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Abstract: This paper aims to improve understanding of timber-based envelope hygrothermal performance in relation to five 
different Australian climate regions, ranging from subtropical hot and humid to cool temperate and including all of the country’s 
major cities. A standard apartment unit is used as a case study to analyse the hygrothermal performance (expressed as 
thermal resistance, condensation and mould growth risk) of two selected external wall types: massive wall and timber-frame 
panelised components. The different scenarios are assessed through the adoption of a multi-criteria approach, accounting 
for both steady-state and transient behaviour. The thermal analysis is performed in a transient state to create the yearly 
profile of indoor humidity and temperature. These are then used as the input data to assess the hygrothermal behaviour of 
the external wall solutions. Results show how the massive timber wall system performs better across the Australian climate 
zones, with consistent thermal behaviour and higher indoor temperature stability. Condensation phenomena and mould 
growth risk are significant for all scenarios and must be closely considered during the building design phase, especially in 
very hot and highly humid climates.
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1. INTRODUCTION

The building envelope fulfils a role of utmost importance, protecting the interior space from the outdoor environment. It 
must accommodate several functions to guarantee building energy efficiency and ensure occupants’ safety and satisfactory 
indoor living comfort. Therefore, many factors are likely to influence its behaviour and need to be carefully considered 
during the design phase. A superficial approach can result in damage that may eventually severely compromise the correct 
functioning of the envelope components. 

Timber envelopes, for instance, contribute to reaching a good level of energy performance and are highly beneficial 
for the indoor space quality. Wood acts by nature as a moisture buffer, bestowing hygrothermal regulation of enclosed 
spaces through the control of heat exchanges and vapour diffusion (Glass et al., 2015). On the other hand, malfunctioning 
of timber envelopes can become extremely critical due to the material intrinsic characteristics. In fact, wood products are 
highly sensitive to atmospheric conditions. Moisture content variation can cause swelling and shrinkage of timber elements, 
which represent a major risk, especially when dealing with tall structures. It is also well-known how humidity levels above 
recommended thresholds may eventually lead to severe decay pathologies, structural damage and even catastrophic 
failure. The “leaky-condo” or “rotten-condo” crisis that affected North America at the end of the 20th century, provided a 
paradigmatic example of timber-based envelope decay due to bad design in wet climates (The renewal of trust in residential 
construction, 1998). New Zealand and Tasmania have also suffered from a similar crisis, where poor design choices resulted 
in construction leaks and high risk of interstitial condensation that caused burdensome and costly remediation actions 
(Dewsbury et al., 2016-2).

1.1 The Australian context

Over the past decade, the Australian construction industry has witnessed an increased deployment of mass timber 
structural technologies for the realization of multi-story buildings. This is also a global new trend, and it has largely been 
made possible by the market spread of engineered wood products. These products are able to enhance the material’s 
structural performance, yet maintain the major advantages in terms of sustainability, lightweight nature, ease of production, 
workability and assembly. The most common engineered timber products on the Australian market are: Glued Laminated 
Timber (Glulam), Cross Laminated Timber (CLT) and Laminated Veneer Lumber (LVL). Project best practice examples, such 
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as the Forte Tower (Melbourne), International House (Sydney), and 25 King St (Brisbane), show the viability of tall timber 
building in the Australian context. That these techniques have developed rapidly both in Australia and worldwide raises 
the need for a better understanding of the behaviour of timber buildings under the different outdoor conditions (climate) 
and indoor environment (building use). Historically, timber has mainly been employed across cold or temperate climate 
regions. The market share of wooden houses in northern European countries, for instance, accounts for approximately 
90% (Schauerte, 2010). In addition, stud timber-frame technology is widespread across North America for the construction 
of typical residential dwellings. This is due not only to the fact that those countries have easy access to the raw material, 
but also that hyper-insulated lightweight technologies perform better in cold climates. In fact, several studies demonstrated 
the importance of high thermal mass during the cooling season for those regions where indoor summer overheating may 
be a significant issue (Di Perna et al., 2011). Australia is characterised by a wide variety of climatic conditions for all major 
urban areas, ranging from subtropical hot and humid to cool temperate (Map of Climate Zone of Australia, 2001). Thus, this 
research study offers a great opportunity to explore timber envelope behaviour under dramatically diverse scenarios that are 
comparable to climatic patterns common to many other areas of the globe.

