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ABSTRACT

Laboratory studies have shown that wood has hygroscopic properties. When used as a construction
material in buildings, it can thus influence indoor relative humidity and temperature. Ventilation can
affect indoor climate if the temperature differ between indoor and outdoor air. The coating of indoor
wood may also affect its hygroscopic properties. Few studies of wood in real buildings have been
conducted. The main aim of this experimental study was to explore the association between
moisture content in indoor air and wood in two classrooms. The floor plan of the two classrooms
was identical. In one classroom, all wood surfaces were untreated, whereas, in the other, they
were treated with a transparent varnish. Sensors measured indoor air relative humidity, moisture
content in the wood, and temperature in the air and wood in both classrooms. Linear regression
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analysis was performed to explore possible associations. Strong positive associations between
indoor air relative humidity and the moisture content in wood in the untreated classroom were
found. Weak positive associations were evident in the classroom with treated wood. Ventilation

reduced these associations.

Introduction

Engineered wood products are increasingly used as structural
elements in timber structures. Modern timber construction
technologies utilizing gluelam and cross-laminated timber
(CLT) are making it possible to create larger and taller build-
ings with timber. There has been an increase in the use of
wood in large buildings, such as mid- and high-rise residential
buildings, as well as public buildings, such as schools, care
homes, student dormitories and commercial buildings. In
Norway, the number of large structures in glulam and CLT
has increased substantially in the last decade. The increase
in timber construction is frequently motivated by favorable
mechanical properties (high strength-to-weight ratio,
machinability and dimensional stability), low climate gas
emissions and versatile design options. Claims that the use
of wood can have a positive impact on the indoor environ-
ment are also contributing to the rise in timber construction.

There is growing interest in how construction materials
from wood influence the indoor environment. Our under-
standing of how exposed surfaces of hygroscopic materials,
such as wood, impact indoor climate is incomplete, but
there is a growing body of research focusing on the moisture
buffering effect of hygroscopic materials and how such
materials can affect indoor climate parameters, such as rela-
tive humidity and temperature (Nore et al. 2017; Cascione
et al. 2019). It has been proposed that optimal utilization of
moisture buffering materials combined with a relative

humidity sensitive (RHS) ventilation system can reduce the
ventilation rate by 30-40% and generate 12-17% energy
savings during the heating period (Simonsen et al., 2001).
Moisture buffering in an indoor environment can have a posi-
tive effect on indoor climate and hence on residents’ well-
being and health. Hygroscopic materials can contribute to
balancing the moisture level in the indoor air and thus
inhibit both excessive moisture loads and dry indoor air.
Relative humidity indoors may also influence infectious
diseases in different ways. Relative humidity of between
40% and 60% is recommended to reduce the survival time
of viruses and thus the risk of disease (Koep et al. 2013). To
avoid damage to the mucous membranes of the nose and
dehydration of the outer eye, relative humidity of more
than 30% is recommended, and to avoid nasal dryness,
more than 10% is recommended (Spena et al. 2020).
Several cross-sectional studies that have studied the
relationship between indoor climate and symptoms in
humans (Skyberg et al. 2003; Turunen et al. 2014; Savelieva
et al. 2019) report common symptoms such as feelings of
fatigue, heavy-headedness, eye irritation and dry facial
skin. The most prevalent physical environmental factors
reported were dry air, stuffy and dusty air and high tempera-
ture. In experimental studies, Wolkoff and coauthors
described the mechanism related to the indoor environment
and dry eyes (Wolkoff 2017, 2018). In general, symptoms are
reported more frequently during winter and low relative
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humidity indoors during winter may be closely linked to
symptoms (Koep et al. 2013). Excessive moisture levels
have been proven to aggravate asthmatic symptoms
among pupils in schools (Meklin et al. 2002; Kim et al.
2007; Finell et al. 2021).

The hygroscopic effect from exposed wood surfaces in the
indoor environment is an inherent property of untreated
wood that occurs under the fiber saturation point. At moist-
ure levels below the fiber saturation point there are no capil-
lary forces of free water in the cell cavities. The hygroscopic
effect from wood is therefore governed by water transport
in the wood material as a diffusion mechanism. The
diffusion mechanism can be separated in three different pro-
cesses: water vapor diffusion in the lumen, diffusion through
the pit chamber and bound water diffusion within the cell
wall of the wood material. The hygroscopic property of
wood can be influenced by a range of factors related to
material properties (e.g. moisture buffering capacity of the
material, surface treatments) (Hameury 2007), indoor
climate (e.g. ventilation rate, solar radiation, seasonal
changes in exterior climate) and usage of indoor environment
(e.g. the number of persons being in a room at the same

