of the
hydraulic part. For this purpose, some additional equations are required.
The following part deals with the technical details of the calculation of
the temperatures in the entire network. Eq.s (4-6) based on [45] is
applied to calculate the temperature of each node in the feed- and return
flow. Where u is the thermal transmittance coefficient, x is the distance
travelled, and C is the circumference of the pipe.

ueCox

Tamhiem) o vV 4 Tamb[em (4'6)

Tm)de i+l = (Tnode i

A recursive method is used for this purpose, which is explained in
Fig. 11. In the shown example a network with four nodes is given. The
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Fig. 11. Recursive method.

arrows indicate the direction of the volume flow. In the case described,
the temperature of node 4 shall be determined (step 1 in the figure). For
this purpose, the method follows the volume flow back (starting at node
4) until a node with a given temperature is found (step 2 in Fig. 11).
When a node with a given temperature is found (in the described case,
node 1), the algorithm calculates the temperatures of all nodes on the
path back to node 4 by using Eq.s (4-6), as shown in step 3 in the figure.
Regarding this, the temperature at node 4 can be calculated now.

For nodes with more than one inflow (node 4 in Fig. 11), the node
temperature Tp,4 can be calculated using a volume flow weighted
temperature calculation as shown in (4-7).

Tinﬂﬂw‘l L4 Vinﬂow.l + ...+ Thtﬂow.n ° V[nﬂow.n

- - 4-7)
Vinlow + - + Vinflown

Thode =

Once the temperatures of all nodes are determined, the steady-state
calculation part is completed.

5. Quasi-dynamic calculation part

To extend the presented steady-state approach (Chapters 2 and 4) to
a quasi-dynamic approach, a plug-flow method based on a Lagrangian
specification approach is implemented in the following part. The next
chapter describes this part covering all the difficulties that can occur
when considering an entire network.

5.1. Lagrangian specification part

An example of applying the Lagrangian specification approach is to
track chemicals in water distribution systems based on water segments
[46]. These water segments, described by Munavalli et al. [46], can be
adapted to the heat load flow calculation. This chapter is divided into
the sections “Description of a temperature batch”, “Transport of batches
in pipelines”, “Behaviour of batches at nodes”, and “A recursive
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algorithm to calculate highly meshed networks”. Each section explains a
different feature of the developed plug-flow method.

5.1.1. Description of a temperature batch

The main characteristic of a water segment in a heat network is the
temperature. This is why these segments will subsequently be referred to
as “temperature batches” in this paper. A temperature batch has
different characteristics, as shown in Fig. 12.

Temperature batch: It is an imaginary finite-volume of water (batch)
inside a pipe. These batches are limited at both ends by a separator,
which has different characteristics. A temperature batch moves with a
speed that depends on the flow velocity in the considered pipe and the
considered time step. Batches are independent of each other.

Separator: There is a separator at the rear (rear separator) and at the
front (front separator) end of a batch, the description of rear and front
depends on the flow direction, as shown in Fig. 12. It is a line that
contains information about the actual pipe, the temperature and the
exact position where the considered line is at the considered time. It also
separates one batch from another.

5.1.2. Transport of batches in pipelines

This section describes the calculation of batch movements in pipe-
lines. Fig. 13 shows the time history of a pipe over several time steps:

Time step 1: The batches (b in Fig. 13) for the entire network must be
added in the first time increment. At this stage, these batches correspond
to the results of the steady-state part. This also means that there is only
one batch in each pipe of the network at this time.

Time step 2: The batch from time step 1 (b;) moves forward by the
distance Axo; (Eq.s (5-1)), and the resulting gap must be filled by a new
batch (by). The length of the new batch is determined by the volume
flow rate of the pipe in time step 2, as shown in Eq.s (5-2), where A is the
cross-section of the pipe and At is the duration of the time step.

AXU] =X1 — Xp (5'1)

V2 o At

) (5-2)

AXQ] =

To calculate the front temperature Ty, of batch by, Egs. (4-6) is
needed. The front temperature is always the temperature of the batch at
the front separator. The general Egs. (4-6) shows that T, depends on the
volume flow V, and the distance travelled Axg;.

