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Buildings in cold climates are often exposed to extreme weather events, 
including heatwaves and prolonged power outages. In this study, three 
lightweight experimental buildings were instrumented in Québec to assess 
their thermal resilience. Each building featured a different wall assembly 
insulated with bio-based materials. The dynamic thermal behavior was 
analyzed during winter heating interruptions and summer heatwaves, 
using in situ measurements and specific performance indicators. Although 
all three wall systems met high thermal resistance levels, results showed 
that this static property alone was not able to predict thermal resilience. 
One building, despite having lower static performance, maintained cooler 
indoor temperatures during a heat wave due to a higher share of bio-based 
materials. This study emphasizes the importance of moving beyond static 
indicators and relying on real-world performance assessments to inform 
sustainable building design in cold regions affected by climate change. 
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INTRODUCTION 
 
General Context 

Climate change has become a central global concern, driving the development of 

political action. In 2016, Canada ratified the Paris Agreement and committed to reducing 

its greenhouse gas (GHG) emissions by 40 to 45% from 2005 levels by 2030 (Environment 

and Climate Change Canada 2025). The building sector accounts for 18% of Canada’s 

GHG emissions. When including building materials and construction, it ranks as the third-

largest source of emissions nationwide (Government of Canada 2020). These aspects 

makes it a key sector in the fight against climate change, highlighting the importance of 

reducing its GHG footprint.   

Rising greenhouse gas emissions have significantly disrupted the global climate, 

increasing the frequency and intensity of extreme weather events such as heatwaves, 

droughts, and storms (Mora et al. 2018). According to the Intergovernmental Panel on 

Climate Change (IPCC 2021), global mean temperature could rise by 1.5 °C to 2 °C by the 

end of the 21st century. This warming trend is expected to amplify the frequency, intensity, 
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and duration of heatwaves. If emissions continue to rise, up to 74% of the world’s 

population could be exposed annually to potentially deadly heatwaves by 2100 (Mora et 

al. 2017). Other extreme events, such as hurricanes and snowstorms, also directly threaten 

the reliability of energy infrastructure. They can trigger prolonged power outages lasting 

days, weeks, or even months (Wang et al. 2016). Climate disruption therefore has not only 

environmental consequences but also significant implications for thermal comfort. 

In a Nordic climate such as Canada’s, climate change may shorten the heating 

season while intensifying summer cooling demand. In Quebec City, depending on the type 

of building envelope, heating demand could decrease by 25% by 2080, whereas cooling 

demand could increase by 91 to 116% (Berardi and Jafarpur 2020; Piggot et al. 2025). 

From a social perspective, people spend an average of 90% of their time indoors 

(Mannan and Al Ghamdi 2021). Indoor thermal comfort thus becomes a key factor for 

occupant well-being, health, and building energy performance (Kim et al. 2022). The 

combined intensification of heatwaves and power outages may severely compromise 

comfort, especially in the most vulnerable dwellings (Hampo et al. 2024; Hachem-

Vermette and Yadav 2023). 

 

Regulatory Context 
To meet its greenhouse gas (GHG) reduction commitments, Canada has 

implemented strategic measures focused on promoting energy-efficient buildings. 

Improving the energy performance of both new and existing buildings, accounting for the 

embodied carbon of materials, and integrating construction processes during the design 

phase are key steps toward sustainable buildings (Conseil du bâtiment durable du Canada 

2020). 

In this context, the use of bio-based construction materials plays a key role in 

reducing the environmental footprint of the building sector (Pacheco-Torgal et al. 2025). 

Life cycle assessment studies in the construction industry have shown that bio-based 

construction solutions generally have lower environmental impacts than non-bio-based 

alternatives (Buyle et al. 2013; Cabeza et al. 2014). Recent research has highlighted the 

environmental advantages of hemp wool and wood fiber as bio-based insulating materials. 

In addition to being renewable, hemp wool offers a favorable carbon balance and excellent 

hygrothermal regulation capacity (Cosentino et al. 2023). Wood fiber is valued for its 

capacity to store carbon and its ability to mitigate greenhouse gas emissions associated 

with construction (Yang et al. 2020). 

To ensure high energy performance, Canada relies on a structured regulatory 

framework based on national and provincial standards. The National Energy Code for 

Buildings (National Research Council of Canada 2018), in its 2020 edition, sets minimum 

energy efficiency requirements for new commercial, institutional, and industrial buildings. 

These include prescriptions on thermal insulation, airtightness, mechanical systems, and 

lighting performance (Government of Canada). In Quebec, the Code de construction du 

Québec adopts the National Building Code of Canada with province-specific 

amendments—notably Part 9.36 for residential buildings—to account for local climatic 

conditions (Régie du bâtiment du Québec 2022). In addition, the Novoclimat 2.0 program, 

implemented by the Government of Québec, promotes the construction of buildings that 

exceed the minimum standard, with a focus on envelope quality, mechanical ventilation, 

and airtightness (Gouvernement du Québec 2022). 
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Minimum performance standards and building energy codes are becoming 

increasingly stringent worldwide, while efficient and renewable construction technologies 

are advancing rapidly (IEA 2023). Building energy performance depends mainly on the 

envelope’s ability to limit heat transfer. 

This limitation is generally assessed using a static indicator, such as thermal 

resistance (R-value or RSI, R-value System International), which measures a material or 

wall’s ability to slow down heat flow under steady-state conditions. This approach 

underpins most current energy performance requirements. Improving the thermal 

resistance of envelope components—such as walls, roofs, and floors—through the use of 

thermal insulation reduces heat losses and, consequently, energy consumption (Kaynakli 

2012; Asdrubali et al. 2013; Straube and Smegal 2009). 

Recent analyses confirm that increasing the minimum thermal resistance (RSI) 

requirements for envelopes in codes such as the NECB 2020 and the Quebec version of the 

National Building Code of Canada (National Research Council of Canada 2022) is one of 

the most effective ways to reduce energy demand in cold climates (Régie du bâtiment du 

Québec 2022). As a result, many regulatory frameworks and programs, such as Novoclimat 

2.0 in Québec, set minimum RSI (or U-value) requirements, highlighting their central role 

in thermal building design. 