time). There is a need to gain a better understanding of the
interaction between hygroscopic materials, the factors
influencing moisture buffering and the moisture level in
indoor air in the built environment. One factor which con-
nects the indoor air, the buffer capacity of wood and the
energy savings potential is hygrothermal mass. Equivalent
to hygrothermal mass is the recognized thermal mass. Hygro-
thermal mass needs an exchange of moisture and heat in
order to provide energy storage in materials with moisture
capacity, whereas thermal mass solely needs temperature
to store heat in materials with heat storage. The range of
storage is estimated to be in-between 4% and 30% depend-
ing on the material and boundary conditions (Kraniotis and
Nore 2017).

Modern sensor technology allows for efficient and reliable
monitoring of factors influencing the indoor environment. To
understand and be able to utilize moisture buffering in build-
ing design, studies carried out in real-life settings are necess-
ary (Cascione et al. 2019). Using modern sensor technology, it
is possible to conduct in situ measurements of indoor climate
factors in real-life settings. Such in situ measurements are cur-
rently adding to a growing body of data that can be used for
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Figure 1. Hanstad Primary School, Elverum, Norway. Facade facing south (top left), west (top right), east (bottom left) and north (bottom right).
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Figure 2. View of north facade January 2020. Classrooms 107 and 207 are located on the right-hand side of the building.

Table 1. Description of classrooms 107 and 207.

Windows/ Number of persons
Area Windows doors facing  in room (pupils +
ID Floor (m?) facing north west one teacher)
107  Ground 70 4 2 23
207  First 70 4 2 28

research, and some studies of timber structures have been
carried out using sensory data (Riggio and Dilmaghani 2020).

The present study is a case study carried out in a school
building made from CLT, Hanstad Primary School, in the
municipality of Elverum in Norway. The building was com-
pleted in 2017, and the classrooms were fitted with sensors
to monitor the indoor environment. Since the school came
into use in 2017, the indoor environment has been continu-
ously monitored. The study period occurs in the cold
season. For most of the study period, the temperature was
lower outside than inside the classrooms. The low outside
temperature implies that the water content in the outside
air was low. When cold outside air is ventilated into a

Table 2. Description of rooms during the study period (28 September to 1
November 2020).

Week Use Room 107 (Ground floor) Room 207 (First floor)
1 Teaching Untreated Untreated
2 Fall break Surface treated Untreated
3 Teaching Surface treated Untreated
4 Teaching Surface treated Untreated
5 Teaching Surface treated Untreated

heated building, the water content in the inside air decreases
and results in a dry indoor climate.

The study aims to utilize the in situ sensory data to
improve our knowledge of how the use of hygroscopic con-
struction materials impacts the indoor climate. The study
explores the longitudinal relationship between indoor rela-
tive humidity (RF) and weather as well as the number of
persons using the classrooms. Furthermore, in an interven-
tion, the study sought to explore whether different coatings
were associated with relative humidity.

Methods

The case study is conducted in a school building constructed
solely with gluelam CLT. The building is an annex to an exist-
ing primary school owned by the municipality of Elverum in
Norway. The outer walls are made from 320 mm thick CLT
from Norway Spruce (Picea Abies L. Karst), with exposed
wood surfaces on the inside. The exterior cladding is made
from heartwood from Scots Pine (Pinus Silvestris). The
ground and roof are insulated according to building regu-
lations. In Figure 1 the facade of the school building is
shown. The building has two floors with two classrooms of
70 m? on each floor and three or four smaller rooms adjacent
to the classrooms (cf. Figure 2 and Table 1). All four class-
rooms have five windows and one door facing outside. The
ceiling and walls in the classrooms are exposed wood from
the CLT panels used in the walls. Two of the classrooms are
facing the south and the other two are facing the north.
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Figure 3. Layout of classrooms on the ground floor (left) and first floor (right). Classrooms 107 and 207 are the subject of this study.

The classrooms facing the north were chosen for the present
study because these rooms are less exposed to direct sun-
light. The classroom on the ground floor was used by 22
pupils in the sixth grade; the classroom on the first floor
was used by 27 pupils in the seventh grade.

This study period runs from 28 September 2020 to 4
October 2020 - five weeks (weeks 1, 2, 3, 4 and 5, cf.
Table 2). During the first week (28 September to 4 October)
both classrooms were used for teaching. In the second
week (5 October to 11 October) both rooms were empty
because of a school break. During the last three weeks (12

Figure 4. Interior of classroom 107.

