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Abstract: 5th generation district heating and cooling networks (5GDHC) will play a role
in the reduction of CO2 emissions and the resilience to global warming. Our analysis
of the literature points out that no simulation study proposes a comprehensive enough
description of such networks. The simulation solution presented in this article considers
the intertwined influences between the thermal-hydraulic balance in the network, the
behavior of the decentralized heat pumps and chillers at substations, and the thermal
coupling with the ground. For a given simulation scenario, the 3 developed models are
iteratively solved until convergence is reached. After showing how the latter is handled,
we exhibit an original result about the influence of the differential pressure between the
hot and cold pipes.
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1 Introduction

1.1 Context

Due to their inherent ability to integrate renewable and waste energies efficiently, urban
thermal networks are key systems for any policies aiming at limiting global warming [1].
With the increase in space cooling demands, expected to be multiplied by 1.6 from 2016
to 2050 in Europe [2], urban areas energy systems must evolve. Even though individual
reversible heat pumps present some advantages such as modularity and resilience to
variations of heat to cold demand ratio, a generalization of their development induces
numerous issues: low efficiency of air as thermodynamic source, increased stress on
the electrical grid, enhancement of urban heat island phenomenon, architectural inte-
gration, etc. In this context and in the frame of smart energy systems development, i.e.
systems taking advantage of positive synergies between energy carriers, the concept
of 5th generation district heating and cooling (5GDHC) systems has been introduced
[3]. 5GDHC systems are able to ensure heat and cold demands with high spatial and
temporal variability by making use of a set of hydraulic pumps and a network operating
close to ambient temperature, which offers a high quality thermodynamic source to a
set of distributed thermodynamic machines (heat pumps and/or chillers).
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1.2 State of the art

The interest in 5GDHC systems has grown significantly over the last 10 years. Through-
out Europe, Buffa et. al [3] listed 40 systems in operation. The author highlighted the
diversity of both the design and operation principles. They ended up with an interesting
classification of the network types, accounting for the number of pipes, the bidirection-
alities of flows and energy and the origin of the heat. Sommer et al. [4] classified
5GDHC networks into 3 main categories. First, classical networks are composed of
a supply pipe and a return pipe, similarly to older generations networks. Then, bidi-
rectional networks are composed of a hot pipe and a cold pipe, alternatively supply
or return pipe depending on the demand in the substations (cold or hot demand). Fi-
nally, reservoir networks are composed of only one pipe in which mixing occurs. More
recently, Gjoka reviewed the different scientific publications on 5GDHC, distinguishing
simulation works from optimisation works [5].

Table 1. Main studies with simulations of low temperature networks. The grades symbolize the level of
faithfulness according to the authors from 1 (poor description) to 5 (faithful description).

Reference Thermal description Hydraulic description Thermal losses
of the substation of the network of the network

Hirsch and Nicolai [6] 2 4 3
Abbugabara et al. [7] 5 3 1
Toffanin et al. [8] 5 3 3
Bünning et al. [9] 5 3 3
Adihou et al. [10] 5 3 4
Maccarini et al. [11] 5 3 5
Saini et al. [12] 3 4 3

Regarding simulation studies, we found 7 different model descriptions in the litera-
ture. Hirsch and Nicolai [6] have implemented a thermal hydraulic simulation solution
focused on the distribution network. In another study, Abbugabara et al. [7] developed
a comprehensive Modelica model of a 5GDHC substation, aiming to compare the uti-
lization of a chiller with that of a direct cooling exchanger. Then, the impact of a 5GDHC
network on the flexibility of the electrical grid has been investigated by Toffanin et al.
[8]. Bünning et al. [9] demonstrated that the strategy of free-floating temperature yields
poorer performances compared to a strategy imposing the balancing plant exit tem-
peratures. In addition, Adihou et al. [10] employed an exergetic approach to evaluate
the efficiency of low-temperature networks. The influence of the secondary distribution
temperature on network performance has been highlighted by Maccarini et al. [11].
Lastly, Saini et al. [12] utilized Monte Carlo methods coupled with a 5GDHC simulator
to assess the sensitivity of the levelized cost of heating (LCOH) to variations in capital
expenditures (CAPEX).

