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A B S T R A C T   

This study compares the overheating risk of eight typical Danish residential buildings for today 
and future climate scenarios. The study includes four single-family and four multi-family houses, 
various renovation strategies, and two occupancy loads. Building performance simulation is 
employed to conduct 3012 simulations (using IDA-ICE), and the comparison of the overheating 
potential is conducted using the Indoor Overheating Degree (IOD). Results showed that the multi- 
family houses have a slightly higher overheating risk than the single-family houses. The building 
with the highest overheating risk was the one-story single-family house (1951–1960) charac-
terised by a large unshaded glazed area. The most effective renovation strategy to reduce over-
heating resulted in being the window replacement. For the single-family houses, the renovation of 
the baseplate or the floor to an unheated basement was causing overheating. As for the multi- 
family houses, renovation of the external wall led to the largest increase in overheating in rela-
tion to the unrenovated case. The investigation of the future climates showed that overheating 
could increase with rising outdoor temperatures, whereby the interaction between temperature 
and solar radiation is a crucial factor.   

1. Introduction 

Countries with cold winters like Denmark are experiencing proliferating overheating in buildings during summer [1–3]. The rise in 
overheating occurrence in buildings results from climate change [4,5] and the missing overheating preventing measures as the focus of 
the thermal design was in the past on heat retention in winter [6]. With the upcoming renovation wave in mind [7], the increase in 
insulation level for existing buildings will become increasingly important [8]. In regard to this, studies have already shown that 
buildings with a high level of insulation, both newly built buildings and renovations, have a higher risk of overheating than buildings 
with no or a low level of insulation [9–13]. 

As a result of climate change, besides building stock renovation and missing overheating prevention measures, buildings become 
more uncomfortable for their occupants during hot summers [4–6]. This overheating does not only carry a health risk for the low-risk 
population but even more for the more vulnerable population, as it leads to higher mortality and a rise in hospital admissions due to 
heat-related respiratory diseases [14]. Moreover, it was already shown that too high temperatures influence work productivity 
[15–17], lead to poorer health and poorer quality of life [17]. The influence on work productivity is a concern for workplaces, such as 
offices, and gets progressively more important for residential buildings as the number of people working from home increases [18,19]. 

Abbreviations: ACH, air change rate per hour (h− 1); MFH, multi-family house; SFH, single-family house; IOD, Indoor Overheating Degree. 
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Therefore, a systematic overheating risk evaluation is the key to preparing the existing building stock for upcoming threats. 
Studies estimating the overheating risk of the current European residential buildings stock were already conducted for the 

Netherlands [12,20] and several locations in the UK [21–25]. For the Netherlands, it was shown that residential buildings with low 
heat transmission, for example, middle flats of multi-family houses, or high solar heat gains, e.g. single-family houses with large 
unshaded glazed areas, have a higher overheating risk than semi-detached single-family houses or ground corner flats in multi-family 
houses [20]. Further, a higher overheating risk was shown for flats on the top floor than those on the ground floors [20]. Similar to the 
findings of Hamdy et al. [20] was the conclusion presented by van Hooff et al. [12], who found that the overheating risk for flats in 
multi-family houses is more significant than for single-family and detached houses. This finding can be supported by four studies 
located in the UK [21,22,24,25], whereby two studies [24,25] found that single-storey houses and bungalows are also among the 
worst-performing building types. An additional study was performed on three Danish multi-family houses built between 1850 and 
1970 [26]. It showed that the buildings built between 1930 and 1950 had a higher overheating risk than those built between 1850 and 
1900. Another study for three Swedish residential buildings built between 1995 and 2014 showed that the overheating risk for the 
massive-timber frame building (built 2009) is slightly higher and the for the light-timber frame building (built 1995) slight lower [27]. 

Next to the current climate, future climate scenarios were often part of the investigation [20–24,27]. Findings indicate that, even 
though the overheating risk increases with rising outdoor temperatures [20–22,24,27], residential buildings can suppress some of the 
effects of global warming [20]. The overheating risk increases with rising outdoor temperatures is supported by two studies inves-
tigating the performance of two multi-family houses [28,29]. 

Some studies further investigated overheating prevention measures [9,12,21,23,25,27–29] or the effect of insulation on over-
heating [9,12,13,21,22,24,26]. The most effective parameters to reduce overheating were found to be solar shading [12,21,25], high 
thermal mass [23], ceiling fans [23], natural ventilation [12,25], and reduction of internal gains [22,29]. The findings regarding the 
effect of insulation on overheating are not concurring. Some research shows that without passive or active cooling measures, the 
increase in the energy efficiency of single-family houses would also lead to a rise in overheating hours [9,12,26]. In contrast, Fosas, 
et al. [13] found that increased insulation plays a subordinated role compared to other parameters such as ventilation strategy or 
thermal mass. However, other studies found external insulation the most effective insulation strategy to reduce overheating [22,24], 
especially for single-family houses [21]. For flats with reduced external walls, internal and external insulation adds to the overheating 
risk [21]. The same applies to internal insulation [21,22,24]. 

While there is research investigating the potential overheating in the building stock due to overheating, currently, no study is 
available that investigates the overheating potential of typical Danish buildings taking into account future climate conditions and 
improvement of the energy efficiency. This paper will conduct such a study. 

1.1. Contribution 

This paper compares the current and future overheating potential of eight typical Danish buildings (four single-family houses and 
four multi-family houses) for various renovation scenarios and two different occupancy heat loads with the above-said in mind. The 
study aims to identify the building typology most prone to overheat and thus requires more attention in future planning. Further, it is 
determined which renovation strategy has the highest impact on the increase in overheating. The investigation is facilitated by 
employing building performance simulation (IDA-ICE 4.8 [30]). In doing so, the following three research questions are addressed:  

• Which of the two selected residential building typologies, single-family houses or multi-family houses, is most prone to 
overheating?  

• Which impact have the investigated building renovation measures on the overheating risk?  
• Which impact have the future climates for 2050 and 2090 on the building typologies’ overheating? 

The paper is structured as follows. Section 2 presents an overview of current Danish building stock towards selecting the typical 
buildings, which are investigated for their potential to overheat in the next step. Section 3 provides the framework for the investi-
gation, the model settings, and the overheating evaluation strategy. Results are given and discussed in Section 4. Finally, Sections 5 and 

Fig. 1. Heated floor area according to their construction year and building type based on data obtained from Statistics Denmark [32] (a), energy labels according to 
building type (b), and energy labels according to their buildings type and year of construction (c) based on data obtained from Energistyrelsen [33]. SFH = sin-
gle-family houses; MFH = multi-family houses. 

L.A. Bugenings and A. Kamari                                                                                                                                                                                      



Journal of Building Engineering 57 (2022) 104835

3

6 present the limitations and conclusion of the paper. 

2. Danish building stock analyses 

As there is yet no indication of which Danish buildings are most prone to overheating, the question arises of which building types 
should be investigated. In Denmark, 66% of the building typologies are residential building types, whereby the most prominent group 
is formed by single-family houses and the second-largest group by multi-family houses [31]. Terraced houses only account for 13% of 
the residential buildings [31]. As single-family and multi-family houses account for more than 85% of the residential building stock, 
this paper focuses on those two residential building types. 

Among today’s existing buildings, the majority were built before 1980, whereby the largest area of single-family houses was built 
between 1970 and 1979 (Fig. 1 (a)). In contrast, the largest area of multi-family houses was built between 1900 and 1929. In terms of 
energy consumption, expressed in energy labels, single-family houses have the highest share (65%) of energy labels D or worse (Fig. 1 
(b)). For multi-dwelling houses, 60% have an energy label D or worse. The number of energy labels worse than D is significantly higher 
than the number of energy labels from A to C for single-family houses built until 1978 (Fig. 1 (c)). For multi-family houses, this can be 
seen for buildings built until 1972. For buildings built after 1972, the first energy requirements (introduced in 1961) were tightened 
the first time [34]. The second time, they were tightened for buildings built after 1978 [34]. Based on this, a high potential for 
renovation of buildings built before 1980 is seen as their share of the total building stock is significant, and their energy label is low. 
Thus, the total number of renovated buildings built before 1980 will increase further to achieve the aim of carbon neutrality in 2050 [7, 
35]. Due to that, this paper focuses further on buildings built before 1980. 

2.1. Selection of building typologies 

To develop a harmonised building typology for European countries, the “TABULA-Typology Approach for Building Stock Energy 
Assessment"-project has characterised building typologies into 27 categories based on the overall type (single-family, terraced and 
multi-family houses) and their year of construction [34] resembling the categorisation by Energistyrelsen [33]. They considered shifts 
in building tradition or energy requirements in the Danish building regulations [34]. For those building age periods and the overall 
building type, the project defined typical component structures and physical properties, main external building components areas, and 
information about heating and ventilation as display sheets and an interactive web tool [34,36]. In addition, they provide two 
renovation scenarios for each example building, consisting of a minimum renovation and a renovation on a “low-energy” level. 

Regarding the selected focus on buildings before 1980, six example buildings for each type, single-family houses and multi-family 
houses, were presented in the TABULA project [34]. For buildings built before 1972, energy-upgrading possibilities on minimum and 
low-energy level were given. For the buildings built after 1972, the minimum renovation level for at least one building component was 
already reached by the buildings’ original component. Thus, it was decided to disregard buildings built after 1972. Moreover, buildings 
built before 1851 were not considered as they account for only 3% of the total heated area of single-family houses and only 1% of the 
total heated area of multi-family houses [34]. The final building selection can be seen in Table 1. The information provided by the 
TABULA project will be further used to establish the building simulation models. 

