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Preface

The present document is part of the documentation of the Underfloor heating and heat
pump optimization project financed by the Danish Energy Agency through the EUDP pro-
ject no. 64014-0548.

The purpose of the document is to investigate if the developed OPSYS test rig and soft-
ware can be useful for the investigation of control strategies for heat pump installations
in order for them to be able to deliver energy flexibility to the surrounding electricity
grid.

Participants in the work:

Sdgren @stergaard Jensen, Danish Technological Institute
Tomasz Minto, Aalborg University
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1 Introduction

The increasing global energy demand, the foreseen reduction of available fossil fuels, and
the increasing evidence of global warming during the last decades have generated a high
interest in renewable energy sources. However, renewable energy sources such as wind
and solar power have an intrinsic variability that can seriously affect the stability of the
energy networks if they account for a high percentage of the total generation.

The energy flexibility of buildings is commonly suggested as part of the solution to allevi-
ate some of the upcoming challenges in the future energy systems (electrical, district
heating, and gas grids) with a large amount of fluctuating renewable energy sources.
Buildings can supply flexibility services in different ways, e.g. in terms of utilization of
thermal mass, adjustability of HVAC system use (e.g. heating/cooling/ventilation), charg-
ing of electric vehicles, and shifting of plug-loads.

In Denmark as well as in other western countries, heat pumps in buildings are seen as a
way to obtain energy flexibility. It has been shown that heat pumps can be controlled in
such a way that they can help stabilize the power grid by using less electricity during
periods with large demands in the grid, while using more electricity during periods with
low demands in the grid (e.g. Hedegaard, 2012, Klein et al, 2016 and Parvizi, 2016).
Figure 1.1 shows a typical load profile of the Danish power grid. Notice the so-called
cooking peak between 4pm and 8am especially during the winter. There is also a smaller
peak in the residential morning load. Moving the electricity demand away from these two
peaks may help stabilize the power grid and make it possible to introduce more renewa-
ble energy.
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Figure 1.1. Typical load profiles in the Danish power grid.

Figure 1.2 shows an example of how the energy flexibility of houses with heat pumps can
decrease the need for reinforcement of the local 0.4 kV distribution grid, where the hous-
es are situated (Jensen et al, 2017). Figure 1.2 shows a winter situation for a small Dan-
ish feeder with only single-family houses.

If nothing is done and if heat pumps are introduced in all houses and 40 % of the houses
has an electrical vehicle (EV), the maximum allowed load will be excessed during the
cooking peak in the wintertime. However, if the houses are excess heated prior to the
cooking peak while maintaining the room temperature within the comfort range, most of
the heat pumps may be switched off during the cooking peak. In order to stay below the
maximum allowed load, the VEs should, furthermore, be charged intelligently and not at
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full speed during the cooking peak. After the cooking peak there will be a rebound effect,
where the heat pumps may need more electricity to increase the room temperature from
the lower temperature of the comfort band.
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Figure 1.2. The graphs show an example of the introduction of heat pumps and electrical vehicles

in a 0.4 kV outlet/feeder (Jensen et al, 2017):

a) the existing situation. The peak from 5pm to 8pm is called the cooking peak due to
people coming home from work and start cooking. The peak is also due to the
switching on of other appliances.

b) business as usual: heat pumps and electrical vehicles (EVs) in the system will de-
mand a reinforcement of the grid as the demand exceeds the maximum allowed
load

c) a Smart Grid solution where the buildings prior to the cooking peak (5pm-8pm) are
excess heated within the comfort band of the room temperature (red circle). The
buildings are mainly free floating during the cooking peak (blue circle), but they
need extra heat after the cooking peak (orange circle). The charging of the EVs is
controlled intelligently in order to keep the demand below the maximum allowed
load (black circle).

The utilization of heat pumps to obtain energy flexibility has been investigated in several
projects, both Danish and international projects - e.g. iPower (www.ipower-net.dk),
EcoGrid 1.0 and 2.0 (http://www.ecogrid.dk/en/homeuk) and IEA EBC Annex 67 Energy
Flexible Buildings (www.annex67.0org).

The German smart grid ready label (www.waermepumpe.de/sg-ready/) deals with the
control of heat pumps in order to obtain energy flexibility. This has also been the case in
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several Danish projects dealing with demand response through the control of heat
pumps. However, it is often not possible to obtain the full energy flexibility of a house,
when only controlling the heat pump (Jensen et al, 2016). It is not possible to excess
heat the building before switching off the heat pump, which otherwise would have made
it possible to further prolong the switch off period. In order to excess heat a house, one
has to be able to control the thermostats of the heat emitters as well, - i.e. one has to be
able to increase the set point of the thermostats for a period in order to be able to deliver
energy to the house and increase the room temperature above the normal set point of
the thermostats, while still being inside the comfort range.

As the OPSYS test rig focusses on controlling the thermostats of the heat emitting sys-
tem rather than controlling the heat pump, the OPSYS setup is not only useful for testing
the optimized control of heat pumps in connection with heat emitting systems, it may be
utilized to investigate control strategies to obtain energy flexibility as well.

To optimize the energy demand of a house according to the needs of the grids, there is a
need for a Rule Base Controller, a Model Predictive Controller (MPC), an Economic Model
Predictive Controller or a well-trained controller based on Neural Network. Although neu-
ral network based controllers and MPCs have been studied in the OPSYS project with the
purpose of optimizing the performance of a heat pump in connection with a heat emitting
system without considering the grid, the funding of the project has not allowed for an
investigation of these types of advanced controllers with the achievement of energy flex-
ibility in mind. However, in order to get a flavour of how the OPSYS setup may be utilized
to investigate the possibilities of obtaining energy flexibility in houses with heat pumps, a
very simple rule based controller with fixed modulation of the set point temperature in
the rooms has been investigated. This is described in the following chapters.



