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“You must get the most out of the power, out of the material, and out of the time” (1926) 

Ford, Henri (1863-1947) 

 

“The scientist does not study nature because it is useful; he studies it because he delights in it, and he delights in it 
because it is beautiful. If nature were not beautiful, it would not be worth knowing, and if nature were not worth 
knowing, life would not be worth living.” 

“On fait la science avec des faits, comme on fait une maison avec des pierres; mais une accumulation de faits n’est 
pas plus une science qu’un tas de pierres n’est une maison” 

Poincaré, Henri (1854-1912)
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PPRREEFFAACCEE  

Wood is a winsome natural polymer composite providing an immense field of challenges for the 
interested researcher. As a freshly educated French engineer, I immediately pronounced a profound 
admiration for this material and wanted to study its beautiful complexity further. To fulfil this goal, I 
left France for Sweden in 2002 to start a great adventure together with my partner in life. Sweden is a 
welcoming and astonishing country, full of surprises and contrasts, and especially with a common 
tradition shared for the wooden construction, something I was looking after. I immensely learned from 
this country and its inhabitants, maybe even more than from the only Ph.D. process. Swedes appears 
to have a profound attachment to their country, its culture and traditions but they show at the same 
time a flexible and open-minded way of thinking and acting that becomes perceptible day after day 
spent with them. That is the lesson I would like to bring back in France when transposed to wood. 
Wood is a traditional material providing a cultural heritage to humanity but at the same time, it is 
capable of huge flexibility when used intelligently and wisely to serve our modern society. 

Throughout this work, I tried to conceal two fields of research I am particularly attached to, i.e. the 
wood science and the building physics. My involvement in the building sector began when I was 
experiencing my first contact with Sweden at SP, the Swedish National Testing and Research Institute. 
Five months later, I applied for a Ph.D. position at KTH, the Royal Institute of Technology, in 
Stockholm. The present Doctoral thesis is the outcome of my past four years of research activity 
carried out at KTH, School of Architecture and the Built Environment, Dept. of Civil and 
Architectural Engineering, Div. of Building Materials. 

I wish to express my gratitude to the Swedish Research Council for Environment, Agricultural Sciences 
and Spatial Planning (FORMAS), and the Swedish Construction Sector Innovation Centre (BIC) for 
the financial support they provided to this project. 

The achievement of this Doctoral thesis would not have been made possible without the support and 
advices of a number of people, who deserve my sincere acknowledgments. I am truly indebted to my 
supervisor Prof. Ove Söderström for his valuable comments, suggestions and criticisms with regards to 
my research and the manuscripts, which compose the core of this thesis. I have learnt a lot during the 
time I had the privilege to work close to him. I want also to thank all my colleagues at KTH and first 
of all the administrative staff for creating a stimulating and friendly environment. I would like to 
express my sincere thanks to Mr. Tor Lundström, co-author of the first article. He offered to me the 
opportunity of continuing the work he launched at KTH. Dr. Per Sahlin, at EQUA Simulation 
Technology Group, is kindly acknowledged for introducing me to the modular simulation environment 
IDA ICE 3.0. I am very grateful to Mr. Olle Jakobsson, project leader for the two multi-storey massive 
wood dwellings recently erected in Stockholm and on which ones I have been working during these 
four years. He was my link to the industrial world and the practical implementation of my research. 
Mr. Olof Pettersson at Ecofärg is acknowledged for providing the coating materials. Mr. Anders 
Bouvin is acknowledged for his technical assistance during the set-up of the in-situ measurement 
campaign at the Vetenskapsstaden building.  

I would also like to express my thanks to all my colleagues and friends at SP Trätek, especially to 
Techn. Lic. Magdalena Sterley, Dr. Andreas Falk, Dr. Anders Rosenkilde and Dr. Magnus Wålinder, 
for the fruitful and stimulating discussions we had together. Special thanks go to my co-author 
Techn. Lic. Magdalena Sterley. 

I joined the IEA Annex 41 on “Whole building heat, air and moisture response” during the year 2004. I am 
very grateful to all my colleagues in this working group providing a forum for invaluable discussions on 
the topic of Moisture Buffering Capacity. 
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Last but not least I would like to thank my family for the support and encouragements I continually 
received even against all remoteness. Aurore Schmitt, my partner in life and author of several 
illustrations highlighting the core of this thesis, deserves my deepest love for supporting my sudden 
changes in humour I might had during the past four years and for bringing to me the “buffering 
capacity” I needed to pass through the labyrinth of the Doctoral thesis. 

I dedicate this work to my little son Antonin, born in Sweden along this journey. 
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AABBSSTTRRAACCTT  

The work presented in this Doctoral dissertation concerns the ability of heavy timber structures to 
passively reduce the fluctuations of the indoor temperature and of the indoor relative humidity, 
through the dynamic process of heat and moisture storage in wood. We make the hypothesis that the 
potential offered by the hygrothermal inertia of heavy timber structures is significant, and that it could 
provide a passive way of regulating the indoor climate. This ultimately could results in a decrease of the 
energy demand from the Heating, Ventilating and Air Conditioning systems. In this Thesis, the author 
tries to characterise and quantify the significance of the hygrothermal inertia providing by the heavy 
timber constructions. 

The experimental studies contain an in-situ measurement campaign carried out at the Vetenskapsstaden 
building located in Stockholm and erected in 2001. The results from the test campaign show that a 
heavy timber construction may contribute to buffer the indoor temperature. A direct quantification of 
the moisture stored in the wood structure is measured regarding the year-to-year indoor humidity 
fluctuations. It was however hardly possible to directly quantify the moisture storage potential offered 
by the structure regarding the day-to-day indoor relative humidity fluctuations because of the low 
sensitivity of the measuring technique used.  

In regard to the limitations noticed during the in-situ measurements, laboratory measurements were 
launched to develop new methods to determine the day-to-day hygric performances of wood exposed 
indoor. A new method based on the Magnetic Resonance Imaging technology was developed and is 
intended to provide information about the Moisture Buffer Value measured according to a 
NORDTEST protocol, and about the moisture distribution in wood with high spatial resolution. The 
Moisture Buffer Value of untreated Scots pine measured with this method is in accordance with the 
gravimetric method provided by the NORDTEST protocol. The Moisture Buffer Value of coated 
Scots pine was also investigated and it is normally assumed that any coatings will decrease the Moisture 
Buffering Capacity of the structure. The results show however that for specific coating such as 
waterborne alkali silicate coating, the Moisture Buffering Capacity of the structure may on the contrary 
be improved.    

At last, numerical simulations were carried out. They were based upon the extension of a modular 
simulation environment IDA ICE 3.0, with the implementation of a specific model for heat and 
moisture transport in a wood. The results obtained pinpoint the highly synergetic effects between the 
indoor moisture loads, the ventilation rate, the outdoor climate and the moisture interactions with the 
structure. The outcomes also show that the Moisture Buffering Capacity of a heavy timber structure is 
appreciable. The structure is able to even out substantially the day-to-day indoor relative humidity 
fluctuations for a certain range of ventilation rate. 

 

Keywords: 1H MRI, Building simulation environment, Heat buffering capacity, Heavy timber construction, Indoor 
climate, In-situ measurement, Magnetic Resonance Imaging, Moisture buffering capacity, Moisture Buffer Value, 
Moisture distribution, Nuclear Magnetic Resonance, Wood  
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LLIISSTT  OOFF  SSYYMMBBOOLLSS  AANNDD  AABBBBRREEVVIIAATTIIOONNSS  

Major symbols used along this thesis are listed below. Others are defined as they first appear. 

 
A  Surface        [m2] 
a   Heat diffusivity       [m2·s.-1] 
aw  Available water       [kg·m-2  per time period] 
B  Magnetic field       [T] 
b  Heat effusivity       [W·s1/2·m-2·K-1] 
bm  Moisture effusivity      [kg·m-2·Pa-1·s-1/2] 
C  Heat capacity       [J·K-1] 
cp  Specific heat capacity       [J·kg-1·K-1] 
cp,a  Specific heat capacity of the air    [J·kg-1·K-1] 
D  Moisture diffusivity      [m2·s-1] 
dj  Thickness of material layer j     [m] 
dp  Penetration Depth      [m] 
G  Moisture flux       [kg·s-1] 
Hm  Latent heat of moisture      [J·kg-1] 
Hv  Latent heat of evaporation      [J·kg-1] 
hT  Heat surface convection coefficient     [W·m-2·K-1] 
hv  Mass surface convection coefficient     [m·s-1] 
MBV  Moisture Buffer Value      [kg·m-2 per %RH] 
n  Ventilation rate       [h-1] 
pi  Indoor partial water vapour pressure    [Pa] 
po  Outdoor partial water vapour pressure    [Pa] 
psat  Saturated water vapour pressure    [Pa]  
pv  Partial water vapour pressure     [Pa] 
Q  Heat flux       [W] 
r  Buffering effect ratio      [-] 
T  Temperature       [K] 
TD  Transmittance       [W·m-2·K-1] 
Ti  Indoor Temperature       [K] 
To  Outdoor Temperature       [K] 
TS  Surface Temperature       [K] 
t  Time        [s] 
tp  Time period       [s] 
U  Coefficient of heat transmission    [W·m-2·K-1] 
u  Moisture content by dry mass     [kg/kg] 
V  Volume        [m3] 
vi  Indoor water vapour concentration     [kg·m-3] 
vo  Outdoor water vapour concentration     [kg·m-3] 
vsat  Saturated water vapour concentration     [kg·m-3] 
vssat  Saturated surface water vapour concentration    [kg·m-3] 
w  Moisture content by volume     [kg·m-3] 
Yo  Admittance       [W·m-2·K-1] 
 
Greek symbols 
 
δp  Vapour permeability based on partial water vapour pressure [kg·Pa-1·m-1·s-1]   
δv  Vapour permeability based on water vapour concentration [m2·s-1] 
ξs  Specific moisture capacity     [kg·kg-1·%-1] 
ξv  Volumetric moisture capacity     [kg·m-3·%-1]  
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γ  Magnetogyric ratio      [rad·s-1·T-1] 
λ  Heat conductivity       [W·m-1·K-1] 
µ  Magnetic moment      [J·T-1] 
ρ  Density       [kg·m-3] 
ρa  Air density        [kg·m-3] 
ρo  Oven-dried density       [kg·m-3] 
ρw  Water density        [kg·m-3] 
ω  Angular frequency      [s-1] 
ωo  Larmor frequency      [s-1] 
χ  Specific heat capacity      [J·m-2·K-1] 
 
Abbreviations 
 
ABD   Active Buffering Depth  
BRI  Building Related Illness 
COP   Coefficient Of Performance  
CPD   Construction Product Directive  
CPMG  Carr Purcell Meiboom Gill 
CTI   Constant-Time Imaging  
DFT   Discrete Fourier Transform  
ER   Essential Requirements  
EWP   Engineered Wood Products  
FDM   Finite Difference Method  
FFT  Fast Fourier Transform 
FID  Free Induction Decay 
FOV  Field Of View 
FSC   Forest Stewardship Council  
GHG   Green House Gases  
HBC  Heat Buffering Capacity 
HVAC  Heating, Ventilating and Air Conditioning 
IAQ   Indoor Air Quality  
ICC   Indoor Climate Classes 
IEA  International Energy Agency 
MBC   Moisture Buffering Capacity  
MBP   Moisture Buffer Performance  
MBV   Moisture Buffer Value  
MRI   Magnetic Resonance Imaging  
NMF   Neutral Model Format  
NMR  Nuclear Magnetic Resonance 
PBB   Performance Based Building  
PMV   Predicted Mean Vote 
PPD   Predicted Percentage of Dissatisfied  
SBS   Sick Building Syndrome 
SPI   Single-Point-Imaging 
SPRITE Single Point Ramped Imaging with T1 Enhancement 
VOC   Volatile Organic Compounds  
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  CCHHAAPPTTEERR  11::    
IINNTTRROODDUUCCTTIIOONN  TTOO  TTHHEE  TTHHEESSIISS  

 

This chapter presents the general context, in which this Doctoral dissertation has been written. It exposes the scientific aim 
of the work carried out along this project and tries to justify it. 

1.1 GENERAL CONTEXT 

The Scandinavian countries have always placed reliance on wood used as a structural material. This 
reliance, based on cultural considerations and an almost unlimited access to the raw material, has 
however been for some reasons mostly restricted to the market of family houses. In Sweden, the 
wooden construction sector already dominates by 90 % the building market share for single family 
houses, whereas it represents still only a mere niche for the multi-storey family houses with around 7 % 
of the market share, and this mostly for buildings limited to two storey (Thelandersson et al., 2004). This 
statement appears to be even worse in Western Europe where the part of wooden constructions 
represents 20 % of the whole single-family dwelling stock in the United Kingdom, somewhat less than 
15 % in Germany or yet barely 4 % in France, not to mention the almost inexistent share of wooden 
constructions for recently built multi-storey family houses estimated to only 5 % in the whole Europe.  

Throughout the 20th century, wood as a structural material came into disregard and was even considered 
as being inferior to other building materials such as concrete, brick, steel, aluminium, PVC , mostly for 
the reasons (justified or not) of fire hazards, low acoustic performances, low structural performances of 
the timber frame buildings, a shorter life span, and biodegradation. This handicap, particularly present in 
Western Europe, has been supported during several decades by prescriptive building regulation codes. 
For instance, prescriptive fire regulations required in the past to use non combustible structural 
materials in the medium-rise buildings. Meanwhile, other reasons may be pinpointed such as the 
traditional building practices and the conservatism of building materials towards the masonry and the 
brick for the single family houses in Western Europe, due in part to a lack of knowledge and experience 
in timber engineering, an overwhelming domination of concrete in multi-storey family houses, and a 
highly fractured wooden industry together with its provisioning network in most European countries 
slowing down the development of economical and innovative wooden construction alternatives.  

Major events have however contributed to initiate a reversal of this situation and wood may become the 
building material of the 21st century. The first determinant event may be related to the adoption in 1988 
by the European Union (EU) council of the Construction Product Directive (CPD), prescribing 6 Essential 
Requirements (ER) on building and civil engineering works (Council Directive 89/106/EEC). These ER, 
stated as follow, shall be satisfied during the intended working life of a building: 

1. Mechanical resistance and stability 

2. Safety in case of fire 

3. Hygiene, health and the environment 

4. Safety in use 

5. Protection against noise 

6. Energy economy and heat retention 
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The CPD resulted in the recognition of the Performance Based Building (PBB) with a transfer of trends 
emerging in the building market from a supply-oriented market, describing a building material in term of 
solution and technical specifications, towards a rather customer-oriented market. The performance-
based fire regulations implemented in several European countries during the 90s, following up the 
adoption of the CPD, has provided the opportunity to build nowadays multi-storey dwellings with 
structural timber frames. According to the previous Nordic regulations, it was only possible to build 
wood houses up to two-storey with an exception in Norway, where three-storey were allowed. Since 
1994 in Sweden, 1997 in Norway and 2004 in Denmark, there are no further limitations in the number 
of storey as long as the ER are fulfilled. It remains still limited to four storeys in Finland since 1997 and 
the use of sprinklers is required for building having more than two storeys.  

The Nordic governments have recently supported an extensive use of wood in construction to stimulate 
the important forest sector in these countries and to provide innovative and value-added Engineered 
Wood Products (EWP) available for export. A Nordic Wood research program was created and financed 
by a Nordic Industrial Fund, national research bodies, and several building and wood industries 
(Thelandersson et al., 2004). This has stimulated the development of light-weight multi-storey timber 
buildings within the project “Multi storey timber building” running from 1995 to 2000. It was soon followed 
by pilot projects within the research framework “Solid wood constructions”, running from 1999-2000 to 
2002, for the development of residential and commercial heavy timber building systems, based on solid 
wood panels integrated within innovative wall and floor systems. The “Solid wood construction” research 
program resulted in the creation of a consortium and the edition of a handbook gathering the recent 
advances and a state-of-the-art of such constructive systems (Industrikonsortiet Massivträ, 2002). On 
the same level, the changes of the building regulation in the United Kingdom in 1991 resulted in a major 
research program launched at the Building Research Establishment (BRE) and known as the “Timber Frame 
2000” program, to explore technological and innovative solutions for the medium-rise timber buildings 
before their entrance into the market and to show the benefits and potential performances of the timber 
frame buildings (Grantham & Enjily, 2004).  

A second determinant event for the wood construction sector has undeniably been the global and 
national sustainability issues addressed worldwide together with the ratification of the Kyoto protocol in 
1997, which have resulted in the release of national strategies and agenda in several European countries 
to promote an increase volume of wood used in the building sector. The legislation across Europe is 
nowadays increasingly supportive of wood, e.g. in Sweden (von Platen, 2004), in France (Juillot, 2003), 
in the UK, the Netherlands, Germany and Austria. In France for instance, the government and 
professional organizations signed the charter “Bois-construction-environment” in 2001 with the commitment 
to increase the part of wood in the buildings by 25 % falling due 2010. This corresponds to 17 million 
cubic meters of wood exploited for the construction sector compared to 13 million cubic meters in 
1999. The balance of carbon dioxide emissions in France shall thus be affected by an estimated 
reduction of 7 million tones carbon dioxide equivalent. This value may be compared to the 562.6 
million tones carbon dioxide equivalent rejected during the only year 2004. The general trend in Europe 
to increase the volume of wood used in building is reflected by the recognition of wood as an 
environmentally friendly renewable material, presenting a great potential to reduce the global emission 
of Green House Gases (GHG), and thus contributing to mitigating the climate changes (Reid et al., 2004).  