3. Methodology 

For this paper, eight typical buildings (four single-family houses and four multi-family houses) are compared for their potential to 
overheat (Table 1). Therefore, climate, heat load, and renovation strategy are varied for each building model (Fig. 2). In total, 3012 
simulations are conducted using IDA-ICE 4.8. Thereby, the parametric run option is utilised to facilitate the change of the individual 
renovation measures and the climate files. The heat load was changed manually for each building model. All files are saved as 
‘Unpacked IDA system file’ to access results in batch for the postprocessing in MATLAB [37]. 

3.1. Parameters 

The following subsections present the varied parameters and the building typologies in more detail. The aim is to achieve high 
comparability between the individual building and building typologies. 

3.1.1. Climate 
Three climate files were used for simulation. The first one was the Danish design reference year (DRY2013) which must be used for 

Table 1 
Selected buildings with their TABULA code [34], building period, and shorthand notation.   

Selected buildings 

Single-family houses     
TABULA code DK.N.SFH.02.Gen DK.N.SFH.03.Gen DK.N.SFH.04.Gen DK.N.SFH.05.Gen 
Building period 1851–1930 1931–1950 1951–1960 1961–1972 
Naming SFH 1851–1930 SFH 1931–1950 SFH 1951–1960 SFH 1961–1972 
Multi-family houses     
TABULA code DK.N.AB.02.Gen DK.N.AB.03.Gen DK.N.AB.04.Gen DK.N.AB.05.Gen 
Building period 1851–1930 1931–1950 1951–1960 1961–1972 
Naming MFH 1851–1930 MFH 1931–1950 MFH 1951–1960 MFH 1961–1972  
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building permit calculations in Denmark [38]. The climate file consists of ten hourly and one daily parameter over one year and 
represents most of Denmark’s population. Monthly data from different years (2001–2010) were selected to be typical, meaning the set 
does not contain extremes but allows for variation [38]. Further, two typical meteorological years (TMY) for 2050 and 2090 based on 
climate data of IEA EBC Annex 80 Resilient Cooling of Buildings CORDEX project were used. The assumed scenario was RCP8.5 [39]. 
The IDA-ICE readable file in .prn format was created based on the available .epw file for the DRY2013 file and based on the .txt file for 
future climate files [40]. Fig. 3 shows the temperature for minimum, maximum, and mean daily monthly values. The irradiance is 
shown in the same figure for mean daily monthly values. Only the period from 30.4.2010 to 29.10.2010 was calculated to reduce 
computational effort. The period was set according to the adaptive thermal comfort’s applicability, which is further elaborated in 
Section 3.3. Table 2 further shows minimum, maximum, and mean values for the calculation period. 

3.1.2. Building typologies 
The building simulation models are based on the building typologies selected in Table 1. The characteristics of each building are 

presented in Table 3. Floor plans are illustrated in Fig. 4, and schematic sections can be seen in Fig. 2. For single-family houses, the 
floorplans of all floors are presented. One typical floor is shown for the multi-family houses from 1851 to 1930 and 1951–1960. A 
typical pair of flats is shown for the multi-family houses from 1931 to 1950 and 1960–1972. A red line surrounding flats means that this 
area is simulated. This was done to reduce computational effort. The areas always contain one typical flat and the circulation area. 

Further, two floors were simulated for each multi-family house. Based on the findings of Hamdy et al. [20] that ground floor flats 
are less likely to overheat, it was decided to simulate the two uppermost flats. As MFH 1951–1960 was only two floors high, the lower 
flat was on the ground floor (Figure 2 and 4). They are further specified in Table 3. Original constructions were based on the respective 
constructions proposed by the TABULA project [34,36]. Internal walls between rooms were assumed to be 12 cm wide, whereas in-
ternal walls between flats or between flats and hallways were assumed to be 17 cm and of the same material as the internal walls 
between rooms. All windows are recessed 10 cm in the wall. The construction refurbishment strategy is presented in Section 3.1.4. 

Fig. 2. Overview of simulated variants.  

Fig. 3. Temperature and irradiance for climate files. A vertical line indicates the beginning and end of the calculation period.  
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3.1.3. Internal heat load 
Two internal heat loads were investigated. The number of occupants varied between minimum possible occupancy and maximum 

possible occupancy. The minimum possible occupancy was two people, and the maximum possible occupancy was five people [41]. As 
not all buildings/flats allowed to accommodate five people, the floorplans of the buildings/flats were considered, whereby the number 
of bedrooms was authoritative. The main bedroom was assumed to be occupied by two persons. Only one person occupied the other 
bedrooms. The assumed family scenario was two working adults with or without school-age children. The resulting number of people 
per building/flat and the room assignment can be seen in Table 4. The general building/flat occupation schedules for two and five 
people followed the schedules provided by Jensen et al. [41]. The three-person schedule follows the two-person schedule, whereas the 
four-person schedule follows the five-person schedule. As the simulation models required room-wise schedules, they were created 
inspired by Vorre et al. [42]. The schedules are shown in Appendix A (Figure A1). 

The occupants’ clothing was set to 0.5 clo ± 0.2 clo [43] as occupants can adjust their clothing according to their thermal 
perception in IDA-ICE. The activity level is set according to Table 5. The heat release in IDA-ICE is calculated within the zone using an 
occupant model based on the PMV and PPD calculation according to DS/EN ISO 7730:2006 [43]. 

The presence of the appliances was based on the ownership level for single-family houses and apartment buildings, whereby the 
threshold was set to a minimum of 50% ownership [44]. The ownership level was above 50% for all appliances shown in Table 6. 
Highlighted should be the difference between single-family houses and multi-family houses where multi-family houses do not have a 
dryer as the ownership level was only 25%. Every listed item in Table 6 is present once. Low and high heat loads only differ in the 
number of laptops. 

Further, the in-use and standby heat release was based on the annual (standby) consumption and the usage time obtained from 
Danish Energy Agency [44]. The usage time was often given as the ‘number of times used during the day or week’. In those cases, the 
appliance operational time is set to 1 h per time used for simplification purposes. For example, 2 h of operation time were assumed 
when the washing machine was used two times per week. No usage time was given for the appliances marked with a star (*) in Table 7. 
It was assumed that the fridge operates the whole year with a 50% duty cycle. The loudspeaker and all-in-one printer were assumed to 
be operated when the desktop PC was in use. The gaming console was set to be used for 2 h on weekdays and 3 h on weekends. The 
equipment schedules can be seen in Appendix A (Figure A2). 

3.1.4. Renovation parameters 
The TABULA project already suggested two different renovation levels - minimum and low-energy level. Thereby, the U-values of 

the constructions after renovation varied and partly did not meet the requirements of the current Danish legislation (BR18) [45]. It 
demands that renovation measures must follow the guidelines as long as they are cost-efficient and do not cause a risk of moisture 
damage. As both conditions are usually fulfilled [46], requirements for building elements in §279 can be followed (Table 8). 

Further, wholly replaced components such as windows must fulfill new buildings/components requirements according to BR18 
[45]. This paper assumed that the whole window is replaced and must thus fulfill the energy balance (Eref) for windows as defined in 
§258 of BR18 [45]. Further, it was decided to apply the U-values in Table 8 to renovate on minimum level. For the ambitious reno-
vation level, U-values considered the current state-of-the-art were applied. The resulting U-values can be seen in Table 9. All con-
structions were insulated towards the outside. An exemption was made for the external wall renovation of MFH 1851–1930 on 
minimum level, as the TABULA project suggested internal insulation. Thus, the insulation was reduced for moisture protection. The 
insulation is applied to the outside surface for the ambitious level of MFH 1851–1930. External cavity wall constructions were 
additionally insulated in between the bricks. The required U-value for the baseplate was already low and thus not reduced further for 
the ambitious renovation level. Material properties are based on DS 418:2011 + Till.1:2020 [47]. Histroric materials not available in 
DS 418:2011 + Till.1:2020 [47] were taken from Fraunhofer-Institut für Bauphysik IBP [48]. As new insulation, mineral wool was 
assumed (λ = 0.035 W/mK). 

Improvements of thermal bridges and infiltration values were set according to the TABULA documentation [36] (Table 10). They 
were only applied to fully renovated buildings. The thermal bridge and infiltration value remained unrenovated for variations where 
individual building components were changed (“old"). 

3.2. Model settings 

The detailed zone model (CeDetZon) was used in IDA-ICE for all zones with rectangular geometry. For non-rectangular zones, the 
simplified zone model (CeSimZon) was used as the detailed zone model cannot be applied for non-rectangular zones. Further, the 
detailed window model (DetWind) was used for all windows. The standard wall model (BDFWall) was used for external constructions 
and constructions separating zones, whereas the adiabatic wall model (AdWall) was used for internal constructions without con-
nections to other zones. Regarding the airflow model, zones were connected by doors, whereas the environment and the zones were 
connected by windows and leak components (CeLeak). Doors and windows were modelled as large vertical openings (CeLVO). For 

Table 2 
Climate file characteristics of today and future climate files. Outdoor temperature and irradiance are given for the calculation period.   

