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Abstract

In district heating (DH) systems, the time of use of energy is becoming more important. For example, the use of sustainable baseload
units over peak units is favored. Also heat production units coupled to the electricity grid, such as cogeneration plants and heat
pumps, can profit from fluctuating prices and balance the electricity network at the same time. In this context, DH utility companies
can benefit from shifting thermal loads in time. In the H2020 TEMPO project, a case study is being conducted to shift thermal
loads using the thermal flexibility of the DH network. The thermal storage capacity of the network is utilized by dynamically
changing the supply temperature. The study consists of two experimental campaigns, designed to dynamically characterize the
available storage capacity in the DH network. In these campaigns, the supply temperature in one of the TEMPO demo sites was
increased/decreased several times per day. The flow rate, supply and return temperatures were measured at the heat source and at
a large customer building. The analysis of the experimental results focused on two aspects: the propagation of flow temperatures
through the network and the response of customer substations to supply temperature changes. The data and knowledge gathered in
these test campaigns will be used to develop models for a model predictive controller (MPC) which will be tested in the next
heating season.
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1. Introduction

In the coming years and decades, EU member states will face ambitious challenges to increase energy efficiency
and the use of renewable energy, and to reduce greenhouse gas emissions. The decreasing energy demand from
buildings due to increased energy efficiency is putting pressure on the economic viability of district heating (DH)
networks [1-3]. Furthermore, the volatile fossil fuel prices in recent years have introduced uncertainty in fuel expenses
for DH network operators [4-5]. This uncertainty is considered a high risk, hindering the investment in new DH
networks.

Nevertheless, this challenge can be overcome if two key modifications can be introduced to traditional networks.
Firstly, heat losses in the network should be reduced. Secondly, the share of renewable or waste heat sources should
be increased in DH networks [6-7]. This can be achieved by reducing the temperature levels in the network, and by
adding flexibility in the network to cope with the volatile and uncontrollable character of sustainable energy sources.
Energy flexibility can be defined as the ability to shift energy flows in time to accommodate operational constraints
and objectives [8]. The importance of flexibility is expected to further increase together with the penetration of
intermittent renewable energy sources. In district heating systems, the traditional source of flexibility is in the form of
a central thermal storage tank at the heat production site. In recent years, also demand-side management of customer
heat demand has received considerable attention as an alternative or complimentary source of flexibility [8-13].
Another alternative is the use of the thermal storage capacity in the piping of the thermal network. The idea is to
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increase the supply temperature of the network when renewable heat is available, and to reduce it again when there is
a lack of heat from a renewable source. In this way, the network pipes are used as a thermal storage buffer, as an
alternative or complementary to hot water storage tanks. Especially in large networks, this could represent a substantial
amount of storage capacity [8, 14], which could be used to shift heat loads in time. In fact, district heating utility
operators have been using this thermal network flexibility already for decades when preloading the network pipes to
prepare for peak heat demands. This was highlighted by Fredriksen et al. [15] and Basciotti et al. [16] who describe
how a limited amount of heat or cold can be stored temporarily by raising or lowering the temperature of the water in
the thermal network, allowing for a certain degree of peak heat demand shaving. Also, Laakkonen et al. [17] presented
a controller that optimizes the supply temperature in order to reduce the heat load peaks by charging or discharging
the network pipes.

Moreover, Merket et al. [18], Jiang et al. [19] and Benonysson et al. [20] provided methods and examples for
optimal control and scheduling of Combined Heat and Power (CHP) plants using the thermal inertia of the grid for
thermal storage. A number of other publications also focused on the optimization of supply temperatures such as
Lesko et al. [21] where the focus was on modelling DH systems for operational optimization, with special focus on
thermal energy storage in the DH pipelines; and Giraud et al. [22] that developed new advanced control method for
DH systems with a focus on exploiting the thermal storage capacity of the network and optimizing between pumping
energy and heat losses.

