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Abstract. Recent research has indicated that economic model predictive control (E-MPC) of 

residential space heating can be a significant demand response (DR) asset in district heating 

systems. Typical E-MPC formulation for this purpose relies on acceptance of occasionally 

increased indoor temperatures and the DR potential is thus limited by thermal comfort 

constraints. This paper reports on a field experiment on whether bedroom air temperatures are 

affected by temperature boosts in adjacent rooms in three case buildings. The measured 

bedroom air temperature was increased slightly but interviews with the residents indicate 

that they did not notice the increase. E-MPC in rooms adjacent to the bedroom in these or 

similar houses can therefore be utilised for providing DR to district heating systems. 
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1. Introduction 

Energy flexibility of various temporal resolution is 
increasingly considered to be an important asset in 
the management of thermal energy systems with a 
high penetration of intermittent renewable energy 
sources. The thermal mass of residential buildings 
can for instance be utilised as short-term heat 
storage [1-2] for demand response using model 
predictive control (MPC) of heating systems 
triggered by price-based demand response programs 
resulting in so-called economic MPC (E-MPC), see e.g. 
[3-5] to mention a few, or in combination with signals 
on CO2 emissions [6]. The demand response potential 
of the individual building in absolute terms is 
relatively small [7] but current simulation-based 
studies have demonstrated that the aggregated 
demand response potential of MPC of residential 
space heating systems can be an asset to operational 
challenges in urban district heating systems [8-11]. 

 
A typical formulation of E-MPC is to minimize heating 
costs constrained by thermal comfort criteria. A 
thermal comfort criterion often used is that 
occupants are assumed comfortable if temperatures 
are within a predefined comfort band, e.g. defined by 
a preferred temperature and an acceptable deviation 
from it. In addition, limitation on the steepness of 
ramping the temperature up or down are also 
applied [3]. The common behaviour of this MPC 
formulation for residential space heating is that the 
MPC boost the indoor temperature to a user-defined 
upper comfort limit during low-price periods - thus 
storing heat energy in the thermal mass of the 
building - so that the indoor temperature can drift in 
free float back to a lower comfort limit during the 

 
subsequent high-price period. The MPC is therefore 
tracking either the upper or the lower boundary of 
the comfort band, meaning that the air temperature 
is rarely the preferred temperature of occupants (i.e. 
somewhere between the upper and lower comfort 
limit). Alternative strategies taking offset in tracking 
a preferred temperature during normal operation 
and then provide demand response by either 
boosting up to the upper limit or drifting down to a 
lower limit have therefore been proposed [12,13]. 
However, neither the typical formulation of thermal 
comfort criteria nor the mentioned alternative is 
applicable for all functions of a residential building. 
Especially ramping up from a preferred indoor 
temperature – denounced temperature boost 
henceforth – to an upper comfort limit may be 
problematic for some function, e.g. the bedroom; 
here, the preferred temperature might be the upper 
comfort limit. 

 
There seems to be a tendency that residents in 
Northern European countries with temperate 
climate prefer a bedroom temperature either on par 
or lower than the preferred temperature in the 
remaining rooms of the home – also during the 
heating season. This is e.g. evident in the results from 
a questionnaire study involving residents in 28 
Norwegian low-energy buildings where no one felt 
‘hot’,  ∼10%  felt  warm,  ∼40%  felt  slightly  warm, 
∼45% found the temperature appropriate, and ∼5% 
felt slightly cool [14], and in another Norwegian 
study interviewing 38 residents in low-energy 
homes where the residents in general prefer a 
bedroom temperature that is lower than what they 
are  experiencing  [15].  Madsen  and Gram-Hanssen 
[16] derive from 17 interviews with residents of 14 
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Danish single-family houses built between 1969- 
2013 that “the interviews reflected a cool bedroom as 

comfortable in contrast to the warmth of the living 

room”. A similar conclusion can be drawn from the 

study by Larsen and Johra [17] investigating user 

engagement with smart home technology for enabling 

building energy flexibility in 12 apartments and four 

terrased houses in the greater Copenhagen area built 

between 2004-2017. However, a study by Mlecnik et 

al. [18] on 88 responses from a questionnaire on end- 

user experiences in nearly-zero energy houses in the 

Nederlands did not indicate the same level of 

dissatisfaction as the previously mentioned study; 

here, only 1% and 8% were very dissatisfied or 

dissatisfied, respectively, with the indoor climate in 

the bedroom during winter time. Strøm-Tejsen et  al. 

