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1 Introduction

One subtask of the Annex 60 (Task 2.2) consists in the modeling of district composed by thermal and
electric networks. In this contribution, several modeling techniques are investigated to assess the
behavior of the thermal part of the district heating network. These modeling techniques are
compared to find the best modeling approach.

A district heating network (DHN) is composed by several pipes to connect power plant(s) to end-
users (residential buildings, industries, etc.). The length of the pipes in the network can vary from a
few meters up to several kilometers for the largest DHN. For such pipes, the fluid velocity is generally
reduced (0.5 — 5 m/s) to limit the pressure losses [1]. Therefore, the energy supplied by a power
plant could take minutes to hours to reach the farthest end-users.

The modeling of heat transport in DHN is useful:

- To design correctly the DHN itself (pipe diameter, operating temperatures, etc. ) in order to
ensure comfort in buildings and minimize the investment costs;

- To investigate control strategies of DHN and the related power plants to reduce energy
consumption, emissions and costs;

- To reduce the investment costs related to the control strategies by avoiding the use of
sensors (mass flow rate, temperature,...).

In order to reduce the energy losses and/or to perform a useful control of the DHN, two main
phenomena should be considered:

- Heat losses: the larger the operating pipe temperature, the more heat losses. Therefore, as
much as possible, the pipe temperature should be decreased to reduce heat losses while ensuring
thermal comfort in the farthest buildings;

- Pumps consumption: in first approximation, the electric pump consumption is related to the
mass flow rate by a quadratic law.

These two aspects are related. Indeed, if the supplied pipe temperature of the DHN is reduced, the
mass flow rates have to be increased because of the lower limit on the return pipe temperature to
ensure buildings comfort.
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2 Modeling methods

Models available in the Modelica or external libraries are first studied to determine the advantages
and the disadvantages of using them for the modeling of the heat transport in district heating
networks.

2.1. Modelica implementation (finite volume method)
In the Modelica library, a reference pipe is modeled by a one dimensional finite-volume approach
(referenced 1D FVM). The pipe is discretized along its longitudinal axis in a finite number of cells of
equal volume V, as depicted for the one-dimensional problem in Figure 1.
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Figure 1. Discretization of the pipe in cells and representation of the variables [2].

In Figure 1, h stands for the enthalpy; p for the fluid density; 72 for the mass flow rate; @ for the heat
flux and Ax for the spatial discretization. Two types of variables are present: cell variables and node
variables (at cells interface). The latter ones are indicated by subscript “su” (supply) and “ex”
(exhaust), and correspond to the inlet and outlet nodes of the cell. The variables with a “*”
superscript are related to the adjacent cells. To compute the node values, a discretization scheme is
implemented in the cell component. In the one-dimensional finite volume approach investigated in
this study, the upwind scheme is used: h = h,, [2]. To consider flow reversal, a conditional
statement is added in function of the flow rates at the inlet nodes:
h ifm_, <0

I A .

where 1 ., = 0 when the fluid flows in the nominal direction (from left to right in Figure 1).

In each cell, conservations laws are applied, namely the mass (2), momentum (3) and energy (4)
balances [3], as given hereunder for the one-dimensional incompressible flow problem:

Bp , dlpu) _

5.t =0, (2)
a(pu) , 8(pu®) _  ap .

T—F?——E—T—pgsmﬂ, (3)
Blpe) , Blpsu) _dp | A :

—. T, =5, TQ—pugsing, (4)

where u stands for the velocity, p for the pressure, t for the shear stress per unit length of the flow
channel, g the net acceleration and e=h+u?/2.
The calculated properties (pressure, enthalpy, etc.) are considered lumped for each cell.
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2.1.1 Numerical diffusion

The upwind scheme, previously described, is often used because it is robust and avoids numerical
oscillations and divergence if a stability criterion is satisfied. This criterion is called the CFL (Courant —
Friedrichs — Lewy) condition and is defined for one dimension spatial discretization by

w At

CFL =
Ax

<1, (5)

where At, the time step in s and Ax, the spatial discretization in m. Notice that if CFL condition is
equal to 1, the exact solution of the studied problem is found by the one-dimensional finite volume
method. In this case, the entering flux covers the entire cell during the time step and the lumped
properties at the nodal point correspond to the properties at the interface that are obtained by the
upwind scheme. If CFL value is lower than 1, the upwind scheme can induce some numerical
diffusion [4]-[5] because of the fact that the entering flux does not cover the entire cell.