2 Simple set point modulation

The standard for indoor climate EN 15251 states that the indoor temperature preferred
by most people is 22°C+2 K during the heating season for mainly sedentary work and
with typical clothing. However, more sensitive people would prefer a more narrow com-
fort band like 22°C+£1K.

The above comfort bands allows both for excess heating and switching off the heat pump
during certain periods dependent on the use and heat demand of the house. In the fol-
lowing, this is utilized to shift the electricity demand of a heat pump away from the cook-
ing peak in the afternoon/evening.

Figure 2.1 shows a situation where the set point of the room temperature is lowered at
the start of the cooking period — here starting at 5pm. The blue line in figure 2.1 is the
normal control of the house, where the room temperature is kept at 22°C during the day,
while set to 19°C during the period 11pm to 6am - night setback. This is quite normal in
Danish houses. The set point modulation for obtaining flexibility is shown with a red line
is in figure 2.1. At the start of the cooking peak the set point is decreased - here 1 K.
The duration of this set back is determined by the room temperature in the rooms. When
the temperature in one room gets below the setback temperature - 21°C in figure 2.1,
the heat pump is restarted, and the heating system will bring the room temperatures
back up to normal — here 22°C. The duration of the setback is given by the allowed fluc-
tuation of the room temperatures, the heat demand of the house (taking into account
heat gains from persons, appliances, and solar radiation), and the amount of heat stored
in the walls, ceiling and floor. Thus, the possible duration of the setback is longer at high
ambient temperatures and in houses with a large internal thermal mass.
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Figure 2.1. Test focussing on only switching off the heat pump.

If the duration of the setback is short and ends before it is time for the night setback,
there is a rebound effect, which means that the heating system often needs to emit more
heat than saved during the setback in order to return the room temperatures to the nor-
mal set point temperatures (blue line in figure 2.1). If, however, the duration of the set-
back is longer and continues until the time of the night setback, there will be no rebound
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effect, and energy may actually be saved compared to normal operation. The duration of
the setback may be increased if the temperature of the rooms prior to the setback is in-
creased, but still being within the range of comfort. Figure 2.2 shows this situation.
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Figure 2.2. Test with both switching off the heat pump and excess heating.

Both situations in figures 2.1 and 2.2 will be investigated in the following chapter. Figure
2.3 shows the different parameters of interest in the investigation.
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Figure 2.3. Parameters of interest in the investigation:
Th: room temperature set point for excess heating
T;: room temperature set point for setback during the switch off period
ATh: aimed temperature increase during excess heat
AT;: maximum allowed temperature decrease during switch off
hexcess: time for start of excess heating
hore: time for switching off the heating
Ahexcess: duration of excess heating
Ahos: duration of switching off heating



The duration of the switch off Ahofr depends on:

Th: room temperature set point for excess heating
Ti: the setback room temperature set point
Ahexcess: duration of excess heating

A parametric study, where these three parameters are varied, are, therefore, carried out.
The following tests are performed, where the baseline test is the situation with no modu-
lation of the temperature set point - i.e. the blue line in figures 2.1-3.

2.1 Baseline test

The baseline is with traditional on/off control of the valves of the underfloor heating sys-
tem. The result from this test is the basis to which the other tests primarily are com-

pared.

2.2 Only switching off the heat pump

The following is superimposed the baseline test - see also figure 2.1:

at 5pm (horf), when the cooking peak starts, the set points of the room tempera-
ture in all rooms are decreased with AT to Ti

the set point temperature remains T until the temperature in one room gets be-
low Ti. At this point the set point of all rooms is changed back to the original set
point at 22°C (the set point is always reduced to 19°C during the night) and the
heat pump is started

2.3 Both switching off the heat pump and excess heating
The following is superimposed the baseline test - see also figure 2.2:

at hexcess, the set point of the room temperature in all rooms is increased by ATk to
Th

at 5pm (hotf), when the cooking peak starts, the set points of the room tempera-
ture in all rooms are decreased with ATh + ATito T

the set point temperature remains T until the temperature in one room gets be-
low Ti. At this point the set point of all rooms is changed back to the original set
point at 22°C (the set point is always reduced to 19°C during the night) and the
heat pump is started

2.4 Parameter variation
The following parameter variations seems interesting:

Th: 23°C and 24°C
Ti: 21°C and 20°C
hexcess: 3pm and 4pm
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3 Simulated set point modulation

The Parametric study described in the former chapter has been carried out using the
Dymola house model described in Appendix D in a simulation model as the test rig runs
at real-time and, therefore, not allowing for annual parameter studies. The chosen house
is a Danish single-family house from the 70’s, as described in Appendix C. The house has
a floor area of 150 m2. The house model is identical to the one used in the OPSYS test
rig. As the test rig currently only has four physical circuits emulating the underfloor heat-
ing system, the house model is also simplified to a four-room model as seen in figure
3.1.

15m
A -
window and door
window west 2 north 9 m2, 7.2 m? |
m? 1,6 m* door window east 1
Am Room 2: bedrooms m?, 1,6 m?
Room 3: bath and aisle 48 m?

room 12 m?

i \ door

window west 1

m?2, 0,8 m?
door Room 1: kitchen/dining window east 2
Room 4: 6m area and living room 72 m?2 m?2, 1,6 m?
bedroom
18 m?
3m 12m
v g
window south window and door south
2 mZ’ 1,6 m?2 13 m2, 10,4 m?

Figure 1. Floor plan of the building model. The two numbers for the windows and doors are:
the first number is the total area incl. framing, and the second number is the transpar-
ent area.

The underfloor heating in the three rooms 1, 2 and 4 is lightweight, while it is heavy in
room 3 (the bathroom). Thus, the heating up after switching on the heat pump is slower
in room 3 than in the other three rooms.

The internal gains from appliances and persons are described in details in Appendix C.
Weather conditions, solar radiation to the rooms, and temperature of the brine to the
heat pump are also described in Appendix C.