Time step 3: A new batch is added similarly to time step 2. In the
following time steps, only batch b, is described as an example for all
other batches. The front temperature of this batch is calculated the same
way as in time step 2. The distance travelled depends on the volume flow
V3. At this time step also the rear temperature must be calculated. The
rear temperature is always the temperature that prevails at the rear
separator of the batch. This can be calculated analogous to the front
temperature with Egs. (4-6).

Time step 4 & 5: The rear temperatures are calculated as described in
the other time steps. When batch 2 reaches the end of the pipe, the front
temperature of batch 2 is calculated as in the previous time steps for time
step 4. The calculation of the front temperature of batch 2 in the time
step 5 is a particular case because it depends on the volume flow of the

Rear separator  Front separator

f Flow direction

I

Temperature batch Pipe wall

Fig. 12. Temperature batch.
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Fig. 13. Temperature batches.

time step 4 and 5. That is why the temperature is calculated from the
average of both time steps, as shown in Egs. (5-3).

Tps — Tps. ; Trsa (5-3)
(a) Partitioning
Pipe 1 Pipe 2
b; —> =
Al
= b, bs =
(b) Splitting
Pipe 1 Pipe 2
b; = 3
Pipe 3
At}
| b, | |:>
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5.1.3. Behaviour of batches at nodes

Depending on the node, there are different effects on batches in a
pipe. A temperature batch can be partitioned (Fig. 14 (a)), split (Fig. 14
(b)) or merged (Fig. 14 (c)) at nodes. The temperature of each batch in a
pipe is always calculated, as described in Fig. 13.

Partitioning: A batch has to be partitioned if it reaches a node in the
duration of a time step but does not leave the node in time. The new
length of the new batch bz depends on the volume flow in pipe 2, as
shown in Fig. 14 (a). The calculation of partitioning is described in more
detail by Oppelt et al. [26].

Splitting: If a batch reaches a node with more than one outlet pipe, the
batch must be split. As shown in Fig. 14 (b), the lengths of the newly
created batches (b, and bg) are individual and depend on the volume
flow of the new pipes (pipes 2 and 3) into which they flow.

Merging: When two or more pipes end in one or more pipes, the
batches must be merged. The batches of each pipe are merged at each
outflow pipe to a new one. For this purpose, Egs. (4-7) calculates the
new volume flow weighted temperature. The new batches can only be as
long as the shortest common length of the batches from the different
pipes. Therefore, batches b; and by are combined into a minimum of
three batches in Fig. 14 (c) (depending on the other batches of pipes 1
and 2, which are not shown in the example for simplicity). All batches
arriving at a node must be known to merge the batches into new ones.

To calculate the average temperature of a node, the temperature of
each batch entering the node in the considered time step must be taken
into account. Therefore, the average temperature is calculated time-
weighted with the different temperatures of the arriving batches, as
shown in (5-4). Where Aty is the period in which the considered batch

(c) Merging

Pipe 1 Pipe 3
| b, I
e =
Pipe 2
3 b, .
Merged
with
other
atche
= AV
=s b, b, | =

At Duration of one time step
= Volume flow

y Consumer node

Fig. 14. Behaviour of temperature batches at nodes.
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5.1.4. A recursive algorithm to calculate highly meshed networks

The calculation for moving a batch in a network always starts with a
random batch in the considered network. What happens after moving
this batch to the next node depends on the structure of the node and the
elapsed time. The batch can be partitioned, split or merged, as described
in Section 5.1.3. In the case of merging, all the batches arriving at the
node under consideration in the time step in question must be known.
This issue leads to a complex task in a highly meshed network where a
batch may pass through multiple nodes with more than one inlet or
outlet pipe in the duration of a time step before it arrives at the node of
interest. Therefore, a recursive algorithm must be added to the load flow
calculation. The goal of this recursive method is to find all possible
batches arriving at the considered node during the duration of a time
step. This algorithm can be divided into three main parts, the investi-
gation-, the pre-calculation- and the actual calculation part, as shown in
Fig. 15.