Figure 2 illustrates the numerical diffusion of the upwind scheme: in the case of a temperature step
applied at the inlet of a pipe at initial time, it can be noticed that the adimensional temperature
response at the pipe outlet is function of the CFL value. When CFL is lower than 1, the numerical
diffusion appears: the adimensional temperature increases before the exact solution but reaches the
final temperature after the exact solution. The lower the CFL value, the earlier the temperature
begins to increase and the later the temperature reaches the final value.
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Figure 2. The numerical diffusion due to CFL conditions for a step input for several CFL conditions.

To illustrate this discussion, here is a numerical example where a fluid at a temperature of 90°C
enters a pipe at a temperature of 20°C. This pipe is divided in N cells. In this example, the cell size is 1
meter and the fluid velocity is equal 0.5 m/s. In reality (superior part of Figure 5), the fluid covers
only one half of the cell; therefore the outlet temperature of the cell 1 is still at 20 °C (red circle in
Figure 3). However, the upwind scheme leads to a lumped temperature of the cell and the outlet
temperature of the cell 1 is 55°C.
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Figure 3 - Numerical example of the upwind scheme behaviour.

Notice that for a fixed fluid velocity, the time step is directly linked to the spatial discretization to
ensure convergence. For a fixed CFL value, here 0.5, Figure 4 shows the influence of the spatial and
time discretization due to the numerical diffusion. As expected, the solution is closer to the exact
solution for higher spatial and time discretization but it involves a larger computational time which
could be not compatible with predictive control especially for larger networks.
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Figure 4. The numerical diffusion due to CFL conditions equal to 0.5 for varied spatial/time steps.

Various numerical alternatives to reduce the numerical diffusion of the upwind scheme are available
in the literature, such as second or higher order upwind schemes [5]-[8]. However, their use has not
been investigated because they can introduce oscillations or convergence issue once implemented,
especially when the level of spatial discretization is high, i.e. there is a large number of variables.

2.2, Modelica alternative implementation

In the considered case, the energy, mass and momentum balance are simplified:
- ltis assumed that that the section of the pipe is constant;
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- Elevation between the inlet and the outlet pipe (sin(#) = 0) is not considered;
- The fluid is supposed to be incompressible (p is independent on the pressure);
- The pressure is assumed constant inside the cell.

Equations 2 to 4 become:

Thax _mm = VZ_Z (6)

Poy —Pex = 0, (7)

Vp % = ms-u[hsu - h’) - ma.x [hax - h’) + Q.' (8)
2.3. Comparison of modeling approaches

While no measurements data are available for the model validation, it was decided to consider a bi-
dimensional FVM method (referenced 2D FMV) as the reference case to study the capabilities of the
FVM approach. This method, available on OPENFOAM considers the radial velocity profile (the
turbulence phenomenon) inside the pipe, so the pipe is discretized according to its longitudinal and
radial axis. A refined discretization is used to be certain to capture the correct behavior.

A 20 meters long pipe is first considered to investigate the transport of the heat inside a pipe. This
pipe has a diameter of 0.35 m!. The inlet temperature of the flow travelling the pipe is increased
from 323 to 333 K in 10 seconds.

A previous study [9] showed that the 1D FVM implemented in Modelica is sufficient to model the
transport of heat inside the pipe. After analysis, the 2D FVM does not bring substantial details
compared to 1D FVM implemented in Modelica. The trends of the outlet pipe temperature of the
1D FVM (blue circles) and 2D FVM (black squares) are shown in Figure 5 for a cell size of 0.05 m
(lower cell sizes lead to the same results). The inlet pipe temperature is depicted in straight black
line. These trends are similar for the two cases. The computational time of the 2D FVM is about one
hour? for simulating only 40 seconds. As discussed before, the pipes of real DHN are longer than 20
meters larger; therefore it seems currently impossible to consider such refined cell discretization for
a whole network with reasonable computational time. An alternative is to perform a rougher spatial
discretization, i.e. increase the cell size to reduce the variables numbers and thus the model
complexity. On the other hand, when the variable number increases (i.e. little cell size for long pipe),
the system becomes too complex to be solved by Modelica. Indeed when a pipe of 1 km is
discretized with cell size of 0.05 m, Modelica cannot initialize the simulation (for different time
integrator scheme).

! The pipe diameter is the one of the ULg DHN with a annual heat demand of about 60MWh.
2 0n a conventional computer with a 17 Core (2014)
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Figure 5 - Comparison results between 2D FVM and 1D FVM.