[19] found in a study involving 20 residents of

identical dorm rooms that the sleep quality of 
residents was affected negatively when the bedroom
air temperature was increased by 2 K above their 
preferred bedroom air temperature (mean: 22 ̊ C, SD:
1.3 ˚C). Additional data from the experiment indicate
that sleep quality was not affected if the bedroom air
temperature decreased approx. 1.4 ˚C below their
preference [20]. The study also indicated that it is
probably not a low room temperature that residents 
desire but the notion of fresh indoor air that comes 
with cool air.

The above-referenced studies indicate that it is 
difficult to pinpoint the preferred temperature in 
bedrooms, but a common denominator seems to be 
that the temperature in the bedroom should not be 
increased above the preferred temperature – in 
many cases it should in fact be lowered. This comfort 
criterion means that radiators in bedrooms should 
not be controlled by E-MPC schedules that allows 
temperature boosts – let alone be affected by 
temperature boosts in adjacent zones. The latter 
issue is a concern raised in simulation-based studies 
by Clauβ et al. [21] and Johnsen et al. [22]. Here it was 
found that bedroom temperatures were not strongly 
dependent on the heating control strategies applied 
in the other rooms. However, to the knowledge of the 
authors of this paper, there has been no reports on 
field measurement of the phenomenom. This paper 
therefore present data from field measurements of 
bedroom air temperatures in three different Danish 
single-family houses during an investigation on the 
effect of night-time temperature boosts in the 
kitchen, living room, and hallway. 

2. Method

The data presented in this paper origins from a field 
experiment first reported in Christensen et al. [23] 

where focus was on evaluating how residents 
experience leaving the bedroom and enter zones of 
the house with air temperatures elevated 1 or 2 ˚C 
above their normal temperature. The elevated 
temperature was the result of a temperature boost 
schedule designed to mimic the behaviour of an E- 
MPC attempting to store heat energy in the thermal 
mass of the building to avoid using heat for space 
heating during the morning peak energy use of the 
local district heating system. There was no attempt 
to analyse the effect of the temperature boosts on the 
bedroom air temperature in [23]; this effect is 
presented in this paper. 

The following sections recap the case buildings and 
their installed experimental equipment as well as the 
experimental design. 

2.1 Case buildings 

Three houses with the layout shown in Fig. 1 was 
featured in the experiment. The houses are in 
Aalborg, Denmark, which has a temperate climate. 
The three houses, henceforth named House 1, 2 and 
3, are low-energy houses built in 2018 on the 
foundations of old houses from the 1960s. Inner 
walls are of light weight concrete with an R-value of 
0.12 m2K/W, which is a common construction in 
Denmark for buildings from this period. House 1 and 
3 are single-family houses, and House 2 is part of a 
two-family house. House 1 was occupied by an 
elderly retired couple (male and female), the 
residents of House 2 were a young couple (male and 
female) attending their higher studies, and House 3 
was occupied by a male adult and a female child. 

The houses were equipped with sensors from Lansen 
measuring air temperature (±0.2 °C), relative 
humidity (±2 %), and CO2 concentration (±50 ppm) 
every five minutes. Window and door opening state 
was also monitored with sensors. Radiators were 
equipped with Danfoss ECO thermostats that enables 
wireless remote control of temperature setpoints. 
The thermostat has an imbedded PID controller 
using an internal temperature sensor as control 
variable. Location of sensors and thermostats are 
shown in Fig. 1. 

2.2 Experimental design 

Three temperature schedules designed to mimic the 
behaviour of a boosting E-MPC as described in the 
introduction was created, see the last three graphs in 
Fig. 2. The schedules varied in temperature boost as 
well as duration. The weekly experimental schedule 
shown in Table 1 was executed three times 
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Fig. 1 – Floor plan layout and location of experimental equipment (from paper [23]). 

during what is usually considered the coldest month 
of the heating season in Denmark (Feb 8th to Feb 
28th 2021). The boosts were always ended at 7:00 
am. 