2. SCOPE OF THE ANALYSIS

Envelope performances are usually assessed through a set of steady-state analysis, often overlooking the transient behaviour 
that the envelope itself is subjected to, such as the day/night turnover, climatic variations across seasons and occupancy 
patterns (Stazi et al., 2012). When it comes to timber envelopes, the hygrothermal performance is essentially based upon 
their ability to balance atmospheric humidity oscillations, without increasing wooden element water content or humidity level 
above critical thresholds. Therefore, to assess the reliability of timber envelopes over time, it is necessary to acknowledge 
the transient behaviour with respect to heat and moisture (HAM) transfer. This study assesses the hygrothermal behaviour 
of two different timber construction typologies according to different climatic scenarios. The performance is evaluated by 
both steady-state thermal analysis and transient hygrothermal analysis on a standard apartment as case study. The aim is 
to prevent new-generation timber building failures in Australia and to guide the design of thermally efficient and moisture 
safe timber envelope components. 

This work is part of a larger project dealing with timber envelope characterization across Australian climates with respect 
to their hygrothermal behaviour. For this reason, the research presented in this paper shares and builds upon some of the 
premises and assumptions of the authors’ previous works on the same topic (Gasparri et al., 2018).

3. METHODOLOGY 

The assessment methodology adopted a step-by-step incremental approach to detect possible dysfunctions that may 
occur from the use of certain timber external walls technologies across Australian climatic contexts. The analysis for the two 
wall assemblies followed three steps:

• Steady-state thermal analysis, to evaluate the walls’ thermal resistance for the proposed wall assemblies. This 
R-value determination was necessary to run the following step.

• Dynamic HAM transfer analysis, to define the hourly indoor hygrothermal environment for the two wall solutions. 
This analysis was run with TRNSYS simulation software, using a selected case study apartment.

• Condensation and mould growth risk assessment, using respectively WUFI-2D simulation software and WUFI-bio 
plug-in. As rooms temperature and relative humidity may greatly influence the assemblies performance (Stenkens et 
al., 2009), this third step uses the indoor hygrothermal profiles obtained from the previous dynamic analysis as input 
for the indoor climate, instead of the standard simplified methods described by building codes. Thus, building code 
typically involve the use of simplified schedule for the indoor climate condition. This can lead to underestimation of 
the condensation risk, leading in turn to consequences on the envelope durability and occupants’ health.

3.1 Scenarios considered 

The selected wall assemblies reflect Australia’s emerging timber-based construction typologies. In particular, a timber-frame 
wall assembly and a CLT-based one were analysed. The cross sections were defined based on the walls’ comparability 
in terms of structural and thermal performance (Gasparri et al., 2018). The latter was calculated as per Australian code 
DTS provisions, section J (ABCB, 2015). Figure 1 and Table 1 respectively present the functional layer distributions and 
thicknesses for both solutions. 
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Figure 1:  CLT-based wall cross section (left). Timber-frame wall cross section (right).

Table 1: Functional layers thicknesses (listed from inside toward outside).

CLT-based wall Timber-frame wall

CLT structure 90 mm OSB panel 12.5 mm

Timber studs 140 mm

Air gap (still) Depending on insulation 
thickness 

External insulation 
(Rockwool)

Depending on R-value 
requirements

In-cavity insulation 
(Rockwool)

Depending on R-value 
requirements

OSB panel 12.5mm

Waterproofing membrane - Waterproofing membrane -

Ventilation gap 50 mm Ventilation gap 50 mm

Rain screen 10 mm Rain screen 10 mm

The different external climates analysed are representative of the aforementioned Australian climatic zones (Map of 
Climate Zone of Australia, 2001). This study focuses on the climatic zone for the major urban areas, such as: zone 1 
(Brisbane: warm humid summer, mild winter), zone 5 (Sydney, Adelaide, Perth: warm temperate), zone 6 (Melbourne: 
mild temperate) and zone 7 (Canberra: cool temperate). The climatic data have been derived from Meteonorm, which is 
a software that allow to generate accurate typical years based on an extensive database of weather station (Meteonorm, 
2010). 