Outdoor temperature 
Min/Mean/Max – [◦C] 

Diffuse radiation on horizontal surface 
Mean/Max - [W/m2] 

Direct normal radiation 
Mean/Max - [W/m2] 

DRY2013 1.8/14.4/27.7 87/398 166/946 
Future2050 0.8/15.1/30.0 91/373 141/851 
Future2090 0.3/16.0/29.7 89/373 116/851  
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Table 3 
Building specifications. Original constructions were based on the respective constructions proposed by the TABULA project [34,36].   

Single-family houses Multi-family houses 

Building period 1851–1930 1931–1950 1951–1960 1961–1972 1851–1930 1931–1950 1951–1960 1961–1972 

Storeys above ground 2 2 1 1 3 5 2 3 
Orientation EW NS EW S EW NS EW NS 
Room height [m] 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
Window height [m] given 1.21 1.5 1.5 1.6 1.2 1.42 1.5 
Simulated building 

part 
Whole building Whole building Whole building Whole building 2 flats (1st & 2nd 

floor) 
2 flats (4th & 5th 

floor) 
2 flats (GF & 1st floor) 2 flats (1st & 2nd floor) 

Basement (Yes/No) Yes Yes No No Not relevant Not relevant Yes Not relevant 
Roof in thermal 

envelope (Yes/ 
No) 

Yes (pitched) Yes (pitched) No Yes (pitched) Yes (pitched) No Yes (pitched) Yes (flat) 

Nr. of heated roomsa 10 11 9 11 6 6 6 6 
Net area (heated) 

[m2] 
124.2 146.0 100.0 165.8 83.7 67.6 72.1 57.0 

Net area (unheated) 
[m2] 

188.6 230.7 100.0 165.8 83.7 67.6 72.1 57.0 

Rooms in heated 
volume 

Entrance 
Hallway 1 
Kitchen 
Bathroom 
Living room 
Dining room 
Room 1-3 

Entrance 
Hallway 1 
Kitchen 
Bathroom 
Living room 
Dining room 
Room 1-4 

Entrance 
Kitchen 
Bathroom 
Living room 
Dining room 
Room 1-3 

Entrance 
Kitchen 
Bathroom 
Living room 
Dining room 
Room 1-3 

Entrance 
Kitchen 
Bathroom 
WC 
Living room 
Dining room 
Room 1-4 

Entrance 
Kitchen 
Bathroom 
Living room 
Room 1-2 

Entrance 
Kitchen 
Bathroom 
Living room 
Room 1-2 

Entrance 
Kitchen 
Bathroom 
Living room 
Room 1-2 

Window-to-floor 
ratio 

0.12 0.15 0.31 0.20 0.19 0.11 0.19 0.26 

Area-to-volume ratiob 0.9 0.8 1.7 0.9 0.6/0.4 0.6/0.2 0.6/0.8 0.6/0.2 
Window area to N/E/ 

S/W [m2] 
2.7/5.1/ 
2.7/4.6 

7.3/0.0/ 
14.4/0.0 

1.7/4.1/ 
6.8/15.8 

6.5/7.8/ 
12.5/6.9 

0.0/8.0 
0.0/7.7 

2.8/0.0/ 
4.6/0.0 

6.8/0.0/ 
5.1/2.0 

5.9/0.0/ 
8.8/0.0 

Unrenovated construction characteristic 
External wall uninsulated brick 

cavity wall 
uninsulated brick 
cavity wall 

brick cavity wall 
insulated w. tiled 
concrete 

insulated brick cavity 
wall 

brick wall/50 mm 
insulation 

48 cm massive 
brick wall 

uninsulated brick 
cavity wall 

lightweight construction 
w. 75 mm insulation 

Baseplate/floor to 
unheated 
basement* 

floorboards on 
rafter* 

floorboards on 
rafter* 

floorboards on rafter/ 
50 mm insulation 

flooring/concrete/20 
cm tiled concrete 

– – flooring/20 cm 
lightweight concrete* 

– 

Roof/top ceiling∧ boards/rafter/50 
mm insulation 

boards/rafter/ 
clay layer 

boards/rafter/100 mm 
insulation∧

boards/rafter/150 
mm insulation 

boards/rafter/100 
mm insulation 

boards/rafter∧ boards/rafter/50 mm 
insulation 

concrete/100 mm 
insulation 

Internal wall 12 cm brick 12 cm brick 12 cm brick 12 cm brick 12 cm brick 12 cm brick 12 cm brick 12 cm concrete 
Internal ceiling boards/rafter/ 

boards 
boards/rafter/ 
boards 

– boards/rafter/boards boards/rafter/ 
boards 

boards/rafter/ 
boards 

boards/rafter/boards concrete  

a Single-family houses: whole building; multi-family houses: 1 representative flat. 
b Area to volume ratio for two flats of the multi-family house: top flat/middle or bottom flat; * indicates that the construction is a floor to an unheated basement; ∧ indicates that the construction is an upper ceiling. 
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Fig. 4. Floor plans of simulated buildings. One typical floor for the MFHs from 1851 to 1930 and 1951–1960. A typical pair of flats for the MFHs from 1931 to 1950 
and 1960–1972. The areas surrounded by a red line were simulated. For SFHs, the whole building was simulated. 
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Table 4 
Internal heat load by occupants for all buildings and low and high heat load. Heat release is calculated using the following properties: resting metabolic rate = 58.15 W/m2, skin surface area = 1.73 m2 and activity level = 1.2 met.   

Single-family houses Multi-family houses 

Building period 1851–1930 1931–1950 1951–1960 1961–1972 1851–1930 1931–1950 1951–1960 1961–1972 

Low heat load 
Number of people 2 2 2 2 2 2 2 2 
Heat per heated 

floor area [W/ 
m2] 

1.9 1.7 2.4 1.5 2.9 3.6 3.3 4.2 

Family scenario 2 working adults 2 working adults 2 working adults 2 working adults 2 working adults 2 working adults 2 working adults 2 working 
adults 

Bedroom adults Room 1 Room 4 Room 1 Room 1 Room 1 Room 1 Room 1 Room 1 
Office Room 3 Room 3 Room 3 Room 4 Room 2 Room 2 Room 2 Room 2 

High heat load 
Number of people 4 5 4 5 3 3 3 3 
Heat per heated 

floor area [W/ 
m2] 

3.9 4.1 4.8 3.6 4.3 5.4 5.0 6.3 

Family scenario 2 working adults with 
2 children in school 

2 working adults with 
3 children in school 

2 working adults with 
2 children in school 

2 working adults with 
3 children in school 

2 working adults 
with 1 child in school 

2 working adults 
with 1 child in school 

2 working adults 
with 1 child in school 

2 working 
adults with 1 
child in school 

Bedroom adults Room 1 Room 4 Room 1 Room 1 Room 1 Room 1 Room 1 Room 1 
Bedroom children Room 2-3 Room 1-3 Room 2-3 Room 2-4 Room 2 Room 2 Room 2 Room 2 
Office Living room Living room Living room Living room Living room Living room Living room Living room  
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fully renovated variants, zones were additionally connected by supply (CeSupT) and exhaust terminals (CeExhT). 

3.2.1. Surrounding 
The power-law coefficients for the single-family houses represented a suburban situation according to ASHREA Fundamentals 1993 

whereas the coefficients for the multi-family houses represented an urban situation. The wind pressure coefficients were set to semi- 

Table 5 
Activity location and metabolic rate for different residential activities based on DS/EN ISO 7730:2006 [43].  

Activity Activity location Metabolic rate 

Sleeping Bedroom 0.8 
Sitting Living room 1.0 
Sitting and working/eating Office/Living room/Dining room 1.2 
Standing (light activity) Kitchen 1.6  

Table 6 
Appliances and their location within the buildings based on the ownership level [44].  

Kitchen Bathroom 
MFH 

Bathroom 
SFH 

Laundry 
room 

(only in SFH) 

Office 
(wo. children) 

Living room 
(wo. 

Children) 

Living room 
(w. children) 

Bedroom 
(children) 

oven washing 
machine 

– washing 
machine 

desktop PC with monitor & 
loudspeaker 

– desktop PC with monitor & 
loudspeaker 

Laptop 

stove   dryer all-in-one printer – all-in-one printer  
fridge w. 

freezer     
TV TV  

coffee 
machine     

router/ 
modem 

router/modem  

water kettle     stereo stereo  
dishwasher     gaming 

console 
gaming console  

microwave     DVD player DVD player       
laptop laptop   

Table 7 
In use and standby heat release as a result of annual consumption and usage time based on Danish Energy Agency [44].   

Usage time - 
[h] 

Standby time - 
[h] 

Annual consumption - 
[kWh] 

Annual standby 
consumption - [kWh] 

In use heat 
release - [W] 

Standby heat 
release - [W] 

Oven 156 8604 89 23 571.0 3.0 
Stove 730 8030 156 14 214.0 2.0 
Fridge w. freezer 4380* 4380* 249 15 57.0 3.0 
Coffee machine 730 0 38 0 52.0 0.0 
Water kettle 730 0 25 0 34.0 0.0 
Dishwasher 208 8552 234 16 1125.0 2.0 
All-in-one printer 1196* 0* 113 0 94.0 0.0 
Washing machine 208 8552 185 28 889.0 3.0 
Dryer 104 8656 397 28 3817.0 3.0 
TV 1196 0 149 0 125.0 0.0 
Router/modem 8760 0 69 0 8.0 0.0 
Laptop 739 8021 45 3 61.0 0.0 
Stereo 730 8030 87 18 119.0 2.0 
Desktop PC w. 

screen 
1196 7564 185 5 155.0 1.0 

Loudspeaker (PC) 1196* 0* 15 0 13.0 0.0 
DVD-player 365 0 19 0 52.0 0.0 
Microwave 52 8708 20 18 385.0 2.0 
Game console 832* 0* 138 0 166.0 0.0  

Table 8 
Building component requirements according to BR18 §279 [45].  