To strengthen an increase of wood volume in the building sector, the need for consumer awareness has 
been seriously taken into consideration by the different governmental instances. The Nordic Timber 
Council (NTC) has stimulated advertisement campaign in the UK (wood. for good) and in France (Le bois 
c’est l’essentiel). Such a broad advertisement campaign is thought to anticipate innovation, broaden the 
horizon for the wooden building sector, and increase trans-national trade and new potential clients. 
Indeed it is the client who ultimately decides in which place he wants to live, and the specific advantages 
of wood have to be known or re-known more widely.  
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Finally, wood as a building material has definitively undergone a paradigm shift at the end of the 20th 
century from the simple view of wood as a craft material to the view of wood as a highly valuable 
engineered product, this trend being driven among other by the emergence of innovative EWP. In that 
international context, I tried to deliver a research work which I hope could contribute as a small part 
towards the recognition of wood as a major alternative in the building sector. 

1.2 AIM AND JUSTIFICATION OF THE RESEARCH WORK 

Marcus Vitruvius Pollio, Roman writer, architect and engineer of the 1st century BC asserts in his treatise 
on architecture, De Architectura, three qualities that a structure shall exhibit to reach harmony: 

1. Voluptas, or the beauty and aesthetic features of the structure 

2. Firmitas, or the strength, security and durability of the structure 

3. Comoditas, or the functionality and comfort offered by the structure 

This Doctoral dissertation deals with the achievement of “Comoditas” in heavy timber dwellings. In these 
buildings, wood is present as cross-laminated timber plate products (Falk, 2005). The philosophy behind 
the research exposed hereafter is to develop measures to achieve good hygrothermal performances in 
the heavy timber constructions, yet fulfilling the requirements arising from the sustainability issues, i.e. 
through a “development that meets the needs of the present without compromising the ability of future generations to meet 
their own needs” (Brundtland, 1987). Interesting issues addressed are the heat and moisture storage 
capabilities of wood when exposed to an indoor climate. I have sought to give a clear insight in the heat 
and humidity interactions between a massive wood construction and an indoor climate. However, even 
though both the Heat and the Moisture Buffering Capacities are dealt with in this thesis, emphasis is put on 
the moisture buffering capacity of wood materials.  

Ultimately this work seeks to relax the energy demand usually put on mechanical Heating, Ventilating and 
Air Conditioning (HVAC) devices by using passive means which result in the same indoor comfort. It is 
worth mentioning and insisting on the fact that the first function of a building is to provide a shield and 
a good indoor climate for its inhabitants against the outdoor environment. The humankind always 
strives to create a thermally comfortable and healthy environment when designing buildings since the 
human beings spend almost 90 % of their time in a built environment. Meanwhile, the wasteful energy 
consumption of the world building stock constitutes a major environmental problem since the primary 
energy consumption of dwellings and non-industrial buildings counts for more than one third of the 
total world energy demand (ECBS, 2000).  

A Healthy Building workshop (Healthy Building workshop 10, 2000) was held in Finland the year 2000. 
The objective was to study the effect of wood based materials on the Indoor Air Quality (IAQ) and on 
the indoor climate looking at parameters such as the humidity, the thermal comfort and the emission of 
Volatile Organic Compounds (VOC). It was pointed out during this workshop that further research was 
needed in the field of wood science looking at the moisture buffering effect of wood onto the indoor 
environment. It was also recognised that the utilisation of the hygrothermal inertia of wood materials to 
regulate the extreme peaks of indoor relative humidity/ temperature through the moisture/ heat storage 
could be beneficial. A NORDTEST project was initiated in 2003 to develop a rigorous definition of the 
Moisture Buffering Capacity (MBC), and to standardize a test procedure to measure this property 
(NORDTEST, 2005; Rode et al., 2005). This is also a central feature of current discussions addressed by 
the International Energy Agency within the Annex 41: “Whole building heat, air and moisture response” 
(Hens, 2003). 
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Several questions have been addressed throughout the work carried out in this thesis: 

1. How much does a heavy timber structure influence the indoor humidity and temperature 
variations? 

2. Can we quantify in-situ the moisture and the heat storage potentials of a heavy timber structure? 

3. What could be a suitable laboratory method to study the MBC of coated/ uncoated wooden 
materials? 

4. Which might be the direct or indirect consequences of the MBC of heavy timber structures 
onto the thermal comfort, the indoor climate, and the perceived IAQ? 

Attempts to provide answers to these questions are reported in the seven papers constituting the core of 
this Doctoral thesis. These scientific articles have been published or submitted to publication in several 
conferences and international journals. The achieved results completed with additional analyses shall 
hopefully contain some information on the contribution of wood materials to provide a good indoor 
climate. 

1.3 OUTLINE OF THE THESIS 

In order to answer the questions mentioned above, experimental and numerical methods have been 
developed and this dissertation contributes to the documentation of the research work conducted at the 
Royal Institute of Technology, School of Architecture and the Built Environment, Dept. of Civil and 
Architectural Engineering, Div. of Building Materials. This Doctoral thesis is based upon four scientific 
articles and three conference papers.  

The general context related to the subject of this thesis is provided in Chapter 1. Chapter 2 contains a 
short description of the wood material and the architectural potential of the heavy timber dwellings. 
Chapter 3 provides a state-of-the-art on the hygrothermal inertia of the building envelopes. The global 
performances of heavy timber structures in use are addressed in Chapter 4. It is followed in Chapter 5 
by the main results concerning more specifically the MBC of wood at the System level as defined in 
Chapter 3. An attempt to provide some information about the question 4 is given in Chapter 6. At last, 
Chapter 7 consists of the main conclusions and remarks drawn from the work carried out during these 
four past years. Proposals for the continuation of the research work related to the present topic are 
given. 

The four scientific papers together with the conference papers are appended at the end of this report. 
Paper I emphasises the measurement campaign carried out in a multi-storey heavy timber dwelling built 
in Stockholm, the year 2001. Meanwhile, some results from the measurement campaign are provided. 
Paper II and Paper III provide a deeper analysis of the data collected. Paper IV explores the heat and 
moisture transport in wood exposed to an indoor climate through the development of a numerical 
model based on a Finite Difference Method (FDM). This model has been implemented into a modular 
simulation environment, called IDA ICE 3.0 (Sahlin, 1996a). Paper V deals with the development of 
non-invasive spectroscopic method to study the MBC of wood materials. A step forward is taken in 
Paper VI, where different coating systems applied on Scots pine are analysed, looking at the influence it 
may result on the MBC. At last, Paper VII consists of an overview about the potentials for massive 
wood buildings to reach sustainability.  
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1.4 LIMITATIONS 

This Doctoral thesis is concerned with the third quality asserted by Marcus Vitruvius Pollio and the other 
two points are not touched upon. The comfort or “Comoditas” provided by a built environment is a 
broad concept, including several parameters and fields of research (Roulet, 2004). It first appears as a 
highly subjective concept where the human perception lies at the centre, and parameters such as 
metabolism, body activity, cloth, and health of the occupants play a significant role for its appraisal. 
However, all these parameters are not touched upon in this thesis since they are not function of the 
building structure itself and the designer cannot directly influence on them.  

Meanwhile, the concept of comfort involves technical criteria listed as follow: 

1. Hygrothermal conditions 

2. Indoor Air Quality 

3. Acoustic 

4. Lighting 

The only technical criterion touched upon in this thesis concern the hygrothermal conditions of the 
indoor environment. Finally, comfort might also involve social characters but this is not dealt with here 
and it is left to the appreciation of the sociologist and the architect. 
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CCHHAAPPTTEERR  22::    
FFRROOMM  TTHHEE  LLIIVVIINNGG  MMAATTEERRIIAALL  TTOO  TTHHEE  MMAASSSSIIVVEE  WWOOOODD  BBUUIILLDDIINNGG  

 

There are different ways of approaching the field of wood science. One often contents oneself with the knowledge of the 
important mechanical and physical parameters deemed of interest for the characterisation of the material. However, this 
knowledge is already well documented in other books and any exhaustive list of these parameters will not be provided in 
this chapter. I will preferably follow the biologist, who would rather remind you that wood originates before all from the 
living trees and that doing research on this material requires sensitivity to the way all its constituents are built upon. In this 
chapter, I outline therefore some basics from the Scandinavian forest to the anatomy of wood, and to the final product 
studied in this thesis, i.e. the modern heavy timber construction. It is intended to introduce the non-expert reader with some 
elements and background deemed relevant for the comprehension of this thesis. 

2.1 THE SCANDINAVIAN FOREST 

The world’s forest area was estimated to barely less than 4 billion hectares in 2005 and the total forest 
area was still decreasing at that time at a rate of -7.3 million hectares per year. In Europe, the forest area 
represents somewhat 25 % of the world’s forest area and it continues to expand even though at a slower 
rate than during the 90’s according to a report edited by the Food and Agricultural Organisation of the 
United Nations (FAO, 2006). 

In Sweden, the total land area is 44 million hectares and the forest area represents 27.5 million hectares, 
whose 73.1 % are productive forest area. The ownership structure of the Swedish forest land is shown 
in Figure 2.1. It is seen from Figure 2.1 that roughly 80 % of the forest land is privately owned. This 
number might be compared to 84 % of the world’s forest being on the contrary publicly owned in 2005 
(FAO, 2006). Furthermore, around 250 000 private individuals owned each one approximately 
50 hectares, showing the high parcelling of the Swedish forest land ownership.  

51%

6%

18%

1%

24%

Private (individuals)

Other private owners

The State (including the State
owned-company Sveaskog)

Other Public

Companies (excluding
Sveaskog)

 

Figure 2.1: Ownership structure of the Swedish forestry land. [Source: National Board of Forestry] 
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2.2 THE LIVING TREE 

A tree is a living material, complex by nature, biodegradable and composed of thousands of species 
scattered around the world. One distinguishes two main groups, the Gymnosperms, i.e. the conifers or 
softwoods, and the dicotyledonous Angiosperms, i.e. the hardwood. According to a national forest 
survey, the forest in Sweden is composed by 42 % of spruce and by 39 % of pine, both of these species 
belonging to the category of softwood. The remaining is composed by 11 % of birch, 5 % of other 
broadleaves and 3 % of dead trees. In Sweden, the species commonly found in the building structures 
are Norwegian spruce (Picea abies), Scots pine (Pinus sylvestris L.) and to a lesser extent European larch 
(Larix decidua). Since this Doctoral thesis is devoted to the use of wood for structural purposes, this 
chapter emphasizes only on the characteristics of the softwood structure. Nevertheless, hardwood and 
softwood have mainly the same structure and only differ to our sight in that the softwoods have needles 
and the hardwoods have leaves. Their structures differ however significantly at the microscopic level. 

The main divisions found in softwood at the tree magnitude are provided in Figure 2.2 and a schematic 
cross-section of the stem shows its different parts. The outer bark acts as a shield protector from the 
outdoor environment. Water and nutrient salts are absorbed by capillary suction from the soil and roots, 
and are transported from the sapwood to the needles, where the elaborated sap is produced through 
photosynthesis. The elaborated sap is then transported down through the phloem (inner bark) and 
divisions inside the cambium form new cells. The central heartwood is often clearly dissociated from the 
outer sapwood due to its darker colour as it occurs in pine, whereas this feature is hardly noticeable in 
spruce. 

 

Figure 2.2: The living tree and cross-section of the trunk. 
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The heartwood is less water permeable with lower moisture content than in the sapwood in newly 
harvested timber and it contains more extractives. The extractives are soluble components found in the 
heartwood and the bark, and are composed of resins acids (terpenoids), fat and waxes, and phenolic 
extractives (stilbenes, lignans, tannins). Heartwood is appreciated because of its higher resistance to 
deterioration from fungal growth and insect attacks. Water and nutritious substances are transported in 
the radial direction through the pith radius. The pith is situated in the very centre of the tree.  

Different growth ring patterns are visible in Figure 2.2. The alternations of light and dark colours in an 
annual growth ring refer to the earlywood and the latewood respectively. The earlywood is formed in 
spring. Its structure is less dense than the latewood, formed in summer, and has thinner cells and large 
cell cavities (lumen). The latewood has thick cell walls, which provides the strength of the tree. The 
reaction wood is an anomalous structure having different properties, and it appears in a tree exposed to 
stresses arising from the wind or from the slope of the ground. In conifers, one defines the reaction 
wood as compression wood and in hardwood, one speaks of tension wood. 

Wood is inhomogeneous (i.e. it has different properties at different location) and anisotropic (i.e. it has 
different properties in different directions). Wood is considered as an orthotropic material. 
Consequently, one has to keep in mind that the properties of wood normally involve wide deviations 
from the mean values and they depend on the considered location in the tree as well as the direction. 
The three principal directions are defined by the longitudinal direction following the trunk axis, the 
tangential direction and the radial direction forming the transverse plane.  

2.3 THE MICRO- AND ULTRA-STRUCTURE OF WOOD 

2.3.1 THE MICRO-STRUCTURE 

As shown in Figure 2.3, the gross structure of softwood is formed by ca. 90-95 % of dead cells called 
tracheids. The tracheids are long tubes with a rectangular shape and closed ends. They have a nominal 
diameter between 20 and 40 μm and a length of ca. 2.5-3.5 mm (Kollman & Côté, 1968; Dinwoodie, 
2000). The living cells, known as the parenchyma cells, form 1-2 % of the wood volume and contain the 
nutrient agents. They are shorter and thinner cells than tracheids. Specific parenchyma cells, called 
epithelial cells, surround the resin ducts and produce the resin. Important features of the wood structure 
are the existence of three types of pits connecting the wood fibres. The pit pairs are mainly situated in 
the radial plan of the tree and in the earlywood. As shown in Figure 2.4, the simple pit pairs connect 
two parenchyma cells, the half-bordered pit pairs connect the prosenchyma cells and the parenchyma 
cells, and the most important bordered pit pairs connect two prosenchyma cells.  

 

(1) Latewood 
(2) Earlywood 
(3) Radial bordered pits 
(4) Resin canal 
(5) Epithelial cell 
(6) Pith ray with ray parenchyma 

 
L = Longitudinal direction 
R = Radial direction 
T= Tangential direction 

Figure 2.3: Softwood micro-structure. 
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Prosenchyma is a general term applied to the tissues formed of elongated cells, especially those with 
pointed or oblique extremities like the tracheids of ordinary wood. The pit apertures measure 
approximately 0.02 to 8 μm and may remain closed after the drying process due to the phenomenon of 
pit aspiration. The pit aspiration is the results of capillary forces drawing the tori toward the pit border. 

2.3.2 THE ULTRA-STRUCTURE 

The ultra-structure of wood ultimately controls its mechanical properties. The tracheids consist of a 
number of layers depicted in the diagram shown in Figure 2.5. The primary layer (P) is surrounded by 
the middle lamella (M), a lignin-pectin complex, which holds the wood fibres together. The secondary 
wall is made up of three distinctive layers. The middle layer (S2) is the most significant part of the 
secondary wall and the thickness differences of the cell walls between earlywood and latewood is mainly 
attributed to this layer. The outer layer (S1) and the inner layer (S3) of the secondary wall enclose the S2 
layer. The lumen cavity of the tracheid is coated with a warty layer of unknown chemical composition 
(W). The microfibrillar orientation in the S2 layer is the main characteristic explaining the wood 
movements, swelling and shrinkage. The grain angle is seldom parallel to the longitudinal axis and the 
microfibrillar angle is about 10º in earlywood and up to 30º in the latewood (Siau, 1995). 

The dry woody cells mainly contain three different polymers. The cellulose (C6H10O5)n represents ca. 40-
50 % of the wood and is mostly found in the S2-layer. The hemicellulose belongs to the group of 
polysaccharide and composes ca. 20-30 % of the dry cell wall. Lignin counts for ca. 25-35 % of the cell 
walls and is mainly located in the middle lamella. Its three-dimensional structure is very complex and is 
made up of phenyl-propane units. The remaining part of the cell walls consists of extractives (Siau, 
1995). Cellulose is the most occurring organic polymer on earth. The wood cellulose is a polymer made 
up of an aggregate of 1.03 nm long cellobiose units, i.e. chains of two glucose units. The wood cellulose 
is composed by 5000 to 10 000 glucose units. Several cellulose chains are arranged parallel to each other 
to form the microfibrils. These microfibrils have a fractional crystallinity estimated to ca. 60-70 % and 
only the amorphous part of the microfibrils can absorb and bound water vapour molecules on the 
hydroxyl groups of the glucose units (Skaar, 1988). The chemistry of wood is exhaustively discussed in 
Sjöström (1981). 

 

 

 

M = Middle lamella 
A = Aperture 
T = Torus 
C = Chamber 
S = Secondary wall 

Figure 2.4: Pit pairs. (a) Simple pit pair, (b) Bordered pit pair, (c) Half bordered pit pair. [Source: Siau,1995] 
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Several models have been proposed to describe the ultra-structural arrangement of lignin, cellulose and 
hemicellulose in the S2-layer of the wood cell wall. Figure 2.6 depicts two of them, the model (A) relying 
on a concentric layering of the S2-layer and the model (B) displaying radial features based on the results 
obtained by Sell and Zimmermann (1993). 