Based on our analysis of these different studies, we identify three main points to faith-
fully describe a 5GDHC network. First, the substation can deliver either cold or heat.
The coefficient of performance for the heat pump and the chiller must be described
dependant on the temperature of the primary and secondary loops. Then, the network
hydraulic description should take into account pressure drop and allow for bidirectional
flows with decentralized hydraulic pumps. Finally, one should take into properly the
thermal losses whether the pipes are insulated or not. Indeed, there is no consensus
whether the pipes have to be insulated or not. Wirtz et al. [13] use non insulated plastic
pipes whereas Saini et al. [12] or Bünning et al. [9] use classical pre-insulated pipes.
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Table 1 evaluates these three key points in the seven simulations that we previously
listed. We observe that no article manage to comprehensively describe the three iden-
tified key points.

1.3 Main contribution and paper organisation

Based on the analysis of the literature, we concluded that the different modeling solu-
tions were not complete. In the present paper, we aim to develop a versatile 5GDHC
simulator describing properly the substation, the hydraulic and the heat losses of the
network. In order to do so, the remaining of the paper is organised as follows:

• Section 2 presents the complete model based on the iteration between i) a de-
tailed substation model accounting for temperature dependency, ii) a state-of-the
art thermohydraulic model of the network and iii) a thermal model of the soil to
account for heat diffusion in the ground.

• Section 3 introduces a simple case study, used to specifically detail the conver-
gence process between the different models and present a preliminary interesting
analysis of the pressure field in such a network.

• Section 4 concludes the paper and presents the perspectives.

2 Overall model description

Our solution of simulation is based on three interconnected submodels (substation
and consumer, main plant and network, ground). Sections 2.1 to 2.3 present each
submodel and section 2.4 presents the iterative process between these submodels.

2.1 Substation and Consumer model

The demand is divided in two categories with cooling load denoted Q̇c,consumer and heat-
ing load denoted Q̇h,consumer (space heating + domestic hot water). These two quantities
are positive. The heat load curves of the different buildings are generated thanks to the
nPro tool [14], and hypothesis are made regarding the secondary networks tempera-
ture, depending on external temperature.
The architecture of the substation is presented in Figure 1. The secondary heating net-
work is supplied by a heat pump and the secondary cooling network is fed by a chiller.
The evaporator of the heat pump is connected to the condenser of the chiller. This ar-
chitecture is consistent with former modeling of 5GDHC networks [15], [16]. Following
the imbalance between hot and cold demand, the substation can withdraw (dark red
arrows) / rejects (dark blue arrows) heat from / in the network. We assume that both
heat pump and chiller are equipped with a variable speed controller allowing to cover 0
to 100 % of the nominal speed.

The coefficients of performance (COP) of both heat pump and chiller are calculated
as a fraction ηCarnot of the ideal COP of Carnot. Carnot’s COP applies on the tem-
perature of the refrigerant in the internal loop. Like Bünning et al. [9], we assume a
difference of temperature of ∆Tr = 2◦C between the outlet water temperature and the
refrigerant at both sides of the heat pump / chiller. The heat exchanges between the
heat pump and the network, and between the chiller and the network are thus calcu-
lated using Equations 1 and 2.
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Figure 1. Architecture of the substation. The heat is delivered by a heat pump and the chiller delivers
the cold. The four different arrows symbolizes the four possible configuration of pressure
and demand. For the sake of clarity, different pumps have been drawn depending on the
operation modes. In reality one pump in the box ∗ associated to the proper set of valves may
be sufficient.

Q̇eva,HP = Q̇hot,consumer

(
1−

(Th,supply +∆Tr)− (T S
c,SST −∆Tr)

ηCarnot(Th,supply +∆Tr)

)
(1)

Q̇con,C = −Q̇cold,consumer

(
1 +

(T S
h,SST +∆Tr)− (Tc,supply −∆Tr)

ηCarnot(Tc,supply −∆Tr)

)
(2)

Let Q̇SST be the net exchange of heat between the network and the substation :
Q̇SST = Q̇eva,HP + Q̇con,C . We are able to compute the heat exchange between the
network and the substation. Then, we can compute the mass flow rate through the
substation using Equation 3.