The occupants provided feedback on thermal 
comfort using “right-here-right-now” questionnaires 
during the experiment and they were interviewed at 
the end of the experiment; see paper [23] for further 
details about the design of the questionnaires and 
interviews. 

Fig. 2 – Temperature boost schedules (from paper [23]) 

Tab. 1 – Weekly schedule for the experiment (from paper [23]). 

Week Mon Tue Wed Thu Fri-Sun 

1 - - - - - 

2 Off (2h) +2 °C (2h) +1 °C (2h) +2 °C (1h) - 

3 +2 °C (2h) +1 °C (2h) +2 °C (1h) Off (2h) - 

4 +2 °C (1h) Off (2h) +2 °C (2h) +1 °C (2h) -
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3. Results

Fig. 3 illustrates the trajectory of the air temperature 
in the bedrooms (first column of graphs) alongside 
the trajectory of the air temperature in the adjacent 
room (second column of graphs) in the three houses 
during the temperature boost schedule +2 ˚C (2h). 
The residents in House 3 were only present in week 
2 of the experiment which is why there is only a 
graph for week 2 for this house. The schedule +2 ˚C 
(2h) was potentially ‘worst case’ in terms of effect on 
the bedroom air temperatures. Data from these 
experiments exemplifies the trajectory of the 
temperature in the different rooms across the entire 
experiment but the magnitude of effect on the 
bedroom air temperature were somewhat different. 

The bedroom of House 1 was in close connection to 
the living room and the hallway where the 
temperature boosts were executed (see Fig. 1). It is 
unknown whether the bedroom door was open 
during the temperature boosts. The air temperature 
in the bedroom was increased by 1, 0.9 and 0.6 ˚C 
during the +2 ˚C (2h) schedule, 0.7, 0.7, and 0.6 ˚C 
during the +2 ̊ C (1h) schedule, and 0.8, 0.4, and 0.5 ̊ C 
during the +1 ˚C (2h) schedule in week 2, 3 and 4, 
respectively. It is noted that the setpoint of the 
thermostat in the bedroom was 6 ̊ C (i.e., the radiator 

was not heating the room). 

In House 2, there is a small hallway without a 
radiator between the bedroom and the living room 
where the temperature boosts were executed (see 
Fig. 1), and the bedroom door was partly open during 
the temperature boosts. The air temperature in the 
bedroom was increased 0.3, 0.2 and 0.2 ˚C during the 
+2 ˚C (2h) schedule, 0.1, 0.2 and 0.1 ˚C during the +2
˚C (1h) schedule, and 0.2, 0.1 and 0.1 ˚C during the +1
˚C (2h) schedule in week 2, 3 and 4, respectively. It is 
noted that the setpoint of the thermostat in the
bedroom was between 21-23.5 ˚C during the three
weeks.

The bedroom in House 3 was adjacent to a small 
hallway in open connection to the living room (see 
Fig. 1), and the bedroom door was closed during the 
temperature boosts. Temperature boosts were 
executed in both the hallway and the living room. The 
air temperature in the bedroom was increased 0.67 
during the +2 ˚C (2h) schedule, 0.31 ˚C during the +2 
˚C (1h) schedule, and 0.35 ˚C during the +1 ˚C (2h) 
schedule in week 2. It is noted that the setpoint of the 
thermostat in the bedroom was 6 ˚C (i.e. the radiator 
was not heating the room). 

Fig. 3 – Air temperature (Ti) in the bedrooms and adjacent rooms with temperature boosts during the schedule +2˚C (2h). 
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There was no solar radiation during the temperature 
boosts as the sun had not yet risen, and the ambient 
temperature was -1.66 °C ± 6.3 °C. It was therefore 
not expected that the ambient conditions caused any 
variation in the bedroom temperatures. 

 
Data from the interviews with the residents after 
week 4 of the experiment indicate that they did not 
notice the increased bedroom air temperatures. 