2.4 FROM SAWN WOOD TO INNOVATIVE HEAVY TIMBER CONSTRUCTIONS 

Around 85 million forest cubic meters are harvested each year in Sweden, and from this quantity, a 
considerable volume of sawn wood was produced in 2005, estimated to 17.8 million cubic metres (FAO, 
2006). A substantial part of sawn wood was directly exported the same year, for a total amount of 12 

 

M = Middle lamella 

P = Primary wall 

S1 = Secondary wall, outer layer 

S2 = Secondary wall, middle layer 

S3 = Secondary wall, inner layer 

W = Warty membrane 

Tracheid nominal length: 2.5-3.5 mm 

Tracheid nominal diameter: 20-40 μm 

Figure 2.5: A typical model of a fibre cell wall. [Source: Siau,1995] 

 

 

(A) 

 

(B) 

Figure 2.6: Two different ultra-structural arrangements of lignin, cellulose and hemicellulose in the S2-layer of the 
wood cell wall. [Source A: Kerr & Goring, 1975; Source B: Larsen et al., 1995] 
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million cubic metres, and only 5.8 million cubic metres were exploited in the Swedish construction 
sector.  

Compared to the man-made building materials, solid timber cannot be, strictly speaking, considered as 
an engineered material. The composition of wood cannot be changed easily in principle and a good 
quality of the sawn woods can only be obtained by an upstream forest management and by downstream 
grading. After the World War II, one sought to minimise the material resources and the costs, 
simultaneously putting higher demand on the material quality. The high weight-to-stiffness ratio of 
wood was appreciated and it resulted in the development of the popular two-by-four system, still 
extensively used in North America and in the Scandinavian countries, but mostly for the single-family 
houses. The two-by-four system is a light-frame construction in opposition to the post-and-beam 
construction involving the use of heavy timbers. A cross section of a light-frame wall and the layout of a 
light-weight single family house are shown in Figure 2.7. In the light-weight wooden frames, the wood 
volume is optimised resulting in small cross sections of studs and joists. The frames are filled with light-
weight insulating materials of low hygroscopicity and rigid sheathing panels are employed to close and 
stabilise the walls and floors. Gypsum panels are placed at the inner side to protect the structure against 
fire, so that almost no wood appears at the sight of the inhabitants, and a vapour barrier is placed on the 
inside of the frame behind the gypsum panels. Two alternatives of light framings are the ubiquitous 
platform framing and the older balloon framing introduced by Augustine Taylor (1796-1891) in 
Chicago. The light-frame constructions made in wood have shown to be competitive and successful but 
this system has however reached its limit in Sweden and the price levels for new housing is now 
increasing since a lack of competition do not encourage process improvements and material innovation. 

Nowadays, less than the natural growth of the forests is harvested according to a report edited by the 
Swedish Ministry of Industry, Employment and Communication. This clearly means that Sweden can 
produce more sawn timber in the future and that in a sustainable way (von Platen, 2004). It is 
furthermore stipulated in von Platen (2004) that “Timber shall be an obvious alternative in all construction 
projects in Sweden, and further on in all Europe”. To be competitive on the market, the wooden constructions 
need however to be innovative both regarding the building process and also regarding the way wood is 
used or arranged. 

To the point of view of the author, the two-by-four system has been in a way inauspicious for wood. 
The light-frame wooden construction has been so much optimised that it is not a robust design 
anymore and it may suffer from dramatic failures as soon as it is not built correctly on the building site. 
Too much attention has been put on the reduction of wood volume used in the frame of walls and 
roofs and on the structural performances of the system. However, the vapour barrier is likely to be 

  
Façade 

Ventilation layer 

Sheathing + Water barrier 

Timber frame + Insulation 

Vapour barrier + Gypsum panel 

Figure 2.7: Cross section of a common light-frame wall (Left) and 3D picture of a single family house (Right). 
[Source B:  Thelandersson et al., 2004] 
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punctured during the construction and maintenance moments, leading to a higher risk of interstitial 
condensation in the insulation material, which cannot absorb or buffer the surplus of moisture which 
gets past the vapour barrier. In the same way, supposing that the vapour barrier works well, if wet wood 
is used during the construction, this surplus of moisture will not be taken up by the insulating material 
and will be trapped in the wood for a long time leading to a high risk for rot and mould growth. 

Wood is not only an interesting structural material. It is also a building material whose great heat 
capacity and low heat conductivity combined with a high hygroscopicity could be used to keep the 
indoor temperature and humidity within an acceptable level. Why do we let the hygrothermal potential 
of wood aside today? It was known since long ago and massive timber structures were already built in 
the cold climate near mountains and northern part of the planet for years. Even though the reason to 
build in wood in these regions was before all due to the nearby access to forest, the good thermal inertia 
and eventually the good hygric inertia of heavy timber structures was already recognised. 

The most well known heavy timber structure is the log house made of tree trunks most often 
horizontally laid up. Log houses were extensively used in Finland in the past up to 1930 (Heikkilä & 
Suikkari, 2002) but disappeared gradually because the log houses suffer three major drawbacks: they 
were considered as old fashioned for the new urban environment, the erection time was long and log 
houses required massive wood resources. This is only recently that the log structures have undergone an 
extensive revival in modern public buildings and in towns in Finland (Heikkilä & Suikkari, 2002). 
Pictures of an old log house located in Trondheim, Norway are shown in Figure 2.8, together with some 
detailing of the roof and wall corner designs. 

Another heavy timber construction, in practise during the past, is the stonewood construction also 
called cordwood masonry or stackwall construction. In this system, short pieces of debarked tree are 
laid up horizontally and crosswise to form a wall. Mortar or cob mixtures were used to fill the gap 
between each tree pieces and the central space of the wall was filled with insulating materials an example 
of it being a mixture of sawdust and hydrated lime. The stonewood walls can carry load or they also can 
just be used to fill the space between load bearing post and beam frameworks. This kind of construction 
is to be found in some places of North America, Norway and Greece. Pictures of an outer wall made of 
stonewood in Norway are shown in Figure 2.9. 

 

 

Figure 2.8: Pictures of old log houses in Trondheim, Norway. 
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This type of construction is of real interest in regard to this thesis since one may expect a high Moisture 
Buffering Capacity (MBC) of the structure. Indeed, huge amount of transversal planes of timber are 
exposed to the indoor. Since the moisture diffusion in wood is highest in the longitudinal direction, 
moisture penetrates deeper in the wood during day-to-day fluctuations compared to if tangential or 
radial sections were exposed. The concept of MBC is further explained in the next chapter. 

In modern time, heavy timber constructions, also called massive wood constructions, commonly refer in 
Europe to an innovative architectural and structural concept, which makes use of a larger volume of 
wood compared to the traditional light-frame constructions. The concept originates from Central 
Europe, where several projects were initiated following the development of highly industrialized timber 
products during the early 90s in these countries. Swedish companies, representing construction, forestry 
and wood-processing industries, in cooperation with the Swedish Government, have published a 
handbook, which provides a complete overview in the field of solid wood constructions 
(Industrikonsortiet Massivträ, 2002). The structure of modern heavy timber constructions are built upon 
pre-manufactured plate-like systems. A plate-like timber product is usually provided by an uneven 
number of layers of wood, which are assembled cross-wise, pressed and glued together (alternatively 
screwed or nailed together). A low quality of the sawn timbers can be used to produce these massive 
panels since a load sharing is supposed to occur in the cross-laminated plates (Natterer, 2002). The 
resulting plane elements are usually commercialized with a width of ca. 1200 mm, a length up to 12 m 
and a thickness varying mostly from 90 to ca. 450 mm depending on the number of layers. They may be 
used as ready-to-use exterior walls and floors. Yet, the panels may be assembled with the addition of an 
insulating layer, and gypsum boards. Figure 2.10 shows a massive wood wall designed for a multi-storey 
dwelling erected in Stockholm, Sweden. 

The architectural potential of heavy timber construction has been extensively depicted in a recent 
Doctoral dissertation (Falk, 2005), where a search for rationality of the manufacturing processes and a 
holistic approach were considered. The plate-like elements, although influenced by the traditional log 
cabin picture of past time, presents new ways of design. The system may be integrated within modern 
urban locations for medium-rise buildings, thus not only suiting leisure cottages and houses in the 
countryside.

 

Figure 2.9: Pictures of an outer wall from stonewood construction in Norway. [Source:  Architect Majbrit Hirche] 
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To date, only a few pilot projects based on this concept 
have become reality in Sweden. One project of interest 
was erected in Stockholm in 2001. It was named 
Vetenskapstaden in Swedish, meaning the “City of Science”, 
since it was first intended to provide apartment blocks for 
accommodating guest researchers. The three-storey 
structure is composed of 36 apartments of 34 m2 and 
54 m2 and the total heated area is approximately 2100 m2. 
Figure 2.11 shows the building from outside and from 
inside, and a cross section of the wall structure is also 
provided. The plate-like elements were made of Scots 
pine (Pinus sylvestris L.) and distributed by Ekologibyggarna 
AB. The building was constructed as prefabricated 
volume elements by Plus Hus AB. It is the first building 
certified by the Forest Stewardship Council (FSC). 

The strategy developed at the Vetenskapsstaden building 
for the heating, the ventilation, and the hot water 
consumption is resumed in a report published by the 
Swedish energy authority (Södergren, 2003). The supply 
and exhaust airflow are kept constant to approximately 12 
to 15 l·s-1. This represents a ventilation rate n of 0.8 h-1.  

 

The total annual energy demand for the heating, ventilation and hot water systems represents only one 
third of the common energy demand of new buildings in Sweden and is evaluated to 40 kW·h·m-2. The 
low measured energy demand is the result of an effective heat recovery system. The exhaust air passes 

Figure 2.10: Massive wood structure.[Source: 
Adolfi B. et al., 2005] 

 

  

Figure 2.11: Heavy timber structure in Stockholm, called Vetenskapsstaden. 



 

15 

through the sink in the shower rooms, takes up the heat from the hot wastewater and is separated from 
water in the basement. This system increases the efficiency of the heat recovery system between the 
exhaust and supply airflow. The incoming water is partly warmed up by heat recovery from the 
wastewater. A geothermal heat pump is also implemented with three 180 m deep drilled holes in the 
ground to use the Earth as a heat sink in summer and a heat source in winter. A Coefficient Of 
Performance (COP) of 4 was estimated from measurements (Södergren, 2003). Low construction and 
maintenance costs were sought during the project, together with low energy consumption and the 
achievement of a good indoor climate. 

One of the most successful aspects of the building has been the good integration of the wood 
construction in an urban environment. The exterior gable walls of the building are provided of 92 mm 
glued massive wood structure on the inside divided in three layers of massive wood and air cavity, 
0.2 mm vapour barrier foil, 120 mm mineral wool, 9 mm gypsum board, 50 mm hard mineral and 
20 mm of rendering. The façade differs from the one described in Paper I for the reason that the 
design was changed before the construction phase. Indeed, the development plan of the city did not 
allow a wood façade on that site and the original design was replaced by a rendering plastered on a 
metal net. The inner side of the north and south exterior walls were designed with an additional wood 
layer of 18 mm before 10 mm of air cavity, to increase the sound insulation from the outside. The 
interior walls between two apartments consist of 92 mm cross-laminated timber panels on each side, 
divided in three layers, and insulated material composed of 226 mm mineral wool and placed in 
between the timber plate-like elements. 

Following the experience gained from the Vetenskapsstaden pilot project, three multi-storey student 
dwellings were built at the campus of the Royal Institute of Technology, KTH. The heated area here is 
2319 m2. The buildings were prefabricated in a factory in 3D modules with all the interior detailing, 
and each module was then transported by road and erected on site by the help of cranes. This 
industrialised method provides time efficiency and protection against the external aggressions during 
the erection of the building. The buildings were completed in spring 2005 and consist of a total of 75 
student apartments of each 20 m2. A cross section of the structure is shown in Figure 2.10. Pictures of 
the erection phase are shown in Figure 2.12.  

 

Figure 2.12: Student apartments at the Royal Institute of Technology, Stockholm. 
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Plate-like elements made of five wood layers, each 18 mm thick, were used to form the load-bearing 
structure. It differs slightly from the three layers (35-22-35 mm) forming the massive wood panels used 
at the Vetenskapsstaden building. Once again, the timber structure was left visible inside and only the 
ceiling was covered with gypsum boards. Several coating systems of high water vapour permeability 
were tested on the inner surfaces of the walls keeping in mind to avoid any drop of the MBC of the 
structure. The results of these two projects are exhaustively described in a recently published book 
(Adolfi et al., 2005) and other architectural aspects are treated in Falk (2005). 

To date, only one single-family house made of cross-laminated timber panels may be found in Sweden. 
It was built in Fristad with the structure elements been distributed by Ekologibyggarna AB. The house 
was built by the company Fristad Bygg AB in 2004. Figure 2.13 shows the house and the exterior wall.  

The exterior wall is commercialized with the name Thermoline and has been developed by the 
company SANTNER HolzBauElement in Austria. It is a multi-layer cross-laminated timber panel. The 
wood species used for the outer layer exposed to the outdoor climate is larch (Larix decidua) because of 
its good durability. Norwegian spruce (Picea abies) is used for the inner part of the wall and for the layer 
exposed to the indoor environment. The width of the Thermoline element may vary up to 272 mm. In 
this house additional insulating material was not necessary and the total wall thickness is 248 mm. 
Heavy timber panels of 98 mm were used for the roof in addition to 400 mm of mineral wool placed 
on the outside. The floors between two storeys consist of 184 mm thick massive wood. The house has 
a habitable surface of 180 m2. 

  

Figure 2.13: Single family house based on a modern heavy timber construction. 

 

 

 

 

Figure 2.14: The Svartlamoen building in Trondheim, Norway. The cross-laminated timber panels were provided by 
the company Santner HolzBauelement. 
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Also based on the Thermoline concept, a social project was launched in Trondheim, Norway, resulting 
in a five-storey massive wood dwelling known as the Svartlamoen building. Pictures of this building are 
shown in Figure 2.14. 

Finally, innovative massive wood components offer nowadays for a huge architectural and structural 
potential, and this Doctoral thesis focus more specifically on the heavy timber structure ability to 
provide a good indoor climate by passively reducing the indoor temperature and relative humidity 
fluctuations. 
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CCHHAAPPTTEERR  33::    
HHEEAATT  AANNDD  MMOOIISSTTUURREE  BBUUFFFFEERRIINNGG  CCAAPPAACCIITTYY  OOFF  HHEEAAVVYY  TTIIMMBBEERR  

SSTTRRUUCCTTUURREESS  

 

The following chapter reviews some of the backgrounds in building physics concerning the Heat and Moisture Buffering 
Capacities of building materials. This will call upon to explore briefly the available theories on the heat and moisture 
transports in a building. The Heat and Moisture Buffering Capacities of building materials refer to as passive ways of 
achieving a good indoor climate by stabilising the indoor temperature and humidity. Interesting research works performed 
in the past or more recently on the Heat and Moisture Buffering Capacity of wood and heavy timber constructions are 
referred to and discussed hereafter. 

3.1 HEAT AND MOISTURE EXCHANGES BETWEEN AN INDOOR CLIMATE AND A 

BUILDING ENVELOPE 

Heating, Ventilating and Air Conditioning systems (HVAC) are mechanical devices, which aspire to 
provide an acceptable indoor climate and to maintain a good Indoor Air Quality (IAQ). One of the tasks 
a HVAC system endeavours to perform is to keep the indoor temperature and humidity between 
acceptable levels. The major drawback of any HVAC systems is recurrently their energy consumption 
even though the technology is nowadays more efficient than it was in its infancy. Recalling that the 
sustainability issues ask for diminishing the energy consumption of the building stock, there is a desire 
to develop passive and energy-efficient systems. Throughout this Doctoral thesis, a passive system 
refers to the hygrothermal inertia of the heavy timber structures. The idea behind using passive systems 
leads to the basic philosophy of working with the nature instead of against it. Through a well thought 
design, one seeks to make profit of the natural hygrothermal processes involved between a building 
structure and the indoor to sustain an adequate temperature and humidity level in an energy- and cost-
efficient way. Figure 3.1 illustrates the heat and moisture interactions occurring between a building and 
its environment. All these interactions will influence the indoor temperature and humidity.  

 

Figure 3.1: Heat (Left) and moisture (Right) interactions between a structure and its environment. 
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In Figure 3.1, the heat and moisture processes involved in a building have been dissociated by sake of 
clarity but in reality of course, they are highly coupled. For instance, an increase in moisture content 
favours heat losses (Mendes et al., 2002), and inversely, the thermal situation affects the moisture 
transport. Therefore, both processes have to be investigated together to accurately assess the heat and 
moisture flow between the building materials and the indoor climate.  

