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Abstract 

This study investigates the indoor overheating risk and 

passive mitigation measures of existing Canadian schools 

under 2020. The study involves developing a validated 

Building Simulation Model BMS based on measuring 

indoor and outdoor temperatures during the summer of 

2020. BMS is used to assess the overheating risk and 

evaluate different mitigation measures. The BB101 Guide 

is used to determine acceptable indoor thermal conditions 

in schools. Results show that students experienced 

overheating in all classrooms, except the north-facing 

room. The results also found that the mitigation measures, 

including 1) exterior blind roll shading, or 2) a 

combination of night cooling with exterior shading, low 

SHGC, or with a cool roof, have proven effective and 

must be added urgently. 

Highlights 

• Indoor temperature and outdoor weather conditions 

were measured during the summer of 2020. 

• Existing old buildings in Canada were not designed 

to be resilient to hot summers. 

• Children in the school experienced over 130 hours of 

overheating in 2020. 

• Passive mitigation measures can be used to mitigate 

overheating risks in Canadian schools. 

• Impact of climate change on the indoor thermal 

condition of buildings needs to be addressed. 

Introduction 

According to global weather statistics (GISS, 2023), the 

Earth's average temperature has been increasing at an 

accelerated rate, with a rise of approximately 0.8°C since 

1880, and about two-thirds of this increase occurring 

since 1975, at an average rate of 0.15-0.20°C per decade 

(GISS, 2023). Cold climates appear to be more affected 

by climate change. The Canadian mean annual 

temperature has risen by 1.7°C since 1948, which is more 

than double the global average (NRC, 2021). In 2021, 

Lytton, British Columbia, Canada, recorded a temperature 

of 49.6°C, the highest ever recorded (The Weather 

Network, 2021). In May 2020, Montreal, Quebec, Canada, 

experienced the hottest day in the past 147 years with a 

temperature of 36.6°C (The Weather Network, 2020). 

However, in these Canadian major cities, such as Toronto, 

Montreal, and Vancouver, the number of days with 

temperatures above 30°C is expected to increase 

significantly to 30 days by 2050 and 60 days by 2100 (Li 

et al., 2018). 

The increase in outdoor air temperature will directly 

affect building occupants, particularly in buildings that 

house vulnerable residents, such as the elderly and 

children (Leech et al., 2002). Among these buildings are 

schools with children that can be greatly affected by 

excessive heat. Schools in Canada have 5.3 million 

students, representing 15% of the total population, 

studying in 15500 schools (Council of Ministers of 

Education Canada, 2021). The majority of these schools 

were built before 1970 and they only depend on natural 

ventilation and internal shading (UNESCO, 2017) to 

improve indoor thermal conditions during summer which 

may have been sufficient over the past century. But with 

the obvious climate change in recent years, these summer 

mitigation measures could be not enough to deal with the 

extreme outdoor temperature. For example, in June 2021, 

when Vancouver, British Columbia, Canada experienced 

an extreme heatwave with temperatures reaching 41.5°C, 

resulting in the closure of dozens of schools for the first 

time ever (British Columbia, 2021).  

Researchers found that the extreme outdoor temperature 

can have negative effects on students' thermal comfort, 

health, and academic performance (Jindal, 2018; Giuli et 

al., 2012; Mohamed et al., 2021; Baba et al., 2018; Sarbu 

and Pacurar, 2015; Wargocki, Wyon, 2007; Huang et al., 

2015; Heracleous, Michael, 2020; Baba et al., 2019). 

Huang and Lin (2017) in Taiwan found that 94% of the 

students surveyed in naturally ventilated classrooms 

experienced discomfort due to high indoor temperatures 

during hot weather conditions. Jindal (2018) surveyed 

650 students in free-running Indian classrooms in 2015 

and found that 90% felt hot in the summer, affecting their 

concentration. Mohamed et al. (2021) measured indoor 

temperature in two UK school buildings for a week in July 

2010 and found that more than 60% of the occupied time 

caused heat discomfort for students. Liang et al. (2012) 

surveyed 48 free-running classrooms in Taiwan in 2015 

and found that 5% of the occupied time per year was 

above 31°C, with some classrooms reaching 33°C, 

causing students to experience headaches and fatigue. 

Additionally, Wargocki and Wyon (2007) found that 

increasing the mechanical ventilation rate from 3 to 9 

L/s·person while maintaining the indoor temperature 

around 24°C and keeping the CO2 concentration below 

1000 ppm during the survey period improved children's 

academic performance by up to 14%. 
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Although previous research has highlighted the 

significance of ensuring adequate indoor conditions for 

children in school buildings: 

• there is a very limited of studies that focus on the 

thermal conditions and overheating risks in 

Canadian school buildings, particularly those built 

before the 1970s 

• Most studies assessing overheating based on field 

measurements focused only on the measurement 

period and not the whole summer season. 

