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Preface 
EnergyLab Nordhavn – New Urban Energy Infrastructures is a project that has been using 

Copenhagen’s Nordhavn district as a full-scale smart city energy lab, with the main purpose to do 

research, development and demonstration of possible energy solutions for the future with maximum 

use of renewable energy. The goal is to identify the most cost-effective smart energy system, which 

can contribute to solving the major climate challenges the world is facing.  

  

Budget: The project has a total budget of DKK 143 m (€ 19 m), of this DKK84 m (€ 11 m) funded in 

two rounds by the Danish Energy Technology Development and Demonstration Programme 

(EUDP). 

 

Forord 
EnergyLab Nordhavn – New Urban Energy Infrastructures er et projekt, der foregår i den 

Københavnske bydel, Nordhavn, der fungerer som et fuldskala storbylaboratorium, hvor der skal 

undersøges, udvikles og demonstreres mulige løsninger til fremtidens energisystem med et 

maksimalt brug af energi fra vedvarende kilder. Målet er at finde fremtidens mest 

omkostningseffektive energisystem, der samtidigt kan bidrage til en løsning på de store 

klimaudfordringer, verden står overfor nu og i fremtiden.   

 

Budget: Projektets totale budget er DKK 143 mio. (EUR 19 mio.), hvoraf DKK 84 mio. (EUR 11 mio.) 

er blevet finansieret af Energiteknologisk Udviklings- og Demonstrationsprogram, EUDP.     

 

Disclaimer 

[Add disclaimer, if applicable] 
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Executive Summary 
The objective of the task is to evaluate the physically available energy flexibility in the 
structural thermal mass of buildings. This report is based on Chapter 3 of the PhD thesis: 
Foteinaki, K. (2019), ‘Models for flexible building operation in the Nordhavn district energy 
system’, Department of Civil Engineering, Technical University of Denmark. A number of 
studies are included and the energy flexibility results are evaluated in terms of energy and 
thermal comfort. 

 

Resumé 
Formålet med opgaven er at evaluere den fysisk tilgængelige energi fleksibilitet i bygningens 
strukturelle termiske masse. Denne rapport er baseret på kapitel 3 af ph.d.-afhandlingen: 
Foteinaki, K. (2019), 'Modeller til fleksibel bygning i Nordhavns distrikts energisystem', 
Institut for Byggeri og Anlæg, Danmarks Tekniske Universitet. En række undersøgelser er 
inkluderet, og energi fleksibilitet resultaterne vurderes med hensyn til energi og termisk 
komfort.  



  

7 

 

Version Control  

Version  Date Author  Description of Changes 

0.1 26.09.2019 Kyriaki Foteinaki Created document 

0.2 26.10.2019 Carsten Rode Minor revision, Added 
chapter 6 

 27.11.2019 Brian Elmegaard Sent review-comments  

1.0 06.12.2019 Kyriaki Foteinaki Edited document based on 
review 

    

    

    

    

    

    

 

Quality Assurance 

 

Author Reviewer Approver  

Kyriaki Foteinaki Brian Elmegaard WPL group 

 

 

Status of deliverable 

Action By  Date/Initials 

Sent for review Carsten Rode 26.10.2019 

Reviewed Brian Elmegaard 27.11.2019 

Verified Palle Holdt 20.12.2019 

Approved  WPL 20.12.2019 

 

 



  

8 

 

This report is based on Chapter 3 of the PhD thesis: Foteinaki, K. (2019), ‘Models for flexible 
building operation in the Nordhavn district energy system’, Department of Civil Engineering, 
Technical University of Denmark. 
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1. Introduction 

This report includes a number of studies that aim to evaluate the physically available energy 
flexibility in the structural thermal mass of buildings. The results are evaluated in terms of 
energy and thermal comfort. Different scenarios are investigated, varying the boundary 
conditions and building design characteristics, while focusing on the thermal response of 
the concrete elements. The limitations of the approach are discussed. The findings would 
enable an aggregator/system operator to choose a suitable portfolio of buildings for 
participation in grid services that increase flexibility in an energy supply system. 

The work refers to Danish case studies and more specifically the local energy district of 
Nordhavn, Copenhagen, Denmark, which consists mainly of newly built low-energy 
residential buildings. The investigations described in Sections 2, 3 and 4 were therefore 
based on simulation models of low-energy buildings designed according to the Danish 
Building Regulation 2015 [1], [2]. Details of the building models, methods and results can 
be found in the respective publications. 
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2. Evaluation of heating energy demand and energy flexibility 

This section investigates the flexibility potential of low-energy buildings in terms of the 
heating energy that can be added to or withheld from such buildings for a certain period of 
time within a pre-defined range of indoor temperatures. The evaluation was carried out at 
the building level.  

The findings of this study have been published in Energy and Buildings, Elsevier: 
Foteinaki, K., Li, R., Heller, A. and Rode, C. (2018) ‘Heating system energy flexibility of low-energy 

residential buildings’, Energy and Buildings.  

2.1 Method 

2.1.1 Building models 

Building regulations are becoming progressively stricter in minimizing heat loss and 
increasing the efficiency of heating, cooling and ventilation systems in buildings. The Danish 
Building Regulation 2015 (BR15) [1] introduced1  a new generation of buildings that will 
participate in the energy system. Two building types according to the BR15 standard were 
selected for the study; a single-family house (Figure 1) and an apartment block (Figure 2), 
both representing typical Danish buildings of their type.  

 
Figure 1: Single-family house model 

 
Figure 2: Apartment block model 

Table 1 and Table 2 list the properties of the main construction components of the typical 
single-family house and apartment block, respectively.  

                                            
1 When this study was finished, the new building regulation 2018 (BR18) was published. The only difference in the new regulation is the effectiveness of heat 
recovery of the ventilation system for apartment blocks, which, in the new code is the same as for a single-family house, namely 80%. If the simulations were 
run according to BR18, the only difference in the results would be the heating demand for the apartment block, which would slightly decrease. 
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 Table 1: Properties of main components for single-family house 

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

Surface 
[net m2] Materials 

External wall 448 0.138 109 Aerated concrete (100mm) 
Insulation class 38 (240mm) 
Brick (108mm) 

Internal load-bearing 
wall 

150 4.082 37 Concrete 

Internal non-load-
bearing wall 

100 1.349 97 Aerated concrete 

Roof 567 0.077 149 Plaster board (26mm) 
Scattered wooden boards (22mm) 
Insulation class 38 (460mm) 
Roof tiles (59mm) 

Floor 472 0.105 149 Oak planks (22mm) 
Concrete (100mm) 
Insulation class 38 (350mm) 

Windows 3 pane glazing 0.900 34     - 

 

Table 2: Properties of main components for apartment block  

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

Surface 
[ net m2] Materials 

External wall 448 0.138 1726 Aerated concrete (100mm) 
Insulation class 38 (240mm) 
Brick (108mm) 