In Québec and in the rest of Canada, two approaches are used to verify compliance 

with energy performance requirements. The Quebec version of the National Building Code 

(Chapter I – Building, modified for Quebec, latest version) still allows the use of either 

total thermal resistance (RSI-t), calculated from all wall layers with corresponding tables, 

or effective thermal resistance (RSI-e), which better reflects real installation conditions and 

thermal bridge effects. In contrast, the National Energy Code for Buildings (NECB) and 

several performance programs, such as Novoclimat 2.0, specifically require the use of 

effective thermal resistance (RSI-e), providing a more accurate representation of in-use 

performance (National Research Council of Canada 2020; Régie du Bâtiment du Québec 

2022; TEQ 2022;). 

However, as noted by Straube (2017), the R-value, while useful for its simplicity 

and wide adoption, is inadequate for predicting the actual thermal performance of 

assemblies, particularly under variable heat flow conditions or in the presence of 

construction defects. Thermal resistance is a static factor; it does not account for dynamic 

effects such as thermal lag and material heat capacity, which directly influence both 

thermal comfort and energy consumption (Verbeke and Audenaert 2018). R- and U-values 

are based on steady-state assumptions, which ignore temporal variations in climatic 

conditions or internal loads (Tian et al. 2021). In reality, heat transfer through walls is 

fundamentally transient, influenced by properties such as density, specific heat capacity, 

and thermal conductivity. This dynamic behavior is crucial for accurately estimating 

thermal loads, actual energy needs, and occupant comfort (Verbeke and Audenaert 2018). 

For a more comprehensive assessment of thermal performance, dynamic models 

(transient simulations) or in-situ measurements are essential, as they can capture the real 

variations in use and climate (Wilde 2014; Tronchin and Fabbri 2008). 

 

Thermal Inertia: A Dual Solution 
Thermal inertia refers to a material or building’s ability to store heat and release it 

later, in an attenuated and time-shifted manner, in response to outdoor temperature 
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variations or internal heat gains (Verbeke and Audenaert 2018). It acts as a thermal 

damping mechanism, particularly valuable in the context of climate change, as it slows 

down heat transfer through the envelope and helps stabilize indoor temperatures. 

In buildings, this behavior primarily depends on the thermal mass, specific heat 

capacity, density, and thermal conductivity of the materials (Ascione et al. 2014). Massive 

materials such as brick or concrete are traditionally associated with high thermal inertia, 

but several recent studies have shown that some bio-based insulations—such as wood fiber 

or hemp wool—can also offer significant inertia, particularly due to their coupled 

hygrothermal properties (Palumbo et al. 2018). 

Thermal inertia offers a twofold benefit. In summer, it reduces overheating 

amplitude by absorbing part of the solar gains. In winter, it slows down the cooling rate 

during heating interruptions. The magnitude of these effects, however, depends on the 

location of thermal mass within the wall assembly: interior layers provide greater benefits 

for indoor comfort, while external layers mainly act as a buffer against outdoor 

fluctuations. These properties are essential for thermal resilience—defined as the ability of 

a building to maintain a minimum level of comfort without active energy input (Verbeke 

and Audenaert 2018). 

Several methods have been proposed in the literature to quantify building thermal 

inertia. Dynamic simulation approaches can provide indicators such as Time Lag and 

Amplitude Damping. These are typically derived from sinusoidal inputs in outdoor 

conditions, to assess the delay and reduction of indoor thermal peaks (Ascione et al. 2014). 

Other works rely on laboratory tests—such as thermal cells subjected to transient heat 

flux—to characterize the thermal response of materials or wall assemblies under controlled 

conditions (Carmona et al. 2023). At a more representative scale, in-situ experimental 

studies track indoor temperatures during critical events, such as heating outages or 

heatwaves, to capture the real-world impact of thermal inertia. Specific indicators, such as 

the Cooling Slope (CS) or Degree of Disturbance (DoD), have also been developed to 

characterize better the rate and magnitude of thermal variations in response to prolonged 

energy loss (Flores-Larsen et al. 2023). These approaches provide complementary tools to 

assess dynamic envelope performance. 

 

Objectives and scope of the study 

This study aimed to characterize the real thermal response of lightweight-frame 

buildings constructed with different insulating materials, in the context of climate change. 

It aimed to better understand how specific envelope parameters such as thermal inertia, and 

insulation type, impact thermal resilience during periods of environmental stress. The focus 

was on thermal comfort during power outages and overheating events, both of which are 

expected to become more frequent. The study provides an empirical contribution to the 

ongoing discussion on the real-world performance of buildings in a transitioning energy 

context. 

 

Originality of the work 

This research stands out for its full-scale experimental approach, conducted in a 

Nordic climate on high-energy-efficiency lightweight-frame buildings. It addresses 

thermal inertia not as a theoretical variable, but as a measurable resilience factor that 

directly influences the maintenance of thermal comfort in the absence of active energy 
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supply. The study critically examined commonly used indicators, such as effective thermal 

resistance, and explores more representative, dynamic alternatives. 

By comparing three buildings with similar nominal R-values but differing in 

insulation materials, thermal mass, and airtightness, the study has potential to provide a 

clearer understanding of the relative influence of these parameters on actual thermal 

behavior. It delivers new experimental evidence to guide the design of buildings that are 

more resilient to extreme climate events. This work originated from Richard Trempe 

Architect’s initiative to document and characterize the envelope performance of an 

innovative light wood-frame construction system. 

 

 

EXPERIMENTAL SETUP AND METHODOLOGY 
 
Buildings under Study 

Three experimental buildings were specifically designed and constructed for this 

research. Initiated by Trempe Architecte in the region of Quebec, the project aimed to 

advance best practices in building envelopes for lightweight timber-frame construction. 

These buildings, named HERMINE, MARMONTIN, and SITELLE were located on the 

same site and subjected to strictly comparable environmental conditions: identical 

dimensions, orientation, fenestration with triple glazing, solar shading, ventilation systems, 

roof, floor, and ground conditions, as well as usage. All three buildings were built in 

compliance with the requirements of the Novoclimat 2.0 program. The only variable 

between the three units was the composition of their exterior wall assembly, allowing the 

isolation of the envelope’s effect on thermal inertia. A visual of one of the buildings is 

provided in Fig. 1 to illustrate the scale and architectural integration of the facilities. 
 