• Few studies have evaluated various passive 

strategies to mitigate overheating risks in existing 

Canadian schools (Gouvernement du Québec, 2021; 

Flanagan, 2018). 

Therefore, this paper attempts to conduct on-site 

measurements to evaluate the risks of overheating during 

the whole summer and to develop practical solutions to 

mitigate the impact of climate change on students' thermal 

comfort in existing school buildings. 

Methodology 

To evaluate and mitigate the risk of overheating in 

existing buildings under current and future climates the 

following steps are undertaken:1) Validation of Building 

Simulation Model (BSM) using the measured indoor 

hourly temperature data; 2)  If the RMSE of differences 

between the temperature predictions and measurements is 

greater than 2.0°C (Baba et al., 2022b), the input data of  

BSM shall be calibrated; 3) Once the BSM is calibrated, 

it can be used to evaluate the overheating risk for whole 

summer under current and future climate; 4) Based on the 

evaluation results, Calibrated BSM serves as a valuable 

tool to develop passive adaptation strategies for 

mitigating the risk of overheating. 

Building selected  

A school building located in an urban area of Montreal 

with a mix of low-rise residential, commercial, and 

industrial buildings is selected for evaluating and 

mitigating the overheating risk. The climate zone of 

Montreal is 6A according to ASHRAE 90.1 (2022). The 

building is surrounded by medium vegetation and some 

trees, and most of its windows are not shaded by any trees, 

as shown in Figure 1. This building consists of two blocks 

built in different periods, as shown in Figure 2, i.e.,  Block 

1 was constructed in 1950, and Block 2 was built in 1990. 

The building envelope construction was steel with brick 

veneer external walls, block concrete partitions, a 

concrete roof, and two-layer of single-glazed windows.  

Similar to most Canadian schools, the building relies on 

natural ventilation and internal shading to reduce 

excessive heat in the summer and hot water baseboard 

heaters for winter heating. The building offers space for 

classrooms, meeting rooms, and gyms with a gross floor 

area of around 2825 m². The residents are kids aged 5-10 

years. 

 

Figure 1: Exterior view of the School  

Field measurement 

The indoor air temperature was measured in five 

classrooms with different orientations from June to 

October 2020. These rooms are Room 109 (north), 118 

(south), 114 (southwest), 173 (east), and 168 (west), as 

shown in Figure 2. One wireless HOBO MX1101 sensor 

was used in each classroom and was placed at a height of 

1.8 meters on a partition wall that was not directly 

exposed to solar radiation. A HOBO RX3000 weather 

station was also installed on the roof of the school to 

measure five weather variables, including temperature, 

humidity, global solar radiation, and wind speed and 

direction. The specification of indoor sensors and the 

weather station are listed in Table 1.   

 

Figure 2: Floor plan of the School with the identification 

of the Five measured rooms  
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Table 1: Specification of the weather station and indoor 

sensors 

Model HOBO RX3000 MX1101 

Type Temp.  RH  Pyrano- 
meter 

Temp.  

Accuracy ±0.21°C  ±2.5%  ±10 
W/m2  

-20° to 

70°C 

Measurement 
Range 

-40°C to 
75°C 

0-
100%  

0 to 
1280 
W/m2 

±

0.20°C  

Resolution 0.02°C 
at 25°C 

0.1% 
RH 

1.25 
W/m2 

0.02°C 

at 25°C 

Building simulation model 

To assess the indoor overheating during the whole 

summer, not during just measured data, and to find 

effective mitigation measures, the existing school should 

be modeled with the EnergyPlus building simulation 

program. However, there are many uncertain building 

parameters, including building envelope parameters and 

operation parameters, which will affect the accuracy of 

the prediction of indoor air temperature compared to 

measured indoor air temperature. Therefore, the auto-

calibration methodology developed by Baba et al. (2022b) 

is used to calibrate these uncertain building parameters. 

The calibrated model parameters resulting from the 

calibration methodology are listed in Table 2. This 

calibrated BSM achieves high accuracy with Root Mean 

Squared Error (RMSE) for the five rooms less than 0.8 ºC 

and less than 1% of Normalized Mean Bias Error 

(NBME). 

