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Abstract. This study analysed the dynamic thermal response of a low-energy building using 
measurement data from an apartment block in Copenhagen, Denmark. Measurements were collected during 
February and July 2018 on space heating energy use, set-points, room air temperature and temperature from 
sensors integrated inside concrete elements, i.e. internal walls and ceiling, at different heights and depths. 
The heating system was controlled by the occupants. During February, there were unusually high set-points 
for some days and a regular heating pattern for some other days. Overheating was observed during July. A 
considerable effect of solar gain was observed both during winter and summer months. The room air 
temperature fluctuations were observed at a certain extent inside the concrete elements; higher in the non-
load-bearing internal wall, followed by the load-bearing internal wall and lastly by the ceiling. The 
phenomenon of delayed thermal response of the concrete elements was observed. All internal concrete 
masses examined may be regarded as active elements and can contribute to the physically available heat 
storage potential of the building. The study provides deep insight into the thermal response of concrete 
elements in low-energy residential buildings, which should be considered when planning a flexible space 
heating energy use. 

1 Introduction  

In the future energy system a significant increase in the 
penetration of renewable energy is expected. As a 
consequence, the fluctuating energy production from 
renewable energy sources will challenge the 
controllability and stability of the power grid. Many 
studies propose  energy flexibility as a solution to 
facilitate secure operation of the energy system while 
integrating a large share of renewables, as an example 
[1], [2]. The residential building sector, which 
constituted 27% of the final energy consumption in 
Europe in 2016 [3], offers great potential for flexibility 
as the large thermal mass of the building stock could be 
utilized for energy storage. The new generation of 
buildings in Denmark are well-insulated and airtight, 
according to the Danish Building Regulation 2018 [4] 
and may be heavy-weight, namely have large thermal 
storage capacity. There have been many studies showing 
the potential of the structural thermal mass of buildings 
to be utilized as storage medium to offer flexibility [5]–
[12]. Most studies perform simulations aiming at moving 
load in time to avoid demand in peak load periods, or to 
promote demand in off-peak periods, imposing heating 
strategies that exploit the dynamic thermal response of 
the concrete mass. Some studies have performed analysis 
on the effect of the material properties  pertaining to 
thermal mass on the flexibility potential [10], [12], and 

the contribution of different building components to 
flexibility [5], [6]. To the knowledge of the authors, no 
recent full scale monitoring has been performed to 
document in detail the behaviour of the thermal mass.  

The purpose of the present work is to analyse the 
dynamic thermal response of a low-energy building 
using measurement data. The case study building is a 
multi-family apartment block, located in Copenhagen, 
Denmark. Measurements are collected during the year 
2018. Data on space heating energy use, indoor air 
temperature, CO2 concentration and relative humidity 
are used to evaluate the energy performance and indoor 
environment of the apartments. In addition, a set of 
temperature sensors have been placed inside the 
prefabricated concrete walls and ceilings, at different 
depths from the surface to the middle of the concrete 
layer. This unique set of measurements allows for 
analysis of the dynamic thermal response of the thermal 
mass of the building, and it demonstrates which part of 
the thermal mass actively participates in the heat 
exchange with the indoor environment and can 
subsequently facilitate load shifting strategies.  

The structure of this paper is organized as follows. 
Section 2 presents the case study building, the 
monitoring system, and by the methodology of data 
analysis. In Section 3 the results of the measurements are 
analysed and discussed. The main conclusions are 
summarized in Section 4.   
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2 Methodology 

2.1 Case study building  

The case study building is a multi-family apartment 
block that was completed in 2017 and is located in 
Nordhavn district of Copenhagen, Denmark. The 
building has 72 apartments and 11 town house units. 19 
apartments and 1 town house unit agreed to participate in 
the EnergyLab Nordhavn project [13], monitoring the 
energy use,  indoor environment and temperatures inside 
the concrete elements. In the present analysis, one 
apartment has been chosen in order to analyse in depth 
the thermal response of concrete elements and develop 
the methodology that will be applied to the other 
apartments in future work. 