Investigation part: In this part, the algorithm calculates the maximum
distance (in the same way as Egs. (5-2) does) that a batch can be away
from the node to reach the node in one time step. If the algorithm finds
another node with a merging character within this distance, that has not
been calculated up to this point, the recursive algorithm must first be
applied to that node to calculate the current node. If this is not the case,
the pre-calculation starts.

[ Random batch ]

Node of
interest

no

merging
node?

Y

yes

Investigation part

Already
calculated?

Pre-calculation part

v

Actual calculation
part

‘Actual node
= node of
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[ Algorithm finished ]47

Fig. 15. Recursive algorithm.
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Pre-calculation part: The task of the pre-calculation is to calculate all
possible batches which can arrive at the node of interest. To do this, it
uses the information generated by the investigation part and stores the
temperatures and timestamps of each batch when they reach the node.

Actual calculation part: With the stored data of the pre-calculation
part, the new batches can be calculated from all incoming batches
using the merging rules described in Section 5.1.3. Afterwards, the
newly created batches are moved further to the following nodes,
following the rules described in Section 5.1.2.

6. Convergence and pressure calculation

Once the batches are created and pushed through the network, the
calculated node temperatures from the temperature calculation of
chapter 4.3 are compared to the temperatures of the previous iteration
step. If the temperature of the current iteration step does not converge
with the previous one, a new iteration step at the same time step starts.
For an accurate calculation, the volume flow rate in Egs. (4-1) is
calculated with the average node temperatures from the batch calcula-
tion (Egs. (5-4)) for all iteration steps except for the first iteration step
(initial parameters are used for this step).

At the end of each time step, it is checked if there are any batches
with the same rear temperature as the front temperature of the next
batch. If this is the case, these batches are combined.

A pipe pressure calculation is performed at the end of each time step
to ensure that the pipes operate within their pressure limits. This is used
to determine the pressure at each node of the network. It takes into
account the altitude meters. If the pressure exceeds or falls below the
respective limitation, the calculation issues a warning, noting that the
pipes must be selected differently.

7. Validation

The presented plug-flow method for district heating networks was
developed to calculate entire highly branched networks using a
Lagrangian specification approach. The calculation method should also
be able to incorporate various elements of the district heating network.
For this reason, two validation scenarios were performed. One validates
the functionality of the steady-state part of the calculation considering
the implementable elements of Chapter 4.2.1. In the second validation,
the results of the quasi-dynamic LFC are compared to the measured data
of an existing network. To measure the quality of the presented method,
validation scenario 2 is analysed with the mean absolute percentage
error (MAPE). This key performance indicator (KPI) can be used when
comparing different forecast models or data sets. It is calculated as
shown in Egs. (7-1). Where y' is the calculated value, y the measured
value, N the number of time steps and z the current time step [47].

LAY -yl
MAPE = ; S 100 (7-1)

To evaluate the MAPE, Swanson [48] categorizes the results of this
KPI for forecasting methods. These categories are rearranged in this
paper to evaluate the accuracy of load flow calculations. The smaller the
MAPE, the more accurate the method [48]. Table 3 shows the evaluation
index based on the MAPE.

Table 3
Evaluation index.
Evaluation index MAPE %
Perfect accuracy 0
High and acceptable accuracy <5
Low but acceptable accuracy 5-25
Very low and not acceptable accuracy >25
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7.1. Validation scenario 1

During the first validation, the example network is in a steady state
since the dynamic calculation provided by Roka® [49] has not yet been
validated at the time of writing, according to the manufacturers [50].
This validation scenario aims to determine the functionality of the
steady-state part (including some of the described elements from
Chapter 4.2.1) of the presented method and to test its accuracy. Fig. 16
shows the network which is used in the first validation. Node 1 is the
slack node, and node 15 corresponds to a heat pump in the feed flow. A
pressure pump is installed at node 14, which raises the pressure by 0.5
bar in the feed flow. All other twelve nodes correspond to consumer
nodes with different consumer power demands. The specific network
input data is described in the Appendix.