Building component U-value [W/m2K] 

External wall/basement wall against soil 0.18 
Floor partitions/partitions to rooms with a temperature difference of 5 ◦C or more 0.40 
Basement floor to ground 0.10 
Roof/upper ceiling 0.12  
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sheltered for both building typologies. No shading from the surrounding was considered. For buildings with one or more zones 
connected to the ground, the ground material was set to sand or gravel, defined according to DS/EN ISO 13370:2017 [49]. 

3.2.2. Other settings 
The light level until the light was turned on was set to 300 lx. All doors connecting zones within the heated volume were always 

open. Occupants could open windows when the indoor operative temperature exceeds 25 ◦C and at least one occupant is present in the 
room. Further, windows were only opened when occupants were awake, which equals a possible operation time from 6 a.m. to 11 p.m. 
for adults and from 6 a.m. to 10 p.m. for children. At the weekend, the possible operation time started for adults and children at 7 a.m. 
It was based on the assumption that residents keep windows closed at night due to noise disturbances or security reasons [24]. In 
addition, windows were only opened when the outdoor temperature was lower than the indoor temperature. The window opening area 
was 30%, with a discharge coefficient of 0.65. This window opening strategy is used to answer the leading questions. To still be able to 
estimate the influence of the strategy an investigation with a reduced number of simulations is conducted in Section 4.4. 

Further, an additional ACH of 0.4 was set for each zone. The ACH reflects the building use, for example, the opening of the windows 
or the airflow provided by the mechanical ventilation. It is the hygienically necessary ACH set by the TABULA project [36] and 
required by the Danish building regulation [45]. For unrenovated buildings, this ACH was set as given additional in/exfiltration 
(independent of pressure) in each occupied zone connected to the exterior. The ACH was provided by mechanical ventilation with a 
bypass function for the fully renovated variants. 

Table 9 
U-values for all construction, level of renovation, and building types.  

U-values in W/m2K Single-family houses Multi-family houses 

Building period 1851–1930 1931–1950 1951–1960 1961–1972 1851–1930 1931–1950 1951–1960 1961–1972 

External wall 
old 1.50 1.50 0.99 0.51 0.75 1.20 1.35 0.54 
minimum 0.18 0.18 0.18 0.18 0.36 0.18 0.18 0.18 
ambitious 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 
Baseplate/floor to the unheated basementa 

old 0.95a 0.95a 0.76 0.41 – – 1.90a – 
minimum 0.38a 0.38a 0.10 0.10 – – 0.40a – 
ambitious 0.20a 0.20a 0.10 0.10 – – 0.20a – 
Roof/Upper ceilingb 

old 0.73 1.59 0.46b 0.30 0.46 2.76b 0.73 0.43 
minimum 0.12 0.12 0.12b 0.12 0.12 0.12b 0.12 0.12 
ambitious 0.08 0.08 0.08b 0.08 0.08 0.08b 0.08 0.08 
Window (Frame U-value: old: 1.9 W/m2K; min: 1.3 W/m2K; amb: 1.0 W/m2K - Frame fraction: 0.3) 
old (g-value: 0.79) 2.90 2.90 2.90 2.90 2.90 2.90 2.90 2.90 
minimum (g-value: 0.65) 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.30 
ambitious (g-value: 0.53) 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 
Internal wall (U-value = 2.94 W/m2K: brick (12 cm); U-value: 4.50 W/m2K: concrete (12 cm)) 
old 2.97 2.97 2.97 2.97 2.97 2.97 2.97 4.50 
minimum 2.97 2.97 2.97 2.97 2.97 2.97 2.97 4.50 
ambitious 2.97 2.97 2.97 2.97 2.97 2.97 2.97 4.50 
Internal ceiling (U-value = 0.96 W/m2K: wooden ceiling w. wooden floor; U-value: 2.37 W/m2K: concrete ceiling w. wooden floor) 
old 0.96 0.96 – 0.96 0.96 0.96 0.96 2.37 
minimum 0.96 0.96 – 0.96 0.96 0.96 0.96 2.37 
ambitious 0.96 0.96 – 0.96 0.96 0.96 0.96 2.37  
a Indicates that the construction is a floor to an unheated basement. 
b Indicates that the construction is an upper ceiling. 

Table 10 
Thermal bridges and infiltration for all levels of renovation and building types.   

Single-family houses Multi-family houses 

Building period 1851–1930 1931–1950 1951–1960 1961–1972 1851–1930 1931–1950 1951–1960 1961–1972 

Thermal bridges - W/K/(m2envelope) - related to the external envelope area 
old 0.10 0.15 0.15 0.15 0.15 0.15 0.10 0.10 
min 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
amb 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Infiltration - ACH at 50Pa pressure difference - distributed proportionally to the volume 
old 0.20 0.40 0.40 0.40 0.40 0.40 0.20 0.20 
min 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
amb 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20  

L.A. Bugenings and A. Kamari                                                                                                                                                                                      



Journal of Building Engineering 57 (2022) 104835

11

3.3. Overheating risk evaluation 

According to DS/CEN/TR 16798-2:2019 [50], the performance of a whole building is to be evaluated by simulating representative 
rooms. To meet the criteria of a specific category, rooms that represent 95% of the building volume must meet be within the selected 
category. Several methods are listed to evaluate the comfort conditions over time, for which Rahif et al. [51] and Carlucci and Pagliano 
[52] listed various advantages and disadvantages. Among the disadvantages, they listed, for example, missing quantification of 
discomfort intensity, lack of normalisation to the number of occupied hours, making a comparison of buildings with different occu-
pancy difficult, or the dependency on one comfort model. For the method to be used when following Danish legislation where a critical 
room is not allowed to exceed 100 h above 27 ◦C and 25 h above 28 ◦C [45], they listed, amongst others, the missing quantification of 
discomfort intensity and the lack of normalisation to the number of occupied hours. 

For this investigation which aims to compare building typologies and buildings from different construction periods, an evaluation 
method was needed to evaluate the whole building with multiple occupied zones. A method combining those requirements is the 
Indoor Overheating Degree (IOD) proposed by Hamdy et al. [20]. The IOD method allows evaluation of the combined overheating for 
multiple zones where occupancy or the temperature limits are not the same. It takes the overheating’s intensity and frequency into 
account [20] (Eqn 1). 

IOD ≡

∑Z

z=1

∑Nocc(z)

i=1

[(
Tfr,i,z − TLcomf , i, z

)+
· ti,z

]

∑Z

z=1

∑Nocc(z)

i=1

(1)  

Where z is the building zone counter, i is the occupied hour counter, t is the time step, Z is the total number of zones in a building, Nocc(z) 
is the total occupied hours in a given calculation period, Tfr is the free-running indoor operative temperature at the time step i in the 
zone z, and TLcomf is the comfort temperature limit at the time step i in the zone z. 

In this paper, the time step was set to 1 s. The total number of occupied zones depended on the building and the heat load scenario. 
Thereby, the bathroom and laundry were not regarded as occupied zones, even though they were occupied for a short period. Thus 
they were not considered for this calculation. 

The thermal comfort limits were set according to the adaptive thermal comfort limits [50] and the static limits of the Danish 
building regulation (above 27 ◦C and above 28 ◦C) [45]. The adaptive thermal comfort limits are applicable for residential buildings as 
the requirements according to DS/EN 16798-1:2019 [53] are fulfilled. Three categories exist where the most appropriate one to choose 
is category II as the average tenant has no special needs. Another criterion to obey is when adaptive thermal comfort can be applied. 

Fig. 5. Building typology and individual building comparison using (IODATC). The first two boxplots (“combined”) each contain all individual houses and heat loads of 
the respective building typology. The number of simulations (n) is given per boxplot. 
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This is when the outdoor running mean temperature is above 10 ◦C. The running mean outdoor temperature for 7-days is estimated 
using Equation B.2 [53]. Based on the period where the running mean outdoor temperature for 7-days is equal to or above 10 ◦C, the 
calculation period was set from 30.4.2010 to 29.10.2010. 

4. Results and discussion 

This section presents the results of all possible variations. It is structured into three subsections based on the three research 
questions presented in Section 1.1. As presented in Section 3.3, the IOD was used as overheating risk evaluation metric. For the 
presentation of the results, it was decided to show the evaluation based on the adaptive thermal comfort limits (IODATC). Section 4.4 
further investigats the influence of the ventilation strategy and Section 4.5 compares the evaluation based on the adaptive thermal 
comfort limits (IODATC) to the one based on the static comfort limits (IOD27/28◦C). Additional evaluation metrics (hours above the 
comfort limit, degree hours above the comfort limit and a room-wise evaluation) with different comfort limits (static and adaptive 
thermal comfort) and all figures with the static comfort limits (IOD27/28◦C) can be found in the supplementary materials. The number of 
simulations per graph is indicated using n (number of simulations). 