   
 

Fig. 1. Photograph of the HERMINE (left), the SITELLE (center), and the MARMONTIN (wright) 

 

The three wall assemblies corresponded to three construction systems: a partially 

exterior-insulated system (SIPE), a fully exterior-insulated system of the perfect wall type 

(SITE), and a hybrid system designed explicitly for this research. The assembly choices 

reflected contemporary practices aimed at improving energy efficiency while meeting 

regulatory requirements. Cross-sectional diagrams (Fig. 2a, b, c) illustrate the 

configuration of each wall, layer by layer. The selection of these assemblies was carefully 

considered during the project’s preliminary phase. 
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Conventional system - SIPE (HERMINE) 

 

 

 

 

 

 
 

 

Fig. 2. Cross-section of the HERMINE wall assembly (SIPE) 

 

The partially exterior-insulated system (SIPE), in Fig. 2,  used in HERMINE is an 

optimized version of a configuration widely used to meet Novoclimat 2.0 requirements. It 

is based on a lightweight timber frame, typically with 2×4 in. or 2×6 in. studs filled with 

batt insulation (TEQ 2022). In this project, conventional materials (glass wool, mineral 

wool) were replaced with bio-based insulations that have higher specific heat capacities, 

such as hemp wool and wood fibre, to enhance thermal inertia (O’Brien et al. 2024). On 

the exterior of the framing, a continuous layer of rigid insulation (wood fibreboard) is 

added to reduce thermal bridging through the wooden studs. This layer improves the 

overall thermal resistance of the wall by maintaining insulation continuity, while also 

contributing to thermal buffering (Cabeza et al. 2014). 

 

SITE System (SITELLE) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3. Cross-section of the SITELLE wall assembly (SITE) 
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1 : Gypsum board (13 mm) 
2 : Unventilated air gap (38 mm) 
3 : Wood fiberboard (13 mm) 
4 : Mbrain vapour retarder membrane 
5 : 38x140mm studs filled with hemp wool 
6 : ECO4 Wood fiberboard (38 mm) 
7 : Tyvek air barrier membrane 
8 : Ventilated air gap (13 mm) 
9 : Wood siding (13 mm) 
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1 : Gypsum board (13 mm) 
2 : Unventilated airgap (108 mm) 
3 : Plywood pannel (13 mm) 
4 : Self-adhesive RESISTO membrane  
5 : Polyisocyanurate panel (64 mm) 
6 : Isoclad panel EPS laminated (38 mm) 
7 : Tyvek air barrier membrane 
8 : Ventilated air gap (13 mm) 
9 : Wood siding (13 mm) 
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The fully exterior-insulated system (SITE), in Fig. 3, implemented in SITELLE 

was inspired by the “perfect wall” by Lstiburek (2010). This configuration inverts the 

conventional logic of systems such as SIPE: all insulation is placed outside the structural 

frame, leaving the studs entirely on the warm side of the building, inside. This arrangement 

minimizes thermal bridging, increases the system’s thermal inertia, and improves the 

stability of indoor conditions. 

Unlike the other systems tested, SITE relies on synthetic insulation materials 

(notably IsocladTM from IsolofoamTM and polyisocyanurate), both known for their high 

thermal performance (Jelle 2011). This configuration, developed specifically for this 

project, ensures air, vapour and water tightness by a continuous membrane between the 

intermediate sheathing and the insulation layer, enabling effective moisture management. 

While still uncommon in the residential sector, this system is widely used in institutional 

construction and in cold climates, where it provides complete protection of the timber 

structure against climatic variations. 

 

SIPE System upgraded (MARMONTIN) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. Cross-section of the MARMONTIN wall assembly (System upgraded) 

 

The MARMONTIN system, in Fig. 4,  is an evolution of the conventional SIPE 

configuration, designed to increase the wall’s thermal inertia. Both HERMINE and 

MARMONTIN prioritized a high proportion of bio-based materials, but MARMONTIN 

was designed with greater mass to further enhance heat storage capacity. To achieve this, 

two interior gypsum boards are used instead of the standard single layer, and the interior 

wood fiberboard panel is replaced with a panel three times thicker. The thickness of hemp 

insulation between studs is reduced, but an exterior layer of mineral wool is added. This 

material, which is less hygroscopic than bio-based insulations, enhances the wall’s 

resistance to moisture while maintaining its solid thermal performance. 

 

In-situ buildings 

Although the three assemblies exhibit slightly different thermal resistances due to 

the nature and arrangement of the insulating materials, all are considered high-energy-

1 : Gypsum board (13 mm) 
2 : Unventilated air gap (26 mm)  
3 : Mbrain vapour retarder membrane  
4 : ECO4 wood fiberboard (38 mm)  
5 : 38x140 mm studs filled with hemp wool  
6 : ECO4 wood fiberboard (38 mm)  
7 : Tyvek air barrier membrane 
8 : Comfortboard™ 80, a rigid stone wool 
insulation board (38 mm) 
9 : Ventilated air gap (38 mm) 
10 : Wood siding (13 mm) 
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performance systems. Each wall meets the requirements of the Novoclimat 2.0 program, 

confirming its effectiveness in thermal insulation, airtightness and its relevance for high-

performance residential buildings in cold climates. 

All three assemblies must comply with the requirements of the Quebec version of 

the National Building Code (Chapter I – Building, modified for Quebec 2020) and those 

of the National Energy Code of Canada for Buildings (NECB 2020), where applicable. 

However, the NECB does not apply to residential buildings with fewer than three storeys 

and a floor area of less than 600 m², in which case only the NBC 2020 applies. 

The assemblies were designed to comply with the requirements of the Quebec 

version of the National Building Code and with the specifications of the Novoclimat 2.0 

program. The table below (Table 1) presents the regulatory effective thermal resistance 

values required. 

 
Table 1. Regulatory Requirements for Thermal Resistance in Residential 
Buildings in Climate Zone 7A 

Criterion Quebec version of the 
National Building Code 

Novoclimat 2.0 Program 

Type of thermal resistance  Effective Effective 

Minimum RSI requirement (m².K/W) ≥ 3.60 ≥ 4.14 

Equivalent R-Value (imperial) R-20.4 R-23.5 

Specificity Part 9.36 – Residential 
buildings 

Real conditions, stricter 
than the Code 

 

The effective thermal resistances of the assemblies were determined through 

theoretical calculations. When HERMINE was built, the thermal resistance values for 

hemp were less reliable. They were overestimated, and this error allowed HERMINE to 

meet the requirements of the Novoclimat 2.0 program. 