 
Fig. 1. Apartment floor plan and installed sensors [14]. 
 The apartment has an area of 147 m2. It is on the top 

floor (5th floor) of the building and has a loft. It has 
facades to the south and north, while on the east and 
west sides there are adjacent apartments. Fig. 1 shows 
the floor plan of the apartment (excluding the loft). Table 
1 lists the properties of the main building components. 

Table 1. Properties of main building components. 

The building is connected to the district heating system 
and the heat emission system in the apartment is floor 
heating. There is CAV mechanical ventilation and heat 
recovery from exhaust air with 85% efficiency. Fresh air 
is supplied in the living room and bedrooms and it is 
exhausted from the kitchen, bathroom and toilet. 

 2.2 Monitoring system  

 The apartment is equipped with sensors measuring 
air temperature, CO2 concentration and relative 
humidity. There is a home management system which 
includes control of the heating system via control panels 
with integrated room air temperature sensors placed in 
each room. Furthermore, for research purposes, there are 
custom-made concrete blocks of size (60 x 200 x 200 
mm) with built-in sensors that measure the temperature 
at different depths. The concrete blocks were prepared in 
the laboratory of Technical University of Denmark 
(DTU), with three integrated temperature sensors, at the 
surface and at two depths into the material. The sensors 
used are PT 1000 (DIN EN 60751, CLASS DIN B). The 
sensors’ heads are in direct contact with the concrete that 
surrounds them, while the sensor cables are covered with 
a flexible plastic pipe that leads out of the concrete 
block, to protect them when the sensor block was cast 
into the concrete wall and ceiling elements. Fig. 2 
depicts the production process of the concrete blocks. 
These concrete blocks were subsequently cast into walls 
and ceilings during the production process. Three 
different types of setup have been created and are 
illustrated in Fig. 3.   
• Type 1: Sensors were placed in the internal non-
load-bearing wall made of 100 mm of aerated concrete, 
at a height above the floor of 1.1 m and at three depths: 
0 mm, 25 mm and 50 mm from the internal surface.  
• Type 2: Sensors were placed in the internal load-
bearing wall made of 200 mm concrete, at the same 
height of 1.1 m and at three depths: 0 mm, 50 mm and 
100 mm from the internal surface of the living room. 
Three more sensors were placed in the surface layer at 
heights 0.1 m, 0.6 m and 1.7 m.  
• Type 3: Sensors were placed in the ceiling, in the 
layer that consisted of 220 mm concrete, at three depths: 
0 mm, 55 mm and 110 mm from the lower surface. On 
top of the concrete there is thermal insulation.  

Components Thickness [mm] U-value [W/(m2·K)] Materials 

External wall 580 0.122 

Concrete (180 mm) 
Insulation class 38 (300 mm) 

Concrete (70 mm) 
Air gap (5 mm) 

Aluminium plates (25 mm) 
Internal load-bearing wall 200 3.70 Concrete (200 mm) 

Internal non-load-bearing wall 100 1.35 Aerated concrete (100 mm) 

Floor/ceiling decks 407 0.34 

Oak planks (14 mm) 
Concrete (80 mm) 

Insulation class 38 (93 mm) 
Hollow core concrete (220 mm) 

Windows 3 pane glazing 0.72 
g-value=0.5, 

frame fraction 15%, 
window frame U-value=0.85 
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The sensors, listed in Table 2, were placed in elements 
facing the large open space (which includes the living 
room and kitchen, further referred to as the living room), 
as depicted in Fig. 1. 
 All measurement data were received by a KNX 
system and were transferred to a central data 
management system at DTU. The time resolution of the 
data was 1 min. Ambient weather data were obtained 
from the Climate Station at DTU [15] for the months of 
the analysis. The weather station is located 10 km from 
the measured apartment, so a deviation in the weather 
data is expected. However, this is not considered critical 
for the present analysis.  

 

 

 

Fig. 3. Placement of temperature sensors in walls (Type 1 
and Type 2) and ceiling (Type 3).  