3.2 Steady-state approach

The steady-state analysis of the external walls was run according to the Australian Building Code (ABCB, 2015), to define 
the insulation thickness needed to achieve the required performance for each climate zone. Although the code simplified 
method is well established and used in normal practice, it does not account for the evaluation of thermal bridges and the 
determination of impacts on the overall wall assembly. In fact, the one-dimentional calculation is usually made through a 
typical cross section, not accounting for wall insulation discontinuity or irregular geometry. The timber-frame construction 
presents interruptions of the insulation layer at timber studs. This means that the wall thermal resistance is lower at that 
section. Considering that the stud pitch in loadbearing walls is usually equivalent to 400 mm, this can drastically affect the 
overall R-value of the envelope component.  For this reason, a deeper evaluation was conducted for the timber-frame wall 
solution, based on the European standard EN ISO 6946 (2007). THERM (www.windows.lbl.gov) simulation software was 
used to graphically show the temperature drop in the timber-frame wall section. 

3.3 Transient approach

The results from the steady-state calculation were used for the transient assessments. This second phase consisted of 
two different steps: firstly, the indoor environment for the two external wall solutions was evaluated through whole building 
simulations and, secondly, the indoor environment profile was used to assess the condensation and mould growth risk for 
the two assemblies through a refined transient HAM analysis. 

3.3.1 Whole building simulation 

The whole building simulation was performed with the software TRNSYS (www.trnsys.com), which allows for sophisticated 
whole building energy modelling. The simulation matrix described in Table 2 shows the different scenarios considered. 
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Table 2: Simulation matrix. 

Wall type Climate Architectural model Internal regime

Timber-frame
zone 2

(NSW Government Agencies, 2010) (NatHERS, 2012)
zone 5

CLT wall
zone 6

zone 7

In order to compare the different scenarios, it is important to set up a clear framework for the simulations and specify all 
assumptions. The first step was to define the reference architectural model. The NSW Apartment Design Guide (New South 
Wales Government Agencies, 2010) was used to set the scope. The selected apartment (Figure 2) is a two bedroom corner 
apartment with a heated floor area of 70 m2. It presents three sides exposed to the outdoor environment to maximize the 
envelope surface. It is divided into a sleeping zone (bedroom, studio and bathroom) and a living zone (living and kitchen).

Figure 2:  Reference architectural model (New South Wales Government Agencies, 2010). Living area (red), sleeping area (blue). 

Internal walls, roof and floor were set as adiabatic boundaries to only account for the external timber-based walls’ 
hygrothermal contribution. The NatHERS certification scheme was used to define the internal regime for both the living and 
sleeping areas, on an hourly basis (NatHERS, 2012). Outcomes in terms of hourly relative humidity and temperature profiles 
were used to assess the condensation and mould growth risk. 

3.3.2 Condensation and mould growth risk 

The hygrothermal behaviour of the two wall assemblies was assessed with the software WUFI (www.wufi.com), which can 
account for vapour diffusion and liquid transport through building materials. 

The evaluation method to classify the risk of condensation followed the ASHRAE 160P (2008) standard. The method 
to analyse mould growth risk referred to a bio-hygrothermal model (Sedlbauer, 2003), which compares the calculated wall 
surface boundary conditions with the optimal conditions for mould growth to understand the risk severity for mould growth 
to occur. The results are expressed by means of a traffic-light scheme: green for low-risk, yellow for medium risk and red 
of high risk.

The hygrothermal behaviour of the walls was assessed by considering the following performance criteria:

A. 30-day running average surface relative humidity < 80% (ASHRAE, 2008)

B. 7-day running average surface relative humidity < 98% (ASHRAE, 2008)

C. 24-hours running average surface relative humidity <100% (ASHRAE, 2008)

D. Mould-growth Index (Sedlbauer, 2003).
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4. RESULTS AND DISCUSSION

4.1 Steady-state analysis: R-value and thermal bridges 

The steady-state analysis allowed for the calculation of the R-value for the two wall solutions and it demonstrated the 
impact of thermal bridges on the envelope thermal performance. The insulation thickness was defined on the basis of 
ABCB thermal performance thresholds for each climate zone. The R-value was calculated on a typical cross section. The 
timber-frame wall thermal resistance that accounts for the timber studs thermal bridge effect is named R-valuereal. Table 3 
shows how, when using the European standard EN ISO 6946 calculation method (where the influence of thermal bridges is 
included in the numerical formula), higher insulation thicknesses would be necessary to satisfy national code requirements, 
as the thermal resistance is reduced by up to 20% for climate zone 2 and 15% for zones 5, 6 and 7. In fact, to reach the 
3.3 m2K/W threshold assigned to climatic zone 2, the stud frame cavity should be fully filled with insulation (140 mm). The 
R-value requirements for zone 5, 6 and 7 would instead need an insulation thickness of 100 mm. In addition, the thermal 
bridge created by the studs might compromise the hygrothermal behaviour of the wall itself, as it causes temperature 
differences that increase the risk of condensation. 