 
Table 2. Theoretical and Measured Effective Thermal Resistances of the 
Different Assemblies 

Criterion HERMINE MARMONTIN SITELLE 

Type of thermal 
resistance 

Effective Effective Effective 

RSI-e (m².K/W) 3.88 4.61 4.70 

 

Blower-door tests were also conducted on all three buildings. The results expressed 

in air change rates at 50 Pa (ACH50) were 1.90/h for HERMINE, 1.65/h for SITELLE, and 

0.67/h for MARMONTIN. Based on ACH50, only MARMONTIN meets the 1.5 threshold 

required by Novoclimat 2.0. Novoclimat 2.0 also accepts compliance through the 

standardized leakage area (SFN), with a limit of 0.75 cm²/m². According to this criterion, 

SITELLE reaches 0.62 cm²/m² and is therefore compliant, while HERMINE records 0.88 

cm²/m² and remains above the threshold. In summary, only SITELLE and MARMONTIN 

meet Novoclimat 2.0 airtightness requirements. The unit cm²/m² expresses leakage area 

relative to the building envelope surface, allowing airtightness to be compared across 

buildings of different sizes. 
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Materials and Instrumentation 
The studied walls are composed of materials with varied thermal properties, 

combining bio-based insulation (such as wood fiber), synthetic insulation (such as 

expanded polystyrene), and high-thermal-mass materials (such as solid wood). These 

compositions enable the exploration of various approaches to thermal performance, 

leveraging both insulating capacity and thermal inertia. All sensors were validated and 

calibrated in the lab prior to installation. Furthermore, temperature spot checks were 

performed using an IR thermometer throughout the test.  

These physical properties, such as thermal conductivity, density, thickness, and 

specific heat capacity, were obtained from manufacturers’ datasheets or the EN10456-2012 

database. All parameters are presented in Table 3, which details the thermal properties of 

each layer making up the different assemblies. 

 

Table 3. Table Detailing the Physical Characteristics of the Different Materials 

Material 
Thermal 

conductivity 
Density Thickness 

Specific heat 
capacity 

 [m².K/W] [kg/m³] [mm] [J/Kg.K] 

Gypsum 0.1374 900 0.013 1090 

Mineral wool 80 0.0353 80 0.038 1030 

Hemp wool 89 0.0581 35 0.089 1700 

Hemp wool 140 0.0581 35 0.140 1700 

Wood fiber ECO4 0.0497 265 0.038 2100 

Wood fiber standard 0.0442 110 0.013 2100 

Polyisocyanurate 0.0292 35 0.064 1400 

Isoclad 0.0343 40 0.038 1400 

 

Thermocouples 

Hobo MX1101 sensors were used to measure ambient temperature (AMB) with an 

accuracy of ±0.2 °C between −20 and 70 °C. For Hermine and Sitelle, wall thermocouples 

(Wall) were SmartReader Plus 6 (SRP6): ±0.2 °C from 0 °C to 70 °C, ±0.07 °C from −25 

°C to 0 °C, and ±0.13 °C from −40 °C to −25 °C. For Marmontin, T9602-5-A sensors 

(Mouser, Digikey) were used, with an accuracy of ±0.5 °C between −20 and 70 °C. Outdoor 

temperature was recorded in a sheltered location near the buildings using an SRP6, with 

cross-checking against data from the Québec – Jean Lesage weather station. A deviation 

of ±0.4 °C between AMB and Wall readings indicates a significant difference; for 

Marmontin, this threshold was ±0.7 °C. This distinction was accounted for in the analysis 

to ensure data comparability and reliability across the three buildings. 

 

Effective Thermal Resistance 
Based on the thermal conductivities and the actual layer thicknesses, the effective 

thermal resistance (RSI-e) of each wall was calculated using the parallel heat flow method, 

which is recommended for wood-frame structures (Régie du bâtiment du Québec 2024). 

The equation used was, 

 RSI-eparallel= 
100

𝐴𝐹
𝑅𝑆𝐼𝐹

   +   
𝐴𝐶

𝑅𝑆𝐼𝐶

 (1) 
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where RSI-e is the effective thermal resistance of the complete assembly for compliance 

assessment, and AF and AC are the surface fractions occupied by the frame and the cavity. 

RSIF and RSIC are their respective thermal resistances. This method accounts for the effect 

of linear thermal bridges, which are typical of studs in light-frame walls. The calculated 

values were compared to the regulatory requirements of the Québec version of the 

Canadian Building Code and the Novoclimat 2.0 program (TEQ 2022). 

 

In-situ Experimentation 
Three experimental buildings—identical in dimensions, orientation, ventilation 

system, and usage—were built on the same site in Québec. Only their exterior wall 

composition differed: Hermine (SIPE), Sitelle (SITE), and Marmontin (Hybrid). Each 

building was instrumented in the same way to ensure strict comparability. A thermocouple 

was placed in each building at ground-floor level, both in the interior environment (AMB) 

and within the wall assembly (Wall). Sensors were positioned at identical locations in the 

three buildings. To minimize measurement bias, monitoring was conducted in north-facing 

zones to reduce sensitivity to solar radiation. A schematic diagram (Fig. 5) illustrates the 

spatial arrangement of the instrumentation, showing the location of AMB and Wall sensors. 

   

Fig. 5. Cross-sectional diagram of building instrumentation at ground-floor level, showing AMB and 
WALL thermocouples (author’s illustration). 

 

Winter Heating Outage 
A planned heating outage was carried out simultaneously in the three experimental 

buildings described above during the middle of winter. The heating cut-off lasted nearly 

80 hours between January 14 and 17, 2025. The initial indoor temperature was 21 °C ± 0,5 

°C. Temperature data were collected every 15 minutes using thermocouples. These sensors 

were placed in two distinct locations: in the indoor ambient air (AMB) and at the inner 
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interface of the walls, just behind the gypsum board (WALL). Monitoring continued until 

a critical threshold of 5 °C was reached. As a precaution, the experiment was stopped 

before dropping below this threshold to avoid any risk of pipe damage. In addition, an 

outdoor probe was placed in a sheltered location to record the reference outdoor 

temperature throughout the experiment, ensuring accurate control of the climatic 

conditions. 