October to 1 November) both rooms were in use for teaching
activities (Figures 3 and 4).

During the study period, the classrooms were in use in the
daytime, from Monday through Friday. The classrooms were
not in use during the weekends. Each classroom had a separ-
ate ventilation system, the systems were set to a constant air
flow from 7 a.m. to 3 p.m. Monday through Friday. The air
volume into the classrooms was 550 m* per hour. The levels
of CO; in the room can be used as an indicator of the activity
going on in the classrooms. In this case, CO, levels of less than
500 ppm indicate that there are no persons inside the class-
room. CO, levels equal to or higher than 500 ppm indicate
that there is an activity in the classroom (Figure 5).

The ceiling and walls were untreated in both classrooms in
the first week (28 September to 4 October). During the
second week, the ceiling and all the walls in the classroom
on the ground floor (107) were treated with a transparent
varnish. The classroom on the first floor (207) was left
untreated. The treatment was intended to seal the hygro-
scopic surfaces and thus was introduced as an intervention
in the study design. During the remaining three weeks of
the study period, all hygroscopic surfaces in the classroom
on the ground floor (107) were sealed by varnish treatment,
and all hygroscopic surfaces in the classroom on the first
floor (207) were untreated and thus open.

Eleven sensors were installed in each of the two class-
rooms and used to monitor parameters of relevance to the
indoor climate in the classrooms. In the present study,
sensors were used to measure the relative humidity in air,
air temperature, wood temperature, electric resistance in
wood and CO,-content in indoor air (cf. Figure 6 and Table
3). Relative humidity in the air was measured close to the
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Figure 5. CO; levels in classrooms 107 and 207 over 28 September 2020 to 1 November 2020.

ceiling. Wood moisture content inside the classroom was cal-  level. Wood moisture content outside the classroom was cal-
culated from data (temperature and electric resistance) that culated from data (temperature and electric resistance) that
were captured by sensors that were mounted on the CLT were captured by sensors mounted on the outside of the
wall inside the room, approximately two meters above floor CLT wall, between the CLT wall and the exterior cladding.

Figure 6. Sensors mounted in the two classrooms: ground floor (107) and first floor (207). Red x indicates approximate measurement point (ceiling, wall inside,
wall outside). Text in frames lists parameters measured.



48 K. R. SKULBERG ET AL.

Table 3. Sensors used to measure indoor parameters in each room.

Parameter

Manufacturer

Model

Sensor

Unit

Frequency

Air temperature

RH
o,

Temperature in wood

Electric resistance in wood

Bosch
Bosch
Winsen
Elmatik
Elmatik

BME-280 module
BME-280 module

Temperature in wood PT100
Moisture content in wood electric resistance measuring

Air temperature in designated IP67-chamber
Relative humidity in designated IP67-chamber
CO,-IR

ppm
Mohm

Every 15 minutes
Every 15 minutes
Every 15 minutes
Every 15 minutes
Every 15 minutes

Table 4. Descriptive data, air temperature and relative humidity (RH) during the study period (28 September 2020 to 1 November 2020).

Week No. Room Floor Air temperature outside RH outside (%) Air temperature inside RH inside (%)
1 107 Ground 12.61 (1.89) 66.27 (4.48) 20.86 (0.53) 40.33 (2.24)
1 207 First 15.31 (1.26) 46.61 (1.42) 22.27 (0.81) 39.46 (2.80)
2 107 Ground 11.68 (1.43) 68.29 (3.89) 20.53 (0.57) 42.08 (2.67)
2 207 First 14.81 (0.86) 45.86 (1.54) 21.90 (0.47) 38.27 (1.77)
3 107 Ground 6.58 (4.13) 58.02 (7.44) 20.91 (0.36) 31.70 (3.00)
3 207 First 10.98 (2.04) 48.08 (2.26) 22.39 (0.54) 30.00 (2.03)
4 107 Ground 3.67 (2.02) 63.88 (6.78) 21.01 (0.41) 28.10 (2.71)
4 207 First 7.89 (1.15) 49.95 (1.47) 22.19 (0.50) 27.85 (2.29)
5 107 Ground 6.93 (2.23) 69.13 (5.11) 20.94 (0.36) 32.89 (2.71)
5 207 First 10.81 (1.08) 4893 (1.11) 22.22 (0.57) 32.53 (0.067)
Relative humidity on outside humidty in
ao—-}v ¢ 107_RF_2 B0 * 107_RF_1
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Figure 7. Relative humidity outside (left) and inside (right) during 28 September to 1 November.