In building physics, one often considers ideal mixing of the indoor air to be valid (nodal 
approximation) (Hagentoft, 2001). By using this assumption, Figure 3.1 may be transposed into a set of 
coupled partial differential equations describing the heat and the moisture balance respectively: 
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The parameter cp, a (J·kg-1·K-1) describes the specific heat capacity of the air, ρa (kg·m-3) is the air density 
and Vi is the room volume (m3). The term [1] in the heat balance equation (3.1) describes the heat 
storage in the air volume of the room, term [2] represents the heat flux gain or loss from the 
ventilation, term [3] stands for the heat exchanges with the adjacent zones, term [4] describes the solar 
gains, term [5] the internal heat gains, and term [6] stands for the heat exchanges between the room 
and the structure. The term [7] in the moisture balance equation (3.2) describes the moisture storage 
capacity in the air volume of the room; term [8] represents the moisture flow arising from the 
ventilation system and the air leakages, term [9] stands for the moisture exchanges with the adjacent 
zones, term [10] describes the moisture sources and sinks from the surface condensation and drying, 
term [11] represents the moisture loads from the inhabitants and their indoor activities, and term [12] 
takes into consideration the moisture storage from the structure but also from all hygroscopic surfaces 
present indoor like the furniture. To complete this set of equation, one generally adds the air balance of 
the room but this is not taken into consideration thereafter for the sake of simplicity. 

The hygrothermal inertia of the structure is observed through the coupled terms [6] and [12] in 
equation (3.1) and (3.2). A correct physical approach to determine the heat fluxes between the building 
envelope and its surrounding requires a simultaneous calculation of both the sensible and the latent 
heat. Identically, to determine accurately the water vapour flows between the building envelope and its 
surrounding requires knowing the temperature distribution within the structure, especially when 
dealing with exterior walls. In the following, the moisture transport in a liquid phase is not accounted 
for. The heat boundary condition between the indoor and the inner surface of the building envelope is 
defined as: 
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where hT, j is the surface heat transfer coefficient of the jth component (W·m-2·K-1), TS, j is the surface 
temperature (K) of the jth component, A j is the surface of the jth component (m2), Hm, j is the latent heat 
of moisture (J·kg-1) defined as the sum of the latent heat of vaporisation and the differential heat of 
sorption, hv, j is the surface mass convection coefficient of the jth component (m·s-1), vs, j stands for the 
water vapour concentration in the air at the surface of the jth component (kg·m-3), vi describes the 
indoor water vapour concentration (kg·m-3), α is the absorption coefficient of short range heat 
radiations (-), and Qradiation describes the fluxes of short-range radiation.  
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In the same way, the moisture boundary condition between the indoor and the inner surface of the 
building envelope is defined as: 
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The knowledge of the surface temperature and humidity requires solving the combined heat, air and 
moisture balance in the structure. A theoretical basis for modelling the coupled transport phenomena 
in porous media was developed in the late 50s with the work of Philip & De Vries (1957), and later 
Luikov (1966). The heat balance in the building envelope is given by: 
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where ρ is the material density (kg·m-3), cp is the material specific heat capacity (J·kg-1·K-1), T is the 
Kelvin temperature (K), λ the heat conductivity coefficient (W·m-1·K-1), Hm is the latent heat of 
moisture (J·kg-1) and w stands for the moisture content per volume of material (kg·m-3). 

The moisture balance in the building structure is given by: 
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where Dw depicts the moisture diffusivity (m2·s-1) based on the moisture concentration potential and DT 
describes the moisture diffusivity (m2·s-1) based on the temperature potential (Segerholm, 2004). 

The associated boundary conditions for the heat and moisture transport respectively are stated as 
follow: 
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It is hardly possible to solve analytically the set of equations presented above. To predict the 
hygrothermal performances of building materials and structures in practical situations require either the 
recourse to a simplified analysis, e.g. lumped models (Duforestel & Dalicieux, 1994; Plathner et al., 
1998; Plathner & Woloszyn, 2002), or to simulation environment tools based on numerical methods 
(Rode & Grau, 2003; Holm et al., 2003; Künzel et al., 2003; Rode et al., 2006). 

3.2 THE HEAT BUFFERING CAPACITY OF HEAVY TIMBER STRUCTURES 

3.2.1 WHAT IS THE THERMAL INERTIA? 

The Heat Buffering Capacity (HBC) of building structures, better known as the thermal inertia, is 
nothing new in building physics and has been the subject of numerous research studies since at least 
the late fifties in Sweden (Brown & Isfält, 1973; Barnaby et al., 1980; Brown & Isfält, 1983; Simmonds, 
1991; Norén et al., 1999).  

During the last decades, development of low-energy buildings has been supported by governmental 
instances in Sweden and in Europe. One has endeavoured to minimise the heat losses arising from air 
leakages and a huge amount of work has been put forward to reduce the heat transmissions through 
the building structure (Weber, 2004). Obviously, a simple steady state calculation tells us that the heat 
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transmissions may be reduced by increasing the level of thermal insulation.  Another possibility is to 
rely on the thermal inertia of the structure. The thermal inertia or HBC refers to the ability of the 
building envelope to store heat and to release it back into the indoor environment at a time of 
convenience. This process is used to damp the fluctuations of the indoor temperature. For instance, 
looking at a cold climate area, the outside temperature fluctuates but almost never crosses the indoor 
set point temperature during the winter season. In this case, the direction of heat flow never changes, 
but the thermal inertia of the structure remains beneficial since it creates a thermal lag or time delay for 
the heat to flow outside, which delays the indoor peak loads. Furthermore, the thermal inertia is most 
beneficial and significant in moderate climates since the outdoor temperature swings around the 
desired indoor temperature. When the outdoor temperature fluctuates above and below the indoor 
temperature, it results in a reverse heat flow from the outside to the inside when the outdoor 
temperature is higher than the indoor temperature. The total heat flowing from the inside to the 
outside during this period is globally reduced. The benefits from the thermal inertia of the structure are 
highly dependent upon where the building is located, how it is designed, and how it is operated. 
Effective night ventilation, ventilated hollow core concrete slabs (Andersson, 1979) or hybrid 
components such as double air gap walls (Schmidt, 2004), or even embedded pipes in concrete slabs 
with low temperature supply (Weber, 2004) are all technologies relying on the thermal inertia of the 
structure. 

3.2.2 HOW TO QUANTIFY THE THERMAL INERTIA? 

3.2.2.1 AT THE MATERIAL LEVEL 

The first material property referring to its thermal mass is the specific heat capacity, cp (J·kg-1·K-1), 
measured at constant pressure for solid or liquid. The specific heat capacity is defined in the theory of 
heat by the slope or derivative of the internal energy due to the random motion of atoms in a medium 
as a function of the temperature. Alternatively, one may define the specific heat capacity as the heat 
required to raise a unit mass of substance by one degree of temperature. The specific heat capacity is 
normalized with the mass of the medium considered. This property actually varies with temperature 
but may be assumed constant in the range of temperature of interest in building physics. The product 
of the material density by its specific heat capacity gives the volumetric heat capacity (J·m-3·kg-1). Finally 
the heat capacity (J·K-1) is defined as the product of the mass with the specific heat capacity or the 
product of the volume with the volumetric heat capacity. A last interesting material property is the 
effusivity (W·s½·m-2·K-1). This material property reflects the ability of the material to absorb heat and is 
defined as: 

pcb ⋅⋅= ρλ                    (3.9) 

The response of a semi-infinite slab to harmonic temperature fluctuations provides information about 
the penetration depth of heat into a material.  The well known analytical solution is given in Hagentoft 
(2001) and the periodic penetration depth dp (m), is given as: 
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where a (m2·s-1) denotes the thermal diffusivity of the material. The thermal diffusivity describes how 
fast temperature changes are propagating into the material. It is the ratio of the material heat 
conductivity λ (W·m-1·K-1) by its density ρ (kg·m-3) and specific heat capacity cp (J·kg-1·K-1). The 
penetration depth given in (3.10) describes the distance from the surface where the temperature 
amplitude is reduced by 37 %. Table 3.1 shows a comparison of the penetration depths for different 
building materials and considering different time periods of excitation. 
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Table 3.1: Penetration depth for different building materials and different time period. 

Time Period tp: 1 s 1 min 1 h 24 h 1 month 1 year 

Wood 0.2 mm 1.9 mm 1.5 cm 7.2 cm 0.4 m 1.4 m 

Brick 0.4 mm 3.0 mm 2.3 cm 11.4 cm 0.6 m 2.2 m 

Concrete 0.5 mm 3.8 mm 2.9 cm 14.3 cm 0.8 m 2.7 m 

Aerated concrete 0.3 mm 2.2 mm 1.7 cm 8.3 cm 0.5 m 1.6 m 

Mineral wool (80 kg·m-3) 0.4 mm 3.3 mm 2.5 cm 12.4 cm 0.7 m 2.4 m 

3.2.2.2 AT THE SYSTEM LEVEL 

At the system levels, one considers the different layers composing a building envelope and the 
boundary conditions applied to it, through the mathematical derivations of the heat conduction in the 
structure. The general theory of heat conduction is found in Carslaw and Jaeger (1959). A basic 
assumption in the theory of dynamic heat conduction is that the heat flow problem is linear, i.e. one 
may consider the superposition principle to be valid in order to restrict the analysis to simpler 
superposed subsystems. There is a long history behind the development of theories to evaluate the 
time-dependent thermal processes and this is beyond the scope of this section to provide an exhaustive 
review of all of them.  

One way to study the thermal inertia of a building envelope is the recourse to the thermal frequency 
response (Jóhannesson, 1981). Considering a multi-layered building envelope, the layer exposed to the 
indoor climate can only be considered as semi-infinite for the high frequencies. In the general case, one 
takes into account the heat storage capacity of the other layers and the boundary conditions at both 
side of the building envelope. The thermal frequency response of a building envelope, neglecting the 
effect of moisture and air transport, has been widely exploited in Jóhannesson (1981), Akander (2000), 
and Schmidt (2004) for the development of simplified RC-network optimised in the frequency domain 
and later used in a building simulation environment based on the Finite Difference Method (FDM) in the 
time domain. The frequency response theory resulted in a standard released by the CEN European 
Committee for Standardisation and entitled EN ISO 13786 (1999): “Thermal Performance of Building 
Components – Dynamic thermal characteristics – Calculation methods”. The theory of the frequency response 
may be found elsewhere (Carslaw & Jaeger, 1959; Akander, 2000).  

This theory defines several concepts of interest for the characterisation of the thermal inertia of a wall. 
The admittance Y0 (W·m-2·K-1) is defined as the quotient of the heat flux and the temperature 
oscillation at one side of the wall: 
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where 0
~q  and 0

~T  depict the density of heat flow rate and the temperature response at one frequency  
and at the same side of the wall. They are complex numbers with amplitude and phase. One also 
defines the transmittance TD: 
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where nq~  depicts the density of heat flow rate for one periodic oscillation at one surface of the wall 

and 0
~T  describes the temperature for one periodic oscillation at the other side of the wall. Again, the 

transmittance is a complex number with amplitude and phase.  

From the theory of the frequency response, one defines a property of interest to characterise the 
thermal inertia of a building envelope, called the effective heat capacity. The effective heat capacity 
provides “a quantification that corresponds to the part of the total heat capacity of a building component that 
participates in dynamic heat exchange between the component and the environment” (Akander, 2002).  

The effective heat capacity χ (J·m-2·K-1) is defined as: 

ω
χ 0Y= ,                  (3.13) 

where ω stands for the angular frequency (rad·s-1). Likewise to the admittance procedure, the effective 
heat capacity is dependent on the boundary conditions considered.  

3.2.3 WHAT ABOUT THE THERMAL INERTIA OF THE HEAVY TIMBER STRUCTURES? 

Based on the theory briefly sketched previously, the thermal performances of an exterior massive wood 
building envelope are compared with a building envelope having of high thermal inertia and with a 
light-weight building envelope. Table 3.2 shows the material properties needed in the calculation and 
Table 3.3 describes the three different building envelopes compared.  

The steady-state thermal transmittance, or U-value, is similar for the three different walls. From 
Table 3.2, one may notice that wood combines a high specific heat capacity together with a low heat 
conductivity conferring to this material a great thermal potential. The boundary conditions consider 
that the temperature on both surfaces of the building envelope oscillate with the same amplitude and 
the same phase. 

 

Table 3.2: Thermal properties of some building materials. 

 Thermal Conductivity 

[W·m-1·K-1] 

Density 

[kg·m-3] 

Specific heat capacity 

[J·kg-1·K-1] 

Effusivity 

[W·s½·m-2·K-1] 

Wood 0.14 500 1500 324 

Plywood 0.13 500 1500 312.2 

Concrete 1.7 2300 1000 1977.4 

Brick 0.6 1500 840 869.5 

Gypsum board 0.22 800 800 375.2 

Rendering 0.8 1800 790 1066.6 

Mineral wool 0.036 80 800 48 
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Table 3.3: Description of the three building envelopes from the inside to the outside. 

Heavy Timber Structure Light-weight Structure Concrete Structure 

Massive Wood [35 mm] Gypsum Board [13 mm] Concrete [170 mm] 

Air Cavity [22 mm] Mineral Wool [130 mm] Mineral Wool [160 mm] 

Massive Wood [35 mm] Mineral Wool + Wood Frame [45 mm] Air Cavity [23 mm] 

Mineral Wool + Wood Frame [120 mm] Gypsum Board [9 mm] Brick [120 mm] 

Plywood [9 mm] Air Cavity [23 mm]  

Mineral Wool [50 mm] Wood Façade [20 mm]  

Rendering [20 mm]   

 

The calculated admittance and transmittance for each building envelopes are presented in the so-called 
Bode diagram, shown in Figure 3.2. The upper graph shows the magnitudes MA of the admittance for 
the three types of construction together with the magnitude MT of the transmittance. The lower chart 
shows the phase shift ΦA between the temperature and the heat flux situated at the same side of the 
wall as well as the phase shift ΦT between the temperature and the heat flux located at the opposed 
surfaces. The phase shift gives indications on the time lag between a temperature excitation and the 
heat flux response. In Figure 3.2, one sees that the dynamic transmittance of a lightweight component 
becomes purely resistive for a wide range of period above ca. three days periodic. This tendency is 
reduced when the structure has a high thermal inertia.  The steady-state condition for the transmittance 
of the concrete structure is reached for a period of around one month comparatively. The response of 
the heavy timber structure lies in between and the transmittance becomes purely resistive at period 
above five days periodic. The magnitude of the admittance for the concrete structure is superior to that 
of heavy timber and lightweight structures for a larger range of frequencies. At high frequencies, the 
amplitude of the admittance has a larger magnitude than the amplitude of the transmittance. Thus, if 
one considers that the amplitudes of the inner and outer temperature are the same at a fixed frequency, 
the admittance dominates the heat flow at the internal surface for high frequencies. The magnitude of 
the admittances tends to be limited by the boundary layer at high frequencies. 

The phase shift indicates how the heat flux for a lightweight structure reacts more rapidly to a 
temperature excitation than it does when increasing the thermal inertia. The thermal performances of a 
massive wood structure lays in between the performances of a lightweight structure and of a heavy 
structure. 

The effective heat capacity of the three different building envelopes is shown in Figure 3.3. It may be 
seen that the effective heat capacity of a heavy timber structure is already two times more important 
for daily cycle in comparison to lightweight construction. For really short fluctuations of the indoor 
temperature, i.e. below 2-hours cycles, the lightweight structure has a higher effective heat capacity 
than the heavy timber structure. The effective heat capacity of the concrete structure remains however 
more impressive in comparison to the two other building envelopes.   
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Figure 3.2: Bode diagram of the admittance and transmittance calculated for the three building envelopes. 
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Figure 3.3: Effective heat capacity of three different building envelopes. A zoom of the same graph is shown for the 
short periods. 

MA Massive wood 

MT Massive wood 

MT Concrete 

MT Lightweight MA Lightweight 

MA Concrete 

ΦT Concrete 

ΦT Massive wood 

ΦT Lightweight 

ΦA Concrete 

ΦA Lightweight 

ΦA Massive wood 

Heavy weight wall

Massive wood wall Lightweight wall 

Heavy weight wall

Massive wood wall

Lightweight wall 



26 

The effective heat capacity of an exterior heavy timber building envelope was measured in Akander 
(2002). The building envelope was composed from the inside to the outside of 35 mm wood, 22 mm 
air cavity, 35 mm wood, 0.2 mm Pe-foil, 145 mm mineral wool, 9 mm gypsum board, ventilated air gap 
and wood façade. The results are shown in Figure 3.4. The theoretical effective heat capacity was 
computed for two different sets of wood thermal properties. The data set 1, based on the Swedish 
Building Code BBR94, assumes a thermal conductivity of 0.14 W·m-1·K-1, a density of 500 kg·m-3 and a 
specific heat capacity of 1880 J·kg-1·K-1. The data set 2, based on a literature review, assumes a thermal 
conductivity of 0.11 W·m-1·K-1, a density of 450 kg·m-3 and a specific heat capacity of 1500 J·kg-1·K-1. It 
is shown in Figure 3.4 that the wood properties provided by the Swedish Building Code BBR94 lead to 
an over-estimation of the calculated effective heat capacity by 30 % compared to the measured 
effective heat capacity. 