4.1. Typology overheating risk 

Beginning with the first question, “Which of the two selected residential building typologies, single-family houses or multi-family 
houses, is most prone to overheating?”, Fig. 5 presents the IODATC for the building typologies and the individual buildings. The single- 
family houses seem to have, for 2013 and 2090, a slightly lower overheating risk than the multi-family houses as they have a lower 
median IODATC than the multi-family houses. For 2050 the difference increases and shows a higher overheating risk for the multi- 
family houses than for the single-family houses, similar to van Hooff et al. [12] findings. This could be due to the higher occu-
pancy and equipment heat load per floor area in the multi-family houses or the decreased heat-transmitting surface of flats without 
connection to the roof or baseplate/floor to the unheated basement [20]. Still, it can be seen that some outliers of the single-family 
houses exceed those of the multi-family houses for all three climate scenarios. The overall magnitude of the overheating risk rea-
ches from 0.0 ◦C up to 0.4 ◦C. On the basis that the calculated period also includes October (due to the calculation of the mean outdoor 
running temperature), where no overheating is observed for all variants, it can be assumed that the IODATC for the period where 
overheating occurs is higher. The climate change effect appears to be more significant from 2013 to 2050 than from 2050 to 2090 for 
all single-family houses. Thereby the overheating increases from 2013 to 2050 along with the increasing temperature as already seen in 
other studies [20–22,24,27–29]. From 2050 to 2090 the overheating decreases below the level of 2013 even though the mean tem-
perature increases by 0.9 ◦C within the calculation period (Table 2). As this trend was yet not seen in other studies, it is discussed in 
Section 4.3. 

Focusing on the individual single-family houses (SFH), SFH 1951–1960 is most prone to overheat among the single-family houses as 
nearly all simulations surpass the other buildings. One reason for this could be the large unshaded glazed area of the building, which 
was also shown to increase overheating in a study by Hamdy et al. [20]. Another reason could be that SFH 1951–1960 has the highest 
internal heat gain per area compared to other single-family houses. Next to the highest IODATC, this building also presents the most 
extensive spread over all variants. An IODATC spanning from close to 0 ◦C–0.4 ◦C (low heat load) shows a high sensitivity to the varied 
renovated components, whereby the sensitivity increases for the climate in 2050. Combinations with the glazing - U-value = 0.65 
W/m2K (heat transfer coefficient); g-value = 0.53 (solar heat gain coefficient) - generally lead to a lower IODATC, whereas an increasing 
level of insulation of all components leads to a higher IODATC. A more detailed analysis of the sensitivity of the parameters and the 
correlation between their change and the change in IODATC is investigated in Section 4.2.1. SFH 1851–1930 and surprisingly SFH 
1961–1972 present the lowest IODATC. SFH 1851–1930 was expected to show a reduced overheating risk due to its low window-to-floor 
ratio and heat gain per area, but it was not anticipated that SFH 1961–1972 would show a similar magnitude. Even though the oc-
cupancy density is similar to SFH 1851–1930, the window-to-floor ratio is nearly twice that of SFH 1851–1930 and faces mainly south. 
Also, SFH 1961–1972 is, similar to SFH 1951–1960 (highest overheating), a one-storey building contradicting the findings of two 
studies that showed an overheating risk for one-storey single-family buildings and bungalows [24,25]. Reasons for this could be the 
L-shape of the buildings, which provides shade for parts of the glazed area until noon, the arrangement of the occupied rooms, and the 
high thermal mass baseplate. 

Focusing on the individual multi-family houses (MFH), MFH 1851–1930 shows the highest overheating risk. Its median for the 
middle flat lies above the one from SFH 1961–1972, whereas its maximum lies below. Further, it presents the highest minimum IODATC 
of all buildings, which can be traced back to the already high overheating risk of the unrenovated building. This trend gives the 
impression that the low thermal mass of the relatively thin unrenovated external walls with internal insulation increases the over-
heating risk, which can be supported by comparing MFH 1851–1930 to MFH 1951–1960 which has a lower overheating risk. Both 
buildings have the same orientation and window-to-floor area, but MFH 1951–1960 has a higher occupancy heat gain per area than 
MFH 1851–1930. The difference in the external wall is that MFH 1851-1930s external wall is a brick wall with internal insulation, 
whereas MFH 1951-1960s external wall is a brick cavity wall. In addition, MFH 1951–1960 is connected to an unheated basement 
separated from the bottom flat by a high thermal mass floor. Based on this, a higher thermal mass is favourable for decreasing 
overheating and confirms the findings of Gupta et al. [23]. The multi-family houses MFH 1951–1960 and MFH 1961–1972 both have a 
lower overheating risk compared to the earlier buildings. Even though MFH 1961–1972 has the largest window-to-floor ratio and 
highest occupancy heat gain per area, the high thermal mass of the internal wall, floor and ceiling/roof, and the north-south orien-
tation prevent the building from reaching similar high IODATC as other multi-family houses. The loggia in front of the living room, 
providing a shade for the middle flat, seems to have a minor effect on reducing overheating, as the IODATC for the middle flat is slightly 
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lower than for the top flat. The spread over all simulations is similar for MFH 1851–1930, MFH 1931–1950 and the top flat of MFH 
1951–1960 while it is small for the bottom flat of MFH 1951–1960 and both flats of MFH 1961–1972, showing a similar sensitivity to 
the varied parameter. However, while the sensitivity can be similar, flats located on the top floor have a lower overheating risk than 
those in the middle, but the lowest overheating risk has the flat located at the bottom. This trend was also seen by Hamdy et al. [20], 
who found that flats located on the top floor have a higher overheating risk than flats on the ground floor. 

The effect of climate change from 2013 to 2050 increases the IODATC for all multi-family houses. From 2050 to 2090, the IODATC 
decreases to the same level as in 2013. However, the overall trends for 2050–2090 remain similar to the above-described for 2013. An 
exemption is seen for MFH 1931–1950 which, even though it reduces its IODATC from 2050 to 2090, decreases not to the same level as 
for the year 2013. The reason for this could be that the buildings IODATC is more influenced by the outdoor temperature rise, whereas 
the other buildings are influenced by the reduction in solar radiation. 

No similarities were seen regarding the year of construction of both typologies, the single- and multi-family houses. For the single- 
family houses, only the building from the period between 1951 and 1960 seems to have a risk of overheating, whereas the overheating 
risk for the multi-family houses decreases for newer buildings. 

Next to the above-presented results, Fig. 5 also presents two boxplots per building showing the different heat loads. Here, further 
explanation is needed as the results seem to speak against what is typically seen – higher heat load equals higher overheating risk. The 
reason is analysed by an example using the building with the most extreme difference between low and high heat load – SFH 
1951–1960. The first reason for the decrease in IODATC is the increased number of occupied zones (2 persons: kitchen, room 1 
(bedroom), room 3 (office), living room and dining room; 4 persons: kitchen, room 1 (bedroom), room 2 (bedroom child), room 3 
(bedroom child), living room (w. office) and dining room) which, as the “additional rooms” are rooms with a low number of over-
heating hours, decreases the IODATC due to its nature as average. This effect enhances as the number of overheating hours in the low 
heat load occupied rooms does not increase with the same magnitude as the occupied hours. This is due to increased occupancy when 
overheating is less likely, for example, in the late evening. It is also due to the increased possibility to open the windows as the rooms 
are more frequently occupied. Even though the difference between high heat load and low heat load for the multi-family houses is 
smaller than for the single-family houses, it still can be observed. One reason for the more minor difference is that the number of zones 

Fig. 6. Overheating (IODATC) for individual renovation measures and fully renovated houses for a low heat load. Min. = minimum renovation level; amb. = ambitious 
renovation level. 

L.A. Bugenings and A. Kamari                                                                                                                                                                                      



Journal of Building Engineering 57 (2022) 104835

14

does not increase for the multi-family houses, whereas the number of occupied hours increases. Summing up, the absolute number of 
hours outside the comfort limit increases from the low heat load to the high heat load (for more details, please see the supplementary 
material). However, it is not reflected in the IOD due to the reasons mentioned above. As a result of this observation, low and high heat 
load variations are treated as their own set of simulations and are not compared. Regarding the initial question, it can be said that the 
different heat loads are of lesser importance for this analysis as they show the same trends. 

Coming back to the initial question, “Which of the two selected residential building typologies, single-family houses or multi-family 
houses, is most prone to overheating?”, it can be summarised that the multi-family houses have a slightly higher risk of overheating 
than the single-family houses. Still, the one-story single-family house (e.g., SFH 1951–1960) with large unshaded glazed areas and low 
thermal mass can be prone to overheating, too. Both findings are supported by two studies which both investigated the overheating risk 
in single-family houses and apartment buildings in the Netherlands [12,20]. That flats in multi-family houses have the highest risk 
followed by mid-terraced homes (which were not investigated in this study), was seen by a study conducted in the UK [22]. 