Internal load-bearing 
wall 

200 3.704 2779 Concrete 

Internal non-load-
bearing wall 

100 1.349 1921 Aerated concrete 

Roof 670 0.092 980 Hollow core concrete (270mm) 
Insulation class 38 (400mm) 

Floor towards ground 470 0.106 980 Concrete (120mm) 
Insulation class 38 (350mm) 

Floor/ceiling decks 407 0.348 6860 
 

Oak planks (14mm) 
Concrete (80mm) 
Insulation class 38 (93mm) 
Concrete (220mm) 

Windows 3 pane glazing 0.900 1408     - 

The single-family house has a net heated floor area of 149 m2 and envelope area per volume 
0.998 m2/m3. The effective thermal capacity is calculated 60 MJ/K (see the relevant 
publication [3] for the detailed calculation) and the heat losses, which are received as output 
from the simulation tool, are 101 W/K. The ratio of those two leads to a time constant of 165 
h. It is divided into two thermal zones: a primarily day-occupied zone, i.e. living room, 
kitchen, and a primarily night-occupied zone, i.e. bedrooms. The window area is 22.5% of 
the heated floor area and are distributed 41% south, 26% north and 33% east/west following 
the reference single-family house of BR15. The apartment block has a net heated floor area 
of 6272 m2 and envelope area per volume 0.265 m2/m3. The effective thermal capacity is 
calculated 2908 MJ/K and the heat losses are 3084 W/K, leading to a time constant of 262 
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h. The building has 7 floors and an unheated basement, which is assumed to be maintained 
at about 15°C by heat losses from hot water pipes. Each floor has 8 apartments with the 
same floor area of 112 m2 each, and 4 staircases with the same floor area of 21 m2 each. 
The window area is 22.5% of the heated floor area and are distributed 52% south, 37% 
north and 11% east/west. The apartment block was modelled as one thermal zone per 
apartment and one thermal zone per staircase, using adequate zone multiplication of the 
zones that show similar thermal behaviour. 

In this study only space heating is considered, as the objective of the work is to evaluate the 
storage capacity of the inherent thermal mass of the building structure. The heat emission 
system in both buildings is low temperature water radiators dimensioned according to the 
standard DS 418 [4] for indoor temperature 20°C and outdoor temperature -12°C, using an 
over-dimensioning factor of 15%. The supply water temperature to the system is 45°C. 
Mechanical ventilation is installed in the buildings with constant air volume of 0.3 l/s per m2 
of heated floor area, using heat recovery of 80% effectiveness for the single-family house 
and 67% for the apartment block, according to BR15. Minimal infiltration is considered as 
1.5 l/s per m2 of the heated floor area at a pressure differential of 50 Pa and a very low effect 
of structural thermal bridging. Internal masses are included in the models to represent 
furniture, with a total area of 26 m2 in the single-family house and 1120 m2 in the apartment 
block. The ground is modelled in the simulation tool according to the standard ISO 13370 
[5]. More detailed information can be found in the relevant publication [3]. 

2.1.2 Energy flexibility events 

Starting from a reference operation of the building, modulations of the temperature set-point 
of the heating system were performed. The inherent thermal mass was thus activated, being 
charged after the air temperature set-point is increased and discharged after the air 
temperature set-point is decreased. In this study the reference operation was a typical 
thermostatic control with constant air temperature set-point at 22°C, which is a typical 
desired indoor temperature in Danish households during the heating season. Two types of 
modulation from the reference operation were considered:  

• Increased set-point from 22°C to 24°C for a certain time duration, representing a 
scenario with more than enough energy from renewable sources in the energy 
system. In this case, heat supply in buildings can be increased and the additional 
heat can be stored into the thermal mass (depicted in Figure 3, left). This type of 
modulation is further referred to as an upward flexibility event.   

• Decreased set-point from 22°C to 20°C for a certain time duration, representing a 
scenario with limited or no energy from renewable sources in the energy system. In 
this case, heat supply in buildings can be withheld or interrupted, causing heat to be 
released from the thermal mass into the building (depicted in Figure 3, right). This 
type of modulation is further referred to as a downward flexibility event.  
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In all cases, the thermal comfort of occupants should not be compromised. The thermal 
comfort limits2 of 22°C ±2 °C were chosen to be within the range of thermal comfort Category 
II “Normal level of expectations for new buildings” in the heating season, according to the 
standard EN/DS 15251 [6].  

Examples of responses to upward and downward flexibility events are illustrated in Figure 
3, together with the main flexibility parameters evaluated in this work, equivalent to those 
defined in [7].  

 
Figure 3: Examples of responses to upward and downward flexibility events and main flexibility parameters 

i) Added energy (𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎): the amount of energy that is added to the building during the 
upward flexibility event. It is given by Equation (1): 
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ∫(𝑞𝑞𝑢𝑢𝑢𝑢 − 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 )𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢   (1), where:  

𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢:  the duration of upward flexibility event, when the temperature set-point is 
increased to 24°C, 

𝑞𝑞𝑢𝑢𝑢𝑢:  the heating power during the upward flexibility event, 

𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟:  the heating power during the reference operation of the building with the 
temperature set-point at 22°C. 

ii) Discharged energy (𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎): the amount of energy that is used after being stored in 
the thermal mass of the building during the upward flexibility event. It is given by 
Equation (2): 

 𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ∫(𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 )𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   (2), where:  

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎:  the duration of time after the end of the upward flexibility event before the 
heating system returns to normal operation,  

𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎:  the heating power during the discharging period. 

                                            
2 The standard EN/DS 15251 refers to operative temperature. However, the results from the simulations showed that in these buildings, the effect of cold 
surfaces is very limited, so air and operative temperatures differ very little, i.e. by less than 0.5°C at all times. For the sake of clarity only indoor air temperature 
is presented in the graphs. 



  

14 

 

iii) Withheld energy (𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤ℎℎ𝑒𝑒𝑒𝑒𝑒𝑒): The amount of energy that is withheld from the building 
during the downward flexibility event. It is given by Equation (3): 
𝑄𝑄𝑤𝑤𝑤𝑤𝑤𝑤ℎℎ𝑒𝑒𝑒𝑒𝑒𝑒 = ∫(𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 )𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑   (3), where:  

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑:  the duration of downward flexibility event, when the temperature set-point 
is decreased to 20°C, 

𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑:  the heating power during the downward flexibility event. 

iv) Rebound energy (𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ): the amount of energy that is additionally used by the 
building in order to return to the initial state after the downward flexibility event. It is given 
by Equation (4): 

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = ∫(𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 )𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟   (4), where:  

𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟:  The duration of time after the end of the downward flexibility event before 
the heating system returns to normal operation,  

𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟:  the heating power during the rebound effect period. 