ṁSST =
Q̇SST

cP∆TSST

(3)

∆TSST = T S
h,SST − T S

c,SST is the difference of temperature between the outlet and the
inlet of the chiller’s condenser and between the inlet and the outlet of the heat pump’s
evaporator. In the general case, each substation has its own ∆TSST imposed by the
manufacturer of the thermodynamic machine. If ṁSST > 0, the substation withdraws
heat from the network (Q̇eva,HP > |Q̇con,C |). If ṁSST < 0, the substation rejects heat into
the network. This mass flow rate is imposed thanks to a control valve or an hydraulic
pump (see Figure 1), depending on the dominating demand and the local pressure
difference between hot and cold pipe (positive or negative).
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2.2 Network and Plant model

Knowing the mass flow rate at each substation (see section 2.1) and the thermal
losses in each pipe (see section 2.3), we can perform the simulation of the model
of network. We use the software DistrictLab-H [17]–[19]. DistrictLab-H is a scalable
thermal-hydraulic modeling framework for dynamic simulation of small to large-scale
networks. The global thermal-hydraulic model is computed relying on the iteration
between a static non-linear hydraulic solver and a dynamic quasi-linear temperature
transport solver. The versatility of the tool allows the modeling of the bidirectionality
inherent to the type of 5GDHC network here modelled.
There is one pump in each substation and one pump in the main plant. Each pump is
in parallel with a control valve (see Figure 1). Following the direction of the flow, the
waters goes either through the pump or through the valve.
Thanks to the model of the substation (section 2.1), the heat exchange and the mass
flow rate are imposed in each substation of the network.

Figure 2. Architecture of the main plant. The arrows represent the different configuration. Following the
direction of the flow, the heat exchanger controls the hot temperature (heating mode) or the
cold temperature (cooling mode).

As shown in Figure 2, the main plant must allow the proper functioning of the net-
work. It imposes a given temperature (temperature of the cold pipe if the cold demand
is higher and of the hot pipe in the other case). During post processing, we calculate
the cost of the main plant operation from the heat transfer in the central heat exchanger
(see Figure 2). This calculation depends on the energy source of the main plant. It is
not necessary to impose the flow rate in the main plant (it is imposed by the mass con-
servation).

2.3 Ground model

Figure 3 presents the modeling of the thermal losses for ground buried pipes. From
the center towards outside, Figure 3 illustrates the fluid, the pipe wall, the insulation
layer, the soil at variable temperature and the undisturbed soil. The description of the
thermal transfer in the pipe and the insulation layer (Rfw, Cw, Ri) are similar to [18].
In case of uninsulated pipe, we take Ri = 0. In the latter case, the influence of the
fluid temperature on the surrounding ground temperature is enhanced and must be
accounted for. Following the work of Maccarini et al. [11], we model the heat transfer
in a disk of soil around the pipe (dark brown in Figure 3) thanks to a radial 1D heat
conduction equation axisymetric:
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Figure 3. Model of thermal losses. Thermal capacities of pipe wall and soil are taken into account. We
consider the thermal resistance of the convective heat transfer, the insulation layer and the
soil. We must spatially discretize the soil in elementary disks to solve the heat equation.

ρscs
∂T

∂t
= λs

(
∂2T

∂r2
+

1

r

∂T

∂r

)
, (4)

where ρs is the density, cs the thermal capacity, and λs the thermal conductivity of the
soil. There are 2 spatial boundary conditions : the fluid temperature and the undis-
turbed soil temperature (see Figure 3). There is no analytical solution of Equation 4 for
time-dependant spatial boundary conditions. For this reason, we discretize the soil in n
elementary disks (see Figure 3) . For the spatial discretization, we integrate Equation
4 over each disk k ∈ J1, nK. Divergence theorem leads to :

Ck
∂Tk

∂t
= R−1

k−1(Tk−1 − Tk) +R−1
k (Tk+1 − Tk). (5)

The thermal lineic capacities and thermal resistances are calculated respectively with
Equations 6 and 7.

