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Abstract

:

The use of renewable building materials in construction is crucial to minimising the environmental impact of new buildings. Bio-based building materials have a wide range of positive properties, many of which are due to their hygroscopic behaviour. The purpose of this study is to investigate the hygrothermal performance of chopped straw, sheep’s wool, and cellulose insulated timber frame external wall assemblies in the presence of air leakage and high indoor relative humidity. For this purpose, tests with different moisture contents, overpressures, and defects in the airtight layer were carried out in an outdoor test stand over a period of 18 months. The results were compared with a conventional mineral wool insulated construction. Both sheep’s wool and cellulose are particularly fault-tolerant insulation materials in combination with timber frame constructions. All three bio-based insulations, despite defects in the airtight layer, showed no mould-prone moisture content. An installation level insulated with sheep’s wool can increase the fault tolerance of constructions with insulation made of hygric and more sensitive building materials. For chopped straw and cellulose, the measured U-value was lower than expected. Further in situ measurements of bio-based structures are important to gain confidence in their hygrothermal behaviour and to increase their use in multi-storey construction.
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1. Introduction


Bio-based building materials can not only store CO2, making a significant contribution to the decarbonisation of the building sector but are also recyclable, biodegradable, moisture and temperature-regulating, and often have low thermal conductivity and high heat storage capacity [1]. However, bio-based building materials are still relatively underused in multi-storey buildings due to uncertainties regarding moisture behaviour, durability, and a general lack of knowledge [2].



The hygrothermal performance of building materials includes the absorption, storage, release, and interaction of heat and moisture. This ability to adsorb and desorb water vapour is measured by an index called the moisture buffering value [3]. Building materials with the ability of moisture buffering improve hygrothermal comfort and indoor air quality [3,4], although their specific contribution to the indoor climate has not yet been fully understood [3,5]. Olalekan et al. found that the use of hygroscopic materials can reduce heating and cooling energy consumption by up to 5% and 30%, respectively [6]. Mendes et al. showed that peak heating loads are overestimated by up to 210% and underestimated by up to 59% due to passive moisture absorption and release [7]. The study of hygroscopic building materials under real-life conditions is therefore of great importance in order to correctly calculate the energy demand of buildings and to properly size heating, ventilation, and air conditioning systems.



Compared to conventional insulation materials (e.g., mineral wool and polystyrene), bio-based insulation materials are often assigned higher nominal and design values for thermal conductivity, which results from a normative moisture surcharge for natural fibre insulation materials [8]. The thermal conductivity of building materials at 23 °C temperature and 80% relative humidity is used to calculate the thermal transmittance of a building construction (U-value). This value at 23 °C and 80% is usually determined by adding a normative factor to the dry thermal conductivity [8]. Depending on the product, this normative factor can be up to 20% of the measured value in the dry state. Therefore, it is generally assumed that the average climate in the insulation material is 23 °C and 80% humidity. The thermal conductivity has a direct influence on the calculated U-value and thus on the design of the building’s energy balance. It is not yet scientifically clear whether this general addition to the thermal conductivity of natural fibre materials is justified.