The heat pump installed in the house is a ground coupled heat pump with an SPF (Sea-
sonal Performance Factor = annual efficiency) of around 3.5. In this study, the heat
pump only delivers space heating in order not to complicate things, as the domestic hot
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water (DHW) demand is very stochastic. Excess heating of a DHW tank may, however,
add extra energy flexibility to a house, but it is not within the scope of this document.

The heat pump is frequency controlled in the range of 0.5-2.5 kW electricity and on/off
controlled below 0.5 kW electricity.

3.1 Baseline simulation

The baseline simulation is performed with a traditional on/off control of the valves to the
four underfloor circuits. The thermostats have a hysteresis of £0.5 K.

The annual space heating demand has been calculated to 16,904 kWh, while the annual
electricity demand of the heat pump was 4,877 kWh. This gives a SPF of 3.47, which
constitutes a good heat pump installation (Poulsen et al, 2017). The monthly sums of
electricity to the heat pump are shown in figure 3.2.

Monthly sum of electricity to the heat pump

1000
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400
300
200
100

montly electricity ot the heat pump
[kWh]

Jan Feb Mar Apr May Jun Jul Aug Sep Okt Nov Dec

Figure 3.2. Monthly sums of the electricity demand of the heat pump in the baseline simulation.

As the setback of the room temperature for energy flexibility purposes starts at 5pm and
ends at 11pm, when the night setback is activated, the maximum amount of shiftable
energy is the electricity demand of the heat pump during the six hours between 5pm and
11pm. This potential is often not available as the room temperature during cold periods
drops below the setback temperature before the time of the night setback is reached.
This will be investigated in the following. However, first the potential amount of shiftable
energy will be investigated.

Figure 3.3 shows the daily amount of shiftable electricity over the year. The maximum
amount of shiftable energy is of course highest during the winter where the largest heat
demand occurs. Figure 3.4 shows the same values as figure 3.3, but now as a function of
the daily mean ambient temperature for the respective daily amount of shiftable electrici-
ty demands.

Figure 3.4 shows a fair correlation between the maximum daily amount of shiftable elec-
tricity demands and the corresponding mean daily ambient temperatures. The scattering
of the values is due to the solar radiation entering the rooms. A high daily amount of so-
lar radiation leads to a lower maximum amount of shiftable electricity demand.
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Figure 3.3. The maximum daily amount of shiftable electricity during the period 5pm-11pm.

Shiftable electricity
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Figure 3.4. The maximum daily amount of shiftable electricity from figure 3.4 dependent on the
daily mean ambient temperature.

3.2 Parametric study
The three parameters:

- Th: room temperature set point for excess heating
- Ti: the setback room temperature set point
- Ahexcess: duration of excess heating

May be varied in different ways. The following could be interesting:
OUOH1D: Ti = 21°C, no excess heating

OUOH2D: Ti = 20°C, no excess heating
1U1H1D: Ti = 21°C, Th = 23°C starting at 4pm
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1U2H1D: Ti = 21°C, Th = 23°C starting at 3pm
1U1H2D. Ti = 20°C, Tnh = 23°C starting at 4pm
1U2H2D: Ti = 20°C, Th = 23°C starting at 3pm
2U1H1D: Ti = 21°C, Tnh = 24°C starting at 4pm
2U2H1D: Ti = 21°C, Tnh = 24°C starting at 3pm
2U1H2D: Ti = 20°C, Tnh = 24°C starting at 4pm
2U2H2D: Ti = 20°C, Th = 24°C starting at 3pm

Where: Ti: setback temperature (D for down = setback of temperature)
Th: excess heating temperature (U for up = increase of room temperature)
H: number of hours for the start of excess heating before the start of the cook-
ing peak)

3.3 Detailed results from parameter variation 1U1H1D

Before presenting the results of all parameter variations one variation will be described in
more details to explain different aspects of the effect of excess heating and forced
switching-off of the heat pump. The selected variation is 1lU1H1D, whichs means that the
set point of the rooms temperatures is increased to 23°C (1U) one hour before the cook-
ing peak (1H), while the set points are decreased to 21°C at the start of the cooking
peak (1D) - i.e. the situation shown in figure 2.2.

The following results are from investigations with the chosen house, climate conditions,
use, control strategy, etc. Thus the obtained conclusion may not be true for other houses
in other countries with different use or control. The purpose is to investigate the influ-
ence of excess heating and temperature setback on the room temperatures, duration of
setback, and the possible shift of energy.

The overall result of the 1U1H1D control strategy is an annual space heating demand of
16,877 kWh and an annual electricity demand of 4,876 kWh at a SPF of 3.46. The heat
and electricity demands are similar, but they are surprisingly slightly lower than for the
baseline case. A somewhat higher electricity demand was expected due to the higher
heat loss during the one hour of excess heating. The reason for this is that the rebound
effect expected after the forced switching-off of the heat pump often does not or hardly
occurs because of the night setback. This is shown in the following.

Figure 3.5 shows the development of the room temperatures during January 4. Figure
3.5 shows that the heat pump has difficulties bringing the room temperatures up again
after the night setback due to a cold day (between -5 and 0°C) and little solar radiation.
Especially room 4 suffers from a low room temperature due to the large external surface
to floor ration. The cooking peak in the house is clearly seen at the curve for the kitch-
en/living room (room 1). The influence of the heavy floor heating in the bathroom (room
3) is also clearly seen: the room only cools down slowly during the night, while the ex-
cess heating (5pm-6pm) hardly is seen. The setback of the temperature to 21°C lasts
only for 1 hour and 20 minutes due to the cold weather conditions. The temperature of
the north facing room 2 is mostly influenced by the setback, and it is the temperature,
which activates the restart of the heat pump. Due to the slow underfloor heating system,
the hysteresis of the heat emitting system is more than £0.5 K (as defined in the simula-
tion model) - it is rather £0.7 K.
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Set point and room tempersatures - January 4
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Figure 3.5. The evolution of the set point and room temperatures during January 4% for the simu-
lation 1U1H1D.

