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Faculty CEG, TU Delft, Delft, Netherlands; cDepartment of Hydraulics for Infrastructure and Industry, Deltares, Delft,
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ABSTRACT
This paper presents challenges in the control of 5GDHC networks and
proposes an approach for the robust control design of these networks.
Temperatures are low and temperature differences are small in 5GDHC
networks, in order to minimise heat losses in the distribution network
and directly utilise low-temperature heat sources. Therefore, the robust
control design of substations is crucial for stable and efficient operation
of 5GDHC networks. We proposed the key steps to obtain a consistent
control design that can be verified and tested prior to commissioning
of the building substations and network. The design approach was
elaborated in a case study in an existing neighbourhood in Haarlem,
the Netherlands, constructed in the 1930s to 1970s. This
neighbourhood will become independent of natural gas using PVT-
rooftop panels, individual heat pumps (HP), a 2-pipe, bi-directional
energy flow network operating at ultra-low temperatures and ATES
system as a seasonal and daily storage facility.
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Abbreviations

5GDHC: 5th generation District Heating Cooling, ATES: Aquifer Thermal Energy Storage; Net:
Network; HP: Heat Pump; PVT: PhotoVoltaic Thermal Panels; DH: District Heating; DHN: Dis-
trict Heating Network; TPAN: Panel Temperature; Tn: Network Temperature; TS: Storage Tempera-
ture; TPVT: PhotoVoltaic Thermal Panel Outflow Temperature; DT: temperature difference; b: Half
Degree; MV: Mixing tap-valve; LTDH: Low-Temperature District Heating; ULTDH: Ultra-Low-
Temperature District Heating.

1. Introduction

District heating networks (DHN) have been used since the late nineteenth century, however, several
major changes have happened. They accommodate the heat consumption decreasing due to
improved buildings efficiency and a reduction of the environmental impact compared to boilers
and heating systems at a local/building level.

Traditional district heating (DH) systems are centralised power stations that supply hot water or
steam to pipes for further city heat distribution. High-temperature DH systems are characterised by
high heat losses and maintenance costs. Therefore, the economic viability of traditional high-
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temperature DH infrastructures can be at risk with a decrease in heating demand due to the rate of
renewal of the existing building stock (Prando et al. 2015). The 4th generation (Li and Wang 2014;
Olsen et al. 2014) DHN can be divided into two categories following internationally accepted
definitions, Low-Temperature DH (LTDH) with supply temperatures ranging between 50 and
70°C and Ultra-Low-Temperature DH (ULTDH) which has supply temperatures below 50°C
(Averfalk et al. 2021). For ULTDH networks the water used for domestic hot water preparation
has to be heated additionally by an electric booster or booster HP (Kiss and Ferreira 2016) to pre-
vent legionella distribution. In (Jones et al. 2019) a 4th generation heating network on a community
scale is discussed and designed based on component sizing. However, all these networks cannot yet
be integrated with a district cooling system, even though the 4GDH was only recently developed,
the introduction of the 5th generation DHC, 5GDHC (Lund et al. 2021; Pellegrini and Bianchini
2018) was made. Modern researches introduce how 4th (Li and Nord 2018) and 5th-generation
DHC networks (Boesten et al. 2019) can utilise low-temperature heat sources which enable
smart energy systems combined with low-energy buildings and networks with low grid losses.
The 5GDHC has advantages in low-temperature resources integration, bi-directional operation
and decentralised energy flows. 5GDHC system may include decentralised heat pumps (HPs), ther-
mal storage in energy hubs and buildings, as well as pumps, chillers and electric boilers. If existing
buildings are renovated with decentralised HPs and a 5GDHC network, then attention must be paid
to the annual demand for heating and cooling if applicable. Another advantage of 5th generation is
the possibility of combined heating and cooling via the same network.