Nevertheless, to the knowledge of the authors, systematic use of thermal network flexibility has not yet been
realized by an automated real-time supervisory control system. The work presented here prepares for the development
of a model predictive controller able to achieve this. It is performed within the Horizon 2020 TEMPO (‘TEMPerature
Optimisation for Low Temperature District Heating across Europe’) project [23], in which six technical innovations
are developed, customized and implemented in district heating networks:

1. Anautomatic on-line supervision ICT platform, able to detect and diagnose sub-optimally behaving building

substations.

2. Visualization tools for experts (to support monitoring and analyzing network behavior) and non-expert users

(to give insight in their energy use, to suggest energy saving actions).
3. Smart DH network controller to balance supply and demand and to minimize the return temperature. This
controller is an extension of the controller developed in the Horizon 2020 STORM project [24].

4. An innovative piping system, including a third recirculation pipe to avoid high return temperatures from

substations because of comfort reasons.

5. Fault detection methodologies for building heating systems that often deliver return temperatures higher than

expected.

6.  Decentralized buffers at the consumer side to reduce peak heat demands in rural DH networks.

These technologies are demonstrated in two demo sites. One demo site is a newly built network supplying heat to
about 100 new single-family houses, located in Windsbach, in the rural area near Nuremberg, Germany. The second
demo site is the existing DH network in Brescia, Italy.

Concretely, this paper describes the results of two test campaigns to determine the behavior of the DH network and
the building substations, necessary to build and train the models used by the controller. Section 2 includes the
methodology, describing the demo site, the experimental setup and the test plans. Then, in section 3, the results of the
two test campaigns are presented and discussed. The final section 4 includes the conclusions and an outlook to the
further work

2. Methodology
2.1. Demo site

The demo site is located in the city of Brescia, Northern Italy, and consists of a peripheral branch of the existing
high temperature (up to 130 °C) DH system operated by “A2A Calore e Servizi”. It is the largest DH network in Italy,
with more than 1 TWh annual supply, covering about 70% of the city’s heat demand, and 60% of the heat is produced
by a waste-to-energy plant. The portion of the branch used for demonstration provides heat for space heating and
domestic hot water (DHW) preparation in a residential area in the southern part of the city. The demo site includes 35
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customers: one large multi-family house (MFH) and 34 single-family terraced houses, with a total contract capacity
of about 700 kW.

This site was selected considering also the large replicability potential, since it is representative for many European
DH networks. To perform the tests without directly affecting the whole branch in the DH system, it was necessary to
decouple the demo site from the rest of the branch. Therefore, new supply and return pipes were laid and a local
subnetwork that can be independently operated was created, using a mixing station (MS). The mixing station mixes
the hot water from the main network with the return from the demo site (the ratio depends on the ambient temperature)
to get a colder supply to the demo site. Sensors to monitor the water supply and return temperatures were installed as
well as indoor temperature sensors in some buildings. Moreover, hardware tools communicating with a cloud were
placed to transmit the data and enable the smart control.
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Fig. 1. Conceptual scheme showing the temperatures (T') and flow rates (F) recorded at the demo site. [NOTE TO PUBLISHER: this figure
contains color.]

In Fig. 1, a conceptual scheme of the demo site is shown, with the main flows and temperatures recorded during
the experimental campaign and used in the current analysis. The data collected consisted mainly of temperature and
flow meters readings, at variable frequency in the range of 10-30 minutes. This frequency depended also on the
communication between the sensors and the router. Sometimes communication issues led to data gaps, especially
during the first experimental campaign. The resulting datasets have been resampled with a 10 minutes frequency for
the data analysis. At the MS secondary side (i.e. after mixing), the flow rate (Fys), supply (Tssnms) and return
temperatures (T, ys) were recorded. At the substation, supply and return temperatures were recorded on both the
primary (Tps mrus Tprmrn) and secondary (Tog mrn, Tsrmrn) Sides while the flow rate (Fyry) Was recorded only on
the primary side.

