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Abstract – Interior thermal insulation in a cold climate is risky from a 
hygrothermal point of view. Several measurement results have shown high risk 
of water vapour condensation and mould growth inside the walls in dwellings 
with high humidity load. Without deep hygrothermal analyse and measurement 
of building materials properties, the durability of interior thermal insulation as 
renovation solutions could be questionable. To get hydrothermally safe (no 
mould growth in the wall) solution, the maximum measured moisture content of 
logs before insulation should be below 12 percent and the thickness of interior 
insulation of mineral wool can be up to 50 mm. The water vapour resistance 
of a vapour barrier depends on the use of the house (for general living or as a 
summer cottage) and indoor humidity load. It is necessary to install a vapour 
barrier covering interior insulation carefully to avoid air leakages through it. In 
general, the maximum thermal resistance of an additional internal insulation layer 
with finishing layers, should not be above the thermal resistance of the log wall 
before the addition of the insulation.
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1. INTRODUCTION

Historic buildings with wooden log walls have a long history and they represent a 
variety of building techniques employed in Estonia and in other countries in cold 
climate regions. Today, the building envelope of historic wooden log buildings 
need to be improved to save energy and increase thermal comfort. To improve 
energy performance of historic buildings, a possible solution to preserve their 
high value architectural appearance lies in interior insulation.

Interior thermal insulation in a cold climate is risky from a moisture safety point of 
view. In general, the risk of failure will be higher if thicker interior insulation layers 
are used. Ibrahim et al. [1] have shown that interior thermal insulation systems 
can cause several moisture problems: inability to dry out over the years, conden-
sation risk, etc. Pasek and Kesl [2] have shown that the interior insulation of the 
building envelope in the climatic conditions of Central Europe is quite unsuitable 
because of a high probability of damage to the structural system of the building 
compared to other possible varieties of building envelope designs. Pasek [3] has 
also shown that stress increases in external walls and adjacent structures caused 
by non-forced effects of temperature changes in the environment after the appli-
cation of internal insulation. Bjarløv et al. [4] and Finken et al. [5] have shown 
problems with interior insulation in masonry walls without any additional driving 
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rain protection. The risk of interior insulation failure means also possible mould 
growth in the wall structure, spread of mould spores, moisture accumulation or 
water vapour condensation. Spores in indoor air may cause health problems 
for inhabitants. A lot of the latest research is concentrated on the hygrothermal 
performance of wooden beam ends in an internally insulated masonry wall [6–8].

As outlined above, interior insulation is more complex and not as hygrother-
mally safe as the widely used exterior insulation. Increasing the thickness of an 
insulation layer leads to a decrease in heat loss through the external wall. Thus, it 
is necessary to find a solution where both the risk of failure and heat loss through 
walls are minimal. To achieve a moisture safe renovation solution, careful design 
and risk analysis are needed. This study presents a summary of several studies 
on hygrothermal performance of interiorly insulated wooden log walls in Estonian 
cold climate conditions.

2. METHODS

2.1 ON SITE MEASUREMENTS

Three field measurements were conducted [9–11] to collect information about 
the hygrothermal performance of interior insulation in real conditions, and to get 
measurement data for calibration of simulation models.

The initial log wall construction consisted of a 140–200 mm log sealed with a 
tow or mineral wool and covered externally with wooden cladding or not covered 
at all. For interior insulation several materials were used: reed insulation mat 
(λreed≈0.054 W/(K•m)), cellulose insulation (λcellulose≈0.045 W/(K•m)), mineral wool 
(λmv≈0.040 W/(K•m)), and reflective composite mat insulation (λri≈0.016 W/(K•m)). 
In addition to thermal conductivity, materials differed also by water vapour perme-
ability and moisture storage properties.

The values of temperature, relative humidity (RH), and heat flux were measured 
over a one year period at one hour intervals. The following sensors were  
used: temperature sensors (TMC6-HD; measurement range: –40° … +100 °C,  
accuracy: ±0.25°) with HOBO•U12–013 data loggers; temperature and RH 
sensors (Rotronic HygroClip?SC05 Ø5mm×51mm, measurement range:  
–40° … +100 °C and 0 … 100 %, accuracy: ±0.3 °C and ±1.5 %); and heat flux 
plates (Hukseflux HFP-01-05, measurement range ±2000 W/m2, accuracy:  
±5 %). Measurement results were saved with a Grant Squirrel SQ2020 data 
logger. Temperature and RH inside and outside the building were measured with 
data loggers (Hobo U12-013; measurement range –20 … +70 °C; 5 … 95 % RH, 
with an accuracy of ±0.35 °C; ±2.5 % RH).