2.3 Data analysis  

The analysis was performed for one winter month, 
February, and one summer month, July. The space 
heating energy use, CO2 concentration and relative 
humidity are reported here. The main goal of the analysis 
was to determine the dynamic thermal response of the 
apartment. Room air temperature is therefore discussed, 
in relation to solar gains and the resulting heating 
patterns. In-depth analysis of temperature from the 
different nodes inside the concrete elements at different 
heights and depths was performed. The nodes inside 
each concrete element were examined in relation to the 
room air temperature to which the elements were 
exposed. The data shown are from the living room. For 

each month, two days were chosen, to provide more 
detail in the analysis of the thermal response. The 
temperature fluctuations of all nodes in the concrete 
elements were normalized, in order to evaluate what 
percentage of the room air temperature fluctuation was 
achieved at different depths in the concrete (Eq.1), and 
to evaluate the delay in thermal response (Eq.2):   

• 𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛1 = 𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛−𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑚𝑚𝑚𝑚𝑛𝑛)

𝑇𝑇𝑟𝑟𝑛𝑛𝑛𝑛𝑚𝑚(𝑚𝑚𝑚𝑚𝑚𝑚)−𝑇𝑇𝑟𝑟𝑛𝑛𝑛𝑛𝑚𝑚(𝑚𝑚𝑚𝑚𝑛𝑛)
         Eq. (1) 

• 𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛2 = 𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛−𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑚𝑚𝑚𝑚𝑛𝑛)

𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑚𝑚𝑚𝑚𝑚𝑚)−𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑚𝑚𝑚𝑚𝑛𝑛)
           Eq. (2) 

Table 2: Temperature sensors in walls and ceiling. 
 

3 Results and discussion 

3.1 Measurements during winter 

The month of February 2018 had an average ambient 
temperature of -1 °C. Fig. 4(a) shows the ambient air 
temperature and the global irradiance for the whole 
month. The energy use for this month was 1252 kWh 
(8.5 kWh/m2). Both the relative humidity and the CO2 
concentration were within acceptable ranges according 
to EN/DS 15251 [16]; on average, the relative humidity 
was 30 % and the CO2 concentration was 700 ppm. Fig. 
4 (b) shows the heating power for the whole apartment, 
as well as the air temperature set-point and the air 
temperature in the living room. During the month there 
were periods with different heating patterns and thermal 
behaviour.  
• At the beginning of the month, there was increased 
heating use, despite the fact that the temperature set-
point in the living room was either 21 °C or the heating 
was turned off. This was due to unusually high set-points 
in other rooms of the apartment, which affected the air 
temperature in the living room. During the first three 
days of the month there were minimal solar gains, while 
from the 4th - 9th there were considerable solar gains, 
which resulted in even higher air temperatures at 
midday, reaching up to 28 °C. Such temperatures are 
considered very high, especially for the month of 
February. Nevertheless, the system was controlled 

Sensor Element Depth Height 

T1-0 mm Wall Surface 1.1 m 

T1-25 mm Wall 25mm  1.1 m 

T1-50 mm Wall 50mm 1.1 m 

T2-0 mm-1.1 m height Wall Surface 1.1 m 

T2-50 mm Wall 50mm 1.1 m 

T2-100 mm Wall 100mm 1.1 m 

T2-0 mm -0.1 m height Wall Surface 0.1 m 

T2-0mm -0.6 m height Wall Surface 0.6 m 

T2-0mm -1.7 m height Wall Surface 1.7 m 

T3-0 mm Ceiling Surface 3.5 m 

T3-55 mm Ceiling 55mm 3.5 m 
T3-110 mm Ceiling 110mm 3.5 m 

Fig. 2. Production process of concrete blocks with 
integrated temperature sensors. 
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entirely by the occupants based on their preferences, so 
extreme behaviors may be expected. 
• From the 10th - 13th, the set-points in the apartment 
were drastically decreased, while the set-point in the 

living room was maintained constant at 21 °C. During 
these days the heating was turned off and there were 
very low solar gains. It took 4 days for the air 
temperature to decrease to 21°C.   