In accordance with ASHRAE 55 recommendations for non-conditioned spaces, a 

comfort threshold of 18 °C was adopted. This 18 °C limit served as the reference point for 

evaluating the onset of thermal discomfort inside the buildings. 

Several quantitative indicators were used to characterize the thermal resilience of 

the buildings during the winter power outage. These indicators are inspired by recent work 

(Hamdy et al. 2017; Flores-Larsen et al. 2023) on power outages. This section presents the 

various indicators used in the study. 

 

Minimal temperature (Tmin) 

Tmin was used as an indicator of the lowest temperature reached during the outage. 

This value enabled the assessment of the maximum heat loss during the disruptive event. 

 

Thermal resistance time (RT) 

RT was also used to assess the time required for the indoor temperature to reach 

the 18 °C threshold. This parameter is defined in Eq. 2, 

 𝑅𝑇 =  𝑡𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 −  𝑡0 (2) 

where tthreshold is the time at which the measured temperature drops below the threshold 

temperature, and t0 marks the start of the heating outage. 

 

Intensity of the failure (IoF) 

IoF was calculated to quantify the ability of the walls to resist thermal variation. 

This parameter is defined as follows in Eq. 3, 

 𝐼𝑜𝐹 =  𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑇𝑚𝑖𝑛 (3) 

where Tinitial is the initial temperature before the power outage, and Tmin is the minimum 

temperature reached during the outage. 

 

Cooling speed (CS) 

CS was calculated to measure the rate at which the indoor temperature dropped 

after the heating shutdown. This metric assesses the effectiveness of materials in slowing 

down the cooling process. CS was obtained by taking the difference between the initial 

temperature and the minimum temperature reached, then dividing it by the duration of the 

outage. This parameter is defined in Eq. 4. 

 𝐶𝑆 =  
𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙− 𝑇𝑚𝑖𝑛

𝑡𝑚𝑖𝑛− 𝑡0
 (4) 

This indicator provides an estimate of the rate at which heat loss occurs in the 

building, which is essential for understanding the thermal responsiveness of the envelope. 
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Degree of disruption (DoD) 

The DoD was calculated to quantify the thermal impact of the heating outage, using 

the comfort threshold of 18 °C. This parameter is defined in Eq. 5. 

 𝐷𝑜𝐷 =   
1

𝐷 .  𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
  ∫ max(0,   𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 −  𝑇𝑖𝑛𝑑𝑜𝑜𝑟(𝑡)) 𝑑𝑡,

𝐷

0
 (5) 

where D represents the duration in hours of the power outage, and the integral is taken over 

the period when the indoor temperature remains below this threshold. This calculation 

provides a dimensionless measure of the magnitude of the thermal disturbance. As the DoD 

increases, thermal resilience decreases. 

 

Summer Overheating 
The analysis focused on identifying the most intense summer heatwave events. 

These are sequences of several consecutive days during which the maximum outdoor 

temperature significantly exceeds seasonal normals. Although these periods do not 

necessarily meet Environment Canada’s official heatwave criteria, they represent critical 

episodes from the standpoint of indoor thermal comfort. In the revised methodology, a 

comfort threshold of 25 °C was adopted (per ASHRAE 55 recommendations for naturally 

conditioned spaces). This 25 °C threshold served as the reference for assessing the onset 

of thermal discomfort inside the buildings. Thus, each heatwave was characterized by its 

start (when the outdoor temperature rises well above 25 °C) and its end (return to milder 

outdoor conditions), allowing the reaction of the buildings to be measured over the entire 

duration of the hot event. For external reasons, the experimental period was limited to May 

and June 2025 to ensure the buildings remained unoccupied. 

Five thermal performance indicators were adopted for each building. Each was 

calculated separately from AMB (indoor) and WALL (in-wall) sensor data, in order to 

evaluate both the indoor air environment and the inertial response of the wall. These 

indicators are inspired by the recent work of Hamdy et al. (2017) on thermal resilience. In 

Hamdy’s study, calculations were done by zones, which was not the case here. As a result, 

the formulas were simplified, as they did not take zoning into account. 

 

Indoor overheating degree (IOD) 

The IOD measures the intensity of a building’s indoor overheating, expressed in 

°C·h. It quantifies the duration during which the indoor temperature exceeds a predefined 

comfort threshold. This parameter is defined as follows in Eq. 6: 

 𝐼𝑂𝐷 =   
1

𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟
∑ max (0,   𝑇𝑖𝑛𝑑𝑜𝑜𝑟(𝑡𝑖) − 𝑛

𝑖=1   𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑) . ∆𝑡 (6) 

where Toutdoor is the maximum outdoor temperature observed during the period, Tindoor(ti) 

is the sensor-measured indoor temperature at time ti, Tthreshold is the comfort threshold of 

25 °C, Δt is the time interval between each temperature measurement, and n is the total 

number of measurements taken during the period. 

 

Ambient warmness degree (AWD)  

The AWD measures the intensity of a building’s indoor overheating, expressed in 

°C·h. It quantifies the duration during which the outdoor temperature exceeds a predefined 

comfort threshold. This parameter is defined as follows in Eq. 7, 
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 𝐴𝑊𝐷 =   
1

𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟
∑ max (0,   𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟(𝑡𝑖) − 𝑛

𝑖=1   𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑) . ∆𝑡 (7) 

where Text is the maximum outdoor temperature observed during the period, Toutdoor(ti) is 

the outdoor temperature measured at time ti, Tthreshold is the comfort threshold of 25 °C, Δt 

is the time interval between each temperature measurement, and n is the total number of 

measurements taken during the period. 

 

Overheating escalation factor (α_IOD) 

The α_IOD factor determines the ratio of indoor overheating to outdoor 

overheating. This parameter is defined in Eq. 8. 

 𝛼𝐼𝑂𝐷 =  
∆ 𝐼𝑂𝐷

∆ 𝐴𝑊𝐷
 (8) 

This methodology was applicable to short-term and long-term heat waves, as well 

as to annual overheating assessments. 