A typical feature of 5GDHC is the presence of prosumers in these networks. Brange, Englund,
and Lauenburg (2016) showed multiple benefits of prosumers in LTDH in a Swedish case study.
The ULTDH (5th Generation: ‘higher temperature line’ operates at maximum 50°C), further
enhances the aforementioned advantages. Brand et al. (2014) performed a simulation study with
prosumers to assess their impact on temperatures, pressures and velocities in the distribution net-
work. Lennermo, Lauenburg, and Werner (2019) analysed different control concepts for decentra-
lised solar district heating networks. They concluded that the return/supply connection must have a
more advanced control strategy, due to the feed-in temperature requirement. Furthermore, Len-
nermo, Lauenburg, andWerner (2019) stressed that the design of the control system is as important
as the design of the substation. Buffa et al. (2019) conclude that no technical standards or guidelines
are available for designers and there is a lack of knowledge for 5GDHC operational optimisation
and control (Buffa et al. 2019).

One of the challenges for the widespread use of 5GDHC networks is the development of robust
and standardised control systems, because these control systems are complex due to the bi-direc-
tional power flows (Buffa et al. 2019) and small temperature differences, compared to earlier district
heating generations. The modelling and stability of prosumer networks have recently gained atten-
tion from scientists with a mathematical background, addressing the temperature dynamics in pro-
sumer networks (Alisic, Paré, and Sandberg 2019).

The purpose of this work is to present a new stepwise approach to robust control for 5GDHC
networks with bidirectional power flows. The research focuses on the substation control design
using the example of a 5GDHC consumer network with decentralised heat pumps, rooftop PVT
panels and an aquifer thermal energy storage (ATES) system. Such types of application of
5GDHC networks can offer a sustainable solution for existing areas where no other energy sources
are available and space availability for large-scale development of sustainable sources is limited.

2. Materials and methods

2.1. Methods

This section first summarises the design approach of the substation controls. The case study and
mathematical model are detailed in the subsequent paragraphs. The modelling of the case study
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substations was performed using the validated WANDA software (Deltares 1992-2023). We pro-
pose the following key steps for safe and energy-efficient operation of 5GDHC substations:

1. Starting point: The hydraulic design must be completed, including design of expansion vessels
and a pressure transient analysis for emergency scenarios.

2. Active components: Identification of all active components that enable the control of the
substation.

3. Substation states: Then define the possible substation ‘states’ as unique combinations of active
component settings.

4. State transitions: Define all feasible transitions between the possible states.
5. Stability of substation states: The stability within each state is verified using control theory or

simulation studies.
6. Verification of transitions: The most critical state transitions should be verified.

These steps are elaborated hereafter.

2.1.1. Starting point
In (Pothof and Karney 2012) a general hydraulic and control design framework for water distri-
bution networks has been developed and extensively validated. Despite the obvious differences
between distribution of drinking water and thermal energy (in a closed water loop), the methodo-
logical approach in (Pothof and Karney 2012) with respect to hydraulics and control design can be
adopted for the design of district heating networks. The hydraulic design of 5GDHC and drinking
water networks is determined by maximum and minimum incidental pressures. Measures to man-
age incidental pressures may include surge vessels or limitations to pump and valve ramp rates.
These hydraulic design parameters affect the control design. Therefore, the hydraulic design
must be completed with respect to emergency scenarios prior to the design of control systems.
This starting point is applicable to drinking water and DH and DHC networks.

2.1.2. Active components
This step identifies the components in the thermal network that are activated in the operational
control philosophy. A conventional substation includes valves to control the heat transfer for
space heating respectively DHW preparation. Prosumer substations may include pumps and valves
with specific purposes.

2.1.3. Substation states
The substation states are defined by combinations of active component settings such as a discrete
setting (ON/OFF) or a setting to control a certain continuous variable, like a temperature difference
or pressure. For a general prosumer substation, all possible states are listed in a logical order, e.g.
from large net heating demand via no demand or balanced heating and cooling demand to large net
cooling demand. Note that cooling demand in a 5GDHC network is identical to heat supply by the
prosumer, if the heat is supplied to the warm line in the 5GDHC network.