C1 = πρscs(ri +
δr

4
)δr ; Ck = 2πρscs(ri + (k − 1)δr)δr for k ≥ 2 (6)

Rk =
δr

2πλs(ri + (k − 1
2
)δr)

(7)

Equation 5 remains valid for k = 1 by setting R0 = Ri. Finally, we consider the thermal
capacity of the pipe wall Cw = 2πρpcprpew and the resistance associated to convective
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heat transfer between the fluid and the wall Rfw. Setting R−1 = Rfw and C0 = Cw,
the problem is reduced to the system of equations 5 for k ∈ J0, nK with the boundary
conditions:

T−1 = Tf (t) ; Tn+1 = Tg(t) (8)
Tf (t) is given by the network model (see section 2.4) and Tg(t) is the ground tempera-
ture undisturbed by the fluid at the depth of the pipe. For the latter, the model of Kusuda
et al. [20] is used. The remaining ordinary differential equations are solved using the
solver odeint from the scipy library [21]. Finally, we obtain the evolution of the lineic
thermal losses Q̇loss,f = (T0(t)−T−1(t))/R−1. Knowing the length of the pipes, the total
heat losses along each pipe is computed and sent to the network model.

2.4 Iteration logic description

The principles of the iterative process between the different models are presented in
Figure 4. The iteration proceeds from step (A) to (D). For steps (C) and (D), relaxation
is implemented to smooth the convergence process (see Equation 9 for step D). For
the initialization, the substation temperatures are set to default values while the edge
losses are set to 0.

Substation/Consumer 
Model

Network/Plant
Model

Nsst models 1 network model Ne models

Ground 
Model

Outdoor Temperature Undisturbed Ground Temperature

(A)

(D)

(B)

(C)

ሶ𝑚𝑠𝑠𝑡

ሶ𝑄𝑠𝑠𝑡

𝑇ℎ,𝑠𝑠𝑡

𝑇𝑐,𝑠𝑠𝑡

𝑇𝑒

ሶ𝑄𝑙𝑜𝑠𝑠,𝑓,𝑒

Figure 4. Description of the iterative process. One iteration consists in steps (A) to (D). At each step,
there are multiple substation and ground models simulations. For the latter, a representative
subset is chosen to reduce running time of simulation. The variables trajectories over the
entire simulation period are exchanged between the different models.

The model of substation computes the mass flow rate that must cross each substa-
tion. The temperature entering the substation T S

in,SST is determined by the network
simulation. We define a relaxation parameter α which characterizes the update of the
temperature thanks to following equation :

T S
k+1 = αTN

k + (1− α)T S
k , (9)

where T S
k is the input temperature of the substation simulation at iteration k and TN

k is
the output temperature of the network simulation at iteration k. α takes value between
0 and 1.

The model of network takes as input the mass flow rate and heat exchange in each
substation, and the thermal losses in each pipe. For each pipe, the model of soil takes
the evolution of the fluid temperature in the pipe as input and gives the evolution of
the thermal losses as output. The thermal losses are updated on a similar way as the
equation 9. The output is a field of temperature in the network.
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For each edge, the soil model takes the evolution of the fluid temperature as input
and computes the evolution of the thermal losses.

3 Results

3.1 Case study

As represented in Figure 5, the network is composed of 2 substations (offices and
swimming pool) and a plant, balancing the energy of the network. We design the pipe
diameter to limit both the pressure loss to 200 Pa/m and the velocity to 1.5 m/s.

Figure 5. Case study with a main plant and two substations. The arrows are consistent with Figures 1
and 2. The pie charts represents the share of heating (red) and cooling (blue) demand over
one year.

We set Tsetpoint,h = 30◦C and Tsetpoint,c = 23◦C for the plant. We assume that the main
plant is fed for e.g. by water from a lake (10◦C) and uses a i) a heat pump in case of
overall heat demand and ii) a heat exchanger in case of overall cooling demand. We
take ∆Toffice = 10◦C and ∆Tpool = 4◦C as setpoint for the substation primary flow rate
control.

We consider three representative periods of 15 days respectively in January, July and
October. This corresponds to the 3 following cases: mainly hot demand, mainly cold
demand, and quasi-balanced demand. The average hot and cold demand are repre-
sented on Table 2.