 

Thermal amplitude 

The amplitude measures the difference between the maximum and minimum 

temperatures, in °C. This parameter is defined as follows in Eq. 9, 

 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 =  𝑇𝑚𝑎𝑥,𝑜𝑢𝑡𝑑𝑜𝑜𝑟 − 𝑇𝑚𝑎𝑥,𝑖𝑛𝑑𝑜𝑜𝑟 (9) 

where Tmax, outdoor is the peak recorded outdoor temperature, and Tmax, indoor is the peak 

recorded indoor temperature. 

 

Thermal phase shift (TPS) 

TPS measures the time lag, in hours, between the peak outdoor temperature and the 

peak indoor temperature. It reflects the building’s thermal inertia. This parameter is defined 

as follows in Eq. 10, 

 𝑇𝑃𝑆 =  𝑡𝑚𝑎𝑥,   𝑖𝑛𝑑𝑜𝑜𝑟 − 𝑡𝑚𝑎𝑥,   𝑜𝑢𝑡𝑑𝑜𝑜𝑟 (10) 

where 𝑡𝑚𝑎𝑥,   𝑖𝑛𝑑𝑜𝑜𝑟 is the moment when the indoor temperature reaches its peak, and tmax, 

outdoor is the moment when the outdoor temperature reaches its peak. 

 

Data Processing and Visualization 
Raw data were extracted using TrendReader 3 and ReDAQ Shape MAQ20 

software. They were then organized and processed in Excel before being graphically 

analyzed with OriginPro. The analysis relied entirely on experimental data. 

 

Thermal Comfort Assessment: Models and Indicators Used 
Thermal comfort assessment in this study was based on temperature thresholds 

defined by ASHRAE Standard 55 (2021), which is recognized for its suitability in non-

steady-state experimental situations. In line with this standard, the lower comfort threshold 

was set at 18 °C for winter, and the upper threshold at 25 °C for summer. These values 

served as reference points in calculating dynamic indicators such as thermal resistance time 

(RT), degree of disruption (DoD), and indoor overheating degree (IOD). In contrast, ISO 

7730 (2005), based on Fanger’s model, assumes a thermally homogeneous and 

mechanically ventilated environment, which did not correspond to the experimental 
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conditions of this study (Fanger 1970).  ASHRAE Standard 55 (2021) allows the use of 

fixed operative temperature thresholds when data on radiation, humidity, and air speed are 

unavailable or irrelevant, particularly during short-term thermal drifts or when radiative 

asymmetries are minimal. Since measurements were taken in indoor spaces without major 

radiative gradients, air temperature was used as an approximation of operative temperature, 

in line with practices adopted in other studies in Nordic climates. 

 

 

RESULTS AND DISCUSSION 
  
Power Outage 

Figure 6 shows the AMB temperature profiles of the three buildings during the 

power outage.  

 

  
 

Fig. 6. Evolution of indoor temperatures during the heating outage from January 14 to 17, 2025 
 

 
 

Fig. 7. Evolution of walls temperatures during the heating outage from January 14 to 17, 2025 
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The three buildings followed each other closely and displayed similar behavior in 

terms of the evolution of their AMB temperatures. The decline in indoor temperatures was 

steady, and variations in outdoor temperatures did not seem to influence AMB 

temperatures significantly.  

Figure 7 shows the WALL temperature profiles of the three buildings during the 

power outage. Unlike the AMB temperatures in Fig. 6, the WALL temperatures did not 

start from the same initial point. 

All three buildings exhibited similar temperature drops. An unforeseen issue 

occurred during testing, resulting in missing data for Marmontin from approximately 3 

p.m. on January 15 to 4 a.m. on January 16. These values were smoothed through 

interpolation. According to the data acquisition in the other buildings, temperature 

variation was steady and monotonic during this period, ensuring negligible impact on the 

results. It can also be noted that Sitelle’s wall temperature showed phases of instability, 

which was not observed in Hermine or Marmontin. This instability may be related to the 

position of the thermocouple within Sitelle’s air cavity, where convective air movements 

can induce local temperature fluctuations. The target setpoint temperature was 21 °C, and 

the resilience threshold (Tthreshold) was 18 °C. The results are summarized in Table 4. They 

are also compared with those from Gortych and Kuczyński (2025) to draw on another very 

similar in-situ study, but with different wall compositions. The average outdoor 

temperatures were relatively close, at −8.7 °C during this experimentation, and −5.5 °C 

during the simulation by Gortych et al. (Gortych and Kuczyński 2025). 

 
Table 4. Thermal Resilience Indicators during the Power Outage 

 RT IoF CS DoD Tmin Text mean 

 [h] [°C] [°C/h] [-] [°C] [°C] 

HermineAMB 10.5 15.1 0.191 0.363 5.72 -8.7 

SitelleAMB 11.8 14.9 0.189 0.350 5.85 -8.7 

MarmontinAMB 12.3 15.3 0.193 0.333 6.03 -8.7 

Herminewall - 13.9 0.175 0.508 3.19 -8.7 

Sitellewall - 12.8 0.163 0.459 3.78 -8.7 

Marmontinwall - 13.1 0.165 0.382 5.23 -8.7 

Light-frameAMB 
[Gortych et al.] 

8.0 15.0 0.109 0.526 6.5 -5.5 

Heavy-frameAMB 
[Gortych et al.] 

11.0 8.5 0.062 0.305 13.0 -5.5 

  

The AMB temperature drop results were relatively similar across the three 

buildings. The RT values show that it took approximately 10 to 12 hours for each building 

to drop below the resilience threshold of 18 °C. Regarding IoF, CS, and DoD, the results 

were significantly close, indicating that all three buildings exhibited very similar thermal 

resilience in terms of AMB temperature evolution. 

For wall temperatures, the IoF indicated comparable behavior between Hermine, 

Sitelle, and Marmontin. In contrast, the CS values were notably different: Hermine showed 

a cooling rate of 0.175 °C/h, while Sitelle and Marmontin cooled more slowly at 0.163 

°C/h and 0.165 °C/h, respectively, with Marmontin cooling 20% slower than Hermine. The 

degree of disruption was highest for Hermine (0.508), while Sitelle (0.459) and Marmontin 

(0.382) performed better, with Marmontin’s DoD being 33% lower than Hermine’s. 
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However, DoD comparison must be interpreted cautiously here, as initial temperatures 

differed significantly: Hermine started at 17.05 °C, Sitelle at 16.62 °C, and Marmontin at 

18.33 °C. A direct comparison of DoD between WALL and AMB readings was not 

possible due to these initial temperature differences. Nevertheless, the IoF values for the 

WALL sensors were consistently lower than those for the interior environment. 