2.2. Test Plan

The experimental campaigns consist of varying the supply temperature at the secondary side of the mixing station
(Tss,ms) and monitoring how this variation propagates through the network. During these response tests, two main
approaches were used to set Tg; 5, and they are conceptually shown in Fig. 2.

The first approach consists of selecting two supply temperature values, T ys10wa@Nd Tssmsnign, and setting the
MS supply temperature to one of the two values. This approach has the main advantage of having only two temperature
levels that can be easily identified during the postprocessing of the data. A disadvantage is that if the outdoor
temperature changes considerably during the experimental campaign, the two fixed temperature levels can become
unsuitable. If the outdoor temperature decreases excessively, it can be that T s 10w is too low for the customers’ heat
demand to be satisfied, and the customers’ substations would reach their maximum flow rate. If the outdoor



temperature increases too much, it can be that T, ys nign Cannot be reached because the supply temperature on the
primary side of the main heating grid, which is among others determined by the outdoor temperature, is below

Tss,MS,high-

A wxs Teoms heating curve — wemm Tooys === T us ow w— = Tgs,MS. high

time
B === T ms heating curve == = Ty us heating curve + AT ms, high
w— T, MS == = Tss,ms heating curve + ATs, us, iow

time
Fig. 2. Conceptual presentation of two approaches for setting supply temperature form mixing station: (A) test approach with fixed high and
low supply temperature of the mixing station; (B) test approach with high and low supply temperature of the mixing station determined
relative to the mixing station heating curve. See Fig. 1 for symbol nomenclature. [NOTE TO PUBLISHER: this figure contains color.]

The second approach consists of setting two MS supply temperature offsets, AT s 0w aNd AT ys pign, With
respect to the heating curve instead of having two fixed values. This approach dynamically sets the mixing station
supply temperature considering the heating curve during the experimental campaign. This second approach
substantially reduces the risk of unsuitable supply temperature setpoints that may occur due to an abrupt change in
weather conditions, because it stays closer to normal operation.

During the first experimental campaign the first approach was used, and for the second experimental campaign, the
second approach was used due to its advantages with rapidly changing weather conditions. In Fig. 3, the test plan of
the two campaigns is shown. The first experimental campaign was performed during three weeks in December 2020.
During the first and third week, the supply temperature was increased from 80 °C (T ys,10w) 10 95 °C (Tss ms,nign)
during long pulses of three hours, three times per day. During the second week, short one-hour pulses were performed
four times per day.

The second experimental campaign consisted of a three-hours pulse in the night and three two-hour pulses during
the day, during one week in February 2021. All the temperature pulses consisted of increasing by 15 °C the supply
temperature with respect to the heating curve values (AT ys,10w = 0 °C, ATss ps,nign = 15 °C).

O O O O O O 0O O O 0O 0O O O O O O 0O O O O 0O O 0 0O 0O O 0O O O 0O O O O 0O O O O O O O O O O O O o o o
Begin|End QM M MO M MMM MO MO MM MM MMM N N M MG MmN NN
eElnn O O d d N N O N < < 1N N W WOWNKNIMNOGWO®OGO DO O A A N N MM < N N O OWKNMNOWOWOO O O —+ A N N ;M m
O O 0O OO0 0000 o0obo0bo0obo0bo0obo0bo0oo0o0o0 o0 d dddddeodd-dd-dd-dd-ddd A d A A 88 8 8~
1
c::“ sien 04:45 10:00- 14:00 19:00
| - sho: 8 80°C 05:45 80°C 11:00 80°C 15:00 80°C 20:00 80°C
o o
g9 95°C, 95°C 95°C 95°C
8 |8 e (950 950 (95°0) (950
- ~
S1Ep
o |~ f::;”a'g" 80°C 02:45-05:45 (95°C) 80°C 10:00-13:00 (95°C) 80°C 19:00-22:00 (95°C) 80°C
pulses
==
S |8
o o . - o o n o o . N
& |8 jnd e |[ETE— e 09:00-11:00 e 140016:00 e 19:0021:00 e
S | S |campaign (+15°C) (+15°C) (+15°C)
5 | S
- ~

Fig. 3. Test plan of the experimental campaigns. [NOTE TO PUBLISHER: this figure contains color.]