The temperatures of the results from Roka® and the method pre-
sented in this paper are compared in Table 4 for the feed flow. The
negligibly low differences are because Roka® uses temperature-
dependent values for density and heat capacity in its calculations. As
expected the results of node 15 show an increasing temperature due to
the heat pump.

The pressure increase at node 14 corresponds to the defined 0.5 bar,
in agreement with the intended function of the pressure pump element.
The produced power at the slack node 1 is 2,412,054 W in Roka® and
2,412,218 W in the presented method. This corresponds to a relative
difference of 0.0068%. This difference arises most likely from the
temperature-dependent values in Roka®. The results of the return flow
temperatures are shown in the appendix in Table A4. The differences
between the temperatures of the two calculation types are also negli-
gibly low in the return flow.

7.2. Validation scenario 2

In the second validation scenario, the presented calculation method
is compared with an existing district heating network (Fig. 17). For this
purpose, the measured data of the existing network were analysed and
prepared to be used for the calculation in the presented method. The
network consists of one producer node (node 32) and 25 consumer
nodes. The branch nodes always represent either branches or a change in
the pipe type. The specific input data may not be published for data
protection reasons. The network data originate from 2014,/2015, where
the measured consumption data of node 10 were recorded only in
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Fig. 16. Validation network 1.
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Table 4
Validation 1: Feed flow Temperatures.

Node Temperature feed flow in °C
Roka® Method of this paper Difference
1 85.000 85.000 0.000
2 84.791 84.790 0.001
3 84.614 84.613 0.001
4 83.829 83.828 0.001
5 83.467 83.465 0.002
6 81.793 81.802 0.009
7 85.457 85.464 0.007
8 83.083 83.080 0.004
9 83.574 83.573 0.002
10 84.157 84.155 0.002
11 84.626 84.625 0.001
12 83.801 83.804 0.003
13 83.336 83.339 0.003
14 83.328 83.826 0.002
15 85.809 86.816 0.008

unusable form due to technical failures. To compensate for this error in
the best possible way, this node was fed with the data of another node
with a similar connected load power. Measurement errors also occur at
irregular intervals at different nodes. For a validation run, however,
good measurement data of half a day is sufficient to obtain meaningful
results since a typical temperature batch traverses the entire network in
one to two hours, depending on the consumer power. For this reason, the
network was simulated for the period of the night of December 02, 2014
from 18:15 to 6:15. No measurement errors are expected for this period
after thorough troubleshooting. However, not all measurement errors of
the installed flowmeters and heat meters can be entirely excluded based
on the analysis of the available data alone. This is because errors can
always occur in actual operations that could go unnoticed when simply
looking at the data. The time step interval is 15 min, in line with the 15-
min resolution of the measurement data. Due to this time resolution,
several previous time steps affect the time step under consideration. For
this reason, this use case is ideal for validating a dynamic or quasi-
dynamic approach. Furthermore, a steady-state approach would not
be able to calculate the example network in this time resolution in in-
dividual cases since, in some time steps, the high temperature of pre-
vious time steps in the feed flow is needed to obtain a higher feed flow
temperature at a consumer than the measured/required return flow
temperature. This situation occurs, e.g., at node 29 at time step 3.
However, this case will not be discussed in detail here since this scenario
is about validating the quasi-dynamic approach.

For the validation, the measured consumer power is used as input
data for the presented quasi-dynamic load flow calculation. Based on
this input, the generation power of the producer is calculated and
compared to the measured generation power, as shown in Fig. 18. The
producer- and consumer power is determined from the measured data as
shown in Egs. (7-2).