In Figure 5, the so-called exact solution of the 1D FVM (in red) corresponds to the analytical solution
of the problem. Due to time and spatial discretization, problems related to numerical diffusion can
occur (as discussed before). If the number of cells is reduced, some errors appear due to this
numerical diffusion. In Figure 6, the cell size is increased to 1 m (blue) instead of 5 cm (green), an
increase of the outlet temperature occurs sooner than it occurs in the reality. In this studied
reference test case, the time difference is only five seconds but this case corresponds to a short pipe
of 20 m. If a longer pipe (1 km) is considered (as shown in Figure 7), the temperature increase
appears sooner compared to the exact solution of the 1D FVM.
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Figure 6 - Influence of the spatial discretization on the results due to numerical diffusion
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Figure 7 - Influence of spatial discretization on the results of heat transport in a 1 km pipe.

This numerical diffusion can be considered as an issue especially when the temperature variation at
the pipe inlet is quick. On the contrary, if the pipe inlet temperature variation is slow, the numerical
diffusion effect is reduced.

Case studies

To help the discussion, two case studies can be investigated: the Annex 60 Task 2.2 and the district
heating network of the University of Liege (ULg).

In the case of the ULg DHN, the temperature variations are limited to some degrees per hour. To
allow the convergence of the Modelica software and reduce the computational time, it was decided
to check the resulting error obtained by the 1D FVM when a cell size of 100 m is considered. For a
conventional inlet temperature profile occurring in the ULg DHN, the mean absolute square error
obtained on the outlet temperature compared to the exact solution of the 1D FVM case is around
0.5K. As a result, the 1D FVM with a rough spatial discretization could be used for the modeling of
the ULg DHN.

On the contrary, if the DHN uses some control strategies such as quick temperature variations or
there is a night set back followed by a morning boost to ensure the comfort of buildings, this
modeling method is not suitable because it induces a wrong estimation of the heat transport delay.
The modeling of the district neighborhood investigated in Annex 60 cannot be solved by this
approach due to the numerous pipes leading to a too complex system to solve. Even if the simplified
balance equations are considered, the system still presents high number of variables. In
consequence, the initialization process for Modelica remains challenging like in the previous method.

2.4. Matlab implementation (plug flow)

This alternative approach is different and based on the Lagrangian approach, i.e. the fluid particles
are followed almong their direction (Figure 8).

10
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time =t time =t+ At

Figure 8 - Lagrangian approach.

To further simplify the problem, the density of a fluid particle is considered constant during its travel
along the pipe, so the mass variation inside the particle is considered equal to 0. This assumption is
correct since the temperature variation between the inlet and the outlet of an insulated pipe of DHN
is generally low? leading to a low variation of density. For each cell, an energy balance is performed
in order to take into account the heat losses. For the sake of simplicity, it is assumed that there are
no pressure losses for the considered particle. The equation system becomes:

fam
5, 0 (9)
Ves=20 (10

While it is required to determine the pressure losses in the network in order to assess the electricity
consumption of the pumps, it is proposed to lump at the end of the pipe an equivalent pressure loss
as a function of the mass flow rate by means of the Darcy-Weisbach correlation.

Results of the plug flow modeling are given in Figure 9. The exact solution of the 1D FVM (dashed red
line) can be obtained by simulation.

Contrary to the Modelica approach, the computation for a same spatial discretization is about 1000
times faster, allowing for a very good estimation of the heat transport delays without numerical
diffusion.

3 For example, a pipe of 35 cm diameter and 1 km length are insulated by 14 cm of mineral wool in the ULG DHN. This
leads to a temperature variation lower than 1K when the fluid velocity is superior to 0.5 m/s.

11
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Figure 9 - Results of plug flow modeling.

A similar approach is implemented in Modelica under the name “spatialDistribution” but no resulting
models has not been developed yet. An Annex 60 team is currently trying to implement a model to
consider the heat losses with this function.

On the other hand, previous works carried out by the authors focused on the implementation of the
Matlab solution in Modelica but the results have not been judged satisfactorily. One potential
explanation is that the problem is linked to the time step interval and the precision used to solve the
problem. When the time step (in case of resolution algorithm as Euler) is reduced and the precision
is increased, the results are the same as the plug flow method available on Matlab but lead to a
higher computational time. However if the time step is increased to speed up the calculations, some
numerical issues appear: the tracked positions are sometimes miscalculated due to wrong
approximations leading to wrong results (Figure 10).
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Figure 10 -Results of the plug flow method implemented on Modelica

3 Perspectives

Despite the ability of the plug flow method to assess the behavior of the heat transport in heating
networks, a new model is currently under development in Modelica language considering a very
simple method. It assesses the transport delay of one fluid particle in function of its fluid velocity
profile. The first results are promising and will be presented at the next Annex 60 meeting under the
reference: “Alternative method to model the heat transport under Modelica platform”.
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