1.1. Literature Review of the Examined Materials


For multi-storey buildings, the combination of external timber frame walls and internal massive timber walls is a particularly ecological construction method [9]. Timber framing, particularly for external walls, offers the opportunity to achieve high insulation thicknesses and thus reduce the operational environmental impact through reduced heating requirements during the cold seasons. However, the most commonly used mineral or plastic-based building materials for thermal insulation are currently responsible for approximately 26.1% of the total embodied CO2 in construction [10]. Recent research shows that timber constructions with insulation that has a hygrothermal behaviour similar to that of wood are generally more robust and, therefore, more durable [11]. There is a broad consensus that hygroscopic materials disperse moisture that enters the material and thus protect the timber structure. However, there are many different ecological insulation materials, all of which behave hygrothermally differently. Natural fibre insulation materials are based on a wide range of bio-based raw materials, such as wood, cellulose, hemp, jute, and straw [11]. Among the many different types of insulation, wood fibre-based building materials have been extensively investigated hygrothermally [12,13,14]. While straw bale insulation has been known for a relatively long time as an eco-insulation, blowing in chopped straw insulation is a new technology that has recently been increasingly investigated [15]. Previous studies have focused on the risk of mould [16], specific material mixtures such as chopped straw and cellulose [17], or thermal conductivity [15,18]. The hygrothermal properties of sheep’s wool [19] and cellulose [20] have also been extensively studied under laboratory conditions. Investigations under real conditions should also include design flaws that may lead to air leakage. Air leakage is generally a major problem in highly insulated timber frame buildings, often leading to moisture problems such as mould [21,22]. Various studies have focused on the relation of air leakage and moisture content of different insulation materials such as cellulose [23,24] and wood fibre [13], and the moisture and temperature behaviour of wood fibre, cellulose, and mineral wool [25]. The behaviour of chopped straw insulation and sheep’s wool under air leakage has not been sufficiently investigated so far.



In general, the carbon cycle of bio-based building materials is considered neutral because the carbon stored is released back into the atmosphere at the end of life [26]. Although the timing of storage and release of CO2 from bio-based building materials obviously matters, fast-growing plants such as straw can have a distinct advantage as a fast-acting carbon sink [27]. One-third of the straw can be taken out of the agricultural system, and there is still enough straw available as substrate or bedding [28]. Additionally, it has the highest cumulative carbon storage potential until 2050 [28].



Sheep’s wool insulation can be made from the leftovers of the textile industry. A large proportion of raw sheep’s wool, 95%, is not suitable for the market and is not adequately recycled. Although there are no studies for Austria, a study for Italy shows that the sheep’s wool waste produced there could meet the demand for insulation materials in Italy [29].



Cellulose fibre insulation materials consist mainly of ground paper fibres treated with inorganic additives such as fire retardants and mould inhibitors. The raw material for the cellulose fibres is usually recycled newsprint, either from unsold paper or from waste paper [30].



In conclusion, all three insulations are by-products or recycled products that are regionally produced and sufficiently available in Austria for new multi-storey buildings.




1.2. Aim of the Study and Research Question


This study is part of the natuREbuilt project [31], which investigates the use and limitations of natural building materials in multi-storey timber construction. The natuREbuilt project is based on the assumption that natural fibre materials do not all have the same hygrothermal behaviour but that a distinction must be made between them. Particular attention has been paid to the effect of defects on the robustness of external wall constructions with different natural fibre insulation materials, either during construction or due to the behaviour of subsequent users. For this purpose, constructions with cellulose, straw, and sheep’s wool insulation materials were investigated under real conditions and in the presence of air leakage and high indoor relative humidity using moisture and temperature sensors in a two-storey outdoor test facility over a period of 18 months. The hygrothermal properties of the insulation materials were compared with those of mineral wool. In addition, the U-value of the constructions was measured and compared with the calculated value. The following research questions were investigated:




	
How do the insulation materials sheep’s wool, straw, and cellulose differ in their fault tolerance?



	
Does very high indoor humidity have a different effect on the three insulations studied?



	
What is the effect of a layer of sheep’s wool when there are defects in the airtight layer?



	
Is there a difference between the measured U-value and the calculated U-value?










2. Materials and Methods


In total, eight different constructions were tested in an outdoor test rig for 18 months under different loads of high humidity, air leakage, and overpressure. Table 1 shows the type of load divided into four different time periods.



2.1. Outdoor Test Rig


The outdoor test facility, as shown in Figure 1, was located at the Science Centre of the Vienna University of Technology. The in situ test facility was designed to perform measurements in real environments. The test facility consisted of a two-storey wooden frame construction in which different modules were installed. It is located in a mostly unprotected area where it is exposed to the climatic conditions of south-east Vienna. For the experiments, two adjacent modules of the exterior walls were constructed with timber frames and installed in the test stand. The exterior walls, both 2.09 × 2.18 m in size, consisted of a solid spruce frame with 0.20 × 0.06 m beams and faced north.