3. Results
3.1. First experimental campaign — December 2020

In Fig. 4, the supply and return temperatures and flow rates measured at the MS and at the MFH are shown for the
test day of 14/12/2020. It can be seen that the MS supply temperature T 55 reacts as expected, following the control
signal (Tss s cer1). During the night (22:00-05:00), the MFH is not consuming energy for space heating and the flow
rate is low. At 5:00, the heating system turns on, and the flow rates sharply increase both at the MFH and at the MS.
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Fig. 4. Test day: 14/12/2020. Supply (Tssms, Tpsmrn) and return (Tg,. s, Ty men) teMperatures, mixing station supply temperature control
signal (T s cert), and flow rates (Fys, Firy) at the mixing station and at the multi-family house. See Fig. 1 for meaning of symbols. [NOTE
TO PUBLISHER: this figure contains color.]

During the day time, the MFH flow rate is relatively constant, while the MS flow rate varies with peaks around
7:00 and 18:00. These variations are driven by the heating demand of the single-family houses connected to the
network. Regarding the propagation of the supply temperature from the mixing station to the MFH, it can be seen how
the flow rate determines the delay between the two locations. During the night-time temperature pulse starting at 2:45,
the supply temperature change at the MS is propagated to the MFH with a delay of a little more than one hour. During
the day-time pulses, the delay is approximately 10 to 20 minutes. The time delays are in agreement with the flow
transit times, which are about 1 hour during night time and about 20 minutes during day time based on pipe segment
lengths and average flow rates.

Concerning the return temperatures, at 05:00 there is a sharp return temperature decrease at the MFH, which is then
propagated to the MS with a delay of approximately 20 minutes. The reason is that, initially, the thermal energy in the
hot water is being transferred to the components of the hydraulic circuit such as radiators, pipes, heat exchangers, etc.
that cooled down during the night.

In Fig. 5, the primary and secondary supply temperature at the MFH substation are shown together with the
substation secondary-side supply temperature setpoint (Tssumryser): Which varies depending on the outdoor
temperature using a heating curve. During the daily supply temperature pulses, it was expected that the MFH
substation controller would react by lowering the flow rate Fyzy. However, it remained approximately constant with
small variations within the range of 3000-3500 I/h. The reason was that the MFH flow rate was almost always at its
maximum value because the substation secondary-side supply temperature setpoint (Tss yry set) OF approximately 60
°C could not be reached, according to the measurements (Ts pry). This was probably due to the too low supply
temperature on the primary side of the substation (T, ury), Which was not set based on the heating curve but following
the approach in Fig. 2A. For this reason, in the following campaign, the mixing station supply temperature control
signals were set with respect to the heating curve (approach in Fig. 2B).



w— Tps,mrH === Tssmrn == Tss MFH,set Fuen

14000

\
|
\
|
80 [

°C

60 1 = = = o o o 2000 —

40

20l

02200 a:00 600 800 4q:00 19:00 1400 1600 4g:00 ,(:00 2:00
14/12/2020

Fig. 5. Test day: 14/12/2020. Primary (Tps mry) and secondary (T, ury) SUpPly temperatures, secondary supply temperature setpoint

(Tss,mru.ser), and primary flow rate (Fy;zy) at the substation of the multi-family house. See Fig. 1 for meaning of symbols. [NOTE TO

PUBLISHER: this figure contains color.]

3.2. Second experimental campaign — February 2021

In the second campaign, the aim was to obtain the expected substation primary flow rate variation in response to a
change in the MS secondary-side supply temperature. The supply temperature pulses were planned to follow the
approach in Fig. 2B, which took into consideration the heating curve and, consequently, the outdoor temperature. Fig.
6 shows the temperatures and flow rates at the MS and at the MFH for the test day of 19/02/2021. Regarding the
supply temperature propagation, similar considerations to Fig. 4 can be made.