Table 2: Calibrated Building variables  

Building 

parameters 

Unit Value 

Block 1 Block 2 

Window U-

value 

W/(m²K) 2.4 1.8 

Window 

SHGC 

- 0.65 0.57 

Wall U-value W/(m²K) 0.40 0.30 

Roof U-value W/(m²K) 0.23 0.20 

Floor U-value W/(m²K) 0.24 0.20 

Window-to-

Wall Ratio 

% 50 50 

Airtightness  ACH50 5.0 2.5 

Average 

natural 

ventilation 

rate 

ACH 2.5 3.0 

Setpoint 

natural 

ventilation  

◦C 23 22.0 

Maximum 

lighting load  

W/m² 10 10 

Overheating risk criteria  

The overheating risk in schools is assessed using the 

Building Bulletin BB101 Guide (2018). This guide was 

created by the UK Government to provide guidance on 

the thermal conditions of schools. To evaluate thermal 

comfort, BB101 uses an adaptive thermal comfort 

threshold of EN15251-2007 (2007). 

BB101 uses three criteria to evaluate thermal comfort in 

schools. Criterion 1 shows the number of overheating 

hours in the summer, while Criteria 2 and 3 calculate the 

severity and intensity of overheating risk in classrooms 

respectively. These criteria shall be applied during 

weekdays from 9:00 AM to 4:00 PM, between May 1 and 

September 30,  including the summer holidays, as if the 

school was normally occupied. The reason for including 

the summer holiday in the assessment is to achieve 

acceptable indoor thermal conditions during the hottest 

months, thus ensuring thermal comfort during the May, 

June, and September (school months). In this work, 

Category I from EN 15251-2007 is used to calculate the 

three criteria because the school has vulnerable children. 

Mitigation strategies 

This research aims to improve indoor thermal conditions 

without using major retrofits or increasing the use of 

cooling energy. The passive mitigation measures (MM) 

that will be considered are those that previous research 

has shown to significantly affect the indoor temperature 

in colder climates (Bennet et al., 2014; Tam et al., 2020; 

Baba et al., 2023a&b). These mitigation measures are: 

• Night cooling (NC) by opening 25% of the window 

opening area is used during the night 

• External 1.5 m horizontal overhang is used on the 

South and vertical side fins on the East and West sides 

while keeping the internal shading used. 

• External screen shading (blind roll (BR)) with 0.8 

solar reflectances is used rather than interior shading. 

The blind roll will activate when the solar irradiance 

exceeds 130 W/m² on the window surface 

• Sun-reflective paint is used to reduce the solar 

reflectance of the roof to 0.8 from 0.3.  

• Low SHGC film is used to reduce the SHGC of 

windows from 0.76 to 0.3. 

• A green roof with a Leaf Area Index of 5.0, an average 

soil depth of 0.1 meters, and a maximum total water 

capacity of 0.5 is used. 

Results and discussion  

Overheating risk 

To determine the overheating risk in each classroom 

during the summer period from May 1 to September 30, 

2020 (Monday to Friday, 09:00 to 16:00), the simulated 

indoor operative temperature from calibrated and 

validated BMS is used. Table 3 shows the three criteria of 

BB101, i.e., overheating hours (OH), Daily Weighted 

Exceedance (WE), and Upper Limit Temperature (UT), 

using the EN 15251-Category I threshold. 
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The results presented in Table 3 demonstrate that the 

natural ventilation by opening 25% of the external 

window area and interior shading with high solar 

reflectance is not sufficient to keep the overheating hours 

below 40 hours in the four classrooms. Classrooms in the 

oldest block (block 2) had overheating risk two times 

more than the newest block (Block 1). These results are 

consistent with the sensitive global analysis conducted by 

Baba et al. (2022a) who concluded that this difference 

between room performance in the old and new blocks is 

mainly due to the reduction of the solar heat gain 

coefficient of the windows, as well as the orientation of 

the rooms. The overheating hour results show that the 

south classrooms have the highest overheating risk (with 

130 hours) compared with the north, east, and west rooms. 

Also, the cumulative excess heat in the hottest classroom 

(room 118) reached more than 8 days. 

Table 3: Overheating risk based on three criteria of 

BB101  

Simulation period: 01 May 2020 - 31 September 2020 

Reference room Rm. 

109 

Rm. 

114 

Rm. 

118 

Rm. 

168 

Rm. 

172  

Number of OH (hr)   

Acceptance limit is 40 

hr 

60 100 130 50 70 

Number of days 

(Day) that WE > 

6 °C/day. Acceptance 

limit is 0 Day 

0 5 8 0 2 

Number of days 

(Day) that UT > 4 K.  

Acceptance limit is 0 

Day 

0 0 0 0 0 

Figure 3 shows the indoor temperature of classroom 118 

(the hottest room) according to BB101 criteria and 

EN15251 categories. The red lines are the threshold 

(based on Cat. I) of acceptable indoor thermal conditions 

to evaluate Criterion 1 in BB101, the grey lines show the 

threshold for Criterion 3 (Upper Limit Temperature) in 

BB101.  