In Norén et al. (1999), the effect of the thermal inertia on the annual energy requirement is discussed 
through the comparison of three different building envelopes having a similar U-value. The thermal 
mass differs for each building envelope.  Numerical simulations were carried out with the simulation 
tools TSBI3 (Johnsen & Grau, 1994), BRIS (Bring, 1983), and with a simulation tool based on the 
European standard EN 832 (1998). The three building envelopes considered are a concrete structure 
(concrete on the inside, insulation layer and brick on the outside), a heavy timber structure (massive 
wood layer on the inside, insulation and gypsum boards on the outside) and a light-weight structure 
(gypsum board on the inside, insulation layer and boarding on the outside). The sensibility of the 
results was investigated considering two types of windows, i.e. a double-glazed and a triple-glazed 
window. The results given in Figure 3.5 show that the thermal inertia of a building situated in a cold 
climate area influence the energy demand. The comparison is given relatively to the lightweight 
structure. The thermal inertia is represented in Figure 3.5 (Left) by a Newtonian time constant and in 
Figure 3.5 (Right) by the periodic time constant defined in the European standard EN 832. The points 
shown in each curves represent one of each building envelope, the light-weight structure having the 
smallest time constant, and the concrete structure having the highest time constant. From Figure 3.5, 
the authors conclude in their article that a small increase of the thermal capacity lowers the energy 
demand and that this effect diminishes with further increasing the thermal mass. This clearly shows the 
potential of a heavy timber structure. 

 

Figure 3.4: Measured and theoretical effective heat capacity of a heavy timber wall. The measurements are presented 
with the thin line, and theoretical values with thick lines; for data set 1 (filled) and data set 2 (dashed). [Source: 

Akander, 2002] 



 

27 

In a recent study, the energy demand and the thermal comfort of a heavy timber house erected in 
Fristad (see Figure 2.13) were analysed and compared to other standard structures (Gollvik, 2005). The 
analysis was based on the general theory of dynamic thermal network (Claesson, 2002; Claesson, 2003; 
Wentzel, 2002). The theory is applicable for the energy balance of buildings and provides insight 
concerning the thermal memory effect of composite walls (Wentzel & Claesson, 2002). The study 
carried out in Gollvik (2005) shows contradictory conclusion compared to the study by Norén et al. 
(1999). Indeed, in Gollvik (2005), the energy consumption was shown to be mostly dependent on the 
U-value of the building. No obvious differences of energy consumption were seen between a heavy 
timber structure and a light-weight structure having the same U-value. On the other hand, it is shown 
in Gollvik (2005) that the thermal mass has an impact on the thermal comfort. 

In this Doctoral thesis, no attempts were made to carry out further numerical simulations on the 
subject since the numerical results shown in this chapter seems to differ from study to study and no 
clear conclusions could be drawn from the literature survey. Efforts were therefore put on direct 
measurements of the heat storage of heavy timber structures. 

3.3 THE MOISTURE BUFFERING CAPACITY OF BUILDING ENVELOPES 

3.3.1 WHAT IS THE MOISTURE BUFFERING OF BUILDING MATERIALS? 

The indoor relative humidity can either directly or indirectly affects the human health and 
performances. In general, it is agreed that too much humidity is as undesirable as too little. At high 
moisture level, i.e. above 70 % relative humidity, surface condensation and mould growth may occur, 
releasing spores and micro-toxins into the air and also contributing to the decay of the building 
materials. Furthermore, high humidity may promote the growth of biological agents such as fungi, 
bacteria and house dust mites, and the release from materials of organic pollutants such as VOC or 
formaldehyde, representing one of the major causative factors of the Sick Building Syndrome (SBS) and 
Building Related Illness (BRI) (Maroni et al., 1995). The VOC may in turn cause allergy risks or 
irritations. At low humidity, i.e. below 30 % relative humidity, the ozone production increases, and the 
dryness of the indoor air may cause nose and throat irritations. Indoor humidity should be thus 

 

Figure 3.5: Specific energy requirement against the thermal mass represented by the time constantτ in hours (Left), 
and total specific energy requirements plotted against the periodic time constant (Right). The dashed curve shows the 

results for a double-glazed window while the filled curve shows the results for a triple-glazed window. The results on the 
y-axis are plotted relatively to those of a lightweight construction. [Source: Norén et al., 1999] 
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considered as a significant factor, which affects the perception of IAQ, the thermal comfort and the 
local thermal comfort. For instance, a local discomfort may be due to a high skin humidity or a 
respiratory problem arising from an insufficient cooling of the mucous membranes in the upper 
respiratory tract cooling (Toftum et al., 1998a; Toftum et al., 1998b).  

Nevertheless, the perspective of using the hygric inertia of building envelopes to achieve a comfortable 
indoor humidity was considered to be of small significance for a long time and was disregarded until 
now. The idea of reducing the indoor relative humidity fluctuations by the help of the building 
materials is however nothing new. This thematic may be tracked down up to the mid 60s (Horie, 1965). 
It was already pinpointed in the early 80s that as much as one third of the moisture loads generated in a 
room could be buffered by the building envelope ability to absorbed moisture (Kusuda, 1983). New 
evidences have furthermore shown that the moisture exchanges between a building structure and an 
indoor are important enough to influence the indoor humidity (Koronthályová, 1997; Rodríguez et al., 
1999a; Rodríguez et al., 1999b; Matiasovsky & Koronthályová, 1999; Padfield, 1999; Mitamura et al., 
2001; Plathner & Woloszyn, 2002; Cunningham, 2003; Osanyintola & Simonson, 2006). The same is 
also true for the moisture exchanges between indoor furnishes and materials and the indoor 
environment (Svennberg, 2006). There is nowadays a common belief that porous building materials 
may be used as a passive system to even out the fluctuations of the indoor relative humidity. The 
hygroscopic properties characterising the porous building materials may contribute to absorb and store 
the surplus of indoor water vapour. The stored moisture may then be released into the indoor at time 
of convenience.  

In 2003, work began in a NORDTEST project to develop a rigorous definition of moisture buffering 
capacity, and to standardize a test procedure to measure this property (NORDTEST, 2005; Rode et al., 
2005). This is also a central feature of current discussions addressed by the International Energy Agency 
within the Annex 41: “Whole building heat, air and moisture response” (Hens, 2003). In Japan, a standard has 
been released in 2002 on a related topic (JIS A 1470-1): Test method of adsorption/desorption efficiency for 
building materials to regulate an indoor humidity – Part 1: Response method of humidity.  

One finds in the literature several ways of defining the Moisture Buffer Capacity of building materials. It 
has been suggested to use the available water (Padfield, 1999), the moisture accumulation ability or 
moisture effusivity, the material surface density as a function of relative humidity (Mitamura et al., 
2001), or yet the modified Biot number (Mendes, in Nordtest 2003). All these terms exhibit different 
physical units but all try however to describe the capacity or ability of a material to buffer the indoor 
climate. The term buffer often appears in computer science where it refers to a temporary storage area 
acting as a holding area, enabling the Central Processing Unit, i.e. the brain of a computer where most 
calculation takes place, to manipulate data before transferring it to an external device. It holds data for 
use at a later time. This example shows that the buffer is irremediably linked to the brain of the 
computer and cannot perform without it. The total capacity remains but is not activated and one shall 
endorse the same attitude in the ensuing discussion concerning the MBC of building materials. This 
capacity should be taken into consideration with the specific indoor environment it is used into. In this 
case, the indoor environment acts as the brain, where its surplus of moisture is transferred to the 
outdoor via the ventilation system or stored momentarily in the construction and released at a time of 
convenience. Suppose now that the brain, i.e. the indoor environment is formatted in a way to keep a 
constant indoor humidity, high energy will be transferred from the HVAC systems to achieve this goal. 
The MBC of structure will be barely activated since it demands to let the indoor humidity fluctuating 
around the designed comfort levels.  
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Another example is in chemistry where a buffer indicates a chemical used to maintain the pH of a 
solution by absorbing hydrogen ions or hydroxyl ions. Here the buffer capacity represents the ability of 
a compound to absorb added alkali or acid while maintaining the solution’s pH. Once again the buffer 
compound reacts in relation with the exterior events. The idea behind the MBC clearly implies 
synergies between the building envelope and the indoor environment into which it is found. As shown 
in Figure 3.6, synergies occur between the MBC of the building structure, the outdoor climate, the 
building structure, the building use and the HVAC strategy. 
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The buffer system 
with effective 

moisture capacity 

The buffer capacity 
and its effect on the 
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Figure 3.6: The Moisture Buffer Capacity of building envelopes and the synergy effects 

 

Figure 3.7: Definition from the NORDTEST project based on three levels. [Source: Nordtest, 2005] 
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The output of the NORDTEST project provides a definition on three levels as shown in Figure 3.7. 
On the material level, one finds the standard material properties, which are not influenced by the 
surrounding climate. On the system levels, one includes the boundary layer, and the combination of 
different material forming a building envelope. According to Figure 3.7, the Moisture Buffer Capacity is 
put on this level and a new system property has been defined here, the Moisture Buffer Value (MBV). 
The MBV is further explained in the next section. At last, the room level looks at the Moisture Buffer 
Performance (MBP) of a complete room including the MBC of different parts of the building, the 
HVAC strategy, the moisture loads, the indoor and the outdoor climate. 

3.3.2 HOW TO QUANTIFY THE MOISTURE BUFFERING OF BUILDING MATERIALS? 

3.3.2.1 THE MATERIAL LEVEL 

At the material level, one provides material properties valid for stationary conditions and indicating the 
affinity between the material and the water vapour. The water vapour permeability δp (kg·m-1·s-1·Pa-1) or 
the moisture diffusivity D (m2·s-1) tell us how fast the moisture is diffused into the material. The 
specific moisture capacity, ξs, defined as the slope of the sorption isotherm at a constant temperature, 
tells us about the moisture quantity that may be sorbed by the material. The specific moisture capacity 
is described from the sorption isotherm curves of wood shown in Figure 3.8. 

The specific moisture capacity varies with the relative humidity in the range of interest in building 
physics as shown in Figure 3.9. Still, one may define a constant specific moisture capacity in problems 
with a narrow range of fluctuation of the relative humidity. It is also shown in Figure 3.9 that the 
specific moisture capacity is more or less independent of the temperature. We may also define the 
volumetric moisture capacity, ξv, as the slope of the sorption curve of porous materials normalized by 
the volume of the considered material.  

Another interesting material property is the moisture effusivity, which depicts the rate of moisture 
intrusion when the surface of the material undergoes a change in its initial condition. It is defined as: 

sat

vp
m p

b
ξδ ⋅

= ,                            (3.14) 

 

Figure 3.8: Sorption isotherm of wood for five different temperatures according to the Hailwood - Horrobin equation 
(Hailwood & Horrobin, 1946). 
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where ξv is the volumetric moisture capacity, δp (kg·m-1·s-1·Pa-1) is the water vapour permeability based 
on the partial water vapour pressure, and psat stands for the saturated water vapour pressure (Pa). 

 As long as that the moisture transport properties are considered constant, one may calculate the 
penetration depth of moisture in a semi-infinite porous material subjected to a periodic excitation of 
the relative humidity at its surface. Looking at a sinusoidal excitation, the penetration depth dp (m) 
indicates the distance from the surface where the amplitude of moisture content variations is 63 % of 
the amplitude at the surface. The penetration depth is defined as: 

π
pw

p

tD
d

⋅
=                  (3.15) 

The penetration depth based on the point in the material where the amplitude of moisture content 
variations is only 1 % of the amplitude at the surface is defined as: 

π
pw

p

tD
d

⋅
⋅= 61.4%1,                 (3.16) 

It is also possible to derive a penetration depth for stepped cycles of humidity. This type of excitation 
was studied in Arfvidsson (1999), where the modelling of the moisture transport into the building 
materials was based on the Kirchhoff potential. In this study, the non-linearity of the moisture 
transport was taken into consideration. 

In a Doctoral dissertation (Padfield, 1999), a new material property related to the hygric inertia of the 
material was proposed, called the available water. This material property is defined as: 

ξ⋅= pw da                   (3.17) 
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Figure 3.9:  Theoretical specific moisture capacity of wood as a function of relative humidity and for three different 
temperatures (10ºC, 20ºC and 50ºC). Derived from the Hailwood - Horrobin theory (Hailwood & Horrobin, 1946)
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The available water aw (kg·m-2 per day) describes how much water may be stored in 1 m2 of material per 
day. 

During a NORDTEST project dealing with the Moisture Buffering Capacity of building materials, a 
theoretical material property was derived, called the ideal moisture buffer value MBVideal, and defined 
as: 

psmideal tpbMBV ⋅⋅⋅≈ 00568.0                (3.18) 

where bm describes the moisture effusivity of the material, tp (s) is the time period and ps (Pa) stands for 
the saturated water vapour pressure at the material surface. The MBVideal (kg·m-2 per %RH) describes 
theoretically the amount of moisture stored in 1 m2 of material, per time period tp, when the 
fluctuations are represented by steps 1/3 of the time period at a high humidity level and the remaining 
2/3 of the time period at a low level of humidity.  The MBVideal is normalised by the relative humidity 
difference between the high and low levels.  

The material properties defined above are given for some building materials in Table 3.4 and Table 3.5.  

Table 3.4: Average moisture properties for some building materials. 

 Vapour 
Permeability 

[kg·m-1·Pa-1·s-1]*10-10 

Moisture 
Capacity 

[kg·kg-1] 

Material 
Density 

[kg·m-3] 

Moisture 
diffusivity 

[kg·m-3]*10-10 

Moisture   
effusivity 

[kg·m-1·s-1·Pa-1]*10-7

Wood 0.15 0.19 450 4 7.40 

Concrete 0.05 0.095 2300 0.55 6.84 

Brick 0.3 0.002 1500 180 1.96 

Gypsum board 0.25 0.031 800 19 5.15 

Mineral wool 1.9 0.057 80 400 6 

 

Table 3.5: Properties referring to the buffering capacity of some building materials. 

Penetration depth 
24-hour period 

[mm] 

Penetration depth 
1-year period 

[cm] 

 Available water 

[g·m-2 per day] 

MBVideal 

[g·m-2·%RH-1] 

dp dp, 1% dp dp, 1% 

Wood 256 2.9 3 15 6.3 29 

Concrete 218 2.7 1 6 2.4 11 

Brick 66 0.8 22 102 42.6 196.4 

Gypsum board 174 2 7 33 13.8 63.6 

Mineral wool 150 2.3 33 153 63.5 292.7 
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3.3.2.2 THE SYSTEM LEVEL 

At the system level, the boundary conditions are taken into consideration as well as the composition of 
the building envelope and the possible application of a coating system. The laboratory test specified in 
the NORDTEST project is based on a simple gravimetric method measuring the accumulated moisture 
uptake following cyclic step changes of 8 h at 75 % relative humidity and 16 h at 33 % relative 
humidity (Rode et al., 2005). This makes it possible to calculate the Moisture Buffer Value, which is a 
measure of the ability of building materials and building envelopes to smoothen the typical indoor 
moisture fluctuations. The MBV is defined as: 

RHS
m

Δ⋅
Δ

=MBV ,                 (3.19) 

where Δm (g) is the amount of moisture absorbed/desorbed during the daily moisture cycle, S (m2) is 
the exposed surface area and ΔRH (%) is the variation in relative humidity during the cycle. The unit of 
the MBV is therefore g·m-2·per % RH. 

3.3.2.3 THE ROOM LEVEL 

At the room level, the indoor humidity is a function of the sorption capacity of the building envelope 
and the furniture, the indoor climate, the HVAC strategy, the moisture loads, and the possible 
evaporation and condensation from free water surfaces. The impact of the hygric inertia of a building 
envelope on the indoor relative humidity requires two possible ways of analysis. Either one is forced to 
measure in-situ the moisture variations within the building envelope and tries to find correlations with 
the indoor humidity fluctuations, or one may use simulation tools to model the whole building. 
Modelling requires to solve numerically the set of equations (3.1) to (3.8). The first approach was 
chosen in Paper I, Paper II and Paper III, and the second approach was chosen in Paper IV. 

When an analytical solution is not available, there are several ways of modelling at the room level. The 
room volume may be considered as one node, corresponding to the well-mixed air assumption, one 
may also divide the room into several zones, or one may go for the complete but time consuming 
Computation Fluid Dynamic approach (CFD). Furthermore, for each of the three different ways of 
modelling the room volume, one may model the moisture interactions between the building envelope 
and the indoor following two different approaches. Either one derives numerically the coupled heat 
and mass transport equations within the building envelope (Kurnitski & Vuolle, 2000, Simonson et al., 
2001, Künzel et al., 2003, Rode et al., 2003), or one uses lumped models, where the building envelope is 
only considered as a moisture source and sink (Duforestel & Dalicieux, 1994), or yet simplified models 
(Plathner et al., 1998).  

3.3.3 WHAT ABOUT THE MOISTURE BUFFERING OF HEAVY TIMBER STRUCTURES? 

3.3.3.1 AT THE MATERIAL LEVEL 

Considering a 1 m3 tight box without any air exchange with the exterior or moisture diffusion through 
the box partition, a slow injection of water vapour at constant temperature creates an increase of the 
relative humidity in the box. Adding a porous material into the box, such as a wood material, buffers 
the relative humidity against the injection of water vapour. The material absorbs moisture 
corresponding to its isothermal sorption curve until it reaches equilibrium with the surrounding in the 
box. As shown in Figure 3.10, at a constant temperature inside the box, let say 21 ºC, an empty box 
will reach 100 % relative humidity after an injection of around 17.3 g of water vapour. For the same 
injection of water vapour, a box with 1 kg dry wood material and assuming the dry density of wood to 
be 500 kg·m-3, the relative humidity does not exceed 10 %. In this case, an injection of around 210 g 
water vapour is needed to reach 90 % relative humidity. The wood material completely controls the 
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relative humidity in the confined space. However it should be noticed that this process is regarded in 
term of thermodynamic equilibrium. The whole piece of wood is in equilibrium with the surrounding 
moist air. This example follows the reasoning of Siau (1995), who assumes that the ratio of moisture 
contained in a log house by the indoor air moisture capacity is of 500 to one, when one assumes that 
the indoor relative humidity is 50 % and that the entire structure is in equilibrium with the indoor. In 
this condition, it is likely that the wood structure controls the indoor humidity along the year. That is 
seldom what happens in reality since a closed system does not strictly exist. Time-dependent moisture 
interactions are more likely to occur.  