The three different insulation materials, chopped straw, cellulose, and sheep’s wool, were tested and compared with the reference insulation material, mineral wool. In order to determine the fault tolerance, two fields were arranged for each insulation material, one of which was provided with a defect. This defect consisted of first one and then two holes in the airtight layer, which was made of an oriented strand board (OSB). A hole was drilled from the inside through the clay board, the installation level, and the OSB board using a drill with a 10mm diameter. The position of the two defects and the experimental setup are shown in Figure 2.



Figure 3 shows horizontal sections through the structures. For each of the 8 modules, temperature and relative humidity were measured at 3 locations, surface temperature (inside and outside) at 2 locations, and the heat flow was measured using a heat flow measurement foil. The arrows indicate the positions of the wood moisture measurements, which are not evaluated in this study. Constructions 1 to 6 were built in the same way, differing only in the insulation material. Constructions 7 and 8 show the reference construction, which is a conventional construction and was therefore constructed with mineral fibre in the insulation layer and polystyrene as the plaster baseboard. The installation level was made with sheep’s wool in all 8 modules.




2.2. Sensors


Two Toshiba RAV-GM301ATP-E air conditioning units were used to condition the interior of the outdoor test stand. RS Components PT1000 sensors were used to measure the internal and external surface temperature. Retronik HC2A-S3 temperature and humidity sensors were installed inside the module. The Keysight 34980A (HP34980A) switch system/data logger was used to record and store the data. Measurements were taken and stored every 10 min. The heat flow for the U-value assessment was recorded using Phymeas type 8 heat flow plates in a 5 min cycle.



The measurement uncertainty is provided in Table 2.



In order to introduce the high humidity inside the test stand through the flaws in the construction, overpressure was temporarily generated in the test stand. Overpressure tests were carried out with a pressure probe from Testo. The differential pressure was measured.




2.3. Air Tightness of the Test Rig


To ensure the airtightness of the test stand, a blower door measurement was carried out on 14 June 2022 in accordance with EN 13829 using the overpressure method. The measurement results are shown in Table 3.



OIB Guideline 6 [32] prescribes an air exchange rate of n50 for new buildings of not more than 3.0 1/h, measured at a pressure difference of 50 Pa between indoor and outdoor air. The air exchange rate n50 of 2.02 1/h obtained from the test rig is, therefore, in line with the requirements for a new building without a mechanical ventilation system.




2.4. U-Value Evaluation


The heat flow measurement was recorded on the reference modules. The heat flow measurement plates were attached to the inside of the light clay panels.



The average method in ISO 9869-1 [33] provides the following criteria for in situ measurements of U-values by heat flow measurement:




	
The heat content of the element is the same at the end and the beginning of the measurement (same temperature and same moisture distribution).



	
The heat flow measurement is not exposed to direct solar radiation.



	
The thermal conductance of the element is constant during the test.








In order to exclude the influence of solar radiation, only values between 07:00 pm and 06:00 am were used. In the period between 16 January 2022 and 15 February 2022, the superstructures at the beginning and end of the measurements showed relatively similar temperature and humidity conditions, and there were only small fluctuations, so this period was chosen. Plausible methods for in situ measured U-values are still the subject of many investigations, particularly for highly insulated external walls [34,35]. In order to obtain reliable results for highly insulated exterior walls, a time period was used where the temperature difference between the indoor and outdoor air was as high as possible (greater than 20 K). This approach was also used by [36].



The moving average per night was created from the data and calculated according to Equation 1. The equation is taken from the ISO 9869-1 average method [33],


  U =     ∑  j = 1   n      q   j         ∑  j = 1   n    (   T   i j   −   T   e j   )     ,  



(1)




where U is the thermal transmittance in W/m²K, q is the density of heat flow rate in W/m², Ti is the interior environmental (ambient) temperature in °C, and Te is the exterior environmental (ambient) temperature (°C).





3. Results and Discussion


The results below are broken down into the four time periods shown in Table 1.