 
Fig. 4 Analysis of thermal response during February 2018: (a) Ambient air temperature and global irradiance. (b) Space heating 

power, temperature set-point and room air temperature. (c) Temperature inside the non-load-bearing internal wall at 0 mm, 25 mm 
and 50 mm depth and the room air temperature. (d) Temperature inside the load-bearing internal wall at 0 mm, 50 mm and 100 mm 
depth and the room air temperature. (e) Temperature inside the ceiling at 0 mm, 55 mm and 110 mm depth and the room air 
temperature. (f) Surface temperature of the concrete elements and the room air temperature. 
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• With the set-point maintained at 21 °C, in the 
period 14th – 24th the heating use was respective to the 
set-point in the living room. A regular heating pattern 
was followed; the heating system was activated during 
the night, ran for 4.75 h on average and was 
subsequently turned off for two days. During this period, 
the solar gains were average for the season, and affected 
the air temperature, which increased every midday.   
• Towards the end of the month, the temperature set-
points of other rooms were increased again and the 
thermal behavior resembled what had occurred at the 
beginning of the month.  
 The above variations in the temperature set-points 
and respective heating patterns caused significant 
changes in the room air temperature, which makes it 
possible to examine the thermal changes inside the 
concrete elements.   

Fig. 4(c) shows the temperatures inside the internal 
non-load-bearing wall (Type 1) and the room air 
temperature. All three sensors indicated higher 
temperatures than the room air temperature. The one in 
the middle of the wall had the highest temperature, while 
the other two had almost the same temperature. The 
other side of the wall is the utility room, so it is most 
likely that hot pipes traversing that room were heating it 
up. At the beginning of the month, when the room air 
temperature was also very high, this effect was not 
observed, but instead all the layers of the wall had an 
almost uniform temperature.   

Fig. 4(d) shows the temperatures inside the internal 
load-bearing wall (Type 2) and the room air temperature 
of the living room and the adjacent room. The 
temperatures inside the internal load-bearing wall 
changed as expected, given that the adjacent room on the 
other side of the wall had a lower air temperature. They 
were mostly lower than the room air temperature, with 
the surface temperature being slightly closer to the room 
air temperature, followed by the temperatures at 50 mm 
and 100 mm depth in the concrete. Exceptions were the 
start of large temperature changes (increase or decrease), 
when due to the delayed response of the different layers, 
the temperatures overlapped with each other. The delay 
of the thermal response in different elements and depths 
is analysed in detail below.  

Fig. 4(e) shows the temperatures inside the ceiling 
(Type 3) and the room air temperature. The thermal 
changes inside the ceiling differed from those in the 
walls. The three layers of the ceiling had almost the 
same temperature, with only negligible differences. The 
response to the room air temperature fluctuations was 
slow, and daily fluctuations could be only marginally 
observed, while the temperature curve responded 
smoothly and cumulatively to the air temperature 
changes. This may be because this element is exposed to 
room air temperature fluctuations from only one side, as 
there is thermal insulation above it, while the walls 
consist of concrete or aerated concrete and are exposed 
to room air temperature fluctuations from both sides.  
Additionally, the ceiling is not directly exposed to solar 
radiation, while walls may be.  

Fig. 4(f) shows the surface temperature of the concrete 
elements and the room air temperature. The surface 
temperature of the internal non-load-bearing wall was 
the highest, for the reasons previously explained. The 
temperatures on the surface of the internal load-bearing 
wall at the different heights, 0.1 m, 0.6 m and 1.7 m 
were almost the same, validating the expectation that 
floor heating creates a uniform thermal environment 
with minimal vertical thermal gradients. However, the 
surface temperature at 1.1 m height was often higher 
than at the other heights, which indicates that there had 
been direct solar radiation at this height. The surface 
temperature of the ceiling was sometimes higher and 
sometimes lower than that of the rest of the surfaces, due 
to its slower thermal response. However, during the 
period with a regular heating pattern (14th – 24th), the 
temperature of the ceiling was very similar to those of 
the load-bearing internal wall. These results confirm the 
findings in [5], where a similar apartment was simulated 
and the thermal behaviour of different concrete elements 
was evaluated.   

 

 
Fig. 5. Temperature fluctuations of all nodes between 18th–

19th February. (a) Normalized against room air temperature 
maximum fluctuation. (b) Normalized against individual node 
maximum temperature fluctuation.   