3.3.3.2 AT THE SYSTEM LEVEL 

Studies of the water vapour transport and sorption in wood may be found in Wadsö (1993), and the 
non-Fickian behaviour of water vapour sorption in wood is thoroughly investigated in Håkansson 
(1998). In Padfield (1999) and in Salonvaara et al. (2004), measurements have shown that end grain 
wood provides the best MBC compared to most of the commonly used building materials. This is due 
to the high specific moisture capacity of wood together with its high water vapour permeability in the 
longitudinal direction. 

In Koponen (2004), cyclic sorption tests were performed. Wood specimens were placed in a climate 
chamber and the relative humidity was step cycled between 45 % ± 3 % during 16 hours and 
65 % ± 3 % during 8 hours. The experimental results show that pine longitudinal to the grain absorbs 
70 g·m-2 of moisture during a cycle. It is followed by the uncoated fibreboard of density 300 kg·m-3 
having a moisture uptake of 38.1 g·m-2. Still according to Koponen (2004), an uncoated spruce panel of 
thickness 12 mm absorbs 12.6 g·m-2 of moisture when the moisture flows along the transversal 
direction. The water uptake of coated wood panels drops drastically to 10.7 g·m-2 when the water 
vapour permeability of the coating is high (pressure polymer paint), to around 2.4 g·m-2 when the water 
vapour permeability of the coating is low (varnish), and to 3.8 g·m-2 in the case of an acrylic latex paint.  

In the NORDTEST project (2005), preliminary results of the MBV were given for several building 
materials as shown in Figure 3.11. The MBV were given as an average value of the results obtained in 
three different laboratories, for the last three stable cycles, and for three replicates. In Figure 3.11, it is 
shown that the spruce panels exhibit the highest MBV, i.e. wood has the highest moisture buffering 
ability in comparison to the other building materials shown in Figure 3.11. 
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Figure 3.10: Wood buffering capacity considering a thermodynamic equilibrium. 
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3.3.3.3 AT THE ROOM LEVEL 

Numerical simulations based on the simulation tool LATENITE were carried out by Simonson et al. 
(2001) to assess the indoor climate and indoor comfort offered by a wooden structure. The moisture 
performances of a 12 m2 bedroom in a wood building were studied considering four different locations 
in Finland, Belgium, Germany and Italy. The moisture loads were estimated to be 60 g·h-1 during 9 
hours each night, simulating 2 sleeping occupants. The ventilation rate was supposed to be 0.5 h-1. 
Sensitivity analysis was carried out with different ventilation rates, different amount of accessible water 
vapour permeable surfaces, and different moisture loads. The results point out that one may achieve 
35 % lower maximum relative humidity in summer when applying permeable wooden surfaces into the 
room. Up to 15 % higher minimum relative humidity is noticed in winter. Less time with poor 
performances are reported when the building structure is opened to moisture diffusion. Meanwhile, the 
major disadvantage, when the building envelope is water vapour permeable, seems to be more time 
with dry indoor conditions below 25 % relative humidity and a lower average relative humidity in 
winter. At high ventilation rate, the moisture buffering of the building materials does not play any 
significant role but with decreasing the ventilation rate, the amount of surface opened to moisture 
diffusion becomes an important parameter. Looking at different moisture loads, the results in 
Simonson et al. (2001) tells us that large surfaces of wood directly exposed to an indoor climate enables 
to withstand higher moisture loads, especially during the summer. Furthermore, it is shown that only a 
slight increase of the surface water vapour resistance of the building envelope decreases the Moisture 
Buffering Performances drastically.  

The significance of surface treatments to the hygric inertia of building materials is also pointed out in 
several other studies (Mortensen et al., 2005; Roels & Carmeliet, 2005). In Roels & Carmeliet (2005), it 
is shown that the influence of a gypsum board on the hygric response of a room is certainly of minor 
importance. The MBC of coated gypsum boards is mainly limited to the coat itself. Hence the hygric 
inertia of a light-weight wooden construction with gypsum boards used as finish indoor surfaces may 
certainly be considered as negligible.  

 

Figure 3.11: Average MBV of building materials shown with the standard deviation. [Source: Nordtest, 2005] 
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CCHHAAPPTTEERR  44::    
TTHHEE  HHYYGGRROOTTHHEERRMMAALL  PPEERRFFOORRMMAANNCCEESS  OOFF  WWOOOODD  AATT  TTHHEE  RROOOOMM  

LLEEVVEELL  

 

This chapter outlines some of the achieved results concerning the hygrothermal performances of heavy timber structures at 
the room level. Results from an in-situ measurement campaign and from numerical simulations are presented and 
discussed. The results are referred to the concerned appended scientific articles. 

4.1 METHODOLOGY OF RESEARCH 

4.1.1 IN-SITU MEASUREMENTS 

Ian Hacking (1983) cites Lord Kelvin in his textbook Representing and Intervening (p.242) to support his 
approach of measurement in natural science. Lord Kelvin argues, “When you can measure what you are 
speaking about, you know something about it; when you cannot measure it…your knowledge is of meagre and 
unsatisfactory kind”. Lord Kelvin’s statement means according to Karl Pearson “that until you have measured 
a phenomenon and turned it into numbers, you have a poor and vague apprehension of it”. These statements resume 
the methodology of research which was applied in Paper I, Paper II and Paper III, to get a first grasp 
of the hygrothermal performances of heavy timber structures at the room level. 

In-situ measurements were carried out in 2002 and 2003 inside four apartments at the Vetenskapsstaden 
building, in Stockholm. The relative humidity and temperature were recorded in the four apartments 
and outside the building. Thermocouples and moisture meters positioned at different depths in the 
building envelope were set to record quasi-continuously the temperature and moisture content 
variations within the structure. The measurement campaign was set up firstly to apprehend the indoor 
temperature and humidity fluctuations in such buildings and secondly to find quantifiable correlations 
between the indoor climate and the temperature and humidity fluctuations within the building 
envelope.  

The set up of the measurement campaign is thoroughly described in Paper I. A total of 89 sensors 
were disposed and the data were collected every 10 min by a host computer and an acquisition system 
located in the building. The temperature fluctuations were measured at different depths in the building 
envelope with thermocouples of type T, as shown in Figure 4.1 (Left). The thermocouples were able to 
record the temperature from -40 ºC to 125 ºC with a tolerance ± 0.5 ºC. A PT100 sensor was used to 
record the reference temperature needed to the thermocouples as shown in Figure 4.1 (Middle). The 
moisture content was measured by using a resistive method with embedded contact pin probes 
composed of insulated steel (Figure 4.1 (Right)) placed at different depths in the massive wood 
structure, i.e. at 3 mm, 6 mm, 9 mm, and 15 mm from the indoor surface. The accuracy of the method 
is ca. ±1 % moisture content by dry mass. The moisture content data were collected in a K-1100 
module. This module is originally designed for real-time conductivity-based moisture content 
measurements of lumber in sawmills. The electrical properties of wood is extensively described in 
Skaar (1988), and Norberg (2000) provides a general equation for the relationship between moisture 
content, temperature, dry wood density and electrical resistivity: 

oC
T
C

uCCr ρ⋅++⋅+= 4
3

21 )log()log( ,                          (4.1) 

where r is the resistivity, ρo is the dry density and Ck are constants to be determined. The resistance of 
wood is known to increase at lower moisture content and temperature. The wood temperature and the 
wood species are parameters set constant by the user.  
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A temperature correction of the measured moisture content was made by using calibration curves 
(Samuelsson, 1992). The indoor relative humidity and the outdoor relative humidity were measured 
with a capacitive sensor. The accuracy was better than ± 3 % relative humidity. The probe used to 
record the outdoor relative humidity and temperature is shown in Figure 4.2 (Left). Figure 4.2 (right) 
shows the local where the host computer, the Data Scan units and the moisture module were placed. 
The measurements were controlled by a LabView interface. Automatic numeric computations and 
graph visualization were supported by the technical computing environment Matlab. 

Figure 4.3 displays the wires network and the location of all the measurement points in the four 
apartments with their denomination and their positions within the wall structures. The different 
denominations are explained in Table 4.1. The sensors were placed at a height of 90 cm above the 
floor level. 

 

 

Figure 4.1: Thermocouples within the massive wood structure (Left), reference temperature (Middle) and moisture 
pin probes installed in the wall (Right). 

 

Figure 4.2: Outdoor temperature and relative humidity sensor (Left), Data Scan units (Middle), and Moisture 
metre module (Right) 
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Figure 4.3: Location of the sensors in the four apartments of the building. The apartments, noted from 1 to 4 are 
situated at the second floor and at the western side of the building. 
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Table 4.1: The denomination of the measurement points depicted in Figure 6.7 follows the rule XN = (+)d. 

Symbol Signification 

X T for Temperature, M for moisture content, and Rh for Relative humidity 

N Position of the sensors in the wall from 1 to n, where 1 corresponds to the closest 
measurement point from the indoor. The symbol “a” means a sensor placed at 
10 cm from the walls 

(+) The sign shows in which layer of the massive wood wall the measurement point 
stays 

d Depth in mm 

4.1.2 NUMERICAL SIMULATIONS 

The modular simulation environment IDA ICE 3.0, originally developed for indoor climate and 
energy calculations, was used in Paper IV to study the MBP of a heavy timber construction.  

IDA was developed by the division of Building Service Engineering at the Royal Institute of 
Technology, Stockholm, and the ITM Swedish Institute of Applied Mathematics. The simulation 
environment integrates most of the previous BRIS program (Bring, 1983) and is first intended to be 
used by HVAC designers. IDA is divided into three distinctive parts to provide a better flexibility. The 
core of IDA is the differential-algebraic solver. The simulations are run with variable time steps 
controlled by error estimation to optimise the time running of the simulation without loosing accuracy. 
The models are written in a Neutral Model Format (NMF). The NMF is a tool-independent modelling 
language. The models are then automatically translated into a FORTRAN code to be readable by the 
solver. A complete description of the NMF can be found in Sahlin et al. (1989) and in Sahlin (1996b). 
This format enables researchers to develop compatible models for a specific problem and changes in 
the models can be easily done. The environment IDA Indoor Climate and Energy 3.0 (IDA ICE 3.0) is a 
particular application of IDA (Sahlin et al., 1999). The third part of IDA is the modeller, i.e. the graphic 
interface. 

The actual wall model implemented in IDA ICE 3.0 only describes the air and heat transport. In 
paper IV, a new wall model was developed and implemented, taking into consideration both the heat 
and moisture transports in heavy timber structures. The numerical method is based on a Finite Difference 
Method (FDM). The different equations describing the heat and moisture transport in wood are 
described in Paper IV. The material properties of wood were optimized and were mostly defined as 
functions of the moisture content and the temperature. 

4.2 RESULTS AND DISCUSSION 

4.2.1 IN-SITU MEASUREMENTS 

The data gathered in 2003 were analysed in Paper I, Paper II and Paper III.  

4.2.1.1 THE OUTDOOR CLIMATE 

Figure 4.4 shows the hourly- and monthly-average outdoor temperature and relative humidity 
measured at the Vetenskapsstaden building in 2003. The monthly-average outdoor temperature fluctuates 
between -3.1 ºC in February and 19.9 ºC in July. The yearly-average outdoor temperature was 8.1 ºC 
compared to 6.5 ºC being the reference yearly-average outdoor temperature in Stockholm.  
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The outdoor temperature reaches a maximum of 29.7 ºC and a minimum of -16.9 ºC during the year. 
The monthly-average outdoor relative humidity fluctuates between 63.7 % in June and 87 % in 
November. The relative humidity reaches a maximum of 96.6 % in 2003 and a minimum as low as 
17.4 %. In Paper I, the outdoor climate is also given from the 17th of June 2002 to the 18th of July 
2002, and for December 2002. 

4.2.1.2 THE INDOOR CLIMATE IN THE BEDROOMS 

The temperature distribution recorded in the bedroom of the four apartments is given in Figure 4.5. 
Periods over 26 ºC have been recorded in the four bedrooms. This temperature corresponds to the 
recommended threshold by the ANSI/ASHRAE standard 55-1992 for a good thermal comfort. It can 
be further seen in Figure 4.5 that the indoor temperature in the bedrooms of apartments 2 and 4 
situated at the south side of the building exceed more often 30 ºC. Temperatures below 20 ºC are also 
registered in the four bedrooms because the occupants may open the windows to ventilate the room. 
Yet, the average indoor temperature remains within comfortable levels in the bedrooms. The relative 
humidity was not measured in the bedrooms. 

4.2.1.3 THE INDOOR CLIMATE IN THE KITCHEN/LIVING ROOMS 

Figure 4.6 to Figure 4.9 show the indoor temperature and relative humidity recorded in the 
kitchen/living rooms of the four apartments in 2003. It can be seen that the indoor relative humidity 
level is kept well below 70 % and remains above 60 % only a few hours. Inversely, dry indoor 
conditions often occur during the cold season with the indoor relative humidity lying between 15 % 
and 30 %. Dry conditions may create a risk for respiratory infections.  
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Figure 4.4: Outdoor temperature and relative humidity measured at the Vetenskapsstaden building in 2003. 
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Furthermore, it may be noticed that there are no statistical correlations between the indoor relative 
humidity and the indoor temperature fluctuations in the four apartments. This phenomenon has 
already been pointed out in the past from a field survey in New Zealand (Cunningham, 1994). In this 
study, it was stressed that at low ventilation rate, the hygroscopic properties of the building materials 
facing the room highly influence the indoor relative humidity fluctuations and prevent any dependence 
of the indoor the relative humidity with the indoor temperature fluctuations. 

The indoor water vapour pressure strongly correlates to the outdoor water vapour pressure. 
Furthermore the indoor water vapour pressure lies often below the outdoor water vapour pressure 
especially during the warm season, as shown in Figure 4.5 to Figure 4.8. These results cannot be 
explained by only taken into consideration the moisture capacity of the air volume in the room as 
shown in Paper II. These results are another strong evidence of the high MBC of a heavy timber 
structure even though the furniture acts certainly also as a buffer.  
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Bedroom of apartment 3 in 2003
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Figure 4.5: Distribution of the indoor temperature recorded in four bedrooms at the Vetenskapsstaden building in 
2003. 
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Figure 4.6: Indoor climate in the kitchen/living room of the apartment 1 in 2003. 
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Figure 4.7: Indoor climate in the kitchen/living room of the apartment 2 in 2003. 
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Figure 4.8: Indoor climate in the kitchen/living room of the apartment 3 in 2003. 
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Figure 4.9: Indoor climate in the kitchen/living room of the apartment 4 in 2003. 
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In Figure 4.10, the monthly mean water vapour excess is shown as a function of the outdoor 
temperature according to EN ISO 13788 (2001). The standard describes five classes, called Indoor 
Climate Classes (ICC), and which correspond to different building types as shown in Table 4.2. The 
monthly mean inside vapour pressure excess recorded in the Vetenskapsstaden building shall be found 
somewhere in the classes 3 or 4, but it is clearly seen in Figure 4.10, that it never reach the upper limit 
of ICC 1 in the four apartments apart from in one apartment. It shows again that the indoor humidity 
is extremely stable in a heavy timber construction. The trend line is given for the four apartments with 
the slope and the correlation coefficient. 

Table 4.2: Indoor Climate Classes according to EN ISO 13788 (2001).To is the outdoor temperature (ºC). 

ICC Limits between ICC [Pa] Building 

1 <270-13.5* To Storage 
2 <540-27* To Offices, Shops 
3 <810-40.5* To Building with low occupancy 
4 <1080-54* To Building with high occupancy, Sport Hall, Kitchen 
5 >1080-54* To Special buildings, e.g. swimming pool or laundry 
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Figure 4.10: Monthly mean vapour pressure excess in the four apartments as a function of the monthly mean 
outdoor temperature. The results are shown with the Indoor Climate Classes defined in EN ISO 13788. 
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4.2.1.4 THE HYGROTHERMAL RESPONSE OF THE BUILDING STRUCTURE 

The heat storage and the flow rate of heat stored in an interior and an exterior massive wood wall at 
the Vetenskapsstaden building were calculated in Paper II for daily and yearly cycles. The calculations 
were based on the temperature distribution measured in the walls. The results are presented in Figure 
4.11 for an exterior wall and in Figure 4.12 for an interior wall. 