Both 𝑄𝑄 [𝑘𝑘𝑘𝑘ℎ] and 𝑞𝑞 [𝑊𝑊] refer to the net energy/heating power of the heat emission system, 
not the entire heating system, in order to avoid dependencies on the choice of the system, 
its configuration and the energy carrier. 

By definition, the available energy that can be added to or withheld from a building during a 
specific flexibility event depends on multiple parameters and is inevitably time-dependent. 
The duration and starting time of the event are main characteristics, thus their impact was 
assessed: 

• Flexibility events with duration 2 hours, 4 hours, 6 hours, 8 hours, 12 hours, 16 hours, 
and 24 hours. 

• Flexibility events with starting time at midnight (00:00), early morning (06:00), midday 
(12:00) and evening (18:00).  

The amount of energy that can be stored in structural thermal mass is particularly sensitive 
to boundary conditions, so ambient weather conditions were examined in this study 
including solar radiation and ambient air temperature. Representative examples of days in 
the heating season in Denmark were chosen as cold, moderate and warm days. The 
weather data used were from the Danish Meteorological Institute representing the Danish 
Design Reference Year [8]. Solar radiation was also considered, so both cloudy and clear 
sky representations of the same days were simulated. Figure 4 shows the ambient air 
temperature and global solar irradiance on these representative days.  
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Figure 4: Ambient air temperature and global solar irradiance for representative moderate (top), cold (middle) and warm 
(bottom) days of the heating season with cloudy and clear sky  

Each simulation ran for four virtual days; one day prior to the day when set-point modulation 
was performed and two days after it. Before each simulation, a dynamic start-up phase of 
one month was simulated in order to eliminate the effect of initial conditions. The schedules 
for the internal gains were set according to the standard DS/EN ISO 13790:2008 Table G.8 
[9], while the total heat flow rate from internal gains was 5 W/m2, which was adjusted to meet 
the average Danish national values [10].The internal heat gains included heat emitted from 
lighting, equipment and occupants.  

The impact of building characteristics, including thermal properties, was examined. Certain 
design parameters were selected for study, in order to examine the relative impact of each 
design parameter choice. The range of each parameter used is shown in Table 3. The 
baseline building case appears with bold font for each parameter. 
Table 3: Building design parameter variations 

Parameter Range 
Window U-Value [W/m2K] 1.8 1.5 1.2 0.9 0.6 
External Wall Insulation Thickness [cm] 16 20 24 28 32 
External Wall Concrete Thickness3 [cm] 04 5 10 15 20 
Internal5 Wall Concrete Thickness [cm] 56 10 15 207 25 
Windows / Heated Floor Area Ratio [-] 12.5% 17.5% 22.5% 27.5% 32.5% 

                                            
3 Inside of the insulation layer  
4 The external wall with 0 cm concrete represents a wall with thermal insulation on the interior surface. 
5  Internal load-bearing walls are considered in the variation  
6 Buildings with this variation belong to the category of semi-light buildings according to the Danish Building Research Institute (SBi) Guidelines ‘Energy 
Demand for Buildings’ [27]. 
7 The value for the baseline building case for the Internal Wall Concrete Thickness is 15cm for the single-family house and 20cm for the apartment block. 



  

16 

 

 

2.2 Results and discussion 

2.2.1 Heating demand under reference operation 

The reference operation of the buildings was with a constant temperature set-point of 22°C 
during the heating season (November-March). The peak demand for space heating for the 
single-family house was 2.5 kW (16.8 W/m2) and the space heating energy use was 21 
kWh/m2 net heated floor area. For the reference operation of the apartment block, the peak 
demand for space heating was 82 kW (13.1 W/m2) and the space heating energy use was 
12 kWh/m2 net heated floor area. Figure 5 shows the heat introduced into the house, 
categorized as heat coming from the heating system, internal gains and solar gains. For the 
single-family house, 48% of the heating requirements were supplied from the heating system 
and the other half came from solar and internal heat gains, which contributed 11% and 41% 
respectively. The apartment block had lower energy use for space heating in comparison to 
the single-family house, since the ratio of the envelope area per volume was considerably 
lower. This distribution should be taken into consideration when implementing flexibility 
events in new buildings. On the one hand, thermal comfort would be less sensitive to any 
variations in the heat supply, while on the other hand, the influence of uncontrollable factors 
such as solar and internal gains should be taken into consideration.  

 
Figure 5: Analysis of heating contribution during reference operation with temperature set-point at 22°C for the single-
family house (left) and the apartment block (right)  

2.2.2 Energy flexibility  
2.2.2.1 Base case energy flexibility  

Two base case flexibility events were implemented, one upward and one downward, both 
starting at 06:00 with a duration of 8 hours and performed under ambient weather conditions 
corresponding to moderate winter days in Denmark with a cloudy sky. The colour code used 
for the figures is as follows: red refers to upward flexibility events, grey to downward flexibility 
events, and blue to the reference operation. Figure 6 and Figure 7 show results for the 
single-family house and the apartment block, respectively, with the heating power (top) and 
indoor air temperature (bottom) during the base case flexibility events. During Day 1, the 
buildings are under the reference operation and the heating power is depicted with a solid 
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blue curve. In Day 2, the modulations of the base case flexibility events are implemented, 
with the respective added/withheld heating power being highlighted in the figures, and the 
resulting effects are over the next 48 hours are apparent. 

 
Figure 6: Heating power (top) and indoor air temperature (bottom) during base case flexibility events for the single-family 
house 

 
Figure 7: Heating power (top) and indoor air temperature (bottom) during base case flexibility events for the apartment 
block  

For the single-family house, during the upward flexibility event, there was a considerable 
increase in heating power, which was followed by 10 hours during which the heat supply 
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was terminated. For approximately 40 hours after the event, the energy supply from the 
heating system was lower than in the reference operation, since energy was being 
discharged from the thermal mass. For the downward flexibility event, the heat supply was 
interrupted completely during the event. The event was followed by a peak, which lasted 
approximately 3 hours. It was expected that withholding would result in a temporary peak 
load for the heating system. For approximately 20 hours after the event, the energy use was 
slightly higher than in the reference operation (rebound effect). During the upward event, 
the set-point of 24°C was reached after approximately 5 hours, in both zones. When 
decreasing the set-point to 20°C, the temperature decrease was rather slow. Within the 8 
hour duration of the event, the temperature dropped to minimum values of 21.5°C and 
21.3°C in the day and night zone, respectively. In all cases, the impact of the internal gains 
was apparent: every day in the evening when internal gains peaked in the day zone, the air 
temperature increased by almost 1°C, while the energy use was relatively low. It should also 
be noted that every day, at about midday, energy use decreased due to solar gains, even 
on a cloudy day. 