Figure 3.6 shows the power to the heat pump and the heat demand of the house during
January 4™ for the baseline case, and figure 3.7 shows this case for the 1U1H1D simula-
tion.

Figure 3.6 shows a dip in the consumed power and the produced heat of the heat pump
at approximately 1pm. The dip is caused by the thermostat of the kitchen/living room
being switched off as the room temperature in this room reaches 22.5°C as seen in fig-
ure 3.5. A closer look at the energy demand to the four rooms reveals that room 1 is
responsible for nearly half of the heat demand of the house on January 4®. On an annual
basis, 42 % of the heat produced by the heat pump is delivered to room 1, 34 % is de-
livered to room 2, and 12 % is delivered to each of room 3 and 4.

Power to and heat from heat pump - January 4
10000 switched
9000 baseline energy
8000
7000
6000
5000
4000
3000

2000 m
1000 M
0 2 4 6 8 10 12 14 16 18 20 22 24
hour of the day [h]

power [W]

Power to heat pump Heat from heat pump

Figure 3.6. The power to the heat pump and the heat produced by the heat pump during January
4t for the baseline simulation.
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Power to and heat from heat pump - January 4
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Figure 3.7. The power to the heat pump and the heat produced by the heat pump during January
4th for the 1U1H1D simulation.

The area between the green lines in figure 3.6 is when the set point temperature is de-
creased to 21°C in the 1U1H1D case (figure 3.7). The maximum power consumption by
the heat pump is 2,500 kW. However, due to the free gains in the house (appliances (es-
pecially cooking appliances) and people) the heat pump would under traditional control
run at reduced speed starting from shortly after 4pm, which leads to less shiftable power
during the cooking peak starting at 5pm where the cooking delivers a large amount of
energy to room 1. Thus, the amount of energy that may be shifted during the 1 hour and
20-minutes setback period in figure 3.5 is only 1.4 kWh with a mean power of just over 1
kW. 1.4 kWh is only 3.5 % of the total electricity demand of the heat pump during that
day. When comparing figures 3.6 and 3.7, it is seen that there is only a small rebound
effect for heating up the rooms after the small setback period. This is shown more clearly
in figure 3.8, which shows the cumulated electricity to the heat pump for the two cases.
Figure 3.8 shows that only a small amount of energy is shifted, which in the end leads to
almost the same daily consumption for the two cases. 1U1H1D has only a 0.15 % higher
electricity demand than for the baseline case.

3.3.1 December 21th

Figure 3.9 shows the room temperatures for December 215t from the 1U1H1D simulation.
The day was rather cold with an ambient temperature between -5 and -14°C. The set-
back was carried out, but the controller immediately realizes that the setback is not pos-
sible, and it returns the operation to the normal set point. A more advanced controller
would not have decrease the set point, as there was no energy flexibility available that
day. However, due to the cooking peak, the room temperature of room 1 went above the
set point, which resulted in the heating to this room being switched off. Therefore, it
could be stated that the house delivered some energy flexibility to the grid by its normal
control.
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Accumuleted energy - January 4
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Figure 3.8. Comparison of the accumulated electricity to the heat pump for the two cases;
1U1H1D and the baseline simulation.

Set point and room temperatures - December 21
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Figure 3.9. The evolution of the set point and the room temperatures during December 215t for the
simulation 1U1H1D.

Figure 3.9 shows that the heat pump is too small for the very low ambient temperature
during December 21st. However, this is the normal way of dimensioning heat pumps in
Denmark in order not to “overinvest” in the heat pump. Normally, there would be a re-
sistant heater in the heat pump for this rare occasion. Figure 3.9 shows that a heat pump
needs to be oversized in order to be able to deliver energy flexibility during the entire
heating season.

3.3.2Shoulder season

Figure 3.5 and 3.9 shows situations where the heat pump had problems with the delivery
of enough heat to the house. In the following, a situation during the spring is investigat-
ed: April 10" and April 11t™, where the ambient temperature varied between 2 and 11°C.
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Much solar radiation is registered for April 10, while only little solar radiation on April
11%, Figures 3.10-11 show the set point and the room temperatures during these two
days.

The effect of solar radiation at a rather low angle is clearly seen in figure 3.10, especially
for room 1. Room 1 overheats during April 10%, which results in the temperature of room
1 not reaching the setback set point before after the night setback was activated. The
other rooms benefit as well from the solar radiation, but less than room 1. The setback
set point is, therefore, returned to 22°C later during April 10t than during April 11t,

Set point and room temperatures - April 10
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24
22

- Noet

18

temperture [°C]

7

0 2 4 6 8 10 12 14 16 18 20 22 24
hour of the day [°C]

room 2 room 3

set point room 1 room 4

Figure 3.10. The evolution of the set point and the room temperatures during April 10t for the sim-
ulation 1U1H1D.

Set point and room temperatures - April 11
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Figure 3.11. The evolution of the set point and the room temperatures during April 11% for the sim-
ulation 1U1H1D.

Table 3.1 compares the two days with regards to shifted energy.
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Day Duration of setback | Shifted energy! | Mean shifted power? | Rebound?
hours kWh kW kWh

April 10 4.33 0.4 0.09 0.18

April 11 2.5 0.4 1.6 -0.40

Table 3.1. Comparison of April 10" and April 11t for simulation 1U1H1D.
1 the amount of electricity to the heat pump that was used in the baseline case during
the setback,
2 the mean shifted power during the set back: shifted energy/duration of setback,
3 difference between daily electricity demand during the baseline and 1U1H1D case.