3.2 Convergence analysis

In this section, we focus on the analysis of the convergence between the substation
and network models. In a substation j, at the step time i, we define the gap gj(i) and
the overall gap with Equations 10 and 11 respectively.
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Table 2. Average heat load over the three periods of 15 days considered.

January July October
Heating
demand
(kWth)

Cooling
demand
(kWth)

Heating
demand
(kWth)

Cooling
demand
(kWth)

Heating
demand
(kWth)

Cooling
demand
(kWth)

Office 524 0 15 103 70 32
Swimming
pool

330 0 41 10 76 3

gj(i) = max(ṁj(i), 0)
2
(
T S
h,j(i)− TN

h,j(i)
)2

+min(ṁj(i), 0)
2
(
T S
c,j(i)− TN

c,j(i)
)2

(10)

gap = cP

√√√√∑Nsst
j=1

∑nsteps

i=1 gj(i)

Nsstnsteps

(11)

The variable gap corresponds to the estimation of the average error in the calculation
of the heat power entering each substation. ṁj(i) is the mass flow rate through sub-
station j at time step i. TN

h,j and TN
c,j are the hot and cold temperature at the substation

boundaries in the network simulation whereas T S
h,j and T S

c,j corresponds to the hot and
cold temperature estimation in the substation model. cP is the water heat capacity. Nsst

is the number of substations whereas nsteps corresponds to the number of time step in
the simulation.

0 5 10 15 20
iteration

0

20

40

60

80

ga
p

(k
W

)

α = 0.5

α = 1

January

July

October

Figure 6. Evolution of the gap with the iterations. The shape of the marker is different for α = 1 (square)
and α = 0.5 (triangle). The three different colors symbolize the three periods of simulation
(January, July, October).

For each simulation, a time step of 5 minutes was considered and we performed 20
iterations. In Figure 6, we plot the evolution of the gap (equation 11) for α = 0.5 and
α = 1.
In January, the gap decreases towards zero, whatever the value of α. With α = 1, the
convergence is faster.
In July, the gap does not tend towards zero. However, the values of the limit of the
gap (17 W for α = 0.5 and 27 W for α = 1) can be neglected, regarding the average
demand of 103 kW of cooling for the offices and 40 kW of heating for the swimming
Pool (see Table 2). Finally, in October, the simulation does not converge (the limit of
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the gap in one half of the demand) by taking α = 1. Taking α = 0.5 leads to a minimal
gap of 260 W , which is 0.4% of the average demand in each building.
This analysis illustrates that the convergence process between the substation and the
network model is rather stable. in general, a relaxation parameter of 0.5 and 10 itera-
tions ensure a gap of less than 1%.

3.3 Pressure field analysis

As a preliminary results obtained with this model, we study the influence of the imposed
pressure difference between the hot and the cold pipes and more specifically the sign
of this minimal differential pressure. We define the configuration ’hot pipe pressurized ’
(HP) when the pressure of the hot pipe is at least 1 bar higher in all points of the network
and the configuration ’cold pipe pressurized ’ (CP) inversely. The direction of the flow
in the different configurations, i.e. hot pipe pressurized and cold pipe pressurized is
shown in Figure 5. We focus on the electrical costs for the operation of the hydraulic
pumps of the network, trying to find the most efficient configuration. Table 3 presents
the consumption of the hydraulic pumps in the different simulations.

Table 3. Comparison of the sum of the electrical consumption of the hydraulic pumps in the network.
The calculation of difference takes the first column as reference.

Month Hot pipe pressurized (kWhe) Cold pipe pressurized (kWhe) Difference (%)
January 957.6 827.4 −13.6 (%)

July 118.6 116.8 −1.6 (%)
October 172.8 152.7 −11.6 (%)

In October and January, there is a significant difference between the two setups. In
July, the consumption is similar for the 2 modes.

We first focus on the difference in January, where both substations need heat. We
represent schematically the two configurations in Figure 7.

The pressure loss in the pipe between the main plant and the first substation (0-1)
can be written using the Darcy-Weisbach formulation, as shown in Equation 12.