In order to improve the understanding of the thermal 
response of the different layers of the concrete elements, 
two days were chosen, 18th – 19th February, for more 
detailed analysis. The temperature fluctuations of each 
node (i.e. each layer in each element) were normalized 
against the maximum fluctuation of the room air 
temperature for those two days. The temperature 
fluctuation that was achieved at the different depths of 
the concrete elements was thus quantified as a 
percentage of the room temperature fluctuation. These 
data are shown in Fig. 5(a). For the two days analysed, 
the maximum room air temperature fluctuation was 2 °C. 
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Comparing the temperature fluctuations achieved in the 
concrete elements to that of the room air temperature, the 
highest percentages were achieved in the non-load-
bearing internal wall, followed by the load-bearing 
internal wall and lastly the ceiling. The surface node of 
the non-load-bearing internal wall experienced almost 
the same fluctuations as the room air temperature. The 
other two layers of this wall achieved a temperature 
increase that was as high as 74% of the room air 
temperature. The layers of the load-bearing internal wall 
achieved 43%, 37% and 33% for the surface, 50 mm and 
100 mm node respectively. The layers of the ceiling 
achieved on average 19% of the room air temperature 
fluctuations. The room air temperature increase during 
the second day, which was 0.4 °C, affected temperatures 
inside the concrete of the ceiling only marginally.  

The temperature fluctuations of each node were 
normalized against the maximum temperature 
fluctuation of this node for those two days, such that the 
temperature fluctuation for each node varied between 0 
and 1. The timing of the fluctuations can then be 
evaluated, quantifying the delay of the thermal response 
in different elements and at different depths. This is 
shown in Fig. 5(b). A delay of the thermal response in 
different elements and at different depths may be seen. 
During the temperature increase of the first day, the 
maximum delay was 2 h for the node that was 100 mm 
deep in the internal load-bearing wall. The delay in the 
non-load-bearing wall was negligible. The effect was 
more pronounced during the temperature decrease.  
 

 
 

Fig. 6 Analysis of thermal response during July 2018: (a) Ambient air temperature and global irradiance. (b) Temperature inside 
the non-load-bearing internal wall at 0 mm, 25 mm and 50 mm depth and the room air temperature. (c) Temperature inside the load-
bearing internal wall at 0 mm, 50 mm and 100 mm depth and the room air temperature. (d) Temperature inside the ceiling at 0 mm, 
55 mm and 110 mm depth and the room air temperature.  

3.2 Measurements during summer 

The month of July 2018 had an average ambient 
temperature 20.4 °C. Fig. 6(a) shows the ambient air 

temperature and the global irradiance for the whole 
month. Both the relative humidity and the CO2 
concentration were within acceptable ranges (EN/DS 
15251 [16]), with the relative humidity being 50% and 
the CO2 concentration 470 ppm on average. The room 
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air temperature throughout the month indicates the 
problem of overheating observed in low-energy 
buildings, as the average temperature was 26 °C and 
reached a maximum of 30.1 °C.  
 The changes in temperatures inside the internal non-
load-bearing wall (Fig. 6(b)) were similar to what had 
been observed in February, namely higher than the room 
air temperature, due to the adjacent room being the 
utility room.  In the load-bearing internal wall (Fig. 
6(c)), the temperatures were similar and occasionally 
slightly higher than the room air temperature. It should 
be noticed that the adjacent room had almost the same 
temperature as the living room, whereas during February 
the adjacent room had on average 2 °C lower room air 
temperature. The temperature in the ceiling (Fig. 6(d)) 
was rather stable, and approximately the average of the 
room air temperature, since daily fluctuations are not 
observed in the concrete of the ceiling. Towards the end 
of the month, when the room air temperature was 
constantly increasing, so did the temperature inside the 
ceiling but with a smoother development.  
   