 

4. Discussion 

The data from the experiments indicate that the 
bedroom air was slightly affected by the temperature 
boosts in other rooms of the house. Data suggest that 
the magnitude of the increase depends on how close 
the bedroom is to the rooms where temperature 
boosts were executed, and whether the residents 
want the bedroom air temperature to be lower or on 
par with the room temperature of the remaining 
house. There is no indication in data on whether 
open or closed bedroom door affected the bedroom 
temperature. Results for the individual houses are 
further discussed in the following. 

 
The bedroom air temperature of House 1 had the 
highest increase of bedroom air temperature; 0.6-1 
˚C during the +2 ˚C (2h) schedule. This was probably 
due to a combination of the bedroom being in close 
connection to the rooms with temperature boost 
while the radiator in the bedroom was also turned off 
– most likely due to a desire for a lower temperature 
than in the rest of the house. 

 
Data from House 3 also indicates a desire for a lower 
temperature in the bedroom compared to the rest of 
the house but the effect of the temperature boosts on 
bedroom air temperature were less pronounced than 
in House 1 probably because of less connection 
between the bedroom and the rooms with 
temperature boosts. 

 
The bedroom air temperature in House 2 was not 
affected significantly by the temperature boosts. The 
situation in House 2 is somewhat different for House 
1 and 3 as the residents seemed to desire a bedroom 
air temperature close to the temperature of the 
remaining house. Furthermore, there was a passively 
heated hallway between the bedroom and the room 
with temperature boost that probably worked as a 
thermal buffer between the two rooms. 

 

5. Conclusion 

This paper reported on field measurements on the 
effect of air temperature boosts in rooms adjacent to 
the bedroom in the three different case buildings. 
The measured bedroom air temperature was 
increased slightly but interviews with the residents 
indicate that they did not notice the increase. A 
slightly increased bedroom air temperature in these 
houses is therefore not a hindrance for utilising the 
remaining house for employing MPC formulation for 
residential space heating that boost the indoor 

temperature to store heat energy in the thermal mass 
of the building for demand response purposes. 

 
It is noted that no general conclusions can be made 
based on these three case studies. The case studies 
represent a rather common building type in 
Denmark, but the identified tendencies might be 
different in other layouts or type of buildings with 
better or worse energy-efficiency of building 
enclosures and systems. 

 

6. Acknowledgement 

The research was conducted as part of the project, 

FED (Jour. No. 8090-00069B) and HEAT 4.0 (Jour. 

No. 8090-00046B) financed by Innovations Fund 

Denmark. The authors would like to thank 

Himmerlands Boligforening and their tenants for 

participating in the experiment. 

 

7. References 

[1] Le Dréau J., Heiselberg P. Energy flexibility of 
residential buildings using short term heat 
storage in the thermal mass. Energy 
2016;111:991-1002. 

 
[2] Reynders G., Diriken J., Saelens D. Generic 

characterization method for energy flexibility: 
Applied to structural thermal storage in 
residential buildings. Applied Energy 
2017;198:192-202. 

 
[3] Pedersen, TH., Hedegaard RE., Petersen S. Space 

heating demand response potential of retrofitted 
residential apartment blocks. Energy and 
Buildings 2016:141;158-166. 

 
[4] Awadelrahman, AM., Zong Y., Li H., Agert, C. 

Economic Model Predictive Control for Hot Water 
Based Heating Systems in Smart Buildings. 
Energy and Power Engineering 2017;9:112-119. 

 
[5] Finck C., Li, R., Zeiler W. Economic model 

predictive control for demand flexibility of a 
residential building. Energy 2019;176:365-379. 

 
[6] Knudsen MD., Petersen S. Demand response 

potential of model predictive control of space 
heating based on price and carbon dioxide 
intensity signal. Energy and Buildings;125 
2016:196-204. 

 
[7] Knudsen MD., Georges L., Skeie KS., Petersen S. 

Experimental test of a black-box economic model 
predictive control for residential space heating. 
Applied Energy 2021;298:117227 

 
[8] Dominković DF., Gianniou P., Münster M., Heller 

A., Rode C. Utilizing thermal building mass for 
storage in district heating systems: Combined 
building level simulations and system level 
optimization. Energy 2018;153:949-966. 