3.1. One Defect, Normal Air Humidity


The measurement period from January to April 2022 shows the measured relative humidities within the structures at three different positions, each on a module with and without a defect. The sensor on the outer layer is marked with the number 1, the sensor in the middle of the insulation with the number 2 and the one in the inner position with the number 3.



3.1.1. Chopped Straw


Figure 4 shows the relative humidity of the three sensor positions of the straw-insulated module. The values of the defective module and the reference module are almost identical at all three points.



The outer sensor shows a similar trend to the relative air temperature of the outside air, and the inner sensor shows the same trend as the relative humidity of the inside air. The sensor in the middle of the straw insulation is relatively constant at 50% relative humidity.




3.1.2. Cellulose


Figure 5 shows the relative humidity of the module with cellulose. Again, the values for the module with and without the defect are almost identical. The relative humidity inside the cellulose insulation is just below 50%. Again, we can see that the outer sensors follow the trend of the relative humidity of the outside air and the inner sensors are close to the relative humidity of the inside air.




3.1.3. Sheep’s Wool


Sheep’s wool also shows the same tendencies as straw and cellulose insulation, as presented in Figure 6. The relative humidity in the insulation level settles between 40% and 50%; the reference module and the defective module show no noticeable differences.




3.1.4. Mineral Wool


Figure 7 shows the relative humidities of the module with mineral wool. Here, the differences between the modules with and without a defect are greater than in the previous three insulation materials. However, the relative humidity also settles here at just under 50%.




3.1.5. Discussion


In all the constructions studied, the outermost sensor shows the trend of the relative humidity of the outside air and the innermost sensor shows the trend of the humidity of the inside air. The humidity inside the insulation settles at around 40–50% for all four insulations. The maximal differences in the relative humidity between the construction with and without defects are shown in Table 4. The innermost sensor of all constructions shows the highest differences, as it reacts most to the humidity in the interior. The module insulated with the mineral wool showed the greatest difference at all three sensor positions. Air leakage thus has the greatest effect on the construction of mineral wool.



It is assumed that even an optimal substrate is only at risk of mould growth from a relative humidity of 70% [37]. With the exception of mineral wool, all green insulation materials can be considered optimal substrates. However, recent evidence suggests that there is likely to be wide variation in the moisture tolerance of different renewable insulation materials and that some renewable insulation materials are only at risk of mould growth at relative humidities above 85% [38]. The constructions examined here do not have a relative humidity above 70% at any measurement point or at any time during this period. This means that there is no risk of mould growth. In [24], the two different moisture loads, air leakage and rain leakage, were investigated. The results show that rain leakage has a bigger impact on the moisture content of the building materials. In addition, different types of insulation, like exterior or deep cavity insulations, were found to have varying mould risks. Further research could, therefore, be helpful to determine whether the results apply to other insulation types and moisture loads.





3.2. Two Defects, Increased Air Humidity, and Overpressure


Three overpressure tests were carried out with different durations and intensities, as shown in Table 5.



As the first test showed that the outer and the inner sensors follow the humidity in the outdoor and indoor spaces, only the relative humidity inside the insulation level is shown in the following graphs.



All three overpressure tests are shaded in grey in Figure 8. On 2 August 2022, a second hole was drilled through the airtight layer with a diameter of 10 mm. To attract more moisture into the insulation, the relative humidity was increased during the pressure tests. Despite the increased humidity and pressure inside the test rig, no significant increase in humidity was detected in the bio-based insulations. The highest value was achieved by mineral wool at 65.13%. After lowering the humidity, a decrease in the relative humidity inside the insulations was seen. During the longest period of overpressure and high humidity, the straw behind the mineral wool reached the highest humidity. It was assumed by the authors that the moisture content of the insulation and the moisture buffering value (MBV) correlated. The MBV of cellulose was found to be around 3.06 g/m² × %RH [30]. Other studies stated for hemp–straw composite, an MBV higher than 2.20 g/m² × RH [39], and for straw without further specifications, an MBV of around 2 g/m² × %RH [40]. Glass wool had a moisture buffering capacity of 0, although in this study the measurement method and also the unit varied from the other studies [41]. No MBV could be found for sheep’s wool. According to [42], all MBVs above 2 were classified as excellent and, therefore, were in the highest level of MBV classes. It can, therefore, be concluded that the behaviour of mineral wool is due to the fact that the material itself cannot absorb moisture. It remains in the air pockets between the fibres. However, the MBV can vary greatly between the individual products, which is why the values observed can, at best, be regarded as approximate values.