Due to the solar radiation on April 10%", the duration of the setback is nearly twice as long
as during April 11, Figure 3.10 also shows that excess heating was only possible in
room 2 as the other room temperatures were above 23°C before the cooking peak. In
spite of the solar radiation on April 10t™, the shifted amount of energy is identical for the
two days. The reason for this is shown in figures 3.12 and 3.13. During the baseline case
the house needs heating much later on April 10t than on April 11, What may surprise is
that the setback during April 11t leads to a lower daily heat demand compared to the
baseline, while for April 10% this leads to a slightly higher heat demand than the base-
line. The reason for this is seen both in figures 3.10 and 3.11 as well as figures 3.12 and
3.13. In figures 3.10 and 3.11, it is seen that the room temperatures on April 10™ are
increasing just before the night setback, while the opposite is the case on April 11%, The
reason for this is seen in figures 3.12 and 3.13, where the heating power just before the
night setback (at 11pm) was more than twice as high on April 10™ than on April 11%.
Slightly changed conditions may have resulted in the opposite situation. This is, however,
not investigated here, but it shows that the determination of the possible shiftable ener-
gy and the rebound effect are not easy tasks.

Power to and from heat pump - April 10
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Figure 3.12. The power to the heat pump and the heat produced by the heat pump during April 10t
for the baseline simulation.

Table 3.1 gives a mean shiftable power of 0.09 kW during the setback on April 10%.
However, the shiftable amount of energy is first available by the end of the setback peri-
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od, which means that the operator of the power grid will not have any energy flexibility
from this house during the cooking peak, but first at 8pm. This illustrates that single
numbers like shiftable energy (here in the form of electricity) and mean power during a
setback period may contain too little information for the system operators, e.g. DSO
(Distribution System Operator) or BRP (Balance Responsible Parties) to be able to make
decisions on how to utilize available energy flexibility.
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Figure 3.13. The power to the heat pump and the heat produced by the heat pump during April 11t
for the baseline simulation.

Although the amount of shiftable energy/electricity, the shiftable mean power, and the
duration of setback for a single house may not be valuable information for controlling the
energy networks. These values may be of interest at an aggregated level when control-
ling many heat pumps. Therefore, the values will be investigated on an annual basis in
the following, as they also contain important information about the single house. The
values will be referred to as performance indicators in the following.

3.3.3 Performance indicators for 1U1H1D

The former sections showed that the performance indicators are not fixed values, - they
change over the year. This is investigated in the following.

Figure 3.14 shows the duration of the setback using the 1U1H1D control strategy. The
figure shows that the mean duration of the setback during the main heating season is
around one hour with the 1U1H1D control strategy. The values in figure 3.14 are rather
scattered, so in order to be able to compare with other control strategies, figure 3.14 has
been transformed to figure 3.15, which shows the mean monthly setback durations.

Figure 3.16 compares the maximum daily amount of shiftable electricity (from figure 3.3)
with the actual obtainable shiftable electricity using 1U1H1D as control strategy. Figure
3.16 shows that typically less than 10 % of the maximum amount of shiftable electricity
can actually be utilized in this case.
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Figure 3.14. Daily duration of the setback using the 1U1H1D control strategy.
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Figure 3.15. Mean monthly duration of the setback using the 1U1H1D control strategy.

Figure 3.17 shows the obtainable amount of shiftable mean power as a function of the
mean daily ambient temperature. As for figure 3.4, there is a clear correlation between
the mean daily ambient temperature and the shiftable mean power although the values
in figure 3.17 are more scattered than in figure 3.4. Figure 3.18 shows the obtainable
daily amount of shiftable energy as a function of the mean daily ambient temperature.

Figures 3.15-18 show rather short setback periods, little obtainable daily amount of
shiftable energy and little shiftable mean power when using the 1U1H1D control strategy
for the actual house. In the following section, others of the control strategies mentioned
in section 3.2 will also be investigated.
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Figure 3.16. Obtainable amount of shiftable daily electricity compared with the maximum amount
of shiftable electricity using the 1U1H1D control strategy
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Figure 3.17. Obtainable amount of shiftable mean power dependent on the mean daily ambient
temperature using the 1U1H1D control strategy.

3.4 Results from all parameter variation

Due to the specific design and the use of the 1970 house, only the following simulations
turned out to be necessary:

OUOH1D: Ti = 21°C, no excess heating
OUOH2D: Ti = 20°C, no excess heating
1U1H1D: Ti = 21°C, Th = 23°C starting at 4pm
1U2H1D: Ti = 21°C, Th = 23°C starting at 3pm
2U1H1D: Ti = 21°C, Tn = 24°C starting at 4pm

The results from these simulations will be evaluated in the following.
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Figure 3.18. Obtainable amount of shiftable daily energy dependent on the mean daily ambient
temperature using the 1U1H1D control strategy

3.4.10nly setback of the set point

Two cases where only the set points were set back were simulated: 1 and 2 K decease at
5pm denoted OUOH1D and OUOH2D.

Figure 3.19 shows the result for April 11t for the two cases.
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Figure 3.19. Comparison of possible duration of the setback period with a set point decrease of 1
K (left) and 2 K (right) on April 11,

Figure 3.19 shows that in this case for April 11%, the duration of the setback is almost
twice as long with a decrease of the set point with 2 K (3 hours and 10 minutes) com-
pared to a decrease of 1 K (1 hour and 40 minutes). The duration of the setback for April
10t is already long with a 1 K decrease of the set point: 4 hours and 20 minutes (see
figure 3.10). In this case changing to a setback of 2 K will only increase the duration of
the setback to 5 hours and 50 minutes or to 10 minutes before the night setback. Thus,
the increase of the duration of the setback is 19 % in this case..

Due to a very fast decrease in the temperature of room 2 and 4, the increase of the du-
ration of the setback, when going from a decrease in set point from 1 K to 2 K, is only 10
minutes during January 4,
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As a setback of the set points during December 21 is not possible due to a too small
heat pump - see figure 3.9, lowering the setback set points will not change this.

