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Abstract 

Due to climate change effects, summer outdoor 

temperatures are rising. Such climatic changes may result 

in overheating the interior spaces of buildings, and thus 

potentially lead to health issues for building occupants 

such as heat exhaustion, dehydration, heat strokes and 

even mortality. 

Overheating effects were investigated for residential 

buildings using EnergyPlus® as a simulation tool. To 

capture the thermal comfort and behaviour of building 

occupants, the EnergyPlus® object Air Flow Network 

was utilized. Moreover, residential units were split to two 
zones: day (living room) and night (bedroom). We 

generated three models for residential building 

archetypes. The effectiveness of several passive cooling 

strategies, such as shading, ventilation, various glazing 

types, and thermal mass, were evaluated for the historical 

climate, and future projected climate data of Ottawa, 

Canada. 

The results showed that during outdoor extreme heat 

events, the most effective passive measures are the use of 

exterior shading of building fenestration and to increase 

night-time ventilation to the building 

Key Innovations 

 Simulation of residential units with separate thermal 

zones to track occupant activities during wakeful 

and sleep states  

 Application of mechanical cooling in targeted zones 

only 

 Airflow network to simulate pressure driven 
ventilation through envelopes and exhaust fans. 

 Multiple envelope infiltration levels modelled via 

AFN for old and modern envelope types. 

Practical Implications 

To reduce overheating in buildings, and when outdoor 

temperatures are cooler those indoors, consideration 
should be given to increasing ventilation simply by 

opening windows. 

Vertical exterior shades, such as rollers and shutters, 

should always be considered as a means to reduce the 

effects of extreme heat events on building occupants. 

Introduction 

Due to climate change effects, summer outdoor 

temperatures are rising. Globally as well as in Canada, 

numerous field measurement studies have confirmed the 

trend of interior overheating (Touchie, et al. 2016); 

(Quinn et al., 2014), (Banfill et al., 2013), and (Baborska 

et al., 2017) confirming the urgent need to solve a problem 

of overheating of building interiors. 

The following work is a part of the Climate resilient 

buildings and core public infrastructure (CRBCPI) project 

being conducted at the National Research Council Canada 

(NRC) and focused on overheating in buildings. The goal 

of the overheating project is to develop guidelines to 

address the risk to overheating in retrofitted and new 
buildings from the perspective of thermal comfort and the 

health of occupants. The development of these guidelines 

will help feed future updates to the National Building 

Code of Canada (NBC). The specific project tasks are to: 

1. Evaluate building response to climate change; 

2. Develop and evaluate the effectiveness of selected 

resilient measures to reduce overheating risk in new 

and retrofit buildings; 

3. Develop guidelines and tools for assessing the risk 

to overheating in buildings and determine the risk to 

the health of building occupants arising from 

climate change effects; 

4. Provide information that would permit revising the 

NBC to address overheating in buildings. 

Evaluation Method  

Evaluation of overheating will require a metric for 

thermal comfort or heat stress on home occupants.  

Laouadi et al. (2020b) have developed a methodology to 

evaluate overheating in these terms.  The methodology 

uses the transient standard effective temperature index (t-

SET) as a heat stress index. During exposure to 

continuous indoor heat events of duration N (days) where 
occupants can occupy many spaces in which they perform 

activities during daytime and one space during night-time 

for sleep, the magnitude (or severity) of overheating 

(noted as SETH) is expressed by the following 

relationship: 

SETH = ∑ (SETHn + SETHd)𝑖
𝑁
𝑖=1  (1) 

With: 

SETHn = ∑ (t-SET𝜏 − t-SETn)+ ∙ ∆τ
𝑤𝑎𝑘𝑒𝑢𝑝
𝑠𝑙𝑒𝑒𝑝  (2) 

SETHd = ∑ (t-SETτ −  t-SETd)+ ∙ ∆τ
𝑠𝑙𝑒𝑒𝑝
𝑤𝑎𝑘𝑒𝑢𝑝  (3) 
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Where: 

t-SET : hourly value of t-SET of the space being 

occupied at hour () during day or night time (°C); 

t-SETn : threshold value of t-SET for a sleeping occupant 

during night-time (°C); 

t-SETd : threshold value of t-SET for an active (wakeful) 

occupant during daytime (°C); 

SETHd : magnitude of a heat event occurring over a 

daytime period (°Ch); 

SETHn : magnitude of a heat event occurring over the 

preceding night-time period (°Ch); 

SETH : magnitude of overheating (°Ch); 

 : calculation time step (h). 
The symbol (+) in equations (2) and (3) indicates 

that only positive values are considered. 