2.1.4. State transitions
This step is the actual design of the control strategy. The state transitions are preferably summarised
in a state-transition diagram. The conditions for a transition from state i to j are summarised on the
directed edge (i,j). Such a graphical representation helps to identify all possible states and tran-
sitions in a logical coherence.

2.1.5. Stability of substation states
Alisic, Paré, and Sandberg (2019) investigate the network temperatures and stability in different
scenarios, and show the possibility to optimise the network temperature for minimal HP energy
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input. The results show that the energy can be temporarily stored in the network. Machado et al.
(2021) propose a novel adaptive controller for flow and storage volume regulation of a multi-pro-
ducer DH system and present asymptotic stability of the overall DH system’s closed-loop dynamics.

The control parameters that guarantee local stability in the vicinity of operational states without
transitions to other operational states can be derived from classical control theory. To the authors’
knowledge, the mathematical guarantees are not available across multiple operational states,
because the set of equations that model the dynamic behaviour changes fundamentally at a state
transition. Therefore, these state transitions need to be simulated to assess the transient behaviour
and the acceptability of the integrated substation behaviour.

2.1.6. Verification of transitions
This step includes the identification of the extreme, but still realistic, transition scenarios. Definition
of these transitions requires expert knowledge and ‘devils-advocate thinking’. Transitions during
normal operations should never trigger emergency control actions, such as a pump stop triggered
by a pressure violation. The normal operating transitions should maintain the pressure levels within
the boundaries for normal operations. Three types of transitions should be considered:

1. Extreme variations: State transitions for substations include extreme variations in boundary
conditions, such as an increasing heat demand during a morning peak. The control system
should stabilise its control objective within a reasonable timespan.

2. Another category of transitions occurs at minimum operating conditions, such as at the mini-
mum pump speed. At these conditions, the substation control may swap between multiple sys-
tem states at a predefined acceptable frequency.

3. Finally, substations may affect neighbouring substations via the 5GHDC network, but these
interactions should not result in oscillatory system dynamics in the network.

All transitions should be verified with integrated simulations, as illustrated in section 4. The type
1 and 2 transitions should be verified with simplified boundary conditions on the network side, such
as constant pressure and temperature boundaries. Type 3 transitions can be verified after type 1 and
2 have been successfully verified. The network model with multiple, individually controlled substa-
tions should capture thermal transients between substations that propagate through the network at
the convective velocity. Hydraulic transients propagate at the acoustic wave speed through the net-
work, which is at least 2 orders of magnitude larger than the convective velocity. Hydraulic transi-
ents may affect the control stability at the network scale, but these transients can be ignored at the
substation scale. Therefore, the hydraulic pipe model of the substation has been simplified to rigid
columns with friction. The case study is detailed in section 2.2 and the mathematical model is sum-
marised in section 2.3.

2.2. Case study description

The case study area is Ramplaankwartier neighbourhood in Haarlem, The Netherlands, dominated
by terraced dwellings, constructed in the 1930s–1970s. The neighbourhood is dominated by private
ownerships that are actively supporting novel approaches to decarbonise their thermal energy
demand. The yearly thermal energy demand after renovation is reduced to 70 kWh/m2/yr for
space heating on average and 3000 kWh/yr for domestic hot tap water (DHW), resulting in
10 MWh annual heat demand for the average dwelling. Every dwelling with a suitable rooftop
orientation is equipped with PVT-panels, a water/water HP with DHW tank and circulation
pumps on both sides of the substation heat exchanger (Figure 1).

The individual house heat-pumps are boosting the temperature of the PVT and/or grid outlet.
Representative yearly time series of expected thermal energy production depending on the house
location, roof orientation and weather predictions are used. The network basically operates without
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centralised pressures differences between the warm and cold lines. The 5GDHC network does not
include centralised circulation pumps, because each connected building with PVT panels is a prosu-
mer with their own substation pump. The substation pumps are designed to create the necessary
differential pressure during design conditions: high PVT production on a summer day. The substa-
tion circulation pump on the network side (label P2 in Figure 1) is installed in aWheatstone bridge to
enable heat demand from the network and heat supply from the PVT to the network. The design dis-
tribution temperatures are 18/11°C in summer and 14/7°C in winter. More information on the
thermo-hydraulic design of this case study is available in (Loverdou, van der Zwan, and Pothof 2020).