Figure 3.20 shows the mean monthly possible duration of the setback for the two cases.
The figure shows that during the main heating season, the setback can be increased by
an average of around half an hour.

Figure 3.21 shows the possible daily amount of shiftable energy and the mean shiftable
power for the two investigated cases. The possible amount of daily shiftable energy in-
creases due to the increase in the possible duration of the setback. As an example, at a
mean daily ambient temperature at -5°C, the possible amount of shiftable energy is 1.1
kWh with a 1 K setback and 1.6 kWh with a 2 K setback. However, the mean shiftable
power is very similar due to the fact that these values are defined by dividing the amount
of daily mean energy with the duration of the setback.

However, as described in the former section it is not known when the shiftable energy

and power are available during the setback period, and with an increasing duration of the
setback, this uncertainty increases as well.

Mean monthly duration of setback

setback [h]

month

——O0UOH1D ——0UOH2D

Figure 3.20. Comparison of possible mean monthly duration of the setback period with a set point
decrease of 1 K (OUOH1D) and 2 K (OUOH2D).

3.4.2 Excess heating of the house before the setback

Three simulations have been carried out, all with a setback of 1 K. The three simulations
are:

- 1U1H1D: 1 K increase in set point 1 hour before the cooking peak
- 2U1H1D: 2 K increase in set point 1 hour before the cooking peak

- 1U2H1D: 1 K increase in set point 2 hour before the cooking peak

The excess heating hardly increased the energy flexibility compared to only setback (de-
scribed in the former section) for these cases as seen in figures 3.22 and 3.23. The rea-
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son for this is shown in figures 3.5 and figures 3.9-11 as well as in the following figures
3.24 and 3.25.
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Figure 3.21. Comparison of (trend lines for) the possible amount of daily shiftable energy and the
mean shiftable power at a set point decrease of 1 K (OUOH1D - left) and 2 K
(OUOH2D - right).
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Figure 3.22. Comparison of possible mean monthly duration of the setback period with only set-
back (OUOH1D) and with excess heating (1U1H1D, 2U1H1D and 1U2H1D).

Figure 3.24 shows that only room 2 is influenced by the excess heating. However due to
the fast decrease of the temperature in this room, the mean monthly duration of the set-
back is hardly increased because of the excess heating. Figures 3.5 and 3.24 show that
all rooms during January 4™ receive heat two hours before the cooking peak (except for
room 2 which stops being heated around one hour before the cooking peak). The figures
also show that, the temperatures do not exceed 23°C during the hour before the cooking

peak. Thus, for January 4™ there is no difference between 1U1H1D, 2U1H1D and
1U2H1D.

As explained in the former section no energy flexibility is available for December 21t as
the heat pump is too small to reach the set point of 22°C - see figure 3.9. Thus, excess
heating is of course not possible for this day.
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Figure 3.23. Comparison of (trend lines for) the possible amount of daily shiftable energy (left)
and the mean shiftable power (right) with only setback (OUOH1D) and with excess
heating (1U1H1D, 2U1H1D and 1U2H1D).
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Figure 3.24. Comparison of the possible duration of the setback period with only a set point de-
crease of 1 K (left) and 1 K excess heating during one hour before the setback (right)
on January 4t,

Figure 3.25 shows the possible duration of the setback with only a decrease of the set
point temperature and with excess heating for April 10",

The possible duration of setback of the four situations in figure 3.25 is:

OUOH1D: 1 hour and 40 minutes

1U1H1D: 2 hours and 30 minutes
2U1H1D: 2 hours and 30 minutes
1U2H1D: 2 hours and 50 minutes

Prior to the cooking peak, only room 4 calls for heat. However, as this is the room that
ends the setback on this day, the duration of the setback is increased with 50 % for a
one-hour duration of the excess heating. In this case excess heating with a set point of
23 and 24°C is identical as it is room 4, which ends the setback, and it is not influenced
by a higher excess heating set point. An excess heating of two hours extend the duration
of the setback with 20 minutes as the temperature of room 4 is higher at the beginning
of the cooking peak. A two-hour excess heat at a set point of 24°C would not lead to a
longer duration of the setback as all room temperatures are below this set point.

Due to the high room temperatures during April 10 - see figure 3.10, the duration of
the setback is identical for only setback and one and two-hour excess heating at 23°C: 4
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hours and 20 minutes, while the one-hour excess heating at 24°C adds 30 minutes to the
duration of the setback.
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Figure 3.25. Comparison of possible duration of the setback period with only a set point decrease
of 1 K (top left) and with excess heating for April 11t (1U1H1D, 2U1H1D and
1U2H1D).

3.4.3 Annual electricity demand of the heat pump
Table 3.2 shows the annual electricity demands for the six simulated cases.

Simulation Annual electricity demand | Difference compared to baseline
kWh %

Baseline 4,877 -

OUQH1D 4,860 -0.3

0UQH2D 4,845 -0.7

1U1H1D 4,876 -0.02

2U1H1D 4,880 +0.06

1U2H1D 4,884 +0.14

Table 3.2. Comparison of the necessary annual electricity demand of the heat pump for the six
simulation cases.

For this specific house, there is no real difference in the energy demand of the heat
pump. One main reason is that most of the electricity used for appliances during the
cooking peak is delivered to the room with the highest energy demand. Only setback
leads to a bit lower electricity demand due to slightly lower room temperatures during
the cooking peak and only a slight rebound effect. 1U1H1D has the same electricity de-
mand as the baseline case, while the two cases with more excess heating have a slightly
higher electricity demand.
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In other investigations, a higher electricity demand when utilizing energy flexibility to
minimize the annual costs of electricity has been reported. As an example, (Parvizi,
2016) reports a 30 % saving on the energy bill, however, with an 8 % larger energy de-
mand. This simulation was carried out with a 48-hour prediction horizon using perfect
forecasts.