Based on the limiting criterion for body water loss 

percentage, as specified in ISO 7933:2018, and assuming 

occupants have 80% rehydration rate (water loss 

replacement by drinking) overheating is declared when 

the severity index (SETH) is greater than 230 ± 42 

(°C*h). 

Future Climate Data Development 

Gaur et al. (2019) developed future climate projections for 

several Canadian cities. They studied 30 years of hourly 

values of historical data between 1986 and 2016. From the 

CanESM2 global climate model, they dynamically 

downscaled the simulated climate data and by using a bias 

correction method, they were able to determine 

projections for several future climate scenarios with a 

global temperature increase from 0.5 to 3.5˚C by 2100.  

Residential Building Model 

The evaluation of overheating of different residential 

building types was completed using results derived from 

building simulations. Simulations were conducted using 

EnergyPlus® software, and simulation models of three 

types of residential buildings were developed based on 

Natural Resources Canada’s (NRCan) building 

archetypes that included: 

- Midrise Multi-Unit Residential Buildings 

- Single family detached home 

- Row (town) house 

In this paper, only the model and results for a single 

family (SF) are given. The geometry of the model is 

shown in Figure 1. The model consists of four zones: Attic 
(unconditioned, un-occupied), first floor (living room 

zone), second floor (bedroom zones) (conditioned, 

occupied) and a basement zone (unconditioned, un-

occupied). Each zone is represented by a single space with 

no internal partitions. This can be seen in the air flow 

network floor plan in Figure 2b. 

 

Figure 1: Single-family detached home model geometry. 

 

All simulations were carried out for Ottawa, ON using 

reference summer weather year (RSWY) climate data 

developed by Laouadi et al. (2020) for the historical 

period (1986-2016) and future climate projections with  a 

global warming of 3.5˚C by 2100 (Gaur, 2019); this 

corresponds to the RCP8.5 climate change scenario of the 

Intergovernmental Panel on Climate Change (IPCC). 

The effects of four different construction sets were 

investigated: old (O), retrofit (R), current (C) and future- 

net zero (N) construction sets with effective (thermal 

bridging included) R-values of R10, R24, R18 and R26, 

respectively, for light weight construction and R15, R28, 

R18 and R27, respectively, for the medium weight 

construction. Old construction was characterised by that 

built in the 1980s, which corresponds to the largest 
number of existing buildings built during this period 

(NRCan, SHEU, 2011). 

The parameters investigated related to summer thermal 

comfort were: 

- Building envelope R-value for light (or medium) 

construction, as follows: 

• Old,  R10 (R15) 

• Retrofit, R24 (R28) 

• Current, R18 (R18) 

• Net Zero, R26 (R27) 
- Building envelope thermal mass (heat capacity), 

• Light- outside vinyl cladding on wood stud wall 

• Medium- outside brick veneer on wood stud wall 
- Shading, 

• - Interior blinds (IB) 

• - Exterior roller shades / shutters (ES) 

• - Reflective interior blinds (RB) 

• - Thermochromic glazing (TCE) 

• - Electrochromic glazing (ECE) 
- Ventilation 

• Mechanical, base case, following NBC requirements 
(VB) 

• Mechanical, night ventilation, 10 times the base case 
NBC requirement (VN) 

• Natural, open windows (when indoor temperature is 
higher than the outside temperature) and the set-point 

temperature of 26˚C (VO) 

• Mixed ventilation, natural and mechanical (VM). 
- Window glazing type 

• Double clear glazing (DC) 

• Double clear low-E soft glazing (DCEL) 

• Double clear low-E hard glazing (DCEH) 

Attic zone

Bed room zone, h = 2.6m

Living room zone, h = 2.71m 

Basement zone, h = 2.6m 

6.7m11.97m
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• Double green low-E soft glazing (DGEL) 

• Triple clear low-E hard glazing (TCEH) 

• Triple clear low-E soft glazing (TCEL) 
- Cooling 

• Relaxed cooling set-point at 26˚C 
• Relaxed cooling set-point at 30˚C 

Air Flow Network 

For every building envelope component, air leakage was 

calculated based on component size. Various air changes 

per hour were considered for different construction types. 
The air change (ACH) at 50Pa of 6.86, 5.34, 2.32 and 1.63 

were considered for old, retrofit, current and future 

construction respectively. The diagram for the airflow 

network (AFN) of the SF model is shown in Figure 2. As 

can be observed, the basement zone is not considered in 

the AFN.  