Table 3: External wall assemblies thermal performance. 

ABCB requirements CLT-based wall Timber-frame wall

zone R-value Insulation thickness R-value Insulation thickness R-value R-valuereal

2 3.3 m2K/W 80 mm 3.40 m2K/W 100 mm 3.58 m2K/W 2.85 m2K/W

5, 6, 7 2.8 m2K/W 60 mm 2.81 m2K/W 80 mm 2.97 m2K/W 2.52 m2K/W

   

Figure 3: Temperature distribution within the timber wall frame. THERM software (www.windows.lbl.gov). 

Figure 3 shows the isothermals within the timber-frame wall horizontal cross section, obtained through a steady-state 
simulation performed with the THERM simulation software. Isothermals define the temperature patterns inside a building 
component and, ideally, they should be uniform to indicate an absence of thermal bridges. 

4.2 Transient analysis

4.2.1 Whole building simulation 

Whole building simulations were performed to calculate the indoor hygrothermal environment for the two different wall 
construction types. Figure 3 shows the comparison between daily indoor temperatures on one year for both the sleeping 
and living zones, achieved with the CLT-based wall and the timber-frame wall. The temperature is the average air 
temperature measured in the middle of the room. The temperature profile difference between the sleeping and living zones 
is considerable, especially during winter. This is mainly due to the heating schedule by NatHERS, which imposes for the 
living zone the use of a thermostat to maintain a constant temperature of 20°C. Conversely, in the sleeping zone the set 
point temperature would be equal to 18°C from 07.00 to 09.00 h and 15°C from 16.00 to 07.00 h, while from 09.00 to 
16.00 h it is switched off.  
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Figure 4: Daily indoor air temperatures of the room in the two scenarios: CLT-based wall (orange line) and timber-frame wall (grey line). 
Sleeping zone (dotted line) and living zone (continuous line).

The indoor hygrothermal environment does not differ much by varying the apartment model envelope technology. Some 
minor variations can be appreciated, mainly during cold seasons in the living zone. This is due again to the thermostat 
settings used for the apartment model, which ought to maintain an indoor thermally stable environment. In winter, where 
the heating system works intermittently, it is easier to notice the envelope influence on the indoor thermal condition. As a 
consequence, climates characterised by a mild winter (zones 2 and 5) show the greatest discrepancies, since the building 
works in free-floating mode almost all day. Conversely, in the hot Australian summer, the cooling system is expected to be 
switched on all day, to control temperature oscillations according to the set point temperature. In this case, the set point 
temperature varies among the climate zone: it is 25.5°C for zones 2 and 5, and 24°C for zones 6 and 7. 

4.2.2 Condensation and mould growth risk 

The internal hourly profiles in terms of relative humidity and temperature (averaged between day and night zones) were 
used to assess the hygrothermal behaviour of the two wall assemblies. Table 4 shows results for each scenario (pass/fail 
matrix). Generally, it is possible to observe that a timber-frame wall is more likely to encounter failures and that hot and 
humid climates are more critical.

Table 4: Hygrothermal assessment results for the selected performance criteria (A, B, C, D). X = fail.

Wall type Climate A B C D

CLT-based 2 Brisbane X ok ok X

CLT-based 5 Sydney X ok ok X

CLT-based 6 Melbourne ok ok ok ok

CLT-based 7 Canberra ok ok ok ok

Wall type Climate A B C D

Timber-frame 2 Brisbane X ok ok X

Timber-frame 5 Sydney X ok ok X

Timber-frame 6 Melbourne X ok ok X

Timber-frame 7 Canberra X ok ok ok

   

Table 5 reports detailed information on the failure events, such as the failure duration in time (day per year in which critical 
thresholds are exceeded) and the position where the failure occurs (layer interface). The detailed study of the failure events 
shows that the CLT failure are less frequent (Table 4) but more critical: the risk of mould growth on the internal surface is 
classified as unacceptable (red light of the traffic scheme), highlighting the health hazard associated. In the timber frame 
wall, instead, the risk of condensation is higher in all climates, but the mould growth index is lower. This is probably due 
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to the drying process: massive walls perform better but, when condensation occurs, the drying process is slower and less 
responsive compared to lighter solutions. 