When comparing RT values with Gortych et al.’s light-frame building, their 

assembly took 8 hours to drop from 21 to 18 °C, whereas the wood-frame assemblies here 

required 10.5 to 12.3 hours, despite more adverse outdoor temperatures for Hermine, 

Sitelle, and Marmontin. Based on IoF and Tmin, however, light-frame buildings were 

relatively similar to each other. 

The results obtained were compared with those of previous in-situ studies, notably 

those by Marta Gortych and Tadeusz Kuczyński (Gortych and Kuczyński 2025), who used 

similar indicators to assess the thermal resilience of buildings under heating outage or 

energy interruption conditions. Gortych et al. (2025) compared the thermal behavior of two 

residential buildings — one with a light-frame timber structure and the other with a heavy-

frame structure — in winter climate conditions. These values will be used to evaluate and 

compare the performance of the buildings in this study under similar climatic conditions. 

Comparing the high-performance assemblies (Hermine, Sitelle, and Marmontin) 

with Gortych et al.’s heavy-frame assembly showed similar RT values. IoF differed 

substantially: the heavy-frame building showed a failure magnitude of 8.5 °C with a Tmin 

of 13 °C, indicating significantly better performance than the buildings in this study. 

Unfortunately, outdoor mean temperatures were notably different, and Gortych et al.’s 

(2025) outage duration was twice as long, making CS and DoD indicators too dissimilar 

for direct comparison. 

 

 Summer overheating 

Figure 8 shows the temperature profiles from the AMB sensors of the three 

buildings during the overheating period.  

 

 
 

Fig. 8. Evolution of indoor temperatures during the heatwave from June 19 to 25, 2025 
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The AMB temperatures started at different values depending on the building: 

around 23 °C for HERMINE and SITELLE, and 22 °C for MARMONTIN. Outdoor 

temperatures ranged from 19 °C to 33 °C, with the heatwave beginning on June 21 and 

briefly exceeding 25 °C over the 4-day observation. HERMINE and MARMONTIN 

display similar, smooth, and controlled variations, while SITELLE showed a more 

irregular profile, with peaks approaching 27 °C. Figure 9 shows the WALL temperature 

profiles of the three buildings during the same period. The graph under Fig. 7 shows the 

WALL temperature profiles of the three buildings during the same period. WALL 

temperatures started at noticeably different levels, roughly between 21 and 23 °C. Unlike 

the indoor temperature trends (Fig. 6), Hermine and Marmontin displayed different 

behaviors. Sitelle remained the warmest wall assembly, reaching temperatures close to 27 

°C. Hermine consistently recorded the coolest wall temperature and showed the highest 

resilience to the heatwave. 

Table 5 presents the thermal resilience indicators during the heatwave. The AMB 

results for Hermine and Marmontin show extremely low IOD and αIOD values. While 

Sitelle also had low values, they were significantly higher compared to the other two 

buildings. This indicates that Hermine and Marmontin provided better comfort than Sitelle. 

Hermine and Marmontin also exhibited greater thermal amplitude. However, the two 

buildings differed in their phase shift: Hermine had a phase shift of approximately 4 hours, 

while Marmontin, like Sitelle, exhibited a phase shift of around 2 hours. 

 

 
 

Fig. 9. Evolution of walls temperatures during the heatwave from June 19 to 25, 2025 

 

Table 5. Thermal Resilience Indicators during the Heatwave 

 IOD AWD αIOD Amplitude TPS Tmax Indoor 

 [°C] [°C] [-] [°C] [h] [°C] 

HermineAMB 0.014 1.1 0.013 7.74 4.23 25.26 

SitelleAMB 0.268 1.1 0.247 6.04 2.20 26.96 

MarmontinAMB 0.007 1.1 0.007 7.69 2.32 25.31 

Herminewall 0 1.1 0 8.80 5.63 24.20 

Sitellewall 0.228 1.1 0.209 6.14 5.33 26.86 

Marmontinwall 0.016 1.1 0.015 7.65 7.22 25.35 
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Regarding the WALL temperatures, the results were generally like those of the 

AMB, except that Sitelle’s IOD and αIOD were lower. As for the amplitude, Hermine 

increased its temperature difference with the exterior, as its peak temperature decreased by 

one degree compared to the AMB. The amplitudes for Sitelle and Marmontin remained 

identical to the AMB temperatures. The significant difference between the AMB and 

WALL temperature variations during the June 24 heatwave was the phase shift. Hermine’s 

phase shift increased from 4.23 to 5.63 hours, Sitelle’s from 2.20 to 5.33 hours, and 

Marmontin’s from 2.32 to 7.32 hours. These are highly significant observations, as they 

demonstrate that the exterior wall assemblies in all three buildings contributed to better 

thermal phase shift. It should also be noted that the different paint colors of the buildings 

likely influenced daytime thermal gains, with Hermine’s white façade consistent with the 

lower heat absorption observed during the heatwave. 

 
Main Differences between the Three Buildings 

The effective thermal resistance is one of the key thermal characteristics of the 

opaque walls of Hermine, Sitelle, and Marmontin. All three walls are high-performance, 

although the measured effective thermal resistance of Hermine is slightly lower than that 

of the other two. The types of insulation used also differ. While Sitelle is insulated with 

synthetic materials, Hermine and Marmontin use bio-based materials such as hemp wool 

and wood fibre — Hermine containing more hemp wool, and Marmontin compensating 

with a greater proportion of wood fibre. All three assemblies are light-frame wood 

constructions, for which low thermal mass is an inherent limitation. Marmontin was the 

heaviest of the three, and Sitelle the lightest. 

 

Power outage 

The results obtained during the winter heating outage revealed a relative 

homogeneity in ambient temperatures among the three buildings, with a resistance time 

(RT) ranging from 10 to 12 hours before dropping below the 18 °C threshold. This apparent 

stability, however, conceals more marked differences in the temperatures measured within 

the exterior wall assemblies (WALL) and in dynamic indicators such as the cooling speed 

(CS) and the degree of disturbance (DoD). 