 

 

Figure 2: Vertical and horizontal connections in the 

airflow network diagram, a) vertical connections 

b) horizontal connections 

Model Calibration 

Since the archetype model was developed without known 

existing structure equivalent, statistical analysis 

recommended by ASHRAE Guideline 14, such as 

normalized mean bias error, or root mean square error 

could not be performed. Instead, heating, cooling and total 

energy use intensities, for the different home models were 

compared to several databases such as those available 

from NRCan and NRC’s residential test facility (NRCan 

SHEU, 2011). A very good agreement between the model 

calibration results and reference information was 

obtained, as shown in Table 1. 

Table 1: Model calibration results. 

Energy 

Intensity 

kWh/m2 

Construction 

model NRC 

(current) 

NRCan 

data- 

base 

(old) 

NRCan 

(SHEU, 

2011) 

(old) 
Old Current 

Cooling 8.74 9.05 4.57 5.0 N/A 

Heating 175.3 50.8 73.4 228.4 108-125 

Total 214.2 96.8 N/A 282 147-175 

 

Simulation Results 

Severity of Overheating 

Two diagrams of severity of overheating are presented in 

Figure 3. The top diagram shows results for the severity 

of overheating for each of the four models of various 

construction types and a case with basic ventilation (VB) 

satisfying the NBC requirements. The steep increase in 

severity of overheating for highly insulated assemblies 
can be attributed to poorer capability to dissipate the heat, 

as well as lower heat convection losses due to increased 

airtightness of building envelope components in newer 

high R assemblies. Its severity to overheating is very 

significant, since even a healthy person feels fatigue and 

other symptoms after a couple of days (corresponding to 

severity above 100˚C•h) of exposure to temperatures 

above thermal comfort levels. It is obvious that 

overheating in hundreds or thousands of ˚C•h occurring in 

residential buildings is unacceptable. 

In the bottom diagram of Figure 3 the results of the same 

construction types are presented for the case with 

increased air change rates. The night flush cross 

ventilation (VO, windows open during the night when 

outdoor temperature drops below 26˚C) proves a very 

efficient means for heat dissipation and the values for the 

severity of overheating are much more favourable. 

Effect of Thermal Mass 

A difference in heat capacity for light and medium 

assemblies, the top diagram in Figure 3 with VB case 

shows a negligible effect of thermal mass on overheating. 

In the VO case in the bottom diagram of Figure 3, as could 

be expected, one can observe that the medium 
construction performed better, and the severity of 

overheating is slightly lower than that of light 

construction. 

Effect of Various R-value assemblies 

Another fact that is evident from Figure 3 is that adding 

thermal insulation to walls and roofs worsens the 

overheating problem as can be observed on current and 

net zero home construction. 

Figure 4 shows a comparison of energy consumptions for 

heating and cooling for all construction types. Heating 

energy on the top diagram shows extremes for old, poorly 

insulated vs. NZE, super insulated construction types with 

Living Room

Bed RoomWindow

Exhaust fan

Basement

Attic

Living room zone
identical to

Bedroom zone

AF through window
AF through 
exhaust fan

a) 

b) 
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a higher than five-fold difference. The differences in 

cooling energies (bottom diagram) is much smaller with 

the lowest value obtained for retrofit construction. 

It should be noted that R-value in itself was not a part of 

the parametric study. Any unexpected irregularities in the 
results could be due to differences in mechanical systems, 

glazing types and airtightness levels applied with various 

different construction types. 

Effect of Shading 

Interior blinds, interior reflective blinds and vertical 

exterior shading devices were modelled. In addition, the 

effect of thermochromic and electrochromic glazing types 

were investigated in the shading category. 

As is apparent in Figure 5, the most effective means to 

prevent overheating from the use of shading devises is use 

of an opaque vertical exterior screen. Both glazing types 

also achieved a significant decrease in severity of 

overheating when compared to interior shading. The 

comparison was done considering basic ventilation case 

(VB) and the light construction assembly; the results for 

medium construction show very similar trends. 

Effect of Ventilation 

The increased mechanical ventilation (VN) was achieved 

by turning the exhaust fans at night-time from 10:00pm to 

9:00am with increased flow rate within the capacity of 

standard bathroom and kitchen fans. A 10-fold flow rate 

of the standard ventilation rates specified in the NBC were 

applied. As can be observed in Figure 6, the desired effect 

of bringing the severity of overheating to lower levels was 

achieved. 