Q = Vmam‘ epec,e (TFF,mms - TRF.mcax) (7'2)

In most cases, the calculated generation power matches the
measured power. The mean absolute percentage error between the
calculated and prepared power time series is 3.7% for the calculated
period. Based on the defined evaluation index, shown in Table 3, the
MAPE of the presented method corresponds to a high and thus accept-
able accuracy. More significant differences (as in time steps 7, 15, 17,
19, 23, 31, 44) most likely result from the exchanged data of node 10,
which were replaced by similar data of another node due to technical
measurement problems. Also, as already mentioned, temperature and
flow meter errors cannot be excluded entirely, which can also cause
differences between the measured and calculated power time series.
Fig. 17 shows a clear gap between the total power required by the
consumers and the power generated by the producer. This gap results
from heat losses. The change in the size of this gap over time depends on
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Fig. 18. Validation 2: Comparison of the producer power.

the different power consumption of the different consumer nodes at
different times. Minor differences between producers and consumers can
be explained by the fact that the network can act as heat storage and thus
use heat surpluses from previous time steps. The fact that this behaviour
can be observed in the quasi-dynamic calculation is an essential indi-
cator that the quasi-dynamic calculation works. It also shows the ad-
vantages of dynamic calculation over steady-state calculation
approaches since the latter cannot reproduce such behaviour.

In addition to the reasons mentioned above for deviations, it must be
taken into account that the actual behaviour of different components
can only be represented to a certain degree in the calculation to keep the
computational effort within limits. The calculation of the steady-state
part takes only some milliseconds per time step in this validation sce-
nario. The whole calculation (including the quasi-dynamic part) takes
up to one second per time step, depending on the producer and con-
sumer behaviour at each time step. The computing time of each time
step is shown in Table A5 in the appendix for this validation scenario.

12

7.3. Computational time

The program code’s runtime depends mainly on how many batches
(due to temperature fluctuations at the producer nodes) are in the
network. The more batches are in the network, the more batches have to
be moved, which is reflected in the computing time. There will be fewer
batches if the input data changes less or does not change. This is because
the batches of different time steps can be combined if the front tem-
perature of one batch and the rear temperature of the batch in front of
the previous batch have the same value. The specification of the accu-
racy and the resulting iteration steps also significantly influence the
runtime. The complexity of the topology of the district heating network
also has an impact on computing time. To evaluate the computational
time, the presented method based on a quasi-dynamic approach is
compared with a method which is close to a fully dynamic approach and
the steady-state part of the presented paper. Therefore, the validation
network “Pongau”, shown in Ref. [29] with a network length of 298 m,
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was calculated based on the information described. Due to the only
schematically presented network operation information in Ref. [29], it
was only possible to approximate the generation and consumption
profile. In the work of B. van der Hejide et al. [29], a method based on
the dynamic pipe model from the Modelica Standard Library (MSL)
version 3.2.2 for the calculation of the validation network “Pongau” is
presented. Here, the pipes are divided into sections of 1 m, which is close
to a fully dynamic method (there, the temperature distribution in each
part of the network should be known in a very high resolution, as
described in chapter 1.1). The results of the comparison are shown in
Table 5. To calculate the respective computing time, the validation
network was simulated in 50 runs, and the central processing unit (CPU)
time was measured. Each simulation run was performed with 168 time
steps.

This validation was done with a Lenovo ThinkPad T14 device with
six cores of an AMD Ryzen™ 5 PRO 4650U 2.10 GHz Processor. It has 16
GB RAM and runs Windows 10.

7.4. Discussion

Based on the validation and literature review results, the three
described approaches (steady-state, quasi-dynamic and dynamic) are
suitable for different use cases, as shown in the following paragraphs.

The steady-state approach has the lowest computing time, according
to Table 5. The results of validation scenario 2 show that steady-state
methods are unsuitable for LFC with low time step duration due to the
described situation at node 29 at time step 3. The overall reason for this
is that steady-state methods cannot consider temperature distribution in
district heating networks. Concluding from this, this approach is rec-
ommended for the following use cases:

e For calculations where the heat network is completely flowed
through in one time step.

e For the design of networks where a steady-state of the network can
be assumed.

e As part of a calculation method for multi-energy-systems where
bullet point one is fulfilled and the overall calculation time should be
short. The storage effect of the DHN would be neglected in this case.
For this reason, this approach is not ideal for MES calculation.