3.5 Conclusion

Although the investigated control of the heat pump is very simple and the design as well
as the use of the house are not ideal for obtaining energy flexibility, the exercise re-
vealed several interesting aspects.

The controllable energy flexibility is very dependent on any free gains from solar radia-
tion and appliances, which occur close to or during a period when energy flexibility is
needed from a house. In the present investigated cases, the heat input of 3.2 kW to the
main room during the one-hour cooking peak reduced the possible controllable/ob-
tainable energy flexibility during this period. If the morning peak had been investigated
instead this would lead to more obtainable energy flexibility due to less free gains, More-
over, if the persons of the house closely after breakfast leave for job, school, etc., it
would be possible to further decrease the set point temperature of the rooms. Figures
3.6, 3.12 and 3.13 show that there is a high heat demand in the morning, while less in
the afternoon/early evening. Figure 3.12 shows that the switchable energy on April 10"
does not occur until after 8pm and not during the cooking peak.

Furthermore, the simulations show that in order to be able to offer energy flexibility to
the grid during the entire heating season, the heat pump needs to be oversized. Howev-
er, the additional costs of an oversized heat pumps need to be compared with the possi-
ble income from being able to offer the extra energy flexibility, which a larger heat pump
makes possible.

Based on the findings from the above simulations with a very simple control strategy for
obtaining energy flexibility it can be stated that in order to gain maximum energy flexibil-
ity there is a need for a more advanced controller - and preferably a controller, which
includes weather forecast and forecast of free gains in the house. Instead of having an
identical increase and decrease of the set point in all rooms a more advanced controller
could differentiate according to the actual conditions. For instance in figure 3.11, it is
room 4, which causes the stop of the setback. Room 2 would otherwise have stopped the
setback half an hour later, while room 1 and 3 seems to have been able to go without
heat for a couple of more hours. A more advanced controller could, e.g. based on PIR
sensors, determine if it was necessary to start heating room 2 and 4 or the heat pump
could shortly have been switched on at low speed in order to stabilize the temperature of
these two rooms around the setback set point instead of increasing the room tempera-
ture of all rooms to 22°C.

It seems that the night setback is responsible for the very little rebound effect as the
room temperatures often would not have reached the normal set point of 22°C after a
setback before the night setback switches off the heat pump.

In this document the possible energy flexibility of the house is described in terms of:

- the monthly mean duration of the possible setback - e.g. figure 3.15

28



- the shiftable daily amount of energy/electricity as a function of the daily mean
ambient temperature - e.g. figure 3.21

- the mean shiftable power as a function of the daily mean ambient temperature -
e.g. figure 3.21

These parameters are as shown in the above sections very dependent on the actual con-
ditions at the time of the day for activating of the setback. Thus, they cannot be utilized
for an exact determination of the possible energy flexibility from the house at a certain
moment. Furthermore, the three values will vary over the year. However, for an aggre-
gator, who looks for houses to include in his/her portfolio, the values may be useful when
scanning for suitable houses in a specific area.
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4 Tests in the OPSYS test rig

The parametric analysis in chapter 3 was performed with a fast simulation program as
the test rig runs at real-time. Both the simulation on the test rig computer and the annu-
al fast simulation program use the same house model (Appendix C and D). However,
while the heat pump in the annual simulation is a very simple model (see Appendix D) as
it does not i.a. consider the thermal capacity of the heat pump, the test rig includes a
real heat pump with all the physical complexity this leads to. Furthermore, the flow rates
in the four rooms are determined by the simulation in the annual simulations while the
simulation program at the test rig only controlled the opening and closing of the valves
(telestats). The actual flow rates are determined by the hydronic of the test rig. See
more about this in Appendix F.

This chapter investigates how well the annual simulations can create similar energy flexi-
bility as the test rig.

In the following, results from the OPSYS test rig are compared to similar results obtained
from the annual simulation program. Two cases have been tested in the test rig: eight
days in January and seven days in April in order to compare with the results already pre-
sented in chapter 3.

4.1 January

Figure 4.1 shows the obtained room temperatures in the test rig simulation of the house
for the period January 2"-9% and figure 4.2 shows the ambient temperature during the
same period. The effect of solar radiation to room 1 is clearly seen in figure 4.1. Howev-
er, it is rather difficult to see the duration of the setback in figure 4.1. Therefore, figure
4.3 shows only the resulting set point for the room temperatures. Due to the low ambient
temperature the duration of the setback is rather short as also shown in figure 3.5 (Jan-
uary 4%) and figure 3.9 (December 21%).
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Figure 4.1. Room temperatures obtained from the OPSYS test rig for the period January 2nd-9th,
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Figure 4.2. Ambient temperatures for the same period as figure 4.1.
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Figure 4.3. The set point of the room temperatures from figure 4.1.

Figures 4.4 and 4.5 show the room temperatures and the set point for January 4t™: figure
4.4 shows the results from the test rig and figure 4.5 the results from the annual simula-
tion. The development of the temperature profiles is much alike between the two simula-
tions. The development of the set point is more squared in figure 4.4 than in figure 4.5.
This is due to the time step of the simulation. On the test rig (figure 4.4), the time step
was 15 seconds while the time step of the annual simulation was 10 minutes.

The slight difference between the room temperatures in the two figures is as explained

above that the test rig includes a real heat pump with all its complexity and the flow
rates were not identical - this is shown and explained in Appendix F.
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Figure 4.4. January 4% from figure 4.1.
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Figure 4.5. January 4% from the annual simulation - identical to figure 3.5.