The thermal behaviour of the apartment block was similar to that of the single-family house. 
The indoor air temperatures shown were those from the apartments considered as critical, 
with a middle apartment on the 3rd floor being the warmest and a top corner apartment being 
the coldest. The two apartments had considerably different thermal environments. The 
warmest apartment was insignificantly affected by the changes in the set-points, i.e. by 
changes in the heat supply; the temperature in this apartment was constantly higher than 
the set-point of 22°C. There were more apartments of the warmer type, so the apartment 
block was mostly affected by this behaviour. This explains why the peak created due to the 
rebound effect after the downward flexibility event was relatively small. This thermal 
behaviour indicates that overheating might be an issue for this type of apartment, especially 
under milder ambient weather conditions. In the coldest apartment, the temperature 
decreased at a faster pace compared to the single-family house, dropping almost to 20°C 
at the end of the downward flexibility event. On the other hand, during the upward flexibility 
event, the indoor air temperature did not rise higher than to 23.2°C.  

The total amount of energy supplied for the four days to the single-family house was 751 
Wh/m2 for the reference operation, 771 Wh/m2 for the upward flexibility and 751 Wh/m2 for 
the downward flexibility. For the apartment block the total energy supplied was 339 Wh/m2 
for the reference operation, 375 Wh/m2 for the upward flexibility and 324 Wh/m2 for the 
downward flexibility. In this case the upward flexibility events led to increased energy use, 
namely 2.7% for the single-family house and 10.6% for the apartment block, while the 
downward flexibility events led to the same energy use for the single-family house, but 
decreased energy use by 4.4% for the apartment block. The apartment block used 
considerably less energy per square meter than the single-family house, as the ratio of the 
envelope area per volume of the apartment block (0.265 m2/m3) is considerably lower than 
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in the single-family house (0.998 m2/m3). The lower energy requirement and heat loss are 
the reasons why the apartment block performs as an efficient energy storage unit.  

The indoor temperature did not change very rapidly. If instead of modulating the set-points, 
the heat supply had been completely interrupted, the single-family house would have 
maintained the temperature above 20°C for more than 48 hours, while the apartment block 
kept the temperature above 20°C for 20 hours in the coldest apartments and for more than 
3 days in the other apartments. Either building can therefore remain without any heat supply 
for a long period of time without jeopardising the thermal comfort of the occupants. These 
long hours of autonomy allow the system operators to exploit the independence of their 
operation. Although the low energy requirements limit the energy available for withholding 
in each building individually, when aggregating many similar types of building, the amount 
of energy flexibility becomes considerable.  
2.2.2.2 Energy flexibility of events with various duration, start times, ambient conditions 
and building design parameters 

Figure 8 and Figure 9 show the results of simulations performed for different durations and 
start times. The graphs show the energy that was either added (𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ) or withheld 
(𝑄𝑄withheld), during the flexibility events, with red being the additional energy and grey being 
the withheld energy. For the reference events, which are outlined in black, in the single-
family house an additional 13 kWh (87 Wh/m2) were added over 8 hours, while 5 kWh (36 
Wh/m2) were withheld over 8 hours. In the apartment block an additional 492 kWh (78 
Wh/m2) were added over 8 hours, while 156 kWh (25 Wh/m2) were withheld over 8 hours. 
A clear asymmetry between the added and the withheld energy should be noted, in both 
buildings. As previously shown, the heat supply was terminated completely during the 
downward event, indicating that the amount of available energy to be withheld was 
determined by the heating requirements of the reference scenario (22°C). Hence, the 
maximum energy available for withholding is closely related to the heating demand of the 
buildings during normal operation; this means that for low-energy buildings the potential for 
withholding is limited. On the other hand, the maximum energy that can be added is limited 
either by the capacity of the heating system or by the upper thermal comfort limit, in this 
study 24°C. 
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Figure 8: Energy added/withheld during upward/downward flexibility events with different durations (left) and different 
starting time (right) for the single-family house 

 
Figure 9: Energy added/withheld during upward/downward flexibility events with different durations (left) and different 
starting time (right) for the apartment block  

Regarding the duration of the events, it can be seen that the increase in the amount of 
energy added and withheld during the events was almost linearly related to the duration of 
the events. The reason for this is that when the air temperature had reached 24°C, the 
surface temperature of the walls was still lower than the air temperature, so heat continued 
to be absorbed by the wall elements until the end of the event. The start time of the events 
had a greater influence on the amount of energy that could be withheld than on the amount 
that could be added. The potential for added energy is almost the same in all cases, apart 
from the event starting at 00:00 in the single-family house, which was lower by 18%. The 
reason for this is that during the night the heating demand for space heating of the building 
(without modulations) is higher than during the day because of lower heat gains. The amount 
of energy that can be added during an upward flexibility event is limited by the maximum 
capacity of the space heating system. For both buildings, the potential for withholding is 
highest at night-time (00:00 and 06:00), and is reduced almost by half in the day time (12:00 
and 18:00). During the day, the internal and/or solar gains were substantial, so the heating 
demand was lower and the potential for withholding was lower.  

 
Figure 10: Energy added/withheld during upward/downward flexibility events under different weather conditions for the 
single-family house (left) and the apartment block (right) 
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Figure 10 shows the energy flexibility under different weather conditions during the heating 
season. In all cases with clear sky, with more solar gain, energy flexibility was decreased. 
For upward flexibility events, solar gains contributed considerably to the increase in the 
indoor temperature, so the amount that could be added by the heating system was reduced, 
being limited by the upper limit of thermal comfort. For the downward flexibility events, 
increased solar gain led to lower energy use in the reference case, so less energy could be 
withheld compared to the case with cloudy sky. For the warmer days of the heating season 
the flexibility was low, because heating demand was low. For colder days, since the 
reference energy requirement in this case was already high in order to meet the heating set-
point, the potential for additional heating demand was low, being limited by the capacity of 
the heating system. On the other hand, since the reference energy requirement was higher, 
more energy could be withheld.   

Figure 11 shows the results of the simulations performed for the different design parameters. 
Building models were created for every variation. For every building model, its reference 
operation, i.e. operation without flexibility modulations, was simulated, which was then 
compared to the upward and downward flexibility events. Every bar represents one variation 
of the building model: the grey section of the bar shows the energy that was withheld during 
the downward flexibility event, the red section the energy that was added during the upward 
flexibility event, while the white patterned section shows the energy use under the reference 
operation for each duration. The results of the baseline building are outlined in black for 
each parameter. 
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Figure 11: Energy during reference operation and energy added/withheld during upward/downward flexibility events with 
different geometry characteristics of the single-family house (top) and the apartment block (bottom) 

When varying the window U-value or the external wall insulation thickness, the capacity of 
thermal mass remained unaltered when evaluating the effect of the buildings’ heat losses 
on the flexibility potential. Similar results were obtained for both building types. The upward 
flexibility decreased as heat losses increased since the heating system has a limited 
capacity. On the other hand, the downward flexibility increased as heat losses increased, 
since in buildings with higher losses, the energy use during their reference operation was 
higher, so there was more energy to be withheld. The magnitude of the effect of the glazing 
U-value was greater, because among the parameters examined, the heat loss coefficient of 
the buildings was more affected by the window U-value than by the changes made in the 
other design parameters.  