The computing time for quasi-dynamic approaches is slightly higher
than for steady-state approaches but 45 times lower than for dynamic
approaches. This behaviour of the computation time is described in the
literature and is also demonstrated in this thesis in chapter 7.3. With a
low MAPE of 3.7%, the accuracy of the presented quasi-dynamic
approach is, according to the evaluation index (Table 3), high and
thus acceptable accurate. Which belongs to the second-best category
after perfect accuracy. Whereby a perfect accuracy with a MAPE of 0% is
almost impossible to achieve. The major advantage of the quasi-dynamic
approaches is that they can take into account the thermal inertia of the
DHN and thus, the temperature distribution at the nodes based on the
temperature variations at the generators. If the applied method is
capable of solving highly branched meshes, as it is the case with the
presented method (which is one of the major innovations of this paper,
among others), the quasi-dynamic approach is suitable for the following
use cases:

Table 5
Comparison of the performance of different approaches.

Approach Average CPU time in seconds
Steady-state 1.09
Quasi-dynamic (This paper) 2.89
Dynamic (MSL) 130.25
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e The calculation of complex or less complex, small or large DHN with
arbitrary time step duration.
e As a part of the calculation method for MES.

Dynamic approaches have the highest calculation time. Due to the
high resolution of the temperature distribution they are recommended
for the following applications:

e For calculating the thermal properties of pipes used in DHN.
e To calculate the thermal behaviour of small DHN.

Table 6 shows the recommended applicability of the different ap-
proaches based on the validation results and literature.

8. Conclusions and future outlook

The presented paper proposes a quasi-dynamic load flow calculation
approach for entire district heating networks. Based on a steady-state
heat load flow calculation, which uses a modified potential node
method from electric systems, the calculation is extended to a quasi-
dynamic approach by integrating temperature batches. What finally
corresponds to an improved plug-flow method. The developed method
provides the ability to consider temperature and power changes at
different time steps and assess the effects of these changes. This
approach makes it possible to solve real-world load flow problems with
high accuracy, and by avoiding differential equations, the computation
time can be kept low.

In summary, the main findings of this work can be described as
follows:

e The presented method allows the computation of any given DHN
with high accuracy and good computational performance. The
inertia of the DHN, which plays a crucial role in heat networks, is also
taken into account.

The results of this work show that quasi-dynamic approaches are the
best approach to use in MES computation tools. The presented
method is particularly suitable due to its versatility, as it can take
into account all possible elements of a DHN, such as sector coupling
elements.

Based on future work, a reduction in the computational time of the
method is very likely. In the future, the heat load flow calculation should
be extended to include operating and installation costs. For this purpose,
it will be necessary to integrate an operating strategy that decides which
elements should preferably be used in the respective time step based on
their costs. The method should allow a more accurate techno-economic
analysis of different heat networks, as it can take advantage of the quasi-
dynamic LFC (taking into account the temperature distribution, which
leads to a more accurate calculation). Furthermore, the load flow
calculation should be integrated into a hybrid load flow calculation to
consider other energy sources, such as electricity and gas, in the
technical-economic analysis.
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Table 6
Recommended application of the different approaches.

Energy 266 (2023) 126410

Approach Type of application
Pipe designing Network designing Single pipes Small DHN Big DHN Complex DHN MES
Steady-state - + - ~ ~ ~ ~
Quasi-dynamic - - - + + + +
Dynamic + - + ~ - - -

+ Recommendable/~ Possible under certain conditions/- Not recommendable.
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Appendix. 11

Data availability

The data that has been used is confidential.

Table Al shows the input data of all nodes from the sample network described in Chapter 7.1.

Table Al
Node input data
Node ID Power Temperature Pressure
w °C Pa
1 - 85 (feed flow) 800,000
2 45,000 55 (return flow) -
3 30,000 55 (return flow) -
4 200,000 55 (return flow) -
5 50,000 55 (return flow) -
6 40,000 55 (return flow) -
7 700,000 55 (return flow) —
8 900,000 55 (return flow) -
9 20,000 55 (return flow) -
10 40,000 55 (return flow) —
11 50,000 55 (return flow) -
12 60,000 55 (return flow) -
13 90,000 55 (return flow) -
14 - 55 (return flow) A50000
15 100,000 100 (feed flow) -

Table A2 shows the input data of all pipes in the sample network described in Chapter 7.1.