It can be seen in Figure 4.11 that the heat stored in the exterior wall during the day is released into the 
surrounding during the night at different levels of magnitude in winter and summer. The daily amount 
of heat stored in an outer wall is more important during the summer season because of the higher 
temperature fluctuations. Contrarily to the summer season, a substantial part of the heat stored in the 
exterior wall is released during the afternoon in the winter period and may contribute to avoid a drop 
of the indoor temperature during the absence of human activities. For yearly period, heat is stored 
between January and June and is released into the surrounding between July and December. Similar 
results are achieved in Figure 4.12, but the heat storage in the interior wall seems to be slightly less 
important than the heat storage in the exterior wall. This is particularly the case for daily period in 
winter.  
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Figure 4.11: Exterior wall temperature distribution, amount of heat Q(t) stored between the  indoor surface and a 
given depth (kJ.m-2), and heat-flow rate of storage (W.m-2).The results are given for daily period in February 2003 

a), July 2003 b), and for yearly period c). 



48 

The moisture content fluctuations recorded in 2003 in the first layer of the cross-laminated timber 
panels facing the indoor of apartment 1 are shown in Figure 4.13. The maximum, minimum and 
average moisture content are given at 3 mm, 6 mm, 9 mm and 31 mm from the wood surface and the 
indoor humidity is transposed into equivalent moisture content. The results are given after temperature 
correction of the measured moisture content.  

As shown in Figure 4.13, the average equivalent moisture content is 6.5 % whereas the average 
moisture content within the first exposed wood layer is ca. 9.5 %. The reason for this average 
discrepancy may be explained by the non-linearity of the moisture transport process in wood 
(Arfvidsson, 1999). The equivalent moisture content varies between 3.6 % and 12.2 % but the 
fluctuations are much less inside the wood layer even at 3 mm from the surface. The amplitude of 
variation at 3 mm is not more than 1.5 % moisture content and it is really difficult to achieve reliable 
results since the moisture probes have accuracy not better than ± 1 %. The question mark in Figure 
4.13 depicts the zone where future research should focus to better understand the interactions between 
wood and the indoor climate considering short periods of interactions. 
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Figure 4.12: Interior wall temperature distribution, amount of heat Q(t) stored between the  indoor surface and a 
given depth (kJ.m-2), and heat-flow rate of storage (W.m-2).The results are given for daily period in February 2003 

a), July 2003 b), and for yearly period c). 
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In Paper III, it is shown that the indoor water vapour pressure dynamic in the four apartments 
presents predominant fluctuations at 8-hour, 12-hour, 24-hour, 1-week and 350-hour time periods. The 
8- and 12-hour time periods are credited to the indoor moisture sources. Figure 4.14, shows the power 
spectrum of the moisture content fluctuations at 3 mm and 6 mm in the walls. One may notice that the 
wall responds to the indoor moisture fluctuation at 3 mm even to low 8- and 12-hour periods. This is 
also true at 6 mm but to a lesser extent. The power spectrum of the moisture content at 9 mm, is not 
reported in Paper III but at this depth, the wall response is only seen for time period above 24-hour. 

The moisture storage within the first wood layer exposed to the indoor climate and considering 
seasonal moisture variations was calculated in Paper II. From the results shown in Figure 4.15, it may 
be seen that moisture is stored in spring and summer and released into the surrounding during the cold 
season. During the year 2003, the first 31 mm of wood exposed to the indoor stored ca. 75 g·m-2 of 
moisture. 
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Figure 4.13: Moisture content variations within the wood structure of an exterior wall in 2003. 

 

Figure 4.14:  Power spectrum of the moisture content variations recorded at 3 mm and 6 mm in an exterior wall. 
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4.2.2 NUMERICAL SIMULATIONS 

A room in an apartment of the Vetenskapsstaden building was analysed in paper IV. The room was 
supposed to be located in Stockholm and the structure was the same as the structure of the 
Vetenskapsstaden building. The input data are given in Table 1 and Table 2 in Paper IV. 

In Paper IV, the moisture buffering effect was described by introducing the ratio r defined by: 

eimpermeabl

permeabler
ϕ
ϕ

Δ

Δ
= ,                   (21) 

where Δφ depicts the difference between the maximum and minimum indoor relative humidity 
occurring during a daily period and for each considered constant ventilation rates. Δφpermeable depicts the 
case considering that 48 % of the overall indoor wall surface is permeable to moisture diffusion 
(dashed curves) and Δφimpermeable depicts the case where the overall wall surface exposed to the indoor 
climate is closed to moisture diffusion (solid curves). The ratio r shows therefore the contribution of an 
exposed massive wood wall to dampen the indoor relative humidity at a defined ventilation rate and 
referring to the case where the whole structure is closed to the moisture diffusion. The more effective 
the buffering effect is, the less the ratio r is. 

Considering moisture sources in the room modelled by step changes, a first scenario was simulated in 
Paper IV. During the night, moisture is released at a constant rate 60 g·h-1 and no moisture is released 
during the day. A second scenario was applied assuming the same moisture source cycle but with 
increasing the rate to the value 120 g·h-1. The simulation is launched and run until the system converges 
to a quasi steady-state.   

Figure 4.16 shows the results of the first scenario for (a) a winter period (b) and a summer period. 
Figure 4.17 presents the results of the second scenario. The results are shown as a function of the 
constant air-exchange rate applied.  
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Figure 4.15:  Monthly mean of moisture stored up to the first 31 mm of an exterior wall of apartment 1. 
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As shown in Figure 4.16, the buffering capacity of the structure becomes more impressive at low 
ventilation rate during the winter period. For instance, considering that 48 % of the overall wall surface 
is wood opened to moisture diffusion and that the ventilation rate is fixed to 1 h-1, the difference 
between the maximum and minimum achieved indoor relative humidity during the day is ca. 73 % of 
the same difference when the structure is closed to moisture diffusion. The buffering effect increases 
relatively slowly with decreasing the ventilation rate until 0.5 h-1 and increases much more after this 
point. Furthermore, the response depicted by the ratio r shows a different shape during the summer 
period. The buffering effect is impressive even at high ventilation rate. The buffering effect seems to 
increase somewhat linearly with decreasing the ventilation rate. Even at ventilation rate as low as 
0.05 h-1, it is surprising to see that the condition for condensation to occur is not reached. Comparing 
Figure 4.16 and Figure 4.17, one sees that the buffering capacity of the structure increases somewhat in 
effectiveness as the rate of moisture source increases. 

Paper IV also provides results for a third scenario. In this case, the pattern of the moisture sources is 
not periodic and describes a usual moisture production pattern occurring in dwellings. The results 
show again that the moisture buffering effect remains important even at high ventilation rate in 
summer. However, the effect is somewhat less impressive in winter considering the usual ventilation 
rates occurring in dwellings. For a ventilation rate of 0.8 h-1 and above, the ratio r is more than 80 %, 
meaning that maximum gain 20 % is obtained by using the structure as a buffer. 
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Figure 4.16: Maximum and minimum indoor relative humidity achieved during (a) a winter daily period and (b) a 
summer daily period. The rate of moisture releases is set to 60 g·h-1 during the night. 
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Figure 4.17: Maximum and minimum indoor relative humidity achieved during (a) a winter daily period and (b) a 
summer daily period. The rate of moisture released is set to 120 g·h-1 during the night. 
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The model was further refined in Hameury (2004), where a complementary case study was presented. 
In this model, the heat and moisture transport equations are the same as those presented in Paper IV. 
However, the driving potential was changed from moisture content (kg/kg) to water vapour 
concentration in the air (kg·m-3) to avoid the discontinuities at the interfaces of building materials. 
Some of the results from the case study were presented in Paper III and Paper VII. 

In Figure 4.18, the day-to-day indoor relative humidity fluctuations are shown for the considered case 
study. The simulated zone is a room of heated area 6×5 m2, located south. The structure is a massive 
wood structure identical to the Vetenskapsstaden structure, exposed to a typical Nordic outdoor climate 
during a summer day (a) and a winter day (b). Two different constant ventilation rates were considered. 
The results are shown for the case where the structure is opened to the moisture diffusion and for the 
case where the structure is closed to the moisture diffusion. The case with a ventilation rate of 0.5 h-1 
corresponds to an air flow density of 0.36 l.s-1·m-2, i.e. just above the limit value imposed by the Nordic 
regulation codes, whereas ventilation rate of 1 h-1  corresponds to an air flow density of 0.72 l·s-1·m-2. 
From the results shown in Figure 4.18, several interesting comments might be drawn. The better 
buffering effect is perceptible for the case 2 during both the winter and summer period. Moreover, an 
increase of the ventilation rate from 0.5 h-1 to 1 h-1 does not even out further the fluctuations showing 
that a high ventilation rate is not a necessity assuming that the requirement put on the IAQ are fulfilled 
at low ventilation rates. Furthermore, an increase of the ventilation rate when the structure is opened 
to moisture diffusion have perverse consequences on the indoor relative humidity since, although 
remaining more stable, the average relative humidity becomes very low creating dry indoor conditions. 

 

Figure 4.18: Day-to-day fluctuations of the indoor relative humidity in a heavy timber construction for both a 
summer period (a) and a winter period (b). 
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CCHHAAPPTTEERR  55::    
TTHHEE  MMBBCC  OOFF  WWOOOODD  AATT  TTHHEE  SSYYSSTTEEMM  LLEEVVEELL  

 

The preceding chapter deals with issues that relate to the hygrothermal performances of wood at the room level. This 
chapter considers issues that relate to the hygric performances of wood at the system level. Laboratory measurements and 
the development of a new method to quantify the Moisture Buffering Capacity of wood are dealt with. The moisture 
distribution in wood exposed to stepped cycles of relative humidity at one of its surface was measured by Magnetic 
Resonance Imaging. The basic principles of MRI are given thereafter to provide to the non-expert some fundamentals 
needed for the comprehension of the appended Paper V and Paper VI. The MRI results are presented and discussed in 
parallel to a NORDTEST method. The Moisture Buffering Capacity of wood is also studied when a coating system is 
applied onto it. 

5.1 METHODOLOGY OF RESEARCH 

In the preceding chapter, results from an in-situ measurement campaign were presented. From the 
results, no direct correlation between the good indoor relative humidity levels recorded in the 
apartments and the day-to-day sorption capacity of the walls could be observed, perhaps because of the 
low sensitivity of the measuring technique used. The low water vapour permeability of wood hinders 
penetration of the moisture during typical diurnal periods and this barely extends deeper more than the 
first three millimetres of the exposed surfaces, which means that the resistive measurement technique 
is of limited value. Recalling the question marks shown in Figure 4.13, it is pointed out that research 
about the moisture distribution in wood for day-to-day humidity excitations shall focus and zoom on a 
limited depth on the order of let us say the millimetre. This statement has been the starting point why 
trying to develop laboratory controlled methods based on 1H Magnetic Resonance Imaging (MRI) where 
the 1D spatial distribution of moisture in wood with a space resolution below the millimetre could at 
least theoretically be obtained with this technique. The MRI technique is a versatile non-invasive tool 
widely used for investigating matter by probing the spatial distribution of a specific nucleus (Callaghan, 
1991; Blümich, 2000). The MRI technique has been used in Paper V to probe the moisture 
distribution in uncoated Scots pine (Pinus sylvestris L.) and Paper VI to probe the moisture distribution 
in Scots pine coated with different finishes. The results achieved were further processed to quantify the 
MBC of wood and coated wood and to draw parallels with the laboratory test specified in the 
NORDTEST project based on a simple gravimetric method and measuring the MBV as defined in 
chapter 3. But before describing further the method itself used in Paper V and Paper VI, some basic 
prerequisites for the understanding of the Nuclear Magnetic Resonance science (NMR) and MRI are 
provided. 

5.1.1 BASIC PRINCIPLES OF NMR AND MRI 

5.1.1.1 WHAT IS NUCLEAR MAGNETIC RESONANCE? 

NMR is a versatile non-invasive tool widely used for investigating matter by probing microscopic 
physical, chemical and spatial information about a sample. This mature scientific field is born in 1945-
1946, when two independent working teams, led by Purcell and Bloch1 respectively, observed almost 
simultaneously weak radiofrequency signals from the atomic nuclei of paraffin wax and water placed in 
a swept static magnetic field and a continuously present Radio Frequency magnetic field (Levitt, 2001). 
Continous Wave NMR has been later abandoned and replaced after the important discovery of Hahn 
about pulsed NMR spin echo. The field of NMR has undergone a continuous development with the 

                                                 
1 Felix Bloch and Edward Purcell were both awarded the Nobel Price  in Physics 1952 
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introduction of pulsed Fourier NMR by Ernst and the rediscovery of the Fast Fourier Transform (FFT) 
decreasing drastically the time of the signal computation from an NMR experiment. NMR has been 
used extensively for spectroscopy and chemical structure analysis because the frequency resonance of 
nuclei and their isotopes can be distinguished from each other by application of RF pulses on samples 
placed in a static magnetic field. A second application refers to MRI and concerned the measurement 
of the spatial distribution of a specific nucleus (mostly proton 1H). This is achieved by applying a 
spatial dependence of the magnetic field strength and/or shaped selective RF magnetic field pulses. 
Originally applied in medical science and human body imaging, NMR imaging offers nowadays new 
insights in material science and is usually referred to as NMR microscopy (Callaghan, 1991). 

NMR technology relies on a quantum mechanical property of nuclei referred to as spin and its 
interaction with an applied magnetic field. The concept of the spin is difficult to grasp beyond its 
quantum mechanical manipulation but it may be regarded in a first approach as an angular momentum, 
analogous to that possessed by a spinning top. Nevertheless, one shall emphasize that the spin of a 
particle, e.g. nucleus or electron, is an intrinsic property and certainly not produced by the rotation of 
this particle. In this paper, we are mainly interested in probing moisture in wood and therefore we will 
focus the discussion on proton NMR with spin-1/2. Because of the spin angular momentum, a nucleus 
has an associated magnetic moment μ defined as a vector: 

Iμ ⋅= γ ,                    (5.1) 

where γ is called the magnetogyric ratio (or gyromagnetic ratio), and I is the vector of the spin angular 
momentum. For proton nuclei, γ has a value of 267.522*106 rad·s-1·T-1 (=42.58 MHz·T-1). Now, 
applying a static magnetic field B0 defines a measurement direction as shown by the Stern-Gerlach 
experiment. This direction is often defined along the z-axis, and the nuclear spins are quantized along 
z: 

{ } h⋅=−−−−∈ zzz mIandIIIIm ),1(),...,1(, ,               (5.2) 

where ħ is the Planck’s constant divided by 2π and mz is the azimuthal quantum number. For the case 
of nuclei with spin-1/2, mz has only two possible values, -½ and ½. The two azimuthal quantum 
numbers are degenerate meaning that they have the same energy. The application of a magnetic field 
breaks however the degeneracy, a phenomenon known as the Zeeman effect. The Hamiltonian of the 
interaction energy of the nucleus with the application of a magnetic field B0 oriented along the z-axis is 
written as: 

0BμH ⋅−=                     (5.3) 

zIH ⋅⋅⋅−= 0Bhγ                    (5.4) 

The wave function of a nuclear spin quantum state )(tψ under the influence of a magnetic field is 
described by the time-dependent Schrödinger equation and for the case of a simple Hamiltonian as 
described in equation (5.4) it might be shown (Callaghan, 1991) that the solution is written as: 

)0()exp()( 0 ψγψ ⋅⋅⋅⋅⋅= tBit zI ,                 (5.5) 

where  )0(ψ  is the initial nuclear spin quantum state, and the exponential term is referred to as the 
evolution operator. This solution shows that the spin quantum state undergoes a clockwise precession 
about the z-axis at the Larmor frequency ω0 with 

00 B⋅−= γω                     (5.6) 
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The Zeeman Hamiltonian gives rise to two different energy levels for the case of a nucleus with spin-
1/2 corresponding to the spin-up and spin-down states, and the energy separation between the levels is 
given as: 

0BE ⋅⋅−=Δ hγ                    (5.7) 

00 BE ⋅=Δ ω                     (5.8) 

The transitions between the two levels are accompanied by the absorption or emission of quanta of 
energy ΔE and the physical origin of the NMR signal corresponds to the population difference 
between the states in a first approach. A complete approach takes into account the coherence effects 
but this will not be discussed further here. 

One thus measures the population difference, the so-called ensemble expectation, since we cannot 
predict the dynamical state of each spin in a sample. At thermal equilibrium, it is shown from the 
Boltzmann probability distribution that an ensemble of nuclei spin subjected to a magnetic field builds 
up a macroscopic angular momentum vector pointed in the same direction as the static magnetic field 
accompanied by a net or bulk magnetic moment called magnetisation M, defined by the Curie’s law 
(Blümich, 2000): 

0BM ⋅
⋅⋅

+⋅⋅⋅⋅
=

Tk
IIN

b3
)1(22 hγ ,                 (5.9) 

where I is the nuclear spin quantum number, kb the Boltzmann constant, T the Kelvin temperature, 
and N is the number of nuclei with spin I in the sample. For proton in water, we can rewrite equation 
(5.9) as: 

0BM ⋅
⋅⋅
⋅⋅

=
Tk

N

b4

22 hγ .                 (5.10) 

It turns out that the NMR signal arises mostly from the manipulation and the measurement of M by 
weak, pulsed RF magnetic field. Equation (5.10) already tells us that the sensitivity of the NMR signal 
increases with the application of high static magnetic field B0, at low temperature and with high 
magnetic magnetogyric ratio γ (the proton has one of the highest value for γ) and a large number of nuclei 
spin.  

Most of the NMR spectroscopy and imaging experiments might be described in term of the 
manipulation of the magnetisation vector M by a semi-classical description of the equation of motion 
of the system known as the vector model and first derived by Felix Bloch. This model is explained 
below and mostly follows the same structure as presented in the text book published by Blümich 
(2001).  