The excess heat production in the summer is stored in a seasonal aquifer thermal energy storage
(ATES), which is hydraulically separated from the 5GHDC network. The circulation pump at the
ATES connection balances the pressure levels in the warm and cold lines, while supplying the net
demand for heatingor cooling from theATESwells. Thenetworkpump in the substation (P2) controls
the substation flow to reach the desired temperature difference of 7 K between the warm and cold dis-
tribution lines. The pipeline lengths inside the Ramplaankwartier dwellings are assumed as follows:

1. Pipelines between service line and substation, typically 7 m horizontal distance to cross gardens
or pavement and 8 m inside the dwelling: 2 × 15 m (approximation for a 3-level terraced
dwelling).

Figure 1. Dezonnet configuration.
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2. Length inside the PVT: 12 m (as reported from the PVT supplier).
3. Length towards and from the PVT: 2 × 1 m (inside the house connection).
4. Length towards and from HP: 2 × 1.5 m (inside the house connection).

For the definition of these lengths, it is being assumed that the substation with HP set-up will be
installed in the attic where usually the boiler installation is typically installed in old Dutch houses
predominantly found in the case-study area. The piping diameter is DN25 (internal diameter
20.4 mm) and the wall roughness 0.2 mm. The latter value is intentionally set on the high side to
compensate for potential local-losses at piping bends and branches that are not included in this con-
ceptual hydraulic model.

A counter-current plate heat exchanger (HEX1) is selected for this design to separate the distri-
bution pipes from the rooftop PVT-pipes. The heat transfer coefficient and the hydraulic resistance
factor are defined as per the specification documents and are respectively 2740 W/K and C:
22.8·106 m2/s5.

2.3. Mathematical model

The thermo-hydraulic model includes all pipe sections between the distribution pipes in the street
and the rooftop PVT-panels, as outlined in the case study description (Figure 1). The mathematical
model of the pipes is governed by the mass balance, a momentum balance and energy equation. The
mass balance assumes the fluid is incompressible and the pipes are rigid, as motivated above for this
study. The momentum balance includes the fluid inertia and pipe friction. The energy equation
models the convective heat transfer. The thermal losses in the piping connections of the substation
have been neglected. Given that the lengths of the pipes are rather small, this assumption does not
harm the overall conclusions of the substation design analysis. The numerical grid in the pipes is
based on a design velocity of 1 m/s, a time step of 0.1 s and an element length of 0.1 m to satisfy
the Courant–Friedrichs-Lewy (CFL) condition for transient velocities below 1 m/s. An upwind
scheme with flux-limiters is used to minimise numerical diffusion.

Other thermo-hydraulic components include the evaporator side of the heat pump with a forced
heat demand (kW) and circulation pump (HP), the PVT-panel with a forced heat supply (kW) and
its own circulation pump (P1), a mixing valve (MV1) and the circulation pump (P2) on the grid side
of the heat exchanger, fitted with 3-way valves to determine the direction of the energy flow (V2,
V3). All circulation pumps must be variable speed pumps to meet all operational requirements
(Nord et al. 2021).

The case study substation has been modelled inWANDA (Figure 2), developed by Deltares (Del-
tares 1992-2023). WANDA is an advanced interactive software package that supports the thermo-
hydraulic design of piping systems. This software is used for thermal and hydraulic analysis of
steady and unsteady flows in pipeline networks of custom configurations. The WANDA Control
module enables the integrated simulation of thermodynamics, hydraulics and control actions
(https://warmingup-wanda-core.readthedocs-hosted.com/en/latest/). Openly available spatial data
sets (GIS format) of the neighbourhood have been used as input to create a detailed pipeline net-
work with geopandas library in Python (https://geopandas.org/). That was directly converted into a
WANDA hydraulic model.