4.2. Building renovation overheating risk 

The next question is: “Which impact have the investigated building renovation measures on the overheating risk?”. Fig. 6 shows the 
effect of individual renovation measures and the full renovation on the low heat load base case. The same diagram for the high heat 
load can be found in Appendix A (Figure A). Both heat loads show the same trends. Fig. 6 shows that individual renovation measures 
affect the overheating magnitude. The window renovation is the most effective renovation measure to reduce overheating for all 
single-family houses. Renovating the baseplate/ceiling to an unheated basement increases overheating in all single-family houses and 
is the measure with the highest increase of all individual measures. 

In contrast, the roof/top ceiling renovation has only a minor decreasing effect on the overheating compared to the unrenovated 
case. This applies to all single-family houses, but the decrease is slightly more significant for SFH 1931–1950 and SFH 1951–1960 
compared to SFH 1851–1930 and SFH 1961–1972. The external wall insulation leads to a decrease in the same magnitude as the roof 
for SFH 1851–1930 and SFH 1961–1972. For SFH 1931–1950 and SFH 1951–1960, the reduction is less than the roof/top ceiling 
renovation. 

The application of all four renovation measures has different effects on the different buildings, where it does not change the 
overheating or decreases it for SFH 1851–1930 and SFH 1931–1950, it increases it for SFH 1951–1960 and SFH 1961–1972. The same 

Fig. 7. Local sensitivity analysis: Sensitivity of overheating (IODATC) to renovation measures for 2013. Window U-value and window g-value are related.  
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can be seen for the fully renovated variants. This could be because the decreasing effect of the window renovation cannot curb the 
overheating increase caused by the renovation of the baseplate of SFH 1951–1960 and SFH 1961–1972. The most significant increase in 
IODATC can be seen for SFH 1951–1960. 

The difference between minimum and ambitious renovations is minor for all measures but the windows. For the windows the larger 
difference is probably attributable to the different g-values rather than the variance in the U-values. 

The individual renovation measures applied to the multi-family houses show a similar trend as seen for the single-family houses. 
The window renovation has the most significant effect on reducing overheating. An exemption is seen for MFH 1961–1972, where only 
the ambitious renovation level reduces the IODATC. This could be because, for the minimum level, the g-value reduction does not 
outweigh the overheating increase due to the reduced U-value. The effect of the roof/top ceiling renovation is only tiny compared to 
the unrenovated case, which seems plausible as the flats located on the middle floors are not directly adjacent to the construction and 
thus are less influenced by a renovation of this component. 

In contrast, the external wall renovation increases overheating for all flats located on the middle floor. This behaviour was also seen 
by Gupta and Gregg [21]. For the flat located at the bottom (MFH 1951–1960), only renovation of the floor to basement seems to 
increase the overheating. 

Among the individual renovation strategies, the level of window renovation has a significant influence on the overheating. Thereby 
achieves the ambitious window renovation lower IODATC than the minimum renovation level, leading back to the ambitious window’s 
lower g-value. The effect is relatively small for other individual renovation measures, whereby no clear tendency towards one or the 
other level is seen. 

Regarding all possible simulation combinations, it can be said that the increasing number of renovated components also increased 
the overheating. For single-family houses, combinations with renovated windows on an ambitious level and an unrenovated baseplate/ 
floor to unheated basement led to low overheating risk. Combinations with unrenovated windows or windows on minimum level and a 
renovated baseplate/floor to unheated basement always led to a higher overheating risk. The increasing number of renovated com-
ponents for the multi-family houses leads to a high overheating risk. Renovation, where the window is renovated on the ambitious 
level and the external wall is unrenovated, lead to a lower overheating risk, whereby renovations with windows on minimum level and 

Fig. 8. Ranks displayed as histogram based on the sensitivity analysis (IODATC) for all renovation measures and the year 2013. Each histogram of all single-family 
houses and MFH 1951–1960 contain 54 calculated SI and are ranked from 1 to 5. MFH 1851–1930, MFH 1931–1950 and MFH 1951–1960 histograms contain 
only 18 calculated SI per histogram due to the absence of the baseplate/ceiling to unheated basement renovation and are ranked from 1 to 4. 
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renovated external wall led to higher risk (for more details, please see the supplementary material). 

4.2.1. Sensitivity and correlation analysis of renovation measures and building characteristics 
To verify the sensitivity to the different renovation measures, a local sensitivity analysis was conducted. A dimensionless sensitivity 

index (SI) is calculated based on the one-at-the-time parameter variation [54,55]. The fully renovated variants were not taken into 
account. For the local sensitivity analysis itself, it must be noted that it does not consider the range and shape of the input parameter 
distribution, the influence of multi-dimensional parameters when all are varied simultaneously, and non-linear and non-additive 
effects [54,55]. The result of the local sensitivity analysis can be seen in Fig. 7. 

For all houses and flats, the window g-value is the parameter with the highest influence on the IODATC, as seen in Section 4.2. The 
other parameters’ influence varies then depending on the building typology and year of construction. The change in U-value of the 
roof/top ceiling has overall the smallest influence on the overheating, whereas the window U-value and the renovation of the base-
plate/ceiling to an unheated basement show a similar influence. The external wall renovation seems to have a greater influence on the 
multi-family houses than the single-family houses as it shows a higher influence than the window U-value, which is mostly in second 
place for single-family houses. It must be noted that the window g-value and U-value are closely related as only three variations were 
tested, where the U-value decreased along with the g-value. To further evaluate the rank of the individual parameters, a histogram is 
shown for each renovation measure (low and high heat load) and building. Fig. 8 presents those histograms and shows that the window 
g-value is primarily ranked in the first position, whereas the U-value of the roof/top ceiling is mostly ranked in the last position. The 
external wall U-value is mainly ranked in fourth position. The ranks vary for the window U-value and the baseplate/ceiling to 
unrenovated basement U-value. Where the window U-value never ranks in the first position, the baseplate U-value sometimes has the 
greatest influence on all single-family houses but SFH 1961–1972 and on MFH 1951–1960. 

In addition, the correlations between the IODATC and the renovation measures are shown as scatterplots with trendlines. No 
trendline is shown for the baseplate/ceiling to unheated basement U-value and roof U-value as there was no statistical significance (P 
> 0.05). Further, the correlation between seven building characteristics and the IODATC is shown in Fig. 9 (f–l). To begin with the first 

Fig. 9. Dependence of overheating (IODATC) on renovation measures and building characteristics for 2013. Statistical significance P and correlation coefficient ρ based 
on Spearman correlation. Window U-value and window g-value are related. 
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Table 11 
Percentage of simulations increasing their overheating (IODATC) due to renovation measures. The baseline is the unrenovated case. For better readability, cells, where at least 50% of the simulations increased their overheating to 
the baseline, are marked in grey.   

SFH 
\vskip5\hfill 
\hbox\rot90 
{1851–1930 

SFH 
\vskip5\hfill 
\hbox\rot90 
{1931–1950 

SFH 
\vskip5\hfill 
\hbox\rot90 
{1951–1960 

SFH 
\vskip5\hfill 
\hbox\rot90 
{1961–1972 

MFH 
\vskip5\hfill\hbox\rot90 

{1851–1930 

MFH 
\vskip5\hfill\hbox\rot90 

{1931–1950 

MFH 
\vskip5\hfill\hbox\rot90 

{1951–1960 

MFH 
\vskip5\hfill\hbox\rot90 

{1961–1972 

– – – – middle top middle top bottom top middle top 

in % low high low high low high low high low high low high low high low high low high low high low high low high 

2013 56 66 46 59 68 68 46 49 57 57 36 46 82 82 64 64 83 83 77 78 82 86 75 79 
2050 40 38 22 23 70 70 45 46 46 50 25 25 57 68 50 50 74 72 63 63 57 64 46 50 
2090 43 59 41 61 66 66 46 46 54 54 25 25 86 86 68 68 83 83 73 73 75 75 61 64  
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two diagrams (a + b), the window U-value and window g-value present both a correlation between their change and the change in 
overheating. The trendlines show a small indication that increasing U-values and g-values cause an increase in overheating. Here, it 
needs to be noted again that window U-value and g-value are closely interlinked as only three windows were investigated. This means 
that the highest U-value (U = 2.9 W/m2K) also has the highest g-value (g = 0.79). Thus, those parameters need to be seen as one. Based 
on the local sensitivity analysis, the window g-value is the determining property for the overheating magnitude. The external wall U- 
value increases overheating with decreasing U-value (Fig. 9 (d)). Focusing on the building characteristics, the IODATC increases with 
increasing window-to-floor ratio (WFR) (Fig. 9 (f)). This also applies to the WFR multiplied by the g-value (Fig. 9 (g)) and the area-to- 
volume ratio (Fig. 9 (i)). The highest correlation coefficient is thereby shown by WFR x g-value, which indicates that not only the WFR 
or the g-value as an individual parameter are determining for the IODATC but also a combination of those. For the WFR multiplied with 
the U-value, a similar high correlation is seen (Fig. 9 (h)). Again, it needs to be noted that window U-value and g-value are closely 
related. The next parameter is the thermal mass, where a small correlation can be seen (Fig. 9 (j)). Thereby, it seems that lower thermal 
mass leads to higher overheating. Still, the scatterplot indicates that also buildings with lower thermal mass can stay in lower IODATC 
ranges. The strongest correlation of the presented building characteristics is shown by the presence and absence of the basement Fig. 9 
(k). Buildings/Flats connected to a basement show thereby exclusively low IODATC whereas, buildings/flats not connected to a 
basement show the whole range. For the last building characteristic, the people load, a small correlation is seen (Fig. 9 (l)). The 
trendline is horizontal and does not represent the data well. 