Similar to figure 3.9 figure 4.3 shows that during the winter there is often no energy flex-
ibility available - e.g. January 8%,

4.2 April
Figures 4.6-8 are identical to figures 4.1-3 except that the period here is April 10"-16%,

Figures 4.6 and 4.8 show as expected a longer duration of the setback due to higher am-
bient temperatures and more solar radiation. For day 104 (April 14t™), the duration of the
setback lasts almost until the night set back. For the following day, the duration of the
setback lasts beyond the time of the night setback. The difference between these two
days is approximately a 2 K higher ambient temperature on day 105.
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Set point and room temperatures - test rig
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Figure 4.6. Room temperatures obtained from the OPSYS test rig for the period April 10t-16t,
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Figure 4.7. Ambient temperatures for the same period as figure 4.6.

Figures 4.9-12 compare the room temperatures obtained by the test rig with the room
temperatures obtained by the annual simulation.

The good agreement between the test rig and the annual simulation is again seen, - best
for April 11% (figures 4.11 and 4.12). For April 10* the room temperatures of room 3 and
4 are somewhat lower at the test rig during the cooking peak than seen from the annual
simulation, while for room 2 this temperature is a bit higher. The duration of the setback
is a bit shorter in the test rig than in the annual simulation for April 10, while the dura-
tion of the setback is similar for the two cases on April 11,
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Figure 4.8. The set point of the room temperatures from figure 4.6.

The measured and the simulated power consumption of the heat pump is shown in fig-
ures 4.15 and 4.16 for April 10""-11t%, The test was started on day 100. This explains the
measured power consumption from the start of the test, whereas this consumption is not
present in the graphs with the simulated results. However, the start-up consumption is
small in the test rig as there is much less water in the test rig than in the heat emitting
system of a real house.

The less good agreement between the room air temperatures from the test rig and the
annual simulation for April 10t is, therefore, due to the fact that the test in the test rig
was started on April 10, This is seen in figures 4.13 and 4.14 which show April 12,
where the test had run for two days. April 12t (day 102) is as seen in figure 4.6 similar
to April 10" (day 100). Figures 4.13 and 4.14 show almost identical patterns for the
room air temperatures and a similar duration of the setback.

Based on the above, it seems that the test rig only needs a one day start-up period be-
fore the temperatures of the test rig and the simulated performance of the house have
reached stable conditions, and the obtained room air temperatures from the test rig and
the annual simulations become comparable. This is important as tests in the test rig run
real-time, so more than one day for obtaining stable conditions would seriously prolong a
test.

The patterns of the electricity consumption are different in the measured and the simu-
lated cases (figures 4.15-18), but the consumption occurs at more or less the same time.
The reason for the difference in consumption patterns is as explained earlier, that the
heat pump in the annual simulation is represented by a very simple equation. The effi-
ciency of the heat pump in the annual simulation is expressed as a dependency of the
heat demand and the AT between the temperature of the brine to the heat pump and the
needed forward temperature to the heat emitting system (see Appendix F). There is no
thermal capacity of the heat pump. Furthermore, the simulated heat pump is assumed to
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be continuously regulated in the area of 500-2500 W while it is on/off controlled below
500 W. The latter is clearly seen in figure 4.16 in the morning of day 100. The physical
heat pump is differently on/off controlled as seen in figure 4.15 in the morning of day
100. Here, the heat pump is allowed to deliver more heat at each on-period leading to
fewer starts and stops during on/off control.

To determine whether the above is also correct when the test rig has been in operation
for several days, figures 4.17 and 4.18 show the measured and simulated power con-
sumption of the heat pump for day number 104-106 (April 14t%-15%), Figures 4.17 and
4.18 do not change the above conclusion, but they show that the continuous control of
the heat pump is also different in the two cases as the maximum measured power to the
heat pump is 1,836 W while in the simulated case it is 2,420 W.

Set point and room temperatures - test rig

w
o

N
(o]

N
)]

A

W T

100 100.2 100.4 100.6 100.8 101
day number

N
N

temperature [°C]
N

N
o

=
(o]

set point room 1

room 2 room 3 room 4

Figure 4.9.  April 10 — day 100 from figure 4.6.
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Figure 4.10. April 10 from the annual simulation - identical to figure 3.10.

35



Figures 4.4 and 4.5 as well as figures 4.11-14 show that the simple model of the heat
pump in the annual simulation gives a good representation of the room air temperatures.
The reason for this is that the inertia (thermal capacity) of the house, which acts as a low
pass filter between the heat input to the underfloor heating system and the pattern of
the room air temperatures. Even fast steps in the set point of the room air temperatures
are handled well. However, figures 4.15-18 show that the annual simulation program
could benefit from a more detailed model of the heat pump when considering the per-
formance of the heat pump. This was attempted, but the heat pump module of Dymola
(in which the house model was created) was too slow to be used in the annual simula-
tions. This was why a simple model of the heat pump was chosen.
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Figure 4.11. April 11t - day number from figure 4.6.
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Figure 4.12. April 11% from the annual simulation - identical to figure 3.11.
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Work has been done in the OPSYS project to speed up the Dymola model of heat pumps
as explained in Appendix H. Thus, a more detailed model of the heat pump should be
considered in future work on the annual simulation program.

Figure 4.13.

Figure 4.14.
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April 12t — day 102 from figure 4.6.
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April 12t from the annual simulation.

4.3 Conclusion

Despite the simple representation of the heat pump in the annual simulation program
and dissimilar flow rates in the four circuits of the underfloor heating system (se Appen-
dix F), there is good agreement between the obtained measured and simulated energy
flexibility expressed in terms of the duration of switching-off the heat pump. The patterns
of the room air temperatures from the test rig and the annual simulation are also similar
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It is, therefore, believed that the OPSYS test rig also will be capable of testing more ad-
vanced controls including different set points for the room temperatures as well as partly
opening of the telestats (valves of the four circuits in the floor heating system). The lat-
ter in order to control the flow rate to each circuit in order to optimize the heat delivered
to each room.
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Figure 4.15. Power to the heat pump in the test rig — April 10t-11%,
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Figure 4.16. Power to the heat pump in the annual simulation — April 10%-11t,
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Figure 4.17.

Figure 4.18.
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