Table 5: Details of the failures occurring in the two solutions. Only failed criteria are included. 

Scenario Failure A Failure D

 Day/year Interface Risk level

CLT - 2 32% Indoor / CLT RED

CLT - 5 16% Indoor / CLT RED

TF - 2

42% Indoor / OSB RED

23% OSB / Air cavity YELLOW

22% Air cavity / Insulation YELLOW

31% Insulation / OSB RED

TF - 5 11% Indoor / OSB YELLOW

TF - 6 36% Insulation / OSB YELLOW

TF - 7 24% Insulation / OSB -

The CLT-based wall presents major failures in the two warmer climates (Sydney and Brisbane), with the relative humidity 
(RH) value above the thresholds and high risk of mould growth. Both cases failed at the interior face of the CLT. This may 
be due to the sensibility of wooden elements to humidity over extended exposure times, as well as to the high outdoor RH 
of the climates. The timber-frame construction presents failures across all climates, highlighting the need for a thorough 
investigation of its hygrothermal behaviour during the early design stage. Brisbane represents again the most sever climate 
with the highest failure rate; the assembly is not able to balance the outdoor high RH and indoor moisture production (latent 
load). The Sydney scenario shows a moderate failure on the internal wall surface, while the cooler climates (Melbourne and 
Canberra) fail at the interface between the insulation layer and the external OSB sheeting. The condensation and mould 
growth risk are higher on the cool side of the insulation in direction of the water vapour flow. 

The differences in the performance for the two wall solutions can be ascribed to the following reasons:

• Component vapour permeability. The OSB sheeting, “encapsulating” the insulation, is characterized by low vapour 
permeability and contributes to trap moisture in the stud frame cavity. The CLT-based solution is instead a moisture-
open solution as it lacks such an effective seal. 

• Thermal performance. The CLT-based solution performs thermally better than the timber-frame one, where the 
R-valuereal (which accounts for thermal bridges) is significantly lower than the one calculated as per Australian 
code DTS provisions, section J (ABCB, 2015). For this reason, the timber-frame solution is subjected to higher 
outdoor/indoor temperature gradients. Therefore, condensation or mould growth is more likely to happen with this 
construction under the right conditions (e.g. cold outside, humid inside).

5. CONCLUSIONS

In this paper the hygrothermal behaviour of two timber-based envelopes under transient conditions was analysed and 
the risk for mould growth investigated. The results suggest a higher reliability in terms of performance of massive timber 
envelope solutions over the lightweight solution, within the Australian climatic context. Results suggest that the hygrothermal 
behaviour of timber envelopes is a critical issue in Australian climates and further developments are needed to better 
understand the criticalities and the possible solutions. Moreover, the results indicate that the most widely used basic wall 
type (timber frame) is highly critical and in urgent need of better development. Based on the analysis, it is possible to already 
highlight the OSB sheeting as a very weak point of the timber frame wall, due to the low permeability. Increasing the thermal 
performance of the wall assemblies and using more permeable materials is highly recommended to decrease the risk of 
mould growth. 

The main limitations of this study can be summarized as follows:

• The wall cross-sections under examination did not include functional layers such as fire barriers or internal finishing. 
Further studies are required to investigate other wall configurations and their behaviour under these conditions. 

• Both transient analyses used meteorological data based on past climatic averages, but did not account for the 
worst-case scenario (a prolonged hot and humid summer).

• The condensation risk assessment was run in one-dimension on a typical cross-section. The moisture flow at timber 
studs and thermal bridges have an influence on condensation, this requires further in-depth analysis. 
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Future studies carried out as part of the wider research project will aim to overcome the above limitations. In addition, 
the authors’ research will look at the positive contribution that thermal mass has proven to have in warm climates and how 
thermal summer performance can be implemented in timber-based envelopes. 
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