Table A2
Pipe input data

Pipe ID From node To node Pipe diameter Pipe length Wall roughness Heat transmittance coefficient e scope

m m m W/mK
1 1 2 0.2111 500 0.0001 0.09882
2 2 3 0.2111 200 0.0001 0.09882
3 2 11 0.2111 200 0.0001 0.09882
4 3 4 0.2111 200 0.0001 0.09882
5 3 12 0.2111 200 0.0001 0.09882
6 4 13 0.2111 200 0.0001 0.09882
7 4 5 0.2111 300 0.0001 0.09882
8 5 6 0.2111 1300 0.0001 0.09882
9 6 15 0.2111 251 0.0001 0.09882
10 13 12 0.2111 200 0.0001 0.09882
11 12 11 0.2111 200 0.0001 0.09882
12 11 10 0.2111 500 0.0001 0.09882
13 10 9 0.2111 600 0.0001 0.09882
14 9 14 0.2111 251 0.0001 0.09882
15 14 8 0.2111 249 0.0001 0.09882
16 15 7 0.2111 249 0.0001 0.09882

Table A3 shows the remaining selected properties in the sample network.
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Table A3
Remaining properties

Property Value Unit
kinematic viscosity 11107 m?%/s
density 978 kg/m>
heat capacity 4190 J/kgK
ambient temperature 6.6 °C

Table A4 shows the return flow temperatures from the validation scenario 1

Table A4

Validation 1: Return flow temperatures

Node Temperature return flow in °C
Roka® Method of this paper Difference
1 53.573 53.574 0.001
2 53.698 53.700 0.002
3 53.551 53.554 0.003
4 53.755 53.760 0.005
5 53.647 53.653 0.006
6 54.595 54.595 0.000
7 55.000 55.000 0.000
8 55.000 55.000 0.000
9 54.697 54.697 0.000
10 54.362 54.362 0.000
11 53.984 53.985 0.001
12 53.680 53.682 0.003
13 53.762 53.765 0.003

Table A5 shows the computing time of the second validation scenario for each time step.

Table A5

Computing time of the validation scenario 2

Time step

CPU time in seconds

Real calculating time in seconds

O 00N U HA WN =

WL WL WL W WWNNNNNNDNDRNNDNE D R e e
PV TRERORNRS ORI RWNRL,OOO®NOUAWNR O

0.671875
0.765625
0.890625
1.125000
1.187500
0.625000
1.234375
0.687500
0.656250
1.031250
0.718750
0.921875
0.671875
1.093750
0.593750
1.343750
1.281250
0.765625
0.984375
1.078125
0.921875
0.890625
0.468750
0.593750
1.000000
0.468750
0.687500
0.906250
1.203125
0.671875
0.890625
0.921875
0.765625
0.890625
0.828125
1.093750
0.734375
0.796875

15

0.4646616
0.6107829
0.4680094
0.8845147
0.6531411
0.6160931
0.8734283
0.5786707
0.4926179
0.6605790
0.6485085
0.6408590
0.4774609
0.6349016
0.4737051
0.6495286
0.5971067
0.5105059
0.4291154
0.6448237
0.4564717
0.4908575
0.4827642
0.4772966
0.6476767
0.4404601
0.6385784
0.4860927
0.4498117
0.5461620
0.4771090
0.4636888
0.4841977
0.6344883
0.5374730
0.5746446
0.4814903
0.6795039

(continued on next page)
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Table A5 (continued)

Energy 266 (2023) 126410

Time step CPU time in seconds Real calculating time in seconds
39 0.593750 0.4179403
40 0.937500 0.5743902
41 0.984375 0.6452292
42 1.062500 0.4381585
43 0.500000 0.3988432
44 0.843750 0.7711376
45 0.703125 0.5807801
46 0.484375 0.4462539
47 0.515625 0.4333113
48 0.640625 0.4328867
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