3. Stepwise approach to robust control strategy

We applied the stepwise approach to the case study substations. Step 1 on the hydraulic design was
detailed in (Loverdou, van der Zwan, and Pothof 2020). The active substation components (Step 2)
are summarised in Table 1.

The different operational modes of the proposed substation architecture (Step 3) were summar-
ised below:

6 E. KHLEBNIKOVA ET AL.

https://warmingup-wanda-core.readthedocs-hosted.com/en/latest/
https://geopandas.org/


A. All components are off. There is no energy demand from the house and no heat produced by
the PVT. This state occurs for example during a summer night.

B. The DHN delivers energy to the heat-pump, the PVT is switched off (DHN -> HP). This state
occurs for example during a cold winter evening.

C. PVT and DHN deliver energy to the heat-pump (PVT +DHN -> HP). This state occurs for
example during a cold sunny winter day.

D. Stand-alone mode, no heat supplied or delivered to the DHN (PVT -> HP), a day in spring or
fall.

E. PVT delivers energy to the net and the heat-pump (PVT -> DHN +HP), a day in spring or fall.

Figure 2. Substation hydraulic and control model (Wanda).

Table 1. Overview of control setpoint values per operational mode.

Active component Sensors measuring values States
Control
setpoint

1.HP Temperature difference between supply and return values. B, C, D,
E

ΔTHP = 7 K

2.Network pump (in
Weatstone bridge)

Temperature difference (at the two sides of the network) B, C, E,
F

ΔTNet = 7 K

3.PV-T pump Exiting PVT temperature E, F Tstor = 20°C
4.Mixing valve C: Temperature difference between exit of the PV-T (TPV-T,uit) and the

network-temperature (Tbr,uit) E: Keep open in both sides
C, E ΔTMT = 0 K

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 7



F. PVT delivers energy to the net, the HP is off (PVT -> DHN) day in summer.

Step 4 is the actual design of the operational control strategy, which defines the system states and
feasible transitions. The state transition diagram is a useful, logical and consistent representation to
identify and summarise all feasible transitions between operational states, as illustrated in Figure 3.

The control philosophy and the setpoints for three pumps and the mixing taps are summarised
in Table 1.

Step 5 (control parameters) was elaborated using classical methods. The control parameters guar-
antee local stability in the vicinity of operational states without transitions to other operational states.

The built-in control functionality of the WANDA software allows for the full control configur-
ation to be designed and tested. The hydraulic and thermal response of the different control actions
can be evaluated in an integrated model.

The general PI-equations with input signal X(t) and actuator signal Y(t), as used by WANDA,
are the following:

1(t) = X(t)− Xset (1)

Yi(t) = Yi(t − dt)+ K1(t)
dt
Ti

(2)

Y(t) = K1(t)+ Yi(t) (3)

where parameters K and Ti denote the proportional gain and integration time constant respectively.
Table 2 provides a summary of the PI parameters that are selected for the three substation

pumps.
For this substationdesign, PI (proportional& Integration) controllers have beenmanually tuned to

ensure an accurate and fast response from all components in each state. PI controllers adjust
the rotational speed of the three circulation pumps based on temperature sensorsmeasuring the temp-
erature values and the temperature differences (or exit temperature for the PVT). The PI controllers at

Figure 3. State-transition diagram of the novel PVT-based 5GDHC substation.
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the ATES circulation pumps maintain pressures in the warm and cold distribution lines; the design
of the ATES pumps was not further addressed in this paper. Table 3 contains the mixing tap
parameters.

Based on the control parameters the system response within each state should be verified. Fur-
thermore, the system response for all feasible state transitions should be verified (Step 6). These
integrated simulations of thermohydraulics and control actions provide a realistic insight in the
actual dynamic behaviour. The acceptance criteria, e.g. setpoint deviations and duration of the devi-
ation, determine whether the system and controls interact as designed. If necessary, the hardware or
control strategy is modified until the results are considered acceptable. We present a selection of the
state-transition verification simulations in the Results section hereafter.