 
Fig. 7. Temperature fluctuations of all nodes between 24th–

25th July. (a) Normalized against room air temperature 
maximum fluctuation. (b) Normalized against individual node 
temperature maximum fluctuation. 
 Two days were chosen for further analysis, 24th – 
25th July (Fig. 7). For these two days, the maximum 
room air temperature fluctuation was 2 °C. Regarding 
the temperature fluctuations achieved in the concrete 
elements compared to those of the room air temperature, 
the percentages achieved in the non-load-bearing internal 
wall were similar to those in February. For the layers of 
the load-bearing internal wall, there was larger 
distribution between the percentages achieved by each 
layer; 65%, 42% and 29% for the surface, 50 mm and 
100 mm node respectively. The layers of the ceiling 
achieved on average 40% of the room air temperature 
fluctuations, namely double the percentage achieved 

during February, due to the difference between ceiling 
and air being smaller in summer than in winter and heat 
accumulated in the ceiling. Regarding the delay in 
response of the concrete elements compared to the room 
air temperature, a difference in the behaviour may be 
seen compared to the days in February.  During the room 
air temperature increase due to solar gains, the delay in 
the response of the concrete elements was greater than 
that during February. Furthermore, in some nodes (i.e. 
50 mm and 100 mm node in the load-bearing internal 
wall and all nodes in ceiling) the temperature decrease 
was not observed.  
 Nevertheless, both in February and July, the 
temperature fluctuations at all different depths and in all 
the elements indicate that the concrete elements were 
effectively activated by the room air temperature 
fluctuations. Following the assumption that were 
discussed by [17], in order for the thickness of a concrete 
element to be considered effective, more than 10% of the 
room air temperature fluctuations should be achieved. 
According to this, all layers examined may be regarded 
as effective, namely more than half of the concrete mass 
exposed to the room air temperature is effective and can 
actively facilitate load shifting strategies.   
 The conclusions of this study were based on 
measurements monitored while the heating system in the 
apartments was controlled by the occupants. The 
analysis clearly shows the importance of occupant 
behavior on energy use for space heating. Data from the 
same case study building have been analysed in [18], 
where they focused on occupant interaction with heating 
systems and windows. Further investigations are being 
performed during the heating season 2019, with the 
heating temperature set-points in the apartments being 
remotely controlled.    

  4 Conclusions 

This study analysed the dynamic thermal response of a 
low-energy building using measurement data from a 
multi-family apartment block located in Copenhagen, 
Denmark. Measurements collected during February and 
July 2018 were analysed, regarding space heating energy 
use, heating temperature set-points, room air 
temperature, CO2 concentration, relative humidity,  as 
well as a unique set of measurements from temperature 
sensors integrated inside concrete elements (internal 
walls and ceiling) at different heights and depths.  
 During the month of February there were periods 
with very different heating temperature set-points and 
resulting heating patterns.  Unusually high set-points led 
to very high temperatures and heating energy use for 
some periods in the month of February. A considerable 
effect of solar gain on indoor air temperature was 
observed both during winter and summer months. With 
the contribution of solar gains and the low heat losses, in 
order for the apartment to maintain a temperature of 21 
°C, it was sufficient that the heating system was turned 
on for 4.75 h every other day. A problem of overheating 
was observed during July. The CO2 concentration and 
relative humidity were within acceptable ranges and the 
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thermal environment was uniform with minimal vertical 
thermal gradients. 
 Comparing the temperature fluctuations achieved in 
the concrete elements to that of the room air temperature 
(defined as 100%), the highest percentages were 
achieved in the non-load-bearing internal wall (100 mm 
aerated concrete), with 87% on average, followed by the 
load-bearing internal wall (200 mm concrete) with 41%, 
and lastly by the ceiling (220 mm hollow core concrete) 
with 30%.  Thereby, all internal concrete masses 
examined may be regarded as active elements and 
contribute to the physically available heat storage 
potential of the building. The phenomenon of delay in 
the thermal response of the concrete element was 
observed.   

The results of this study provide deep insight into the 
thermal response of concrete elements in low-energy 
residential buildings. Important information are shown 
about the thermal behaviour of the structural mass of this 
type of buildings as a storage medium, which should be 
considered when planning a flexible space heating 
energy use to contribute to heat load shifting.  

This research is part of the Danish research project 
“Energy- Lab Nordhavn –New Urban Energy Infrastructures” 
supported by the Danish Energy Technology Development and 
Demonstration Programme (EUDP). Project number: 64014-
0555. 
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