Among the three tested assemblies, Marmontin’s wall displayed the slowest 

cooling rate. This could be explained by the fact that Marmontin has the most massive wall 

construction, with the best insulation and the highest airtightness. Indeed, it is important to 

note that thermal inertia cannot be considered independently of air infiltration. 

Uncontrolled air exchange through the envelope disrupts the expected buffering effect, 

notably by accelerating heat gains or losses. Several studies (Miszczuk et al. 2020) 

emphasize the importance of combining thermal inertia with airtightness to enhance 

thermal resilience. These observations are consistent with the findings of Ascione et al. 

(2014), who highlight the role of thermal mass in damping indoor temperature fluctuations 

under transient conditions. 

The wall of Sitelle, although lighter than that of Hermine, also showed a lower 

cooling rate. This behaviour could be due to its SITE-type configuration, in which the 

insulation is placed continuously on the exterior of the structure, or to its higher effective 

thermal resistance. This observation aligns with the principles outlined by Lstiburek 

regarding walls with continuous exterior insulation, although it does not allow for a 
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definitive conclusion. Further investigation is required. 

Analysis of the DoD, in turn, revealed more pronounced differences between the 

buildings. Marmontin, with a lower DoD than Hermine and Sitelle, appeared to retain heat 

more effectively over time. However, the initial temperature differences between the 

buildings make direct comparison difficult. Since the DoD is an integrated indicator that 

strongly depends on starting conditions, it presents a certain methodological fragility, 

already noted by Zeng et al. (2022). It would therefore be preferable to combine this 

indicator with others, such as the minimum temperature reached or the duration spent 

below a given comfort threshold. 

Overall, these results show that dynamic thermal performance cannot be attributed 

to a single factor such as thermal mass. Layer arrangement, type of insulation, and 

airtightness also interact in complex ways. Moreover, the differences observed within the 

walls are not always reflected in the ambient temperatures, suggesting that elements that 

remain unchanged between the buildings (such as windows, roofs, and floors) may play a 

decisive role in overall thermal behavior (Ascione et al. 2014). 

 

Summer overheating 

During the summer period, the performance differences between the three wall 

assemblies appeared more pronounced. The AMB values showed that Hermine and 

Marmontin withstood peak heat conditions better than Sitelle, with smoother temperature 

curves, more moderate maximum values, and lower IOD and αIOD indices. The 

performance of Hermine, despite having a measured Rtheff value lower than the other two, 

raises interesting questions about the relevance of thermal resistance in overheating 

situations. 

Marmontin, although more massive, displayed slightly less favourable thermal 

behaviour than Hermine. This result may seem paradoxical, but it is possible that its high 

level of airtightness limited natural night-time ventilation, preventing the dissipation of 

heat accumulated during the day. Solgi et al. (2018) have shown that the absence of night 

cooling can exacerbate summer overheating, even in well-insulated envelopes. The 

interaction between airtightness and ventilation thus represents a particular point of 

attention, especially in passive or highly energy-efficient buildings. 

Regarding the thermal time lag between Hermine and Marmontin, Marmontin’s 

superior wall performance can be explained by its high airtightness and greater thermal 

mass. However, Hermine’s better time lag performance in the indoor environment raises 

questions about the origin of this difference. Factors such as moisture content, layer 

arrangement, and the ability of indoor air to dissipate heat may also be influential variables, 

which are difficult to measure in a protocol limited to temperature data. This issue would 

warrant more in-depth laboratory testing. 

The Sitelle wall, insulated with synthetic low-inertia materials, logically showed a 

more reactive thermal response, with greater amplitudes and higher temperature peaks. 

This behaviour is consistent with the characteristics of the materials used, which are less 

suited to storing heat but effective at limiting heat loss in winter. However, the possible 

influence of hygric inertia on thermal inertia could also partly explain Sitelle’s observed 

performance. 

The performance observed in this study suggests that bio-based materials, within 

the context of this research, may offer an effective and natural solution for summer comfort. 
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However, the performance differences between the buildings indicate that further research 

is needed to isolate the respective effects of each parameter, particularly through tests 

conducted under controlled laboratory conditions. 

This study is part of an exploratory approach aimed at better identifying the 

conditions that promote the thermal resilience of lightweight timber-frame buildings in a 

Nordic climate. It provides evidence supporting certain principles (the value of thermal 

inertia, the structuring role of wall configuration) while also highlighting uncertainties and 

avenues for further research to optimise overall thermal performance. 

 
 
CONCLUSIONS 
 
1. Effective thermal resistance (RSI-e) is not a sufficient indicator for predicting the 

dynamic performance of opaque walls. While essential for limiting heat losses, it does 

not allow for anticipating a building’s response to rapid climatic variations, particularly 

during heating outages or heatwaves. 

2. Thermal mass and specific heat capacity appear to play a favourable role in slowing 

heat transfer in winter. However, this observation did not translate into better 

performance in summer. 

3. The complementarity of bio-based materials, thermal mass, and layer arrangement 

should be studied in a more isolated manner, through dedicated experiments or 

simulations. The present real-world study highlights these interactions but cannot fully 

disentangle them. 

4. The effect of airtightness cannot be conclusive in this study. While good airtightness 

improves heat retention in winter, it may limit heat dissipation in summer without 

appropriate ventilation. This aspect warrants further investigation. 

5. Differences observed in wall temperatures do not systematically result in differences 

in indoor air temperatures, underlining the role of unmodified envelope components 

between buildings (windows, roofs, floors) in global thermal regulation, especially in 

winter. 

6. The indicators used have limitations. The Degree of Disturbance (DoD) is highly 

dependent on the initial temperature, limiting its usefulness for cross-comparisons. 

Thermal resistance time (RT) and cooling speed (CS), while relevant for simplified 

assessments, do not fully capture the complexity of dynamic phenomena at the building 

scale. 

7. The observation of this study should be explained in more detail with numerical 

simulation, especially regarding the dynamic behavior of biobased materials. Lab tests 

should be completed for this study to reduce variability and improve robustness. 

8. The study could benefit from a completed life cycle analysis to complete the study.    

9. This work provides valuable insights into the limitations of static insulation indicators 

and highlights the advantages of dynamic evaluation under real-world conditions. 
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