∆P0−1 = k0−1(ṁ1 + ṁ2)
2 (12)

The analytical expression of k0−1 is given in Equation 13, where D0−1 is the diameter
of the pipe and L0−1 is its length. fD is the Darcy friction factor.

k0−1 =
8fDL0−1

ρπ2D5
h

(13)

Similarly, the pressure loss between the two substations is :

∆P1−2 = k1−2ṁ
2
2. (14)

If the hot pipe is pressurized (HP), we use the centralized pump of the main plant
(MP) :

Pelec,HP =
1

ηMP

(ṁ1 + ṁ2)∆PMP,HP , (15)
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where ηMP is the electro-mechanical efficiency of the pump. We write the explicit form
of ∆PMP,HP :

Pelec,HP =
1

ηMP

(ṁ1 + ṁ2)(∆Pmin + 2k0−1(ṁ1 + ṁ2)
2 + 2k1−2ṁ

2
2). (16)

∆Pmin is the minimal difference of pressure between the pressurized line and not pres-
surized line of the network. Staying above this threshold ensure that the design mass
flow rate can flow through the substation and the main plant when the valves are fully
open.
If the cold pipe is pressurized (CP), we use the decentralized pumps:

Pelec,CP =
1

ηSST1

ṁ1∆PSST1,CP +
1

ηSST2

ṁ2∆PSST2,CP . (17)

We can explicit ∆PSST1,CP and ∆PSST2,CP :

Pelec,CP =
1

ηSST1

ṁ1(∆Pmin+2k0−1(ṁ1+ṁ2)
2)+

1

ηSST2

ṁ2(∆Pmin+2k0−1(ṁ1+ṁ2)
2+2k1−2ṁ

2
2).

(18)

We assume that the three hydraulic pumps have the same efficiency η. The difference
between the two configurations is then:

Pelec,HP − Pelec,CP =
2

η
k1−2ṁ1ṁ

2
2. (19)

Figure 7. Pressure loss with both substations in heating mode. The left part presents the case of hot
pipe pressurized and the right part presents the as of cold pipe pressurized. The arrows
remind the notations of Figures 1, 2 and 5.

Equation 19 confirms what we observe on Table 3: It is more efficient to use the de-
centralized hydraulic pumps than a centralized pump. This difference is more sensible
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to the mass flow through the most distant substation (quadratic relationship) than the
other substation (linear relationship). In classical networks, such operation is unfeasi-
ble since there are only valves in substations, and the gain does not compensate the
CAPEX of decentralized pumps. In bidirectional networks, where we need decentral-
ized hydraulic pump to make the network bidirectional, the use of decentralized pumps
in case of uniform demand leads to economical savings.

In July, where the cold demand dominates, one could except the pressurization of the
hot pipe to be the most efficient. Actually, there is still a need for heat in the swimming
pool, and the higher value of ∆Toffice leads to a decrease of the mass flow rate through
the office, that is the reason why the results are balanced. In October, the situation is
a combination of both phenomena described for January and July.

4 Conclusion

In this paper, a versatile simulation solution for 5GDHC networks is introduced. It is
based on an iterative process between 3 different models:

• A thermal model of substation,
• A thermal hydraulic model of primary network,
• A thermal resistive-capacitive model of soil.

The iteration between the different models allows taking into account the main physical
phenomena involved in 5GDHC networks. In this paper, we have mainly studied the
effects of the sign of the minimal imposed differential pressure between hot and cold
pipes. Contrary to the current setup in classical network, it is here shown that it is more
interesting to pressurize the cold pipe during winter and use decentralized hydraulic
pumps in order to do so.

Thanks to the presented model, different scenarios will now be addressed. Espe-
cially, the sensitivity of the system performances depending on pipe insulation, balanc-
ing plant setpoint temperatures and difference of temperatures through each substation
are on-going studies.

The latter will open the path to optimal control in order to determine the most favorable
time-dependent thermal hydraulic conditions for the network’s operation.

Author contributions

CP collected the data, developed the model, performed the simulations and wrote the
manuscript. NL supervised the project and reviewed the manuscript.

Competing interests

The authors declare that they have no competing interests.

Funding

This project has been financially supported by Institut Carnot ”Énergies du Futur”.
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