Air

on

25

20

Temperature (C)

Xo

10/01/2020

10/11/2020

10/21/2020

* 107_Lufttemp_2
* 207_Lufttemp_2

10/31/2020

Temperature (C)

30

20

@

5

Air temperature in classromms

10/01/2020

Figure 8. Air temperature outside (left) and inside (right) during 28 September to 1 November.

10/11/2020

10/21/2020

10/31/2020

* 107_Lufttemp_1
© 207_Lufttemp_1



Descriptive data for each week are provided in Table 4.
Relative humidity and temperature in the classrooms and
on the outside are plotted in Figures 7 and 8.

For most of the study period, the outside temperature was
lower than inside the classrooms (cf. Figure 8). Air tempera-
ture in the two classrooms differed slightly (Figure 8); in
general, the temperature was higher in the classroom on
the first floor than in the classroom on the ground floor.
The uptake of water in air is affected by air temperature. In
order to compare the amount of water in the indoor air in
the two classrooms, the relative humidity must be corrected
to account for this temperature difference. A corrected rela-
tive humidity (RHcorrecteq) Was estimated as proposed by Lawr-
ence (2005). Dewpoint temperature for each room was
calculated as proposed by Sargent (1980):

ty = (0.198 + 0.0017t)RH + 0.84t — 19, 2, (1)

where ty represents the dewpoint temperature, t rep-
resents inside temperature in °C and RH represents relative
humidity of inside air in percentage.

Corrected relative humidity (RHcorrected) Was calculated as
proposed by Lawrence using air temperature and dewpoint
temperature:

RHcorrecred ~ 100 — S(t - td)~ (2)

The wood moisture content was normalized dividing
wood moisture inside the classroom, Uyeod—inside; Oy wood

WOOD MATERIAL SCIENCE & ENGINEERING . 49

Table 5. Relative humidity and temperature in indoor air and relative humidity
in wood at different periods.

Outside
107 (Ground 207 (First (Ground Outside

Variable floor) floor) floor) (First floor)
Relative 3445 (5.61)  33.00 (4.90) 65.43 (6.91) 47.69 (2.04)

humidity
Temperature 20.86 (0.43)  22.15 (0.55) 8.11 (4.01) 11.69 (3.00)
Wood 7.45 (0.19) 6.33 (0.28) 9.59 (0.17) 10.47 (0.17)

moisture

content

moisture outside, Uyood—outside:

Uwood—inside

3)

Uwood = .
Uwood—outside

Results

The raw data for the calculations of Equations (1-3) are
reported in Table 5.

The wood moisture content was higher in room 107
(ground floor) compared with room 207 (first floor).

On weekdays in October and November, relative humidity
in the indoor air varied during the day, RH in the indoor air
was lower when the ventilation was switched on compared
to periods without ventilation.

Corrected relative humidity in the classrooms calculated
by Equations (1) and (2) are plotted in Figure 9.

Corrected relative humidity in classrooms

50

40

30

Relative humidity (%)

20

10/01/2020

10/11/2020
CET

10/21/2020

® 1N_CORR_RF_INNE
° 2N_CORR_RF_INNE

10/31/2020

Figure 9. Corrected relative humidity in classrooms during 28 September to 1 November.
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Figure 10. Normalized wood moisture content in classrooms during 28 September to 1 November.

Normalized wood moisture content,
Equation (3), is plotted in Figure 10.

The descriptive data indicates a shift in relative humidity
after the intervention took place. Indoor relative humidity
varied throughout the study period but decreased from the
beginning to the end of the study. Relative wood moisture
content decreased throughout the study period. Tables 6
and 7 show the results of linear regression analysis on the
relative humidity in untreated and treated classroom. For
each classroom there are two regression models: one for
levels of CO, below 500 ppm and one for levels of CO,
above 500 ppm. CO, levels vary according to the number of
pupils in the classroom. CO, levels are also a proxy for venti-
lation, and low CO, levels indicate that ventilation is turned
off.

calculated by

Table 6. Associations between indoor relative humidity and relative wood
humidity without and with ventilation in the untreated room. Analysed with
a multiple linear regression model, study weeks No 1 and 4.