4. Results

In order to illustrate the approach for step 6, four transition scenarios have been explained in more
detail in this results section. These include the following state transitions: loss of PVT production
(state C -> B); transition from PVT-deficit to stand-alone operation (state C -> D); PVT production
excess with reducing heat demand (state E -> F) and transition from PVT-excess to stand-alone
operation (state E -> D).

4.1. Loss of PVT production (C -> B)

The model is initiated at state C where PVT is producing some energy but insufficient to cover the
total demand of the house, therefore the energy deficit that is still needed from the house is covered
by the grid. At some point in time, the production from the PVT is falling to zero and the total
energy demand is now provided exclusively from the grid (mode B).

Changes in the demand time series can occur practically instantaneously, for example when the
user is turning off/on the hot water supply. Therefore, the steps of the demand line are abrupt as
shown in Figure 4. On the contrary, the PVT production time series have more gradual changes.
The changes of external air temperature or the sun radiation are finding place in time spans in
the order of magnitude of minutes rather than seconds. For this analysis, it has been conservatively
assumed that the production of the PVT is dropping at a maximum rate of 1 kW within approxi-
mately 1.5 min (100 s).

The temperature difference along the HP inlet is shown in Figure 5. The peaks coincide with the
demand or supply changes. The pump speed is adjusted within approximately 200 s (approximately
3.3 min; Figure 6). This response is considered acceptable for the system performance.

Within approximately 150 s from the moment that a demand/supply change takes place, the out-
put signal reaches the preselected setpoint. The mixing tap is partly or completely open during the C
operating phase.

Table 2. Control setting of the three substation pumps.

Control parameter Unit Network pump PVT pump HP at evaporator

Gain [rpm/°C] 80 80 80
Integration time [s] 12 12 12
Maximum ramp rate [rpm/s] 30 30 30

Table 3. Control settings of the mixing tap of the substation set.

Control parameter Unit PI controller mixing-tap

Gain [%/°C] −0.1
Integration time constant [s] 0.25
Maximum valve closing/opening speed [%/s] 1.0
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4.2. Transition to stand-alone operation (C -> D)

The model is again initiated at mode C, but now shifting to stand-alone operation (state D). At the
beginning of the simulation, a fraction of the house demand is covered by the production from the
PVT panel and the rest is supplied from the grid. At some point in time, the total production of the
PVT becomes equal to the total demand. Pumping from the network is not necessary anymore
(Figures 7–8).

The valve of the mixing-tap left branch (from the network) is closing completely together with
the network pump in the Wheatstone bridge, which is turning-off. Warm water is recirculating in
the PVT/HP circuit in state D.

4.3. PVT production excess with reducing heat demand (E -> F)

The model is initiated at mode E where the production from the PVT is more than what is needed
to fulfil the heat demands of the house (Figure 9). This heating surplus, which declines over time in
this scenario, is reinjected to the grid so that neighbouring houses can use it or so that it can be
stored in the warm ATES in cases where there is not any uncovered demand in the network.

Figure 4. C →B: House heat demand in kW (bottom green line) and heat supply PVT (top red line).

Figure 5. C →B: Control setpoint for HP evaporator side. DT before and after the heat-pump is 7 K.
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In state F, the branch of the mixing tap upstream of the HP outlet is turned off, because the house
heat demand has stopped at 800 s. This event causes short-term excursions in the PVT outlet temp-
erature (Figure 10), the network differential temperature (Figure 11) and the pump speeds (Figure 12).

4.4. Transitions from PVT production excess to stand-alone operation (E -> D)

The model is initiated in state E. At some point, the PVT production declined and reached the heat
demand by HP. At that point (around 2200 s) the surplus of the heat production is becoming zero
and the system is operating in stand-alone operation (D mode) (Figure 13).

Both network and PVT pumps are turned off and the house pump is turned on. The valves at the
Wheatstone bridge are closing. The pump at the HP evaporator is slowly ramping up starting from
1400 s when the supplied heat is 3 kW. After that point, it is further ramping up in steps. At 2200 s
when the system is passing to stage D, both network and PVT pumps are closed, whilst the pump of
the HP evaporator is operating at its maximum speed (Figures 14 and 15).