The most significant decrease in severity of overheating 

however is accomplished by increased natural, night-flush 

ventilation (VO) simply by opening windows during the 

night time, when exterior temperatures are lower than 

interior ones. Opening windows at night was deemed the 

single most effective measure to reduce overheating in 

buildings. Comparable results were obtained for a mixed 

mode (VM) ventilation; however, additional positive 

effect was not very significant. One can consider this be 

offset by increased electricity consumptions by fans. 

Effect of Glazing 

Several double and triple glazing types having both hard 

and soft Low-E coatings were examined.  

The comparison is difficult to make, since not all glazing 

types were modelled for all construction types. For 
instance, windows with triple glazing (TCEH and TCEL) 

were not considered for old, retrofit or current 

construction. Similarly, double glazing is no longer being 

used today, and thus was omitted for the retrofit, current 

and net zero construction cases. 

It can be seen from Figure 7, that the double green glazing 
with low-E coating (DGEL), and having a low value (0.3) 

of solar heat gain coefficient (SHGC), seems to provide 

the greatest effect in reducing the severity of overheating. 

The comparison of results was done for the light 

construction assembly; results for medium construction 

assembly show very similar trends. 

Effect of Relaxed Setpoint for Cooling 

During the heating period, the summer temperature in 

residential units, based on the National Energy Code for 

Buildings (NECB) requirements, was set to 24˚C (the 

cooling setpoint 24˚C). In this study, two higher 
temperatures (relaxed setpoints) of 26˚C (SET26) and 

30˚C (SET30) were considered in this study. The results 

given in Figure 8, shows that overheating does not occur 

at a setpoint of 26˚C. This is expected, as the severity of 

overheating is calculated for the SET equal to 30˚C. For 

the case of SET30, some overheating is evident for the 

current, retrofit and net zero construction types. 

The comparison was done for the light construction 

assembly; the results for medium construction show very 

similar trends. 

 

 

Figure 3: Severity of overheating for different 

construction types and thermal mass in the current 
climate a) for basic code required ventilation (VB), 

b) for night flush ventilation (VO) 

 

 

Figure 4: Heating and cooling energy consumption for 

different construction types of the light thermal mass 
envelope in the current climate 
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Figure 5: Effects of various shading types for different 

construction types of the light thermal mass envelope 

with basic ventilation type in the current climate 

 

Figure 6: Effects of increased ventilation on severity of 

overheating of the light thermal mass envelope in the 

current climate 

 

Figure 7: Effects of glazing type on severity of 

overheating in the current climate 

 

Figure 8: Effect of relaxed cooling summer temperature 

setpoint on severity of overheating in the current climate 

 

Effect of Future Climates on Building 

Resiliency 

In this section a comparison of the the present day 

simulation results in the previous section to the future 

climate projection results is completed. The weather file 

(epw) generated for the worst case climate change 

scenario for a temperature increase of 3.5 ˚C by 2100 
(FUT3.5) was used. The single family home model used 

in this case was identical to the present case above. 

In general, similar patterns of behavoiur for the future 

climate scenario were recorded as was for the simulation 

with the present day weather file (epw). A summary of the 

magnitude  in differences of each measure studied  for 
each of the two climate scenarios is given in Table 2. The 

severity of overheating in future climates represent a 

serious problem in achieving comfortble conditions for 

occupants. Increased climatic loads also represent a 

challenge for ensuring the resiliency of the building 

envelope assemblies in the future. 

Effect of Thermal Mass 

Figure 9 shows severity values for both basic ventilation 

(VB) and increased night natural ventilation (VO) cases. 

When compared to results obtained for the present 

climate, more than a 3-fold increase in severity for most 

construction types was observed. This represents a 

significant risk in building resiliency and the ability of 

such building types to provide comfortable conditions to 

its occupants in summer conditions. Mechanical cooling 

appears as an inevitable measure to secure these 

conditions. 

Effect of Various R-value assemblies 

Heating and cooling energy consumption are presented in 

Figure 10. On average, there is approximately 30% 

decrease in heating energy demand and 50 to 60% 

increase in cooling energy demand as calculated for the 

FUT3.5 climate scenario. 

Similarly as determined for the present climate 

calculations, it should be noted that for the model in this 

study, it is difficult to isolate the effect of R-value alone. 

Irregularities in the results could result from differences 

in mechanical systems, glazing types and airtightness 

levels applied to various different construction types. 

Effect of Shading 

Figure 11 shows the results for interior blinds, interior 

reflective blinds and vertical exterior shading devices as 

well as thermochromic and electrochromic glazing. It can 

be stated that opaque exterior shading equipment proved 
the most effective means of preventing overheating in 

homes. Larger than a 5-fold increase in severity vs. the 

present climate, has been calculated for the exterior 

shading option. 