At last, the percentage of simulations increasing their overheating due to the renovation measures is shown (Table 11). Hereby, the 
unrenovated building was used as a baseline. The results show that for the single-family houses, the percentage of simulations 
increasing their overheating reaches from 22% (SFH 1931–1950) up to 70% (SFH 1951–1960). Cases that do not increase their 
overheating to the baseline are mostly combinations where the baseplate/ceiling to the unheated basement is unrenovated. For multi- 
family houses, the range of simulations increasing their overheating compared to the reference reaches from 25% (MFH 1851–1930) up 
to 86% (MFH 1931–1950). For all flats but MFH 1951–1960 bottom, combinations with unrenovated external walls or combinations 
with the ambitious window renovation do not increase their overheating to the baseline. For the bottom flat of MFH 1951–1960 the 
same as for the single-family houses can be seen. In regard to the future climates, it can be seen that all house/flat but SFH 1951-1960 
decrease the number of simulations, increasing their overheating compared to the baseline. It shows that renovation might has a 
beneficial effect on the overheating risk when temperatures rise. For SFH 1951–1960 the climate had only small influence on the 
number of simulations which increased their overheating to the baseline. From 2050 to 2090 all multi-family houses built after 1931 
and SFH 1931–1950 increase their number of simulations close to the value in 2013. The other houses remain at the same level as for 
2050 . 

Summing up in relation to the initial question “Which impact have the investigated building renovation measures on the over-
heating risk?”, it can be said that overheating increases with an increasing number of renovated elements and thus confirms the results 
presented by other studies [9,12] which showed that an increased thermal resistance leads to an increase of overheating hours. 
Renovation of the baseplate or the floor to the unheated basement increases overheating the most for the single-family houses 
compared to other renovated components. Supporting findings were shown by a study investigating a one-story single-family house in 
four different climates [9]. The same study also showed that a lower window g-value reduces the overheating risk, which can be 
supported by the findings of this study as the window replacement and the accompanying reduction in g-value reduced the over-
heating. Further, the renovation of the external wall of the multi-family houses increases overheating the most for top and middle flats. 
For bottom flats, the renovation of the floor to the unheated basement increases overheating. Regarding the overheating sensitivity to 
individual parameters, it was shown that the window properties are a highly influential factor in the overheating risk of all building 
typologies. It is followed by the U-value of the baseplate/ceiling to unheated basement (if present), the external wall U-value, and the 
roof U-value. Apart from the investigated parameters, building properties such as WFR x g-value or the presence of an unheated 
basement showed a correlation between their state and the overheating magnitude. Here the WFR x g-value showed an overheating 
increase along with an increasing WFR x g-value, as it was seen by Simson et al. [56]. The low overheating risk of flats connected to a 
basement is supported by a study that measured and simulated a multi-family house regarding its overheating [57]. The study’s 
authors saw thereby the indirect cooling of the basement as one reason for the low overheating. 

4.3. Climate overheating risk 

The last question to be answered is, “Which impact have the future climates for 2050 and 2090 on the building typologies’ 
overheating ?". Fig. 10 shows the IODATC for all variations within one climate scenario as one boxplot, including occupancy loads, 
renovation measures, and individual buildings of one building typology. An increase in IODATC can be seen from 2013 to 2050 for all 
building typologies. From 2050 to 2090, a decrease to a lower IODATC than in 2013 is observed. At first sight, this trend seems not 
straightforward as the used climate scenarios (Table 2) increase the mean temperature within the calculation period by 0.7 ◦C from 
2013 to 2050 and an additional 0.9 ◦C from 2050 to 2090. In contrast, it decreases the mean and maximum direct normal radiation and 
the maximum diffuse radiation from 2013 to 2050. From 2050 to 2090 reduces, the mean direct normal radiation further. Based on 
this, one possibility could be that, even though the average temperature for 2090 is higher than for 2050, the lower maximum 
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temperatures and the lower mean solar radiation seem to lead to a lower IODATC. Another possibility could be that the simultaneity of 
certain solar radiation and temperature leading to overheating is more likely for the climate file from 2050. 

A second round of simulations was conducted, as it was unclear which of the two parameters, temperature or solar radiation, is 
decisive for causing overheating. Thereby, extreme climate scenarios provided by Wittchen and Jønsson [39] were used. An overview 
of the used data compared to todays and future climate files can be seen in Table 12. With the aim to reduce the number of simulations, 
the roof was set to be renovated on minimum level as it was seen beforehand that it is the least influential individual renovation 
strategy. 

The results show that, as described in Section 3.1, the climate files from 2013, 2050, and 2090 do not contain any extreme con-
ditions (Fig. 11). The IODATC for the extreme hot year and the extreme sunny year exceed the IODATC seen for 2013, 2050 and 2090 and 
reach up to an IODATC of 0.6 ◦C. In contrast, the cloudy and the cold year reduced their IODATC to below 0.1 ◦C. Further, some buildings 
keep the overheating low during the hot and the sunny year, whereas other buildings also have an overheating risk for the cold year. 
This additional investigation shows that high solar radiation, as well as high temperatures, can cause the buildings to overheat. 
Hereby, it must be considered that the extreme hot year is also relatively sunny. The extreme sunny year is thereby a year which’s 

Table 12 
Climate file characteristics for todays, future, and extreme climate files for the calculation period.   

Outdoor temperature 
Min/Mean/Max – [◦C] 

Diffuse radiation on horizontal surface 
Mean/Max - [W/m2] 

Direct normal radiation 
Mean/Max - [W/m2] 

2013 1.8/14.4/27.7 87/398 166/946 
2050 0.8/15.1/30.0 91/373 141/851 
2090 0.3/16.0/29.7 89/373 116/851 
Extreme cold − 7.4/11.9/26.3 94/379 97/849 
Extreme cloudy − 0.2/13.2/28.2 89/379 91/849 
Extreme hot 0.5/16.9/31.1 104/376 163/843 
Extreme sunny − 0.7/14.8/30.1 110/376 178/851  

Fig. 11. Comparison of climate change impact and extreme climates for all building typologies for IODATC. The number of simulations (n) is given per boxplot.  

Fig. 10. Comparison of climate change impact for all building typologies for IODATC. The number of simulations (n) is given per boxplot.  
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temperature resembles todays’ conditions. 
Drawing a conclusion in regard to the initial question “Which impact have the future climates for 2050 and 2090 on the building 

typologies’ overheating?” it can be said that the predicted climate for 2050 increases the overheating risk, whereas the predicted 
climate for 2090 decreases it. As the future scenarios do not include extreme weather events that will occur more often in the future 
[4], additional simulations showed that sunny and hot years can increase overheating drastically, whereas cold and cloudy years can 
reduce it. 

4.4. Investigation of window opening strategy 

In addition to the investigations presented in Sections 4.1 to 4.3, it was decided to conduct a more detailed investigation of the 
window opening strategy as it was shown that the strategy strongly influences overheating [13]. Especially overheating caused by 
increasing thermal insulation increases drastically if the access to window ventilation is severely curtailed or not possible [13]. This 
additional investigation of the window opening strategy thus aimed to decrease the uncertainty caused by the stochastic nature of 
human window operation [58]. The current assumption where the window is opened at 25 ◦C assumes that people open the window 
before the overheating occurs (2 ◦C below the Danish static comfort limit). Possible other human responses could be not to open the 
window at all or when the overheating according to the static or adaptive thermal comfort limits occurs. Thus, the following five 
scenarios were investigated:  

• window opening (wop) at 25 ◦C (original strategy): Windows can be opened when the indoor temperature surpasses 25 ◦C (2 ◦C 
below the Danish static comfort limit). 

Fig. 12. Building typology and individual building comparison using (IODATC) for all window opening strategies for 2013 and a low heat load. The first two boxplots 
(“combined”) each contain all individual houses of the respective building typology. The number of simulations (n) is given per boxplot. wop: window opening. 

L.A. Bugenings and A. Kamari                                                                                                                                                                                      



Journal of Building Engineering 57 (2022) 104835

21

• wop at comf. ATC: Windows can be opened when the indoor temperature surpasses the comfort temperature of the adaptive 
thermal comfort category II.  

• wop at 27 ◦C: Windows can be opened when the indoor temperature surpasses 27 ◦C (Danish static comfort limit).  
• wop at ATC cat. II: Windows can be opened when the indoor temperature surpasses the upper limit of the adaptive thermal comfort 

category II.  
• without wop: Windows cannot be opened. Represents the worst-case scenario. 

The assumptions that windows are only opened when occupants are awake and present in the room remained – as does the window 
opening size, the discharge coefficient, and the condition that the outdoor temperature is lower than the indoor temperature. A 
reduced number of simulations is conducted with a focus on the renovation measures. All combinations of individual renovation 
measures were simulated for a low heat load and the climate file from 2013. 

The results are shown in Fig. 12 and Fig. 13 (it is to be noted that for the diagrams including the variant “without wop”, the y-axis 
was adjusted to fit the magnitude and thus differ from all other strategies). Fig. 12 shows that the general trend of the multi-family 
houses being more prone to overheating than the single-family houses can be seen through all window opening strategies. Thereby 
two distinct groups can be spotted. The first group consisting of the overheating preventive window opening strategies “wop at comf. 
ATC” and “wop at 25 ◦C” shows similar boxplots for the combined single- and multi-family houses. The second group consisting of the 
window opening strategies “without wop”, “wop at 27 ◦C”, and “wop at ATC cat. II”, shows a far higher boxplot for the combined multi- 
family houses than for the single-family houses. 