Initially, the PVT excess production is large such that the PVT pump provides enough pressure
to meet the HP demand. Therefore, the temperature difference in the HP evaporator is smaller than

Figure 6. C → B: Pump rotational speed controlled (Top green line: network pump speed, bottom red line: HP inlet speed).

Figure 7. C →D: Control signal for HP evaporator side. DT before and after heat-pump is 7 K.
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7 K. From the moment the HP evaporator pump is turned on, the temperature difference on the
evaporator side evolves to the setpoint value of 7 K.

5. Discussion

In this study we have proposed a design approach for 5GDHC control systems. This approach was
illustrated in a case study of a novel prosumer substation. The system boundaries for the substation
were chosen in the distribution lines with fixed pressure and temperature boundaries. In reality, the
network pressures and temperatures will vary due to variable operations of nearby substations and
the pressure control system at the collective ATES. If a substation starts producing heat, it lifts the
local pressure in the warm line. Adjacent substations, demanding heat, should respond to this
change in network pressure level with a reduction in their pump speeds. These network interactions
should be verified in a similar way. In order to assess the short-term stability of the control actions
by multiple substations and the ATES system, it remains to be verified whether the hydraulic tran-
sients can still be ignored at the network scale. If the pressure variations in the network are domi-
nated by the expansion vessels, then it might be feasible to avoid the explicit simulation of hydraulic
transients. If hydraulic transients cannot be ignored, then the correct simulation of temperature

Figure 8. C →D: Pump rotational speed controlled (HP inlet side).

Figure 9. E →F: House heat demand in kW (bottom green line) and heat supply PVT (top red line).
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Figure 10. E →F: Temperature at the outlet of PVT. Setpoint is adjusted at 20°C.

Figure 11. E → F: Temperature difference at the two network sides. Setpoint adjusted at DT = 7 K.

Figure 12. E →F: Pump rotational speed controlled (Top green line: the network pump speed and bottom red line: the PVT
pump).
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Figure 13. E →D: House heat demand in W (bottom green line) and heat supply PVT (top red line).

Figure 14. E → D: Pump rotational speed controlled (Top blue line: PVT pump, middle red line: HP evaporator, botom green
line: network pump).

Figure 15. E → D: Control variable for network (top green line) and evaporator (bottom red line). DT before and after HP is 7 K.
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transients (typical velocity 1 m/s), and hydraulic transients (typical acoustic velocity 200 m/s for PE
up to 1000 m/s for steel pipes) is challenging due to the numerical diffusion in the temperature
dynamics.

The proposed control design approach should be applied to the ATES as well in order to assess
the stability of the pressure levels in the warm and cold lines; the same reflection on hydraulic tran-
sients applies.

6. Conclusion

The proposed substation architecture allows an in-place consumption of the produced heat as much
as possible. In comparison to a typical individual system, it increases the total efficiency at the
neighbourhood level since the produced energy can be shared by different users. The proposed con-
trol design approach has been applied to an innovative 5GDHC substation in the Netherlands. The
integrated simulations, including hydro-thermal behaviour and control actions reveal the system
response for critical state transitions. This control design approach is essential to guarantee a
safe and energy-efficient operation.

The results of the control philosophy and manual tuning are generic and thus can also be used as
a starting point in similar installations. The selected control parameter values presented in Table 2
and 3 result in a response time in the order of 3–4 min. This is considered an acceptable response
time for a user, even for the domestic hot water needs, because this response time refers to the filling
of the hot water tank by the HP.

The proposed control approach to design safe and efficient low-level control systems in 5GDHC
grids is a necessary precondition for the development of advanced (high-level) control strategies.

Advanced control strategies based on optimisation algorithms, such as model-predictive control,
cell balancing, peak-shaving as well as market integration methods are currently being developed in
different national and European projects (e.g. https://www.warmingup.info/over-warming-up).
Applying advanced control methodologies in prosumer networks could further improve efficiency
and reduce costs facilitating eventually the scaling-up of this technology.
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