3.3. Removal of the Installation Level and Increased Air Humidity


In November 2022, the installation layer of sheep’s wool was removed from all constructions to investigate the difference in buffering by the insulation within this layer. The hypothesis was that sheep’s wool absorbs moisture and thus protects it from possible penetration into the insulation layer. To simulate a moisture load, the relative humidity was increased to over 90% after the removal of the sheep’s wool.



In order to be able to compare the values before and after the removal of the installation level, two periods with approximately the same conditions were compared. Table 6 shows the differences between the modules with and without defects on 11–13 November 2022, and Table 7 shows the differences between the modules with and without defects on 15–17 December 2022. The average indoor temperature at the first time period was 19.38 °C with 60.21% relative humidity (absolute humidity 10.03 g/m³), and at the second time period, 19.82 °C at 53.46% relative humidity (absolute humidity 9.14 g/m³).



All reference modules have lower relative humidity within the insulation level after removal of the installation level. This indicates that moisture can be released from the insulation. A scattering between the relative humidities in the constructions of the reference and the defective modules can be observed on the values after the removal of the installation level. The differences between the humidity of the defect and the reference become greater, except for the cellulose insulation. The insulation with the highest difference in the relative humidity between the module with and without defect after the removal of the installation layer is mineral wool. After mineral wool, straw and sheep’s wool follow. The fault tolerance of the insulation can, therefore, definitely be increased by adding an installation layer with sheep’s wool.




3.4. Two Defects, Very High Humidity (Up to 100%), and No Installation Level


The following diagrams show the relative humidity inside the insulation between 5 March 2023 and 14 May 2023, where a short period of very high indoor humidity occurs.



3.4.1. Straw Insulation


As seen in Figure 9, the relative humidity inside the straw insulation reaches 70% only once for a short time, a few days after the test rig has been conditioned with just under 100% relative humidity. The rest of the time, the relative humidity inside the insulations in both modules is permanently below 70%. The reference module, shown in the dotted line, differs from the module with a defect by an average of 9% relative humidity.




3.4.2. Cellulose Insulation


The relative humidity inside the cellulose insulation is shown in Figure 10 and remains permanently below 65%. The defective module differs by an average of 0.33% relative humidity. Thus, there is no noticeable difference between the two modules.




3.4.3. Sheep’s Wool Insulation


As shown in Figure 11, the sensor in the sheep’s wool insulation also permanently indicates less than 60% relative humidity despite high humidity in the interior. The difference between the two modules is 2.2% relative humidity on average.




3.4.4. Mineral Wool Insulation


With the mineral wool insulation, as presented in Figure 12, the relative humidity is highest and is above 70% for a longer period of time. The difference between the module with a defect and the reference module is also the highest, with an average of 32%.




3.4.5. Discussion


Table 8 shows that the mean value of the reference module is approximately the same for all insulation materials. In the modules with defects, it can be seen that mineral wool reaches the highest relative humidity. The mean value of the difference between the respective reference and defect modules is 32.2% for mineral wool, which is many times higher than for the three bio-based insulation materials. Cellulose and sheep’s wool have the smallest difference between the modules.



In summary, bio-based insulations are many times more fault-tolerant, as they can absorb moisture and thus do not pass it on to the timber structures, or only to a limited extent. The defect has the greatest effect on the construction insulated with mineral wool. Straw and cellulose follow; with sheep’s wool, the imperfection has the least effect on the measured relative humidity within the insulation material.





3.5. Evaluation of the U-Values


Table 9 shows the measured and evaluated U-values of the four constructions and their deviation from the calculated value. The calculated value was created using Archiphysik software, version number 18.0.