In order to evaluate the effect of the thermal capacity, the external and internal wall concrete 
thicknesses were examined. There was no considerable change (less than 5% between 
variations) in energy flexibility when the thickness of the external wall was changed. 
Considering the concrete as an element of thermal mass rather than as a structural element, 
it appears that no benefit is gained by adding concrete thickness greater than 10 cm for the 
external walls and 15 cm for the internal walls. The contribution of the thermal capacity of 
the internal walls was shown to be higher than that of the external walls. This finding was 
expected, since the internal walls are exposed to the indoor air on both sides, while the 
external walls are only exposed on one side. More importantly, the material of the internal 
load-bearing walls is concrete, whereas for the external walls it is aerated concrete, 
which has a lower thermal capacity. The relative effect of the thermal capacity of walls 
in the apartment block appeared smaller compared to the effect in the single-family 
house, since there is already a large amount of concrete in the ceiling decks of the 
apartment block.  
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The effect of window/heated floor area ratio was complicated as three main elements 
changed simultaneously: thermal capacity, heat loss and solar gain.  

The time constant of all the building models was calculated and the added or withheld 
energy during the base case upward (red) or downward (grey) flexibility events are plotted 
in Figure 12.  

  
Figure 12: Correlation between energy flexibility potential and time constant for all building variations examined for the 
single-family house (left) and the apartment block (right). Buildings’ variations concerning heat loss effect are marked as 
+, those concerning thermal capacity effect are marked as ○, those concerning the combination of the previous two and 
the solar gains are marked as × 

On average, the time constant of the single-family house was shorter, compared to the 
respective of the apartment block. This is attributed mainly to the ratio of the envelope area 
per volume of the apartment block (0.265 m2/m3) being considerably lower than that of the 
single-family house (0.998 m2/m3). A broader range of results for the time constant was 
observed for the apartment block, even though the changes in the building design 
parameters were the same. In addition, in the apartment block two trends were observed: 
one formed from the variations concerning heat loss (marked as + in the figure) and the 
other from those concerning the thermal mass effect (marked as ○ in the figure), with the 
distinction between them being evident. In the single-family house, the behaviour was similar 
for the downward flexibility potential. However, for the upward flexibility potential a 
correlation can be observed, which was in this case disturbed only by the solar gains 
(marked as × in the figure). Although the time constant of the buildings appears not to be 
enough as an indicator with regards to energy flexibility, it can however indicate the range 
of the potential. With the building design parameters examined, it was shown that the 
characteristic to be prioritized when aiming for energy flexibility is the minimization of heat 
loss. Once this is ensured, it would be beneficial to increase the thermal capacity of the 
building as well, especially that of the internal walls. 

 The obtained results are for the investigated type of buildings and should be very 
carefully extended to other building types. For all variations examined, the buildings 
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remained in the category of heavy buildings, apart from the variation with 5 cm internal 
walls for the single-family house, which is in the category of semi-light buildings 
according to the Danish Building Research Institute (SBi) Guidelines ‘Energy Demand for 
Buildings’ [10]. In addition, there might be other design parameters which could impact the 
energy flexibility potential, e.g. different zoning of the buildings, orientation, interior design, 
shading, etc. as could the heat emission system [11], [12]. 

2.3 Main findings on heating energy demand and energy flexibility 

This study showed that there is a physical potential for flexible heating operation of low-
energy buildings using the thermal mass of the buildings as storage. When there is surplus 
production of energy from renewable sources in the energy system, the buildings can act as 
storage units that absorb thermal energy in the structural thermal mass (upward flexibility 
event). On the other hand, in cases of limited or no availability of energy from renewable 
sources in the energy system, the heat supply to the buildings can be either reduced or 
interrupted completely for several hours (downward flexibility event). The potential for 
storage in the thermal mass is higher than for withholding. Although for individual buildings 
the amount of energy that can be withheld is limited, if aggregated to a neighbourhood or 
district level, the amount of energy that can be withheld could be considerable.  

• The energy flexibility potential depends strongly on the boundary conditions, namely the 
ambient temperature, solar radiation and internal heat gains. The potential for 
withholding increased on cold days, while the potential for storing additional energy was 
highest during days with moderate ambient temperature in the heating season. 
Increased solar gains led to decreased energy flexibility potential.  

• The amount of energy added/withheld during a flexibility event was proportional to the 
duration of the event, because the buildings have a large heat capacity.  

• The different starting time of the flexibility events mainly affected the potential for 
withholding, with the highest amount of energy available for withholding during the night.  

• Heat losses to the ambient govern the potential for flexibility, while the concrete 
thickness of the walls was not a determinant factor by itself. The contribution of the 
thermal capacity of the internal walls was shown to be higher than that of the external 
walls.  
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3. Evaluation of indoor thermal comfort  
This section investigates the flexibility potential of low-energy buildings with regards to the 
rate of temperature decrease, reflecting occupant’s thermal comfort. Flexibility can be 
interpreted here as the ability to adapt to constraints on the heating supply schedule without 
compromising the occupant comfort. The evaluation was carried out at the apartment level.  

The findings of this study have been published in the proceedings of the 15th IBPSA (2017): 
Zilio, E., Foteinaki, K., Gianniou, P. and Rode, C. (2017) ‘Impact of Weather and Occupancy on Energy 
Flexibility Potential of a Low-energy Building’, in 15th IBPSA Conference. San Francisco, CA, USA, pp. 

1493–1502.s 
and 

Sarran, L., Foteinaki, K., Gianniou, P. and Rode, C. (2017) ‘Impact of Building Design Parameters on 
Thermal Energy Flexibility in a Low-Energy Building in 15th IBPSA Conference. San Francisco, CA, USA, 

pp. 239–248. 