 

Figure 3: Thermal condition of room 118 under 2020 

based on BB101 criteria 1 and 3 

Figure 4 shows the daily weighted exceedance (severity) 

in classroom 118 in 2020. The results show that the 

severity of overeating risk exceeded the acceptable limit 

in 8 days and 5 of them the We was higher than 10 ℃/day. 

 

Figure 4: Daily Weighted Exceedance in Classroom 118  

Mitigation measures 

The parametric analysis method is used to find the optimal 

mitigation measures among the various passive mitigation 

measures for the hottest classroom under 2020 during the 

summer period.  

The results in Figure 5 show that: 

1) The addition of the green roof to the original case 

reduces the overheating hours by 18% (from 138 

hrs to 113 hr) in the hottest classroom and a similar 

reduction in all other rooms.  

2) Adding a cool roof to the original case reduces 

overheating hours. With the cool roof, the 

overheating hours in the west & east rooms in 

Block (BL) 1 and the north rooms in Block 1 are 

reduced to about 20 hrs, while to 73 hrs (-47%) in 

the hottest room.  

3) The night cooling, overhang shading, and reducing 

SHGC reduced the overheating hour significantly 

to 69, 48, and 49 hr, respectively, in the south 

rooms. The use of overhang shading or low SHGC 

measures can be sufficient to meet the BB101 

requirement for all rooms except the south rooms 

in Block 2.  

4) The use of exterior screen shading (blind roll) can 

be the best solution to mitigate overheating, as it 

reduces the overheating hours to 32 hr in the south 

rooms and almost 0 hr in the west & east rooms in 

Block (BL) 1 and the north rooms in Block 1.  

5) The effect of a combination between night cooling 

(NC) and cool roof (CR), overhanging shading 

(OH), or lower SHGC on indoor thermal 

conditions has also been studied. The results show 

that the overheating hours were reduced to 25 hr 

by using night cooling and a cool roof, 35 hr by 

using night cooling and overhang shading, and 32 

hr by using night cooling and lower SHGC in the 

south classrooms.  
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These mitigation measures can achieve BB101 criteria 

2 (daily weighted exceedance) and 3 (upper limit 

temperature). 

 

Figure 5: Overheating hours with various mitigation 

Measures  

Conclusions  

The assessment of overheating risk in a school located in 

Montreal are studied in 2020 using a Building Simulation 

Model BSM. Uncertain building parameters in BSM are 

calibrated and validated using the auto-calibration 

methodology (Baba et al, 2022b), which makes the indoor 

air temperature prediction close to the measured data with 

high accuracy. Indoor air temperature data that were 

measured from June to October 2020 are used. The 

validated BSM is used to evaluate the indoor thermal 

condition of the school building using the BB101 

requirement during the whole summer (May 1 to 

September 30) as if the school was normally occupied. It 

is also used to evaluate the effect of passive cooling 

technologies that can be added to the building with minor 

renovations on indoor operative temperate without 

increasing cooling consumption.  

The results showed that although natural ventilation and 

interior shading were provided, there were more than 40 

hours of overheating in all rooms, except for the room 

facing north. Classrooms in the oldest block experienced 

twice as many overheating hours as the newest block. 

These results are consistent with the sensitive global 

analysis conducted by Baba et al. (2022a) who concluded 

that this better performance is mainly due to the reduction 

of the solar heat gain coefficient of the windows, as well 

as the orientation of the rooms. The room facing south in 

the oldest block was exposed to 130 hours of overheating; 

this room became the hottest room.  Also, the indoor daily 

weighted exceedance in the hottest classroom exceeded 6° 

C/day for eight days and reached 14 °C/day. Therefore, 

passive mitigation measures shall be added to the building. 

The mitigation measures analysis shows that the use of 

exterior blind roll (screen shading) or a combination of 

night cooling and other mitigation measures that reduce 

solar heat gain (such as cool roof, exterior overhang, and 

lower window SHGC) can be effective to achieve 

acceptable thermal conditions. 

This work highlights the significance of examining the 

thermal conditions and potential overheating risks in 

buildings located in cold climates during summer. 

However, with climate change, the assessment of 

overheating and mitigation has become imperative, 

particularly under extreme future years, to ensure 

sustainable resilience in buildings. Furthermore, adding 

summer passive mitigation measures might adversely 

affect solar heat gain in winter, subsequently increasing 

heating energy demand. These measures may also impact 

visual comfort. Additionally, it is important to note that 

these conclusions depend on the building’s location. 

Therefore, future work should include the evaluation of 

future climate, different locations, and the optimization of 

various building performance aspects. 
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