A negative sign represents a better value than expected, and a positive sign represents a worse result than expected. Straw and cellulose each performed better than expected by 7.4% and 10.7%, respectively. The error tolerance is 5%, so the values for mineral wool are definitely still within the measurement accuracy, and those for sheep’s wool are only very slightly above it.



It is possible that the differences between measured and calculated U-values are due to the moisture allowance for natural fibre insulation materials, so further research into this is particularly important.





4. Conclusions


4.1. Difference in Fault Tolerance between Sheep’s Wool, Straw, and Cellulose


It can be clearly deduced from the results that ecological insulation materials have an advantage in fault tolerance compared to mineral wool in connection with timber frame constructions. This fact has been known for some time [11]. However, a difference can be seen between the insulating materials investigated. The relative humidity within the sheep’s wool and cellulose was lower in all investigations than in the constructions with chopped straw or mineral wool. Sheep’s wool and cellulose both seem to be particularly fault-tolerant building materials, as the influence of the defect shows little influence. In addition, both materials have a low risk of mould.




4.2. Influence of High Indoor Humidity on Bio-Based Insulation Materials


Despite defects in the airtight layer and high moisture loads in the indoor air, none of the tests with bio-based insulation materials measured humidity levels that posed a risk of mould growth. This shows that bio-based insulation materials and their moisture behaviour are often underestimated.



Provided that the building is designed correctly from a building physics point of view, the risk of minor construction errors with bio-based insulation materials can be assumed to be lower than with mineral wool insulation materials. Although the air leaks led to increased humidity in the construction, the holes, which are comparable to minor construction errors, did not have a detrimental effect on the bio-based insulation.




4.3. Influence of the Installation Level Made of Sheep’s Wool


The research has shown that a thin layer of sheep’s wool in front of the airtight layer can also increase the fault tolerance of the construction. This opens up the possibility of using insulation that is more sensitive from a hygric point of view while at the same time achieving a construction with higher fault tolerance through the use of an installation level with a moisture-buffering material like sheep’s wool.




4.4. Deviation of the Measured U-Value from the Expected U-Value


For the U-values of sheep’s wool and mineral wool, the measured result was within the measurement uncertainty of the measuring instruments. For straw and cellulose, the measured U-value is better than the calculated one, which may be due to the higher addition of moisture to the thermal conductivity. This conclusion was also reached by the results of the study [36], which coincidentally took place at the same time as the natuREbuilt research project. Therefore, it is imperative that research is carried out to determine for which natural fibre insulation materials this moisture surcharge is justified and for which it is not.
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Figure 1. Outdoor test rig for the examination of exterior walls in Vienna, Austria. 
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Figure 2. Experimental setup, internal view, and dimensions in metres. 
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Figure 3. Horizontal section trough the examined constructions and sensor positions: nr. 1 to 6 represent the reference and defect modules with the insulation materials straw, cellulose, and sheep’s wool; nr. 7 and 8 represent the reference and defect module with the mineral wool insulation. 
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Figure 4. Straw insulation, one defect, and normal air humidity. 
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Figure 5. Cellulose insulation, one defect, and normal air humidity. 
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Figure 6. Sheep’s wool insulation, one defect, and normal air humidity. 
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Figure 7. Mineral wool insulation, one defect, and normal air humidity. 






Figure 7. Mineral wool insulation, one defect, and normal air humidity.



[image: Buildings 13 02650 g007]







[image: Buildings 13 02650 g008] 





Figure 8. Relative humidity inside the insulation during different overpressure tests. 
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Figure 9. Relative humidity of the straw insulation during very high humidity without an installation level. 
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Figure 10. Relative humidity of the cellulose insulation during very high humidity without an installation level. 
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Figure 11. Relative humidity of the sheep’s wool insulation during very high humidity without an installation level. 
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Figure 12. Relative humidity of the mineral wool insulation during very high humidity without an installation level. 
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Table 1. Examination periods and type of moisture load.






Table 1. Examination periods and type of moisture load.