3.1 Method 

In this study the focus was on occupant thermal comfort at the apartment level, with a 
different thermal zone for each room in the model. The apartment modelled belongs to a 
multi-family low-energy building, which was built in 2016 and is located in the Nordhavn 
district of Copenhagen, Denmark. Details of the building model can be found in the 
respective publications [13], [14]. Two rooms were used for the assessment, the living room, 
facing south, and one bedroom, facing north. The indicator used for assessment represents 
the duration of the thermal comfort period, defined as the number of hours that the operative 
temperature was maintained above the minimum acceptable temperature for the occupants 
(Equation (5)), in this work 20°C, after the heat supply had been cut off (Figure 13).  
𝑰𝑰𝑰𝑰𝑰𝑰 = 𝒎𝒎𝒎𝒎𝒎𝒎{𝒕𝒕|𝑻𝑻(𝒕𝒕) = 𝟐𝟐𝟐𝟐°𝑪𝑪}  (5) 

 
Figure 13: Example of duration of thermal comfort period after the heat supply has been cut off 

This indicator gives a concrete indication of the possibilities that the building offers in terms 
of heat retention and could be used by the grid operator to know how long the building can 
be independent of the heating network – keeping in mind the assumptions regarding 
influential factors, such as the heating set-point, occupants and ambient conditions.  
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In order to assess the influence of the weather conditions on heat retention, two weather 
parameters were varied: the outdoor temperature and solar radiation. Three representative 
temperatures were selected: 5°C, 0°C and -12°C, respectively the highest, the average and 
the lowest design temperature in January of a representative Danish year. The selected 
temperatures were kept constant during the simulation period. The second parameter 
considered was solar radiation. Three typical conditions for the Danish winter were selected 
with large, limited and no direct solar radiation. The influence of occupancy was also 
investigated, simulating two, three and four occupants and two typical occupancy schedules 
for working and retired occupants. For every variation, a single parameter was changed and 
the rest remained the same as in the reference case, i.e. limited solar radiation, outdoor 
temperature at 0 °C and three occupants following the schedule for working people. 

3.2 Results and discussion 

For the reference case examined, the rooms maintained the temperature above 20 °C after 
the heat supply had been cut off for 72 h in the living room and 45 h in the bedroom, with an 
initial temperature of 21 °C. The results regarding the outdoor weather and occupancy 
showed considerable influence on the thermal retention (Figure 14 and Figure 15).  

 
Figure 14: Duration of thermal comfort period after the heat supply has been cut off: Parameter variation results for outdoor 
weather conditions 
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Figure 15: Duration of thermal comfort period after the heat supply has been cut off: Parameter variation results for number 
of occupants and occupancy schedule 

Solar gains and outdoor temperature had considerable influence on the temperature 
decrease. The duration of the comfort period in the living room can be multiplied by 3 from 
a case with no solar gains to a case with large solar gains profile, and by 4 when outdoor 
temperature is 0°C instead of -12°C. The effect of solar radiation on the thermal retention of 
the building differed from its effect on the energy that could be added. Increased solar gains 
decreased the energy flexibility potential, but led to an increased number of hours of comfort 
after the heat supply had been cut off.  

There was an increase in the duration of the comfort period by a factor of 1.4 if four 
occupants were present instead of two occupants. For the two different occupancy 
schedules, the duration of the comfort period was longer, by a factor of 1.4 for retired people, 
who are assumed to spend more time in the apartment.  

3.3 Main findings on indoor thermal comfort 

This study contributed to the evaluation of thermal comfort in terms of indoor temperature 
after the heat supply in a low-energy building has been cut off, showing the long period that 
an apartment can remain thermally comfortable without any heat supply and emphasizing 
the significance of internal and solar heat gains, as well as ambient temperature.  

• Increased solar gains led to decreased flexibility potential in terms of energy, but 
increased the duration of acceptable temperatures (above 20°C) after the heat supply 
had been cut off, whereas lower outdoor temperatures reduced the duration of 
acceptable temperatures (above 20°C) after the heat supply had been cut off.  

• The more occupants and the longer time they spend in the apartment, the longer the 
duration of acceptable temperatures (above 20°C) after the heat supply had been cut 
off.  
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4. Thermal response of concrete elements based on simulations 
This section evaluates the effect of the thermal mass of different concrete components on 
energy flexibility. The surface temperatures and heat fluxes from the concrete walls and 
ceiling were analysed to obtain the thermal response of the thermal mass of the building 
during a flexibility event.  

The findings of this study have been published in the proceedings of the 9th IAQVEC (2016): 
Foteinaki, K., Heller, A. and Rode, C. (2016) ‘Modeling energy flexibility of low energy buildings utilizing 

thermal mass’, in 9th International Conference on Indoor Air Quality Ventilation & Energy Conservation In 
Buildings (IAQVEC ). Songdo, Incheon. Republic of Korea. 

4.1 Method 

The apartment modelled in this study was part of a multi-family low-energy building, which 
was built in 2016 and is located in the Nordhavn district of Copenhagen, Denmark. Table 1 
shows the properties of main components and materials. Details of the building model can 
be found in the respective publication [15]. 

The focus of this study was on the thermal mass of the building. Since the thermal behaviour 
of a building depends on complicated mechanisms and is affected by a number of factors, 
it was chosen to exclude the impact of the exogenous parameters that were previously 
examined, i.e. the daily operation of the building, users’ patterns and ambient weather 
conditions. A synthetic weather file was created with stable ambient conditions. Using the 
Design Reference Year data for Denmark (DRY, 2013), an average day of the heating 
season for Denmark was estimated, having a constant temperature of 3⁰C temperature. 
Solar radiation and internal gains from occupants, equipment and lighting were excluded, 
as they could contribute an amount of energy that was added uncontrollably into a building, 
which would not allow for the thermal mass to be isolated.   

The main scenario examined was divided into three periods; the steady state conditions, the 
pre-heating period and the cool down period after the heat supply had been cut off. Initially, 
the model was simulated for 5 days to ensure steady state conditions inside the zone and 
within the walls (days #1 - #5), during which the temperature set-point was set to 20°C. 
Operative temperature above 20⁰C was considered as minimal comfort temperature. On 
day #6, the operative temperature set-point was increased to 22⁰C for 4 hours, as a pre-
heating period in order for the thermal mass to absorb heat. Then, the heat supply was cut 
off and the apartment was left to cool down for the next 4 days (until day #10). During the 
cooling down process, the focus was on the first day of this cooling period, observing the 
thermal response of the apartment.  

One of the key parameters investigated was the duration of the time that the apartment 
would need to be pre-heated before such a stop, in order for thermal comfort to be 
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maintained. Simulations were performed for different pre-heating periods of 2 hours and 6 
hours.  
Table 4: Properties of main components and materials 

Components Thickness [m] U-value 
[W/(m2⋅K)] 

Surface 
[m2] Materials 

External wall 0.55 0.12 25.7 Concrete 
    Insulation 
    Brick 
Internal wall 0.2 3.43 49.4 Concrete 
Internal  0.45 0.27 161.5 Wood 
floor/ceiling    Concrete 
    Insulation 
Windows 3 pane glazing 0.81 18.51      - 

Materials Thermal conductivity 
[W/(m⋅K)] 

Specific heat 
[J/(kg⋅K)] Density [kg/m3]  

Concrete 1.65 1000 2200  
Insulation 0.037 750 20  
Brick 1.2 840 1600  
Wood 0.17 2000 750  

 

4.2 Results and discussion 

Figure 16 (left) shows the operative temperature and the surface temperatures of the ceiling, 
floor, one of the external walls and one of the internal walls. During the steady state 
conditions, the operative temperature was maintained at 20°C. During the 4-hour pre-
heating period, the temperature was allowed to increase until 22°C, although it only reached 
20.6 ⁰C, due to the slow response of the floor heating system. Since the operative 
temperature increase was small, the surface temperature rise of the ceiling, internal and 
external wall was minor. The floor surface had the highest surface temperature at all times 
and achieved a distinct temperature increase during the pre-heating period, as expected 
due to the floor heating system. 