2.2 SIMULATIONS

Hygrothermal simulations were made with the WufiPro (WUFI) software. The 
calculation model was composed in a WUFI simulation tool. The program intro-
duces two potentials for moisture flow: the liquid transport flux depends on 
RH and the water vapour diffusion flux depends on vapour pressure. Heat and 
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moisture convection is not calculated. The air flow is calculated in a simplified 
way, as air change between studied layer and indoor/outdoor air.

The calculation model was validated [10,12,13] by choosing the materials best 
matching those used in the measured structure from the default WUFI database, 
and by slightly modifying the default material properties according to information 
identified in literature.

An Estonian moisture test reference year [14], critical in terms of mould growth 
in Estonia, was used for the outdoor climate after a validation of the model with 
the measured outdoor climate. The indoor temperature reference level is based 
on measurement results from previous studies [15–17], where the average indoor 
temperature during a cold period is presented.

3. RESULTS AND DISCUSSION

3.1 FIELD MEASUREMENTS

3.1.1 A historic wooden apartment building

The RH on the inner surface of the log wall stayed at the high level during the 
whole measurement period. Based on the mould growth model [18] in all the 
cases, the temperature and RH level inside the wall exceeded the temperature 
and relative humidity (RH) conditions favouring initiation of mould growth on 
wooden materials, see Figure 1. Mould was detected also visually when walls 
were opened for repair.

The test walls studied were located in apartments with high humidity loads. This 
was caused mainly due to high moisture production (high occupation density by 
a family of seven, basement walls and floor were opened to living rooms) and 
low air change rate (natural ventilation) because the ventilation system was not 
renovated. In addition, high initial moisture content (the building was not used and 
heated for many years before renovation) was one possible reason for the high 
humidity level.

Figure 1. One section from six studied test walls (left) and temperature and RH conditions that 
are favourable for mould growth between log and insulation.
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3.1.2 Field measurements in a historic wooden rural house

The purpose of the second study was to compare the thermal performance of 
traditional mineral wool (MW; thickness of 66 mm, (λMW≈0.04 W/(m•K)) and a  
thin-layer reflective insulation (RI; thickness of 10 mm + 2×25 mm air layer, 
RRI≈5,70 m2K/W) systems on internally insulated log walls (Figure 2, A / B). The 
room was heated with electrical convector. The room was not humidified. The 
measurement period was divided into two parts: seven months with the interior 
heated, and seven months with the interior unheated (free-floating climate).

As the measured temperatures and heat flux through both test walls were almost 
equal, the thermal performance of 66 mm wool insulation and 10 mm reflective 
composite mat insulation with air cavities on both sides, was similar. The thermal 
resistance of 10 mm reflective composite mat insulation was lower than declared 
by the producer in advertisements.

Figure 2. Hourly temperatures during December (above) and the distribution of monthly 
average temperatures in test walls.

3.1.3 Field measurements in a new test house

The field measurements were carried out in a small house (room with a net area 
of 18 m2) specially designed and built for testing. One wall was insulated internally 
with three different materials: mineral wool, cellulose fibre (both covered with 
vapour retarder and gypsum board) and reed mat with clay plaster. The purpose 
was to compare hygrothermal performance of different insulation materials 
as well as to compare the influence of drying out moisture on different interior 
insulation materials.
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The RH level of different materials was different due to different construction 
methods (Figure 3). Insulation with cellulose fibre was most critical, because it 
was installed by a wet spray method. While the cellulose was covered with water 
vapour barrier, the drying out of moisture was also slow (about six months). The 
reed mat itself was dry, but the added plaster layer added a significant amount 
of water into the insulation layer, therefore the RH was high during the first 
month. The drying process was faster than in the cellulose fibre part, because 
the water vapour resistance of the clay layer is much lower than the resistance 
of the PE-membrane used for water vapour barrier on the cellulose fibre and on 
the mineral wool part. The mineral wool part had no additional moisture during 
installation, and therefore the RH level was low at the beginning of the measure-
ments. The RH level increased because the moisture dried out from the logs. The 
RH in the reed mat in summer was about 10 % lower than in the mineral wool 
and cellulose fibre. This was caused because reed was plastered and allowed 
better moisture dry out to the room. In the mineral wool and cellulose fibre part 
the moisture mainly dried out to the external side due to air convection through 
the log wall, which is much more intensive during the cold period (beginning from 
November).

Figure 3. Measured and calculated RH on the inner surface of the log wall showed good 
agreement between calculations and measurements.

3.2 SIMULATIONS

3.2.1 Stochastic approach

Using a stochastic approach, the performance of the interior insulation as a 
retrofit measure in a historic wooden apartment building was analysed by varying 
the following input data parameters: outdoor climate conditions, indoor climate 
loads, different retrofitted wall assemblies, and quality of workmanship. The 
Monte Carlo method was used for sampling input variables according to their 
probabilistic distributions characteristics. The mould growth index is considered 
as the performance indicator for risk assessment. All together 486 combinations 
were generated and WUFI simulations were performed to check whether an 
unwanted outcome (M index <1 that means no mould growth) occurs or not [19].