Effect of Ventilation 

Figure 12 presents the effect of several cases of increased 

ventilation on the severity of overheating in homes. 

Again, from all simulated measures, the night-flush 

natural ventilation (VO) proved to be the most effective 
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option. There is a larger than 3.5-fold increase when 

compared to current climate results. 

Effect of Glazing 

The effect of glazing, shown in Figure 13 replicates the 

present climate results. The glazing with the lowest 

SHGC (i.e. double green low-E glazing (DGEL)), 

decreased the severity of overheating the most efficiently. 

The increase in severity of overheating in comparison to 

present data for this type of glazing stands at 5.56 fold. 

The same comment related to the difficulty in comparing 

different approaches is also valid here; these difficulties 
arise due to different glazing types combined with 

different types of home construction. 

Effect of Relaxed Setpoint for Cooling 

For the cooling conditions identical to the present climate 

case, the results in Figure 14 show a slight change for the 

net zero construction and the SET30 case. Unlike the 

present climate case, a slight decrease in severity in 

overheating within the home is observed in relation to the 

current construction. Still, the severity in overheating 

increased more than 6.5-times. 

 

Table 2: Results comparison for present and future 

prediction climates. 

Studied 

parameter 

Severity of Overheating, 

˚C•h 
Difference, 

-fold 
Present epw FUT3.5 epw 

Thermal mass 
3890 

3872 

14300 

14241 
--- 

R value 3890 14300 3.67 

Shading (ES) 424 2571 6.06 

Ventilation (VO) 113 404 3.59 

Glazing (DGEL) 1678 9332 5.56 

Cooling 264 1759 6.66 

Note: Values for current light thermal mass constructions 

are considered 

 

 

Figure 11: Effects of various shading types for different 

construction types of the light thermal mass envelope 

in the 3.5˚C future climate projection 

 

 

 

Figure 9: Severity of overheating for different 

construction types and thermal mass in the 3.5˚C future 

climate projection a) for basic code required ventilation 

(VB), b) for night flush ventilation (VO) 

 

Figure 10: Heating and cooling energy consumption for 

different construction types of the light thermal mass 

envelope in the 3.5˚C future climate projection 

 

 

Figure 12: Effects of increased ventilation on severity of 

overheating of the light thermal mass envelope 

in the 3.5˚C future climate projection 
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Figure 13: Effects of glazing type on severity of 

overheating of the light thermal mass envelope 

in the 3.5˚C future climate projection 

 

Figure 14: Effects of relaxed cooling summer 

temperature setpoint on severity of overheating 

in the 3.5˚C future climate projection 

Conclusions 

Several passive measures to reduce the risk of overheating 

in residential buildings in summer were evaluated. These 

will help feed updates to the future Canadian energy and 

building codes. 

The measure with the highest impact on the overheating 

in summer is increased natural ventilation (VO) (cross 

ventilation night-flush) when the outdoor temperature is 

lower than the indoor temperature. This method for 

passive heat dissipation can easily and effectively be 

applied in locations having a low risk of contamination of 

the outdoor air by CO2. Unlike, for instance, in areas 

influenced by increased occurrences of wild fires, such as 

western Canada, western USA and southern Europe, this 

measure would not be applied. In these areas, the most 

effective overheating prevention measure is the 
installation of external vertical shading devices (ES) 

such as, screen shadings or shutters. 

Increased mechanical ventilation and the use of advanced 

glazing (electrochromic and thermochromic) (ECE, TCE) 

were also helpful in decreasing the severity of 

overheating. 

The effect of thermal mass difference, as well as several 

glazing types was not very significant. 

Increased R-value of the highly insulated assemblies 

proved counterproductive and increased the severity of 

overheating significantly, particularly if the indoor space 

was not ventilated (e.g., by opening windows). This is due 

to preventing a heat flow through thick layers of thermal 

insulation as well as due to the increased airtightness of 

building envelopes in modern buildings. 

Lastly, the increase in heat loads for the projected future 
climates on buildings significantly affect not only the 

thermal comfort of occupants, but also the durability and 

resiliency of the building envelopes. 

Several types of residential buildings were studied. Many 

more building types could not fit into the scope of this 

study. Specifically, high rise multi-unit residential 
buildings, frequently occurring in dense urban locations 

of large cities. In addition, proneness to overheating, of 

other types of institutional buildings such as, hospitals, 

office buildings, hotels etc. should be evaluated in the 

future. 
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