 Figure 16 (right) depicts the surface heat fluxes for the ceiling, external and internal wall. 
Negative values indicate that heat was being absorbed in the walls, while positive values 
indicate that heat was being released from the walls to the room. The ceiling and the internal 
wall behaved similarly, absorbing heat during the pre-heating hours and emitting it back to 
the room, shortly after the cooling down phase began. Although the external wall absorbed 
heat within the pre-heating hours, heat was never released back into the apartment.  
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Figure 16: Surface temperatures during day #6 (left). Surface heat fluxes during day #6 (right) (Hours counted since day 
#1). 

Under the steady state conditions, the heating system ran uninterrupted, contributing 1.15 
kWh for a duration of 2h, as is depicted in the energy balance in Figure 17 (left). During the 
first two hours after the heat supply had been cut off the internal walls, including the floor 
and ceiling, released 0.81 kWh. This accounted for 61% of the demand, namely heat losses 
from the windows, external walls and thermal bridges, mechanical ventilation and infiltration.  

 
Figure 17. Energy balance for a duration of 2h (left). Operative temperature during days #6-#8 (right) (Hours counted since day #1). 

While the apartment cooled down over the following days (Figure 17 (right)), the operative 
temperature remained above 20 ⁰C for 15 hours after the heat had been cut off.  This 
indicates that the heat flows released would be sufficient for to contribute to load shifting.   

Table 4 shows the results of the thermal response of the apartment in different pre-heating 
periods. The different pre-heating periods had a considerable effect on the number of hours 
that the operative temperature was maintained above 20⁰C, being approximately 8 h, 15 h 
and 21 h for the different pre-heating periods. 
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Table 5. Thermal response of the apartment for different pre-heating periods 

  
Pre-heating duration 

2 h 4 h 6 h 
Max operative temperature difference during pre-
heating  [⁰C] 0.3 0.6 0.8 

No. of hours operative temperature above 20⁰C [h] 8.3 15.1 21.2 
Energy recovered from thermal mass during above 
hours [kWh] 3.79 7.04 10.1 

It was observed that the heat recovered from the thermal mass came from the internal walls, 
including the ceiling and the floor. The capacity of the thermal mass of the internal walls 
should therefore be considered as one of the main contributors to the load shifting potential 
of the apartment. Nevertheless, the external envelope is of equal importance for the load 
shifting potential of the apartment, since it governs the losses to the ambient. It should be 
thus investigated in terms of its effect on total heat loss, rather than of its thermal mass.  

4.3 Main findings on thermal response of concrete elements based on 
simulations 

For the chosen apartment of a low-energy building in Copenhagen the thermal mass can 
be used as short-term thermal energy storage, allowing heat load shifting for several hours, 
without any contribution from internal or solar gains. This potential increases with longer pre-
heating periods.  
• The internal walls recovered the part of the heat that was absorbed during the pre-

heating period, contributing to the heating requirement of the apartment for several 
hours.  

• The heat that was absorbed in the external walls during the pre-heating period was not 
released back into the apartment, but was gradually lost to the ambient by heat 
conduction. However, the external walls affect the potential for load shifting because 
they determine heat loss to the ambient.  
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5. Thermal response of concrete elements based on in-wall 
measurements 

In the previous sections, the effect of the thermal mass of different building components, i.e. 
internal and external walls, on energy flexibility was examined using simulation models. This 
section analyses the dynamic thermal response of a low-energy building using 
measurement data, to support the simulation studies described in the previous sections. To 
the knowledge of the author, no recent full-scale monitoring has been performed to 
document in detail the thermal behaviour of the building mass. A custom-made set of 
measurements with temperature sensors inside the concrete walls and ceilings, at different 
depths from the surface to the middle of the concrete layer, makes possible an analysis of 
the dynamic thermal response of the thermal mass of the building, which can indicate which 
part of the thermal mass actively participates in heat exchange with the indoor environment 
and can thus facilitate load shifting strategies.  

The findings of this study have been accepted for the 13th REHVA World Congress CLIMA (2019): 
Foteinaki, K., Li, R., Heller, A., Christensen, M. H. and Rode, C. (2019) ‘Dynamic thermal response of 

low-energy residential buildings based on in-wall measurements’, in 13th REHVA World Congress CLIMA 
2019. Bucharest, Romania. 

5.1 Method 

5.1.1 Case study building  

The case study building is a multi-family apartment block that was completed in 2017 and is 
located in the 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 [16], 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. 
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Figure 18: Apartment floor plan and installed sensors [17] 

The apartment has an area of 147 m2 and height 2.7 m. 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. Figure 18 shows the floor plan of the apartment 
(excluding the loft). Table 5 lists the properties of the 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% effectiveness. Fresh air is supplied in the living room and bedrooms 
and it is exhausted from the kitchen, bathroom and toilet. 
Table 6: Properties of main building components 

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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5.1.2 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. In addition, for research purposes, there are custom-made concrete blocks of 
size (200 x 60 x 200/100 mm) with built-in sensors that measure the temperature at different 
depths. The concrete blocks were prepared in the laboratory of the 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. Figure 19 
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 were created as illustrated in Figure 19. 

• 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.  

The sensors, listed in Table 6, 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 
Figure 18. 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 [18] for the months of 
the analysis.  
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Figure 19: Production process of concrete blocks with integrated temperature sensors (left). Placement of temperature 
sensors in walls (Type 1 and Type 2) and ceiling (Type 3) (right)  

Table 7: Temperature sensors in walls and ceiling 

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 

5.1.2.1 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 
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depths in the concrete (Equation 6), and to evaluate the delay in thermal response (Equation 
7):   

• 𝑇𝑇𝑛𝑛𝑜𝑜𝑟𝑟𝑟𝑟1 = 𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛−𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑚𝑚𝑚𝑚𝑚𝑚)

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑚𝑚𝑚𝑚𝑚𝑚)−𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑚𝑚𝑚𝑚𝑚𝑚)
         (6) 

• 𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛2 = 𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛−𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑚𝑚𝑚𝑚𝑚𝑚)

𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑚𝑚𝑚𝑚𝑚𝑚)−𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑚𝑚𝑚𝑚𝑚𝑚)
          (7) 

5.2 Results and discussion 

The month of February 2018 had an average ambient temperature of -1 °C. Figure 20 (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 the acceptable ranges according to EN/DS 15251 [6]; on 
average, the relative humidity was 30 % and the CO2 concentration was 700 ppm. Figure 
20 (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 entirely by the occupants based on their 
preferences, so extreme behaviours can 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.   