As a result of success (M index< 1) and failures (M index ≥ 1), it was found that 
the unwanted outcome occurred in 17 cases and 83 of the cases were safe 
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(Figure 4). In 17 cases out of 100, a statistical probability of interior insulation 
failure is 17 %. For a 30 year calculation period, the unwanted outcome occurred 
in 26 cases, and 74 of the cases were safe. Statistical probability failure is 26 %.

Figure 5. Correlation between the mould index and the probability of a solution to function 
without failure.

To find the relation between the regressions analysis and the M index, the combi-
nations of input variables generated for the first step WUFI simulations were 
used. The correlation between the calculated M indexes and the probabilities 
of a solution to function without failure of randomly generated 100 calculation 
cases are presented in Figure 5. To assess the reliability, the boundary between 
safe and failure can be drawn in the intersection of the assessment criteria line 
and the probability line. The average probability for a solution to function without 
failure is 86 % in the 0.95 confidence intervals 64 % to 100 %. Based on the 
stochastic calculations, it can be said that if the safety margin is set on the lower 
0.95 confidence level, then the statistical probability of failure for the 50 mm 
thick interior insulation on the 145 mm thick log wall in typical indoor and outdoor 
climate conditions in Estonia, is 36 %.

Figure 4. Calculated mould index between log and interior insulation layer of randomly gene-
rated 100 cases for one year period.
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3.2.2 Deterministic approach

A parametric study was conducted [20] to analyse the risk of mould growth on 
the critical surface: the inner surface of a log by varying following input data 
parameters: indoor humidity load, average indoor temperature during winter, 
thickness of a log wall, thickness of additional insulation, initial moisture content 
of logs (MC), vapour diffusion thickness of air, and vapour barrier. A period of 
five years calculated with the moisture test reference year, was considered 
long enough to achieve stable yearly hygrothermal variations with most of 
the calculated combinations. All together more than 360 combinations were 
generated, and WUFI simulations were performed.

Based on simulations, we can order the main parameters based on the effect on 
mould growth risk between log wall and insulation (starting from the highest):

1. water vapour resistance of the vapour barrier;
2. indoor moisture load;
3. thermal transmittance of the interior insulation layer;
4. initial MC of logs;
5. thickness of logs, i.e. the thermal resistance of the original wall; and
6. indoor temperature level.

The vapour barrier in a heated house should be Sd > 10 m in case of MC of 
log up to 16 % or if thicker insulation layer is desired and at least 2 m when the 
relative MC of logs is up to 14 %. In unheated houses, Sd = 2 m is the maximum 
acceptable level when logs have MC up to 17 % at the time of insulation.

4. CONCLUSIONS

This article summarises several studies conducted to find hygrothermally safe 
solutions for interior insulation as an energy renovation measure for historic 
buildings.

In the worst case scenarios, mould growth was detected inside the internally 
insulated log wall. Therefore, special attention should be paid, when interior 
thermal insulation is under consideration for energy renovation of historic 
buildings.

Calibration of the hygrothermal simulation model, and measurement of original 
wall material, are needed in most cases. Therefore we recommend to conduct 
field measurements on smaller wall parts before full scale renovation.

The main conditions and parameters required in order to avoid mould growth risk 
in an interiorly insulated log wall in cold climate, are as follows:

• The water vapour resistance of a vapour barrier depends on the use of the 
house and its indoor humidity load; therefore, the choice of an appropriate 
material should be based on the values indicated in [20], or else calculations 
are required in each individual case;

• The thermal resistance of additional internal insulation layer can be more than 
double of the thermal resistance of the present log wall if all following criteria 
are fulfilled: better vapour barrier with effective sealing, lower indoor moisture 
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excess is guaranteed with effective performance of ventilation, hygrothermal 
calculation for specific case is made, and increased risk of mould in the wall 
can be tolerated;

• Before insulation, a log wall has to be as dry as possible, i.e. at the measured 
initial average moisture level of MC ≤ 12 % if mineral wool with a vapour-tight 
barrier is used;

• It is necessary to ensure the airtightness of a wall, and especially the vapour 
barrier covering the interior insulation; any penetrations (electric installations, 
etc.) are unacceptable;

• It is necessary to guarantee the required ventilation and heating in a house by 
means of reliable technology.

Changing the water vapour resistance of a vapour barrier or indoor moisture load, 
was found to have the biggest effect on the mould growth index, whereas the 
average thickness of logs and indoor temperature levels had a small effect on the 
mould growth index. This means that the choice of the right vapour barrier, and 
its careful installation, together with low (controlled) indoor moisture loads, are the 
primary conditions to avoid mould growth in an interiorly insulated log wall.
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