Two models were estimated for classroom 207 on the first
floor. In this classroom, all wood surfaces were left untreated
throughout the study period. The models had a high adjusted
R-square. In the regression, when the room is empty (CO,
level < 500 ppm), the relative wood moisture content was
the independent variable, which explains most of the var-
iance. In the analysis when the room was in use (CO, level
> 500 ppm), the time proxy was the most important variable,
indicating that changing outdoor climate influenced the rela-
tive humidity. The relative wood moisture content was stat-
istically significant in both analyses. The regression line is
plotted in the data for the untreated room in Figure 11.

Two models were estimated for classroom 107 on the
ground floor. In this classroom, all wood surfaces were
untreated throughout the first week of the study period

Table 7. Associations between indoor relative humidity and wood humidity
without and with ventilation in the room with treated walls and roof.
Analysed with a multiple linear regression model, study weeks No. 1 and 4.

CO, less or equal to 500 ppm  CO, larger than 500 ppm

CO, less or equal to 500 ppm CO, larger than 500 ppm

Untreated Adj R? Standardized Adj R? Standardized Adj R? Standardized Adj R? Standardized
room 0.912 coefficient beta 0.899 coefficient beta Treated room 0.825 coefficient beta 0.723 coefficient beta
Relative 0.732 *** 0.413 *** Relative 0.257 *** —0.227 ***
humidity in humidity in
wood wood
Study week (1, —0.231%** —0.549 *** Study week (1, —0.685 *** —1.016 ***
4) 4)

***Significant change of variable, p < 0.001.

*** Significant change of variable, p < 0.001.
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Figure 11. Regression line on the relative humidity in wood and relative humidity in indoor air, untreated room and no ventilation, study weeks No. 1 and 4.

and the wood surfaces were treated with varnish in the last
four weeks of the study period. The varnish is expected to
seal the hygroscopic surfaces, thus creating an intervention
in the study design. In the regression analysis on classroom
107, both models had a high adjusted R-square. The time
proxy explained most of the variance in both models. This
indicates that the effect of the treatment of the wood surfaces
influenced the relative humidity in the indoor air. Descriptive
statistics show that the indoor RH in room 107 decreased
after the intervention treatment. The impact of the relative
wood moisture content when the classroom was empty
was much lower compared with the corresponding value in
the analysis of the untreated classroom.

Discussion

The relationship between indoor relative humidity and wood
moisture content and treatments and changes in outdoor
climate were analysed. The main purpose of this experimental
study was to explore the effect of surface treatment of indoor
wood in a classroom. The relative wood moisture content was
statistically significant and had a positive association with
indoor relative humidity.

The amount of CO, in the indoor air will depend on human
activity in the classrooms. CO, is exhaled from the respiratory
system and the total amount of CO, increases with the number
of persons. In addition to exhaling CO,, humans also exhale
H,0, and the indoor relative humidity may increase in the
classroom when there are many people in the room. When

there are many people in the room, the ventilation system
will be turned on. In the cold period of fall and winter, the ven-
tilation system will add cold air with low absolute humidity and
extract hot air with a relatively high amount of water (Cascione
et al. 2019). It is difficult to predict the individual effect of the
two variables that might influence indoor relative humidity.

Indoor relative humidity can impact human health. Very
high relative humidity is associated with biological risks
(e.g. indoors mold problems) and asthma or other respiratory
symptoms (Kim et al. 2007; Mendell et al. 2011). Low relative
humidity is associated with related symptoms, such as dry,
irritated eyes (Wolkoff 2017) and increased risk of viral infec-
tions (Koep et al. 2013; Ahlawat et al. 2020).

The present study indicates that the exposed wood sur-
faces in the two classrooms affect relative humidity in the
air, and wood absorbs and desorbs moisture over time. The
moisture buffering effect appears to be higher for the class-
room with untreated surfaces than for those with treated sur-
faces, thus have a higher potential hygrothermal mass. The
moisture buffering effects are most predominant when the
rooms are not ventilated. The buffering effect is influenced
by the relative humidity and temperature in the outdoor air
that is supplied through the ventilation system, and high ven-
tilation rates will most likely weaken or cancel it out. The
regression model for the treated room with much human
activity exhibits a negative parameter estimate for the vari-
able wood moisture content. In this case, the ventilation
system apparently removes humidity from the indoor air,
and the buffering effect is apparently reversed.
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It should be kept in mind that the study does not study the
effects from indoor climate on humans. How moisture
buffering influences residents and users of indoor environ-
ments with respect to comfort criteria should be investigated.
Conducting experiments in real-life settings can also include
measurements of people’s perceived comfort and well-being
using indoor rooms to evaluate whether hygroscopic wood
surfaces have a beneficial effect on people.
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