The return temperature behavior in the night is different from the first experimental campaign. The reason is that,
in this experimental campaign, the heating system could turn on during night-time, thereby avoiding warming up the
hydraulic circuit at the beginning of the morning peak. At 1:30, Fy,ry has a first slight increase, indicating that water
starts to circulate in the heating system circuit, and it starts to warm up the system components as well. The return
temperature, which results from the mixing between the return temperature from the DHW circuit and the space
heating circuit, decreases due to the increasing space heating flow rate fraction, which is colder at the system start up.
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Fig. 6. Test day: 19/02/2021. Supply (Tss s, Tpsmrn) and return (Tg,. vs, Ty mrn) temperature, mixing station supply temperature control
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At 3:30 the flow rate has a second slight increase, lowering further the return temperature at the substation. At 5:00
the morning peak starts, and the return temperature starts to increase because, contrarily to the test day in Fig. 4, the
hydraulic circuit components have been already heated up.

At the MFH substation (Fig. 7), this time it was possible for the secondary-side supply temperature Tsg 5y t0 reach
its setpoint value T, ey see- COnsequently, the flow rate at the MFH varies during the day as a result of feedback
control, reacting to the primary-side supply temperature pulses as expected. An increase of supply temperature on the
primary side Ty yry leads to a decrease in the primary-side flow rate Fyy, and vice versa, in order to provide a
specific heating power to the customers. This effect on the flow rate provides a potential for heat load shifting. When
the supply temperature is increased, the AT increases temporarily from 30 °C to 45 °C. This leads to a corresponding
50% increase in heat load, which is stored in the network. Afterwards, when the supply temperature drops back but
the flow rate is still reduced, this amount of energy is discharged again.
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Fig. 7. Test day: 19/02/2021. Primary (T ;ry) and secondary (Tss ury) SUpPly temperatures, secondary supply temperature setpoint

(Tss,mrm,set), and primary flow rate (Fyy) at the substation of the multi-family house. See Fig. 1 for meaning of symbols. [NOTE TO

PUBLISHER: this figure contains color.]

4. Conclusions and future work

During the experimental campaigns, the supply temperature at the MS was varied several times per day. The flow
rates, supply and return temperatures were recorded both at the MS at the MFH substation. In the first experimental
campaign in December 2020, the supply temperature was varied between two fixed temperature levels. The results
showed that the supply temperature propagated from the MS to the MFH substation within a time range varying from
twenty minutes during the day, to just over one hour during the night when the MS flow rate is much lower. Moreover,
the MFH substation was not responding as expected to supply temperature variations because it was not able to reach
its secondary-side supply temperature setpoint. The reason was that the supply temperature at the MS was not high
enough, and the flow rate on the primary side was always close to its maximum, with small fluctuations during the
day.

In the second experimental campaign in February 2021, the supply temperature at the MS was dynamically varied
based on a heating curve value and fixed temperature offsets. The results showed that the MFH substation was able
to reach its setpoint and reacted as expected to supply temperature variations on the primary side. During a supply
temperature increase, the flow rate on the primary side decreased, and vice versa.

Furthermore, night-time setback of the MFH space heating system was present during the first experimental
campaign while it has been removed during the second campaign. With night-time setback, the return temperature on
the primary side of the MFH substation had a sharp decrease in the morning when the heating system is turned on.
The reason was that, initially, the hot water had to warms up all the heating system components as well, and this can
lead to a power peak. During the second experimental campaign, the heating system was on also during the night
thereby preventing a sharp return temperature decrease during the morning start up.



The first results of the experimental campaign were presented in this paper. Based on the data collected, further
work will focus on the development of models for a smart controller, using the flexibility offered by the DH network
pipes. The aim is to develop this controller in the coming months, and to test it in the next heating season.
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