In regard to the individual buildings, it can be seen that the relations between the individual single-family houses stays the same for 
all strategies, with SFH 1951–1960 being the building with the highest overall magnitude. For the individual multi-family houses, the 

Fig. 13. Relation between the original window opening strategy (wop at 25 ◦C) and the four additional strategies for 2013 and a low heat load. (a)–(d) single-family 
houses; (e)–(h) multi-family houses. The marker location above the diagonal line indicates that the IODATC increased from the original window opening strategy (wop 
at 25 ◦C) to the respective window opening strategy. wop: window opening. 
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relation between them changes along with the window opening strategy. For the before mentioned first group, “preventive window 
opening”, the relations remain the same for “wop at comf. ATC” as for the original strategy “wop at 25 ◦C”. For the second group of 
window opening strategies, MFH 1931–1950 and MFH 1961–1972 increase their IODATC. In relation to the single-family, the multi- 
family houses remain below the upper level of SFH 1951–1960 for “wop at ATC cat. II”, whereas it reaches a slightly higher magni-
tude for “wop at 27 ◦C". For strategy “without wop”, nearly all buildings reach a higher or similar magnitude than SFH 1951–1960. 

Furthermore, Fig. 13 shows the relation between two window opening strategies, with the original window opening strategy “wop 
at 25 ◦C” being the reference (x-axis). Here the behaviour of each simulation can be seen. For “without wop”, “wop at 27 ◦C”, and “wop 
at ATC cat. II”, all simulations increase their IODATC. Strategy “wop at comf. ATC” decreases the IODATC for all simulations. 

In addition, it can be said that the multi-family houses generally show a higher sensitivity to the window opening strategy than the 
single-family houses - especially MFH 1931–1950 and MFH 1961–1972. Those buildings show for the original strategy “wop at 25 ◦C” 
one of the lowest IODATC whereas they, for strategy “without wop”, show the highest. Moreover, the investigation shows that for the 
multi-family houses, the window opening strategy has a significant influence on the sensitivity of the IODATC to the individual 
renovation measures, as the spread over the data increases for “without wop”, “wop at 27 ◦C” and “wop at ATC cat. II”. 

4.5. Evaluation based on static comfort limits 

All diagrams shown in Sections 4.1 to 4.4 evaluating the overheating according to the static comfort limits (IOD27/28◦C) can be 
found in the supplementary materials. They were compared to the evaluation using the adaptive thermal comfort limits (IODATC), and 
it was seen that trends analysed in Sections 4.1 to 4.3 could also be seen for IOD27/28◦C. Thereby, the relation between individual 
parameters did not change. It was seen that the IOD magnitude increased for IOD27/28◦C, whereby the IOD27◦C reached up to 0.6 ◦C for 
the climate of 2050 whereas it was 0.45 ◦C for IODATC. Further, analysis of the influence of the climate showed that 2090 did no longer 
show a lower overheating level than 2013 which was seen for the IODATC. Still, the IOD27/28◦C decreased from 2050 to 2090 for both 
building typologies as seen for the IODATC. The analysis of the renovation measures resulted in the same conclusion as already drawn 
for the IODATC - as did the sensitivity analysis. Differences between the IODATC and the IOD27/28◦C were seen in the analysis of the 
scatterplots. Correlation coefficients increased (for positive and decreased for negative) for all analysed parameters for IOD27◦C. 
Further, statistical significance was no longer given for the thermal mass. For IOD28◦C correlation coefficient was close to IODATC, and 
statistical significance for the thermal mass was given. For the investigation of the window opening strategies, differences were already 
discussed in Section 4.4. Apart from those, it can be said that the IOD27 magnitude rises. 

5. Limitations 

This study compared eight typical Danish buildings requiring making many assumptions. To archive comparability, it was decided 
to follow the assumptions and characteristics proposed by the TABULA project [36,39]. The study is thus valid within the comparative 
framework of the made assumptions. Building characteristics such as thermal mass, window size, orientation or occupancy patterns, 
and various others were not investigated and can alter the overheating magnitude of each investigated building. Further, the 
framework could be used to investigate different building stocks as the TABULA project was conducted for many countries. Additional 
analysis of this study could also allow drawing further conclusions about other residential building stocks and climates. With this being 
said, three limitations and their consequences are discussed in more detail. 

One limitation is attributed to the selection of the overheating evaluation method. Even though the selected overheating evaluation 
method satisfied the requirements for this study (Section 3.3), it has some smaller limitations. One of them is attributed to the 
smoothing of short and intense overheating events by other mild heat events mentioned by Laouadi et al. [59]. Another is the 
overheating level reduction when many low-overheating zones are included in the building IOD – as demonstrated in this work when 
the heat load was varied. This means that if the overheating degree hours (numerator, see Equation (1)) do not increase with additional 
zones, but the number of zones and thus the total occupied hours increase (denominator, see Equation (1)), the IOD will decrease. IOD 
magnitude changes are also expected when calculation periods are longer than the actual overheating period. However, this change in 
IOD magnitude will not affect the comparability between buildings if the assumptions are the same. 

Another limitation is the limited study of window opening strategies. Besides the strategy where the windows are opened at 25 ◦C, 
four additional strategies were investigated with a reduced number of simulations. Here only uncertainty caused by the stochastic 
nature of human window operation was further analysed. Not investigated were, for example, additional window opening at night, an 
automatic window opening (independent of the occupant), window opening size, or discharge coefficients. These strategies could be 
included in further studies. 

Further, it is to be mentioned that all simulations were conducted with open doors between zones. It is expected that due to the air 
exchange with lower temperature zones, occupied zones present lower temperatures compared to simulations where doors would be 
permanently closed. For this reason, it is also expected that overheating would be higher if zones are simulated individually. 

6. Conclusion 

This study compared eight typical Danish buildings in regard to their overheating using building performance simulation (the study 
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employed a total of 3012 simulations). In the Danish context, two building typologies (four single-family houses and four multi-family 
houses) were selected and investigated for today and future climate scenarios (2013, 2050, and 2090). The influence of the building 
typologies, renovation measures and future climate was analysed and discussed. Regarding the three research questions presented in 
Section 1.1 and further elaborated in Section 4, the following is concluded:  

• The multi-family houses have a slightly higher overheating risk than the single-family houses.  
• The IODATC of several renovation variants reaches for both building typologies above 0.3 ◦C.  
• The one-story single-family house (SFH 1951–1960) with large unshaded glazed areas and high area-to-volume ratio presents a 

higher overheating risk than the other houses.  
• Flats without connection to roof or baseplate have a higher risk of overheating than flats on the top floor. In addition, flats located at 

the bottom have the lowest risk.  
• No similarities between the construction year of the single- and multi-family houses were seen.  
• The most effective renovation strategy to reduce overheating is the replacement of the windows where the g-value (solar heat gain 

coefficient) determines the decreasing magnitude.  
• The renovation of the baseplate or floor to the unheated basement increases overheating the most for single-family houses.  
• The renovation of the external walls increases overheating the most for flats in multi-family houses.  
• The overheating risk increases with the increasing number of renovated elements.  
• The window properties were seen as the renovation measure with the highest influence on the overheating, whereas the roof U- 

value had the lowest.  
• Next to the renovation measures, the highest influence on the overheating among the investigated building properties had the WFR 

x g-value, where an increase in WFR x g-value resulted in an overheating increase.  
• The presence of an unheated basement was found to be a building property reducing overheating.  
• Future climate can increase the overheating risk whereby the interaction between temperature and solar radiation plays an 

important role. 
• The window opening strategy drastically influences the overheating magnitude, whereby the multi-family houses are more sen-

sitive than the single-family ones.  
• The renovation measures significantly influence overheating when windows can not be opened, or the window opening is only 

possible after surpassing the comfort limits. 

The outcome of this study highlights that some existing Danish residential buildings have a far higher overheating risk than the 
other buildings in this study and stresses the need to pay further attention to those buildings. Furthermore, the study showed that 
building renovation increases the overheating risk, showing the importance of investigating overheating when renovating buildings. In 
the light of the upcoming renovation wave [7] and the resulting rise in renovated buildings, this finding underlines the need for action 
to prevent overheating. In line with the content of the present paper, there is potential for further research work to include 
semi-detached houses. Future work could further consider investigating strategies to reduce overheating or conduct more intensive 
studies concerning the influence of thermal mass and the ventilation strategy. Moreover, studies of the building orientation and in-
fluence of the floorplan and room layout could be analysed. In addition, the used framework could be applied to other building stocks 
using the TABULA characteristics of participating countries. 
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A.Appendix. 

Figure A1. Occupancy schedule for different building types and occupancy loads.   

L.A. Bugenings and A. Kamari                                                                                                                                                                                      



Journal of Building Engineering 57 (2022) 104835

25

Figure A2. Equipment schedules.   
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Figure A. Overheating (IODATC) for individual renovation measures and fully renovated houses for a high heat load. Min. = minimum renovation level; amb. =
ambitious renovation level. 
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