 

6 of 6 
 

 

 
 
 

[9] Cai H., Ziras C., You S., Li R., Honoré K., Bindner 
HW. Demand side management in urban district 
heating networks. Applied Energy 2018;230:506- 
518. 

 
[10] Hedegaard RE., Kristensen MH., Pedersen TH., 

Brun A., and Petersen S. Bottom-up modelling 
methodology for urban-scale analysis of 
residential space heating demand response. 
Applied Energy 2019;242:181-204. 

 
[11] Hedegaard RE., Friedrichsen L., Tougaard J., 

Mølbak T., Petersen S. Building energy flexibility 
as an asset in system-wide district heating 
optimization models. In: uSIM2020 - Building to 
Buildings: Urban and Community Energy 
Modelling. Proceedings of the 2nd IBPSA- 
Scotland Conference on Urban-scale Simulation. 
2020 Nov 12; Edinburgh, Scotland. In press. 

 
[12] Pedersen TH., Knudsen MD., Hedegaard RE., 

Petersen S. Handling thermal comfort in 
economic model predictive control schemes for 
demand response. Energy Procedia 
2017;122:985-990. 

 
[13] Hedegaard RE., Pedersen TH., Petersen, S. Multi- 

market demand response using economic model 
predictive control of space heating in residential 
buildings. Energy and Buildings 2017;150:253- 
261. 

 
[14] Berge M., Thomsen J., Mathisen HM. The need 

for temperature zoning in high-performance 

residential buildings. Journal of Housing and the 

Built Environment 2017;32:211-230. 

 

[15] Thomsen J., Gullbrekken L., Grynning S., 

Holme J. Evaluering av boliger med lavt 

energibehov (EBLE) (Evaluation of housing with 

low energy needs). Oslo (Norway): SINTEF; 

2017. 145 p. Report no: SINTEF Fag 43. 

 
[16] Madsen LV., Gram-Hanssen K. Understanding 

comfort and senses in social practice theory: 

Insights from a Danish field study. Energy 

Research & Social Science 2017;29:86-94. 

 

[17] Larsen SP., Johra H. User engagement with 

smart home technology for enabling building 

energy flexibility in a district heating system. IOP 

Conference Series: Earth Environmental Science 

2021;352:012002. 

 
[18] Mlecnik E., Schütze T., Jansen SJT., de Vries 

G., Visscher HJ., van Hal A. End-user 

experiences in nearly zero-energy houses. Energy 

and Buildings 2012;49:471-478. 

 

[19] Strøm-Tejsen P., Mathiasen S., Bach M., 

Petersen S. The effects of increased bedroom air 

temperature on sleep and next-day mental 

performance. In: Van Kenhove E, Laverge J, 

Delghust M, De Vlieger P, editors. The 14th 

international conference of indoor air quality and 

climate : conference proceedings. Ghent; 2016. 

 

[20] Mathiasen S., Bach M. The Effect of Deviations 

from Personal Room Temperature Preference on 

Sleep and Performance [master’s thesis]. Aarhus 

(Denmark): Aarhus University; 2015. 

 

[21] Clauß J., Stinner S., Sartori I., Georges L. 

Predictive rule-based control to activate the 

energy flexibility of Norwegian residential 

buildings: Case of an air-source heat pump and 

direct electric heating. Applied Energy 

2019;237:500-518. 

 

[22] Johnsen T., Taksdal K., Clauß J., Xingji Y., 

Georges L. Influence of thermal zoning and 

electric radiator control on the energy flexibility 

potential of Norwegian detached houses. In: 

Tanabe SI, Zhang H, Kurnitski J, Gameiro da 

Silva MC, Nastase I, Wargocki P, Cao G, 

Mazzarela L, Inard C, editors. CLIMA 2019. 

Proceedings of the 13th REHVA World Congress 

World Congress. 2019 May 26‐29, 2019. 

Bucharest, Romania. E3S Web of Conferences; 

2019. p. 06030. 

 

[23] Christensen LRL., Broholt TH., Barthelmes 

VM., Khovalyg D., Petersen S. A mixed-methods 

study on resident thermal comfort and attitude 

towards peak shifting of space heating. Energy 

Research & Social Science [submitted]. 