	Date
	Type of Moisture Load





	January 2022–May 2022
	One defect, normal air humidity



	June 2022–September 2022
	Two defects, increased air humidity, overpressure



	October 2022–December 2022
	Removal of the installation level, increased air humidity



	January 2023–June 2023
	Two defects, very high humidity (up to 100%), no installation level










 





Table 2. Measurement uncertainty of the sensors used.
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	Measurement
	Uncertainty





	Surface temperature
	5%



	Temperature and relative humidity inside the construction
	±0.8%; ±0.1 K



	Heat flow measurement
	5%










 





Table 3. Measurements of the blower door.
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	leakage flow (v50)
	m³/h
	106 (+/−0.8%)



	air exchange rate (n50)
	1/h
	2.02



	Interior volume
	m³
	52.53



	Floor area
	m²
	18.49



	Shell surface area
	m²
	95.68



	height
	m
	4.6










 





Table 4. Maximal differences in the relative humidities between the defect and reference modules.
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	Sensor Position
	Straw
	Cellulose
	Sheep’s Wool
	Mineral Wool





	1 (outer sensor)
	2.29
	0.9
	2.09
	5.54



	2 (middle sensor)
	1.52
	0.5
	1.06
	5.47



	3 (inner sensor)
	6.62
	2.88
	5.7
	8.61










 





Table 5. Date, duration, and intensity of the three examinations with overpressure.
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	Date
	Duration [h]
	Average Overpressure [Pa]





	2 June 2022–7 June 2022
	115.5
	5.2



	28 June 2022–5 July 2022
	167.66
	10.2



	21 July 2022–8 August 2022
	621
	38.4










 





Table 6. Differences of the relative humidity between the module with and without defect before the removal of the installation layer (11–13 November 2022).






Table 6. Differences of the relative humidity between the module with and without defect before the removal of the installation layer (11–13 November 2022).





	

	
Straw

	
Cellulose

	
Sheep’s Wool

	
Mineral Wool






	
Average relative humidity (%)




	
Reference

	
56.30

	
57.36

	
53.01

	
60.66




	
Defect

	
57.80

	
57.39

	
56.38

	
60.29




	
Differences between reference and defect modules




	

	
1.50

	
0.03

	
3.37

	
0.37











 





Table 7. Differences in the relative humidity between the module with and without defects after the removal of the installation layer (15–17 December 2022).
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Straw

	
Cellulose

	
Sheep’s Wool

	
Mineral Wool






	

	
Average relative humidity (%)




	
Reference

	
51.61

	
54.26

	
44.14

	
49.03




	
Defect

	
60.49

	
55.09

	
52.39

	
62.45




	

	
Differences between reference and defect modules




	

	
8.88

	
0.83

	
8.25

	
13.42











 





Table 8. Maxima, minima, and average of the relative humidities inside the insulations during very high air humidity and without an installation level.
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	Maximum Value Reference
	Minimum Value Reference
	Average Value Reference
	Maximum Value Defect
	Minimum Value Defect
	Average Value Defect
	Average of the Differences between Reference and Defect





	Straw
	62.7%
	49.9%
	56.0%
	71.4%
	55.3%
	64.9%
	8.9%



	Cellulose
	64.1%
	50.2%
	56.9%
	63.1%
	50.9%
	57.2%
	0.3%



	Sheep’s wool
	63.7%
	43.8%
	53.4%
	62.6%
	47.3%
	55.6%
	2.2%



	Mineral wool
	62.4%
	36.4%
	54.2%
	75.0%
	60.0%
	69.3%
	32.2%










 





Table 9. Measured and calculated U-values of the four constructions.
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	Straw
	Cellulose
	Sheep’s Wool
	Mineral Wool





	Measured U-value (W/m²K)
	0.134
	0.112
	0.137
	0.121



	with ±5% deviation (W/m²K)
	0.128–0.141
	0.106–0.117
	0.13–0.143
	0.115–0.127



	Calculated U-Value (W/m²K)
	0.15
	0.125
	0.13
	0.118



	Deviation to calculated U-Wert
	−7.4%
	−10.7%
	+5.1%
	+2.5%
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