• With the set-point maintained at 21°C in the period 14th – 24th, 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 behaviour resembled what had occurred at the 
beginning of the month.  

The above variations in the temperature set-points and respective heating patterns caused 
considerable changes in the room air temperature, which makes it possible to examine the 
thermal changes inside the concrete elements.  
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Figure 20 (c) shows the temperatures inside the internal non-load-bearing wall (Type 1 
sensors) 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.   

Figure 20 (d) shows the temperatures inside the internal load-bearing wall (Type 2 sensors) 
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.  

Figure 20 (e) shows the temperatures inside the ceiling (Type 3 sensors) 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.  

Figure 20 (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 indicate 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 other 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 
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the findings in the previous Section 4, where a similar apartment was simulated and the 
thermal behaviour of different concrete elements was evaluated.  
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Figure 20: Analysis of thermal response during Feb. 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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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 Figure 21 (a). 

 

 
Figure 21: 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.   

For the two days analysed, the maximum room air temperature fluctuation was 2°C. 
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.  
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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 Figure 21 (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.  

In the measurements made in July 2018, the average ambient temperature was 20.4°C. 
Figure 22 shows the ambient air temperature and the global irradiance for the whole month, 
together with the room air temperature. Both the relative humidity and the CO2 concentration 
were within acceptable ranges (EN/DS 15251 [6]), with the relative humidity being 50% and 
the CO2 concentration 470 ppm on average. The room air temperature throughout the month 
indicates a problem of overheating in low-energy buildings, as the average temperature was 
26°C and reached a maximum of 30.1°C. The changes in the temperatures inside the 
concrete elements were similar to what had been observed in February. Details of those 
results can be found in the relevant paper [19].   

 
Figure 22: Room air temperature, ambient air temperature and global irradiance during July 2018 

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 was discussed by [20], 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 illustrates 
the importance of occupant behaviour on energy use for space heating. Further 
investigations are being performed during the heating season 2019, with the heating 
temperature set-points in the apartments being remotely controlled. 
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5.3 Main findings on thermal response of concrete elements based on in-wall 
measurements 

This study used an analysis of measurements in an apartment to confirm that all the internal 
concrete layers examined may be considered effective, i.e. the internal concrete elements 
do contribute to the physically available heat storage potential of the building.  

• Comparing the temperature fluctuations achieved in the concrete elements to that of the 
room air temperature (defined as 100%), the highest percentages/dynamics were 
achieved in the non-load-bearing internal wall (100 mm aerated concrete), i.e. 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%. The layers of the ceiling 
were less responsive to air temperature fluctuations than those of the internal walls, 
supporting the findings of the simulation study in Section 4.  

• The phenomenon of delay in the thermal response of the concrete elements was 
observed. 

• A considerable effect of solar gain on indoor air temperature was observed both during 
winter and summer months. A problem of overheating was observed in July.  

• 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, during the month of February.  

• During the month of February there were periods with very different heating temperature 
set-points and respective heating patterns, due to occupant preferences.  
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6. Recommendations  
Investigations in this project have shown that there is a big potential for flexible operation of 
buildings and their heat demand and thereby to offer flexible schemes for supply of heat to 
buildings. A requirement is that they have small transmission and ventilation heat losses, 
and that they have a high degree of thermal mass in the internal building structures, e.g. in 
inner wall and structural decks. Such buildings can be withheld heat supply for several 
hours, such that heating can be supplied at times of the day when the load on the district 
energy system is low and/or heat is available in surplus in the energy system from renewable 
energy sources. 

In order to optimize the scheduling of energy supply and withholding, it is recommendable 
to consider the scheduling of occupants regarding their presence, activity and expected use 
of domestic hot water, and to consider the forthcoming weather situation, e.g. some 12-24 
hours ahead. It is recommendable that such forecasting is combined with continuous 
monitoring of the actual thermal state of building, and possibly use this information in model 
based control of heating and ventilation systems. 

We recommend therefore that future building regulations keep having high requirements to 
the thermal efficiency of the building envelope and HVAC systems, and that high thermal 
mass is favoured, e.g. as it can be expressed by giving weight to the thermal mass of 
buildings in the energy calculation methods that are required to be used. This is today 
already the situation with the Danish Building Regulation’s Be18 tool, but we recommend 
that the information is used by expression of an indicator for thermal flexibility. 

In addition we recommend that buildings are equipped with building automation and control 
systems, which monitor their thermal state and control their HVAC systems. This should be 
demanded for both residential and non-residential buildings, as well as for both new and 
energy-renovated existing buildings, when they are served with heat from the district heating 
system, or when they use power for heating.  

Thus, we recommend that building automation and control systems shall be implemented in 
more buildings types than what is currently required by the May 30, 2018 amendment of the 
European Energy Performance of Buildings directive, EPBD, which stipulates this 
requirement only for non-residential buildings with heating systems or combined heating and 
ventilation systems of over 290 kW. 

Similar considerations shall be expressed for buildings which have a justified need for 
cooling, where also smart operation, ventilation and use of passive technologies can 
minimize the need for cooling in peak hours, i.e. maximize their flexible operation.  
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Furthermore, we recommend that building automation and control systems are prepared in 
such a way that data about the operation of individual buildings are exchanged with the data 
management system of the energy system operator, and that the energy system operator 
may push operational requests to individual buildings, e.g. by use of price incentives. 

In addition, we recommend the requirement of commissioning processes for construction 
and operation buildings, which shall ensure that buildings and their systems (both HVAC 
and automation & control systems) are erected and can be operated in accordance with the 
design intent. 

Finally we recommend that more research is invested in optimizing technology for flexible 
operation of all types of buildings that are supplied from district heating or cooling systems 
or with power that is used in buildings for heating, ventilation or cooling.  
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7. Conclusions  
The findings of the research presented above indicate that by using only the inherent 
structural thermal mass of the buildings as storage, there is physical potential for flexible 
heating operation of low-energy concrete buildings. In cases of abundant production of 
renewable energy in the system, the buildings can act as storage absorbing thermal energy 
in the structural thermal mass. In addition, low-energy buildings can remain without any heat 
supply for many hours without jeopardizing thermal comfort if there is need to withhold the 
heat supply for a certain period of time. The results depend on the duration of the change in 
the heating system and the time of the day that it was performed. It was observed that the 
energy flexibility potential is strongly affected by the boundary conditions, namely the 
ambient temperature, solar radiation and internal heat gains. In addition, it was shown that 
the design characteristics of the building that determine its rate of heat loss to the ambient 
have a significant effect on the available energy flexibility. Nevertheless, low-energy 
concrete buildings, designed according to the current building regulations, are adequately 
insulated to act as storage capacity in the energy system.  
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