The macroscopic angular momentum M/γ experiences a torque in a magnetic field B as well as a 
relaxation term creating the establishment of a thermal equilibrium state with time. The rate of change 
of the macroscopic angular momentum M(t) is then obtained in the laboratory frame by: 

))(()()( 0MMRBMM
−−×⋅=

∂
∂ ttt
t

γ ,              (5.11) 

where M0 is the magnetisation at the state of thermodynamic equilibrium as derived by the Curie’s law 
and R is the relaxation matrix. 
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The relaxation matrix R is written as: 
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001

T
T

T
R ,                (5.12) 

where T1 is known as the spin-lattice relaxation time constant or the longitudinal relaxation time 
constant, and T2 is known as the transverse relaxation time constant, coherence dephasing time 
constant or spin-spin relaxation time constant. T1 is the time characteristic to recover the thermal 
equilibrium of the system after an excitation, and T2 is the time characteristic for the loss of coherence 
of the magnetisation component orthogonal to the magnetic field. It might be noticed that the 
condition T2 ≤ T1 always hold. The relaxation time T1 and T2 can provide information about the 
environment of the nucleus.  

The equation of motion (5.11) tells us that nothing happens to the magnetisation vector M if it is let 
placed in a static magnetic field B0 such that B(t)=B0. All the applications and sequences used in NMR 
science rely on the manipulation of the magnetisation vector M by a weak time-dependent RF field 
Brf(t) perpendicular to the strong  static filed B0. The total magnetic field B(t) is the addition of the 
strong static magnetic field B0 and the weak RF field Brf(t) and may be written in the laboratory frame 
of reference as: 
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where B1, ωrf and φ represents respectively the strength, frequency and phase offset of the weak time-
dependent RF magnetic field, along a direction perpendicular to the z-axis. To facilitate the 
interpretation of the Bloch equation (5.11), we consider a coordinate frame rotating with the weak RF 
magnetic field vector around the z-axis. In this rotating frame of reference the total magnetic field 
appears static and is written as: 
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)(B .                (5.14) 

Apart from the fact that the total magnetic field appears static in the rotating frame of reference, we 
might notice from equation (5.14) that the z-component vanishes when the frequency ωrf of the weak 
time-dependent RF field matches the Larmor frequency ω0. It is the consequence of the resonance 
phenomenon. In this case, according to the Bloch equation, the magnetisation M experiences a torque 
and rotates around the total magnetic field now perpendicular to the z-axis. The rotation of the 
magnetisation vector is depicted by the flip angle α written as: 

prf t⋅= ωα ,                  (5.15) 

where tp is the duration of the weak RF pulse. The manipulation of the flip angle to form 90° and 180° 
pulses or arbitrary pulses, is the basis for any NMR experiments. 
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5.1.1.2 NMR RELAXATION 

The local interactions experienced by the nuclear spins cause relaxation. NMR Relaxation is of 
fundamental importance before engaging oneself in the field of NMR imaging since any sequences 
used in imaging are influenced by the relaxation phenomena occurring during the manipulation of the 
spin system (e.g. losses of coherence and relaxation to a state of thermal equilibrium). A precise 
knowledge of these parameters is often a prerequisite to secure any reliable data in MRI.  

The simplest NMR experiment is known as the Free Induction Decay (FID). A single RF pulse of 
arbitrary length (usually a 90° pulse) and arbitrary phase is applied to the sample and the response of 
the magnetisation vector is measured as a function of time by the record of an emf induced in a RF 
coil. The signal-to-noise ratio may be improved by a factor n1/2 when averaging n records of the FID. 
From the Bloch equation (5.11), we can describe the evolution of the transverse magnetisation M after 
a 90° pulse and the signal recorded by the RF coil is given by: 

)exp()exp()exp()( *
2

0 T
ttiiMtS −⋅⋅Ω⋅⋅⋅⋅∝ φ ,             (5.16) 

where M0 is the amplitude of magnetisation vector M immediately following the pulse, φ  is the 
absolute receiver phase and Ω is the offset frequency equal to ω0 -ωrf. The decay of the FID signal 
shown in Figure 5.1 occurs because of the transverse relaxation mechanism T2 plus an extra dephasing 
mechanism induced by the inhomogeneity of the magnetic field. This decay is described by the time 
constant T2

* written as: 

B
TT

Δ⋅+=
π
γ

2
11

2
*

2

,                 (5.17) 

where ΔB quantifies the inhomogeneity in the magnetic field. An inhomogeneous magnetic field causes 
nuclear spins to precess at different Larmor frequencies. 

To come over the inhomogeneous broadening of the magnetic field, Erwin Hahn recognised that this 
loss of phase coherence was reversible when one applies a second 180° pulse after a certain time decay 
τ causing refocusing at 2τ, as shown in Figure 5.2. The accumulation of different precession phases 
with time after the 90° pulse is recovered after the second pulse of 180° pulse is applied and the 
reoccurrence of the signal at 2τ is called a spin echo and has a shape similar to those presented in 
Figure 5.1. The height of the spin echo is only influenced by the transverse relaxation mechanism T2 if 
slow translational motion of the nuclei might be assumed. 

 

Figure 5.1:  Free Induction Decay (FID) signal induced in a receiver coil. 
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The signal achieved in the RF coil is then written as: 

)2exp()exp(1)2(
21

0 TT
tMS r ττ −⋅⎟

⎠
⎞⎜

⎝
⎛ −−⋅∝ ,             (5.18) 

where tr is the recovery time before repeating the Hahn spin echo sequence. This term might be of 
importance when the sequence is run consecutively a number of times to improve the signal-to-noise 
ratio by averaging. If the repetition time tr is not set long enough, the magnetisation vector M does not 
have the time to recover thermal equilibrium before the next sequence is applied and this causes 
ultimately a decrease of the signal intensity recorded at the spin echo time. 

A CPMG2 experiment is a special pulse sequence named after the people who invented it. The CPMG 
sequence is an extension of the Hahn spin-echo sequence shown in Figure 5.1 and involves applying 
several 180° pulses after the initial 90° pulse to remove the signal decay induced by the inhomogeneous 
magnetic field and to produce multiple echoes. Information on the spin-spin relaxation time T2 is 
obtained by fitting an exponential curve to the envelope formed by the echoes. 

Finally, the usual technique to measure the longitudinal relaxation time constant of the spins T1 is 
called an Inversion Recovery. This technique may also be used to filter unwanted spin signals. The 
Inversion Recovery sequence first inverts the magnetisation vector M by subjecting the system to a 
180° pulse. Spin-lattice relaxation proceeds during a certain time τ after what the longitudinal 
magnetisation is further transformed in a measurable transverse magnetisation by the application of a 
90° pulse. Many measurements are performed for different value of τ and the signal amplitude 
recorded each time might be expressed as a function of τ and written as: 

⎟
⎠
⎞⎜

⎝
⎛ −⋅−⋅∝ )exp(21)(

1
0 TMS ττ                (5.19) 

We may note that no measurable transverse magnetisation are recorded when τ  is set equal to 
ln2·T1. A variation of the theme for measurement of the spin-lattice relaxation time constant is the 
Saturation Recovery sequence. The reader is here referred to Blümich (2000) for more details about 
this sequence. 

                                                 
2 CPMG stands for Carr Purcell Meiboom Gill 

 

Figure 5.2:   Hahn spin-echo signal induced in a receiver coil. 
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5.1.1.3 INTRODUCTION TO NMR IMAGING  

Magnetic Resonance Imaging is principally based on the fundamentals of NMR but we are now interested 
in obtaining spatial information about the 1H nuclei in the sample. This scientific field originally 
emerged in 1973, since the pioneering works of Paul Lauterbur and Peter Mansfield3. Nowadays, it has 
become routine diagnostic tool in medicine. The major achievement with MRI technique relies on 
mapping out the spatial distribution of the proton density function ρ(r) in the sample. The key idea 
behind this technique is based on the control of an inhomogeneous magnetic field by the use of 
constant magnetic field gradients in addition to the strong static field, i.e. the total static magnetic field 
varies with position. Therefore, different locations in the samples will give signals that can be 
distinguished from one other by their frequencies. The Larmor frequency of a spin is indeed linearly 
dependent on its position in space and is given by: 

( )rGr ⋅+⋅−= 00 )( Bγω ,                (5.20) 

where G is a vector representing the grad of the pulsed magnetic field gradient, and r is the space 
vector representing the nuclear spin coordinates in the laboratory frame of reference. 

In aach small element of volume dV there will be ρ(r)·dV spin and the signal from this element is 
written as: 

)exp(V)(),( tidtdS ⋅⋅⋅⋅−⋅⋅∝ rGrG γρ ,                      (5.21) 

where equation (5.21) takes into account the process of heterodyning mixing, i.e. the mixing of the 
signal with a reference signal oscillating at the frequency γB0. 

Equation (5.21) is integrated over the all volume of the sample and the signal amplitude is written as: 

( )∫∫∫ ⋅⋅⋅∝ rrkrk diS πρ 2exp)()(                (5.22) 

We may perform a change of variable introducing the concept of reciprocal space vector k as: 

t⋅⋅⋅= − Gk γπ 1)2(                  (5.23) 

This concept allows us to recognise the Fourier transform of equation (5.22) as being the proton 
density map of the sample.  

The Fourier transform is written: 

( )∫∫∫ ⋅⋅−⋅∝ krkkr diS πρ 2exp)()(                (5.24) 

One performs therefore measurements in the k-space by sampling in the time domain, a process 
known as frequency encoding and/ or by varying the gradient strength, a process known as phase 
encoding. The proton density is then calculated by computer using a Discrete Fourier Transform 
algorithm (DFT) of the sampled data. A whole array of pulsed sequences and procedures are available 
to manipulate different parameters, e.g. the space resolution, the signal-to-noise ratio, the field of view, 
or the sampling time. Furthermore, one of the specificity of MRI is the access to image contrasts 
determined by several parameters including among others the relaxation times T1 and T2, or still the 
chemical shift. 

                                                 
3 Paul Lauterbur and Peter Mansfield were both awarded the Nobel Price  in Medicine 2003 
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In practice, the NMR signal is sampled on a discrete grid of time and hence on a discrete grid of the k-
space. This implies that we cannot resolve objects with a continuous mapping of the proton density by 
Fourier Transform. Instead discrete resolution is achieved and the theory of discrete Fourier 
Transform tells us that the conjugate variables are linked, and the space resolution is written in one 
dimension as:  

xkN
x

Δ⋅
=Δ

1 ,                  (5.25) 

where N is the number of data sampled. 

If the measurements in the k-space are frequency encoded, then equation (5.25) is further developed: 

TGtGNkN
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π 221 ,              (5.26) 

where Δt is the time interval between two sampled data, T is the total acquisition time N·Δt. In this 
case, a high resolution may be achieved by applying a high magnetic gradient strength and by increasing 
the total acquisition time. The resolution remains however limited by other factor such as the 
sensitivity and signal-to-noise ratio, which decrease by increasing the space resolution. Furthermore, it 
is difficult to extend the total acquisition time since the sample is subject to relaxation causing the 
NMR signal to ultimately disappear. 

If the measurements in the k-space are phase encoded, then equation (5.25) is further developed: 

px tG
x

⋅⋅
=Δ

max,γ
π ,                 (5.26) 

where tp is the fixed encoding time after the RF pulse, Gx,max is the maximum gradient strength.  In this 
case, a high resolution may be achieved by increasing the gradient strength and by increasing the 
encoding time. 

The Field Of View (FOV) is then simply determined by multiplying the space resolution by the number 
of data sampled in frequency encoding and by the number of gradient increments in phase encoding. 

5.2 ASSESSMENT OF THE BUFFER PERFORMANCES OF UNCOATED SCOTS PINE 

5.2.1 MATERIAL AND METHOD 

In Paper V, a method based on MRI is developed to provide information on the dynamic moisture 
distribution in wood when excited by stepped cycles of humidity at one surface. From the recorded 
moisture distributions with time, one may retrieve the MBV described in Chapter 3. The results 
achieved were compared with results following more or less the NORDTEST test protocol.  

The method described in Paper V is based on the Single-Point-Imaging (SPI) sequence also known as 
Constant-Time Imaging (CTI) (Emid & Creyghton, 1985). This method is of particular interest for 
imaging solid-like materials and bound water which possesses a short effective transverse relaxation 
time T2

*  and it has already been used with some success to probe the moisture distribution in wood 
below the fibre saturation point using a similar sequence called SPRITE (MacMillan et al., 2002). 

Images were obtained from three samples of Scots pine (Pinus sylvestris L.) shaped as small cylinders 
with a diameter of 12 mm and a length of 18 mm to 22 mm and placed in NMR glass tubes.  The 
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samples were sealed with a wax varnish on all sides except on the surface to be exposed to the climate 
fluctuations. The sealing material was shown to give no contribution to the NMR signal. 

Reference samples of the same wood were placed in different desiccators having different relative 
humidity levels and the bulk moisture content (kg/kg) and moisture concentration (kg·m-3) were 
determined by the oven-dry method at the end of the experiment. This information was used to 
calibrate the NMR intensity signal against the moisture concentration (kg·m-3) as shown in Figure 5.3.  

The measurements were made using a low-field MARAN Benchtop Imager Magnet operating at 
24.5 MHz, driven by a DRX Digital console and pre-amplifiers from Oxford Instruments Ltd. The 1-
dimensional gradient set provided a maximum gradient strength in the magnetic field of approximately 
3 T.m-1 and was powered by a Crown Macrotech 5002VS single Channel gradient amplifier. The RF 
probe used was an 18 mm diameter solenoid probe (Oxford Instruments Ltd.) driven by a 300 W RF 
output amplifier. Communication between the host PC and the DRX electronics was handled by a 
100BaseT Ethernet connection and the RI-NMR - v4.6 acquisition software.  

The samples were exposed to periodical step changes in relative humidity typical of the daily changes 
which probably occur indoor in practice, e.g. in offices or bedrooms. The samples were placed for 8 
hours in a desiccator over a saturated solution of ammonium chloride, NH4Cl, maintaining a relative 
humidity of 79.5 % RH. A small fan was fitted inside the desiccator to ensure the air circulation. A 
TinyTag logger was also fitted inside the desiccator to record the temperature and relative humidity. 
The samples were then exposed for 16 hours to the laboratory environment, where a stable relative 
humidity of 24 % at 22 ºC was recorded. According to Osanyintola et al. (2006), an acceptable quasi-
steady-state is reached for plywood materials exposed to moisture cycles already after the third cycle, 
and it was therefore decided in this work to repeat the cyclic procedure for 4 days and moisture 
profiles were then recorded every hour during the 5th day. During the 8-hour period, the samples were 
taken from the desiccator and placed in a sealed NMR glass tube to maintain a stable relative humidity. 
Measurements were taken over a period of 10 minutes, and the samples were placed in the desiccator 
between the measurements. During the 16-hour period, the samples were placed in an open NMR 
glass tube, where they remained placed inside the MRI benchtop magnet exposed to the laboratory 
indoor climate. A special routine was written in Visual basic to enable the moisture profile to be 
measured every hour during the night, when the 16-hour step was carried out. 

5.2.2 RESULTS AND DISCUSSION 

The profiles from the MRI signals were transposed in moisture concentration profiles using the 
calibration curves in Figure 5.3. The results for each orthotropic direction are shown in Figure 5.4 to 
Figure 5.6. The accuracy of the calculated moisture concentration (kg·m-3) was estimated to ca. 
± 2 kg·m-3.  

From Figure 5.4, it is shown that the periodic penetration depth, corresponding to the depth where the 
moisture amplitude is reduced to 37 % compared to the surface moisture amplitude, is approximately 
2 mm. It is nevertheless possible to record fluctuations in the moisture distribution within this small 
region by using MRI technology. The small moisture fluctuations recorded below a depth of 10 mm 
from the surface of the wood sample are barely significant since they are similar to the baseline noise. 
We call this depth the Active Buffering Depth (ABD) to differentiate it from the penetration depth.  

In Figure 5.5, the profiles match the annual growth rings shown in the superimposed digital picture. In 
this case, it is not possible to define a periodic penetration depth as was possible in the tangential 
direction. The ABD is however approximately 9 mm, i.e. less than for the tangential direction. This 
may perhaps be due to a slightly lower moisture diffusion coefficient in the radial than in the tangential 
direction of heartwood Scots pine below a moisture content of 20 % (Rosenkilde & Arfvidsson, 1997).  
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In Figure 5.6, it is evident that the entire depth of the sample interacts with the surrounding humidity. 
It was not therefore possible to measure an ABD in this case and a longer sample is recommended to 
compute the maximum buffering capacity of wood oriented in the longitudinal direction. This was 
known before the measurements were made, but it was difficult to increase the length of the sample in 
the present study since we were limited by the length of the probe receiver coil and by the FOV.  
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Figure 5.3: Calibration curves of the equilibrium bulk moisture content of wood as a function of the normalized 
NMR signal intensity. 
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Figure 5.4: 1D SPI magnitude profiles in the tangential direction of Scots pine at different times. The surface 
exposed to cyclic humidity changes is to the left. The resolution is ca. 127 µm. 
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Figure 5.5: 1D SPI magnitude profiles in the radial direction of Scots pine at different times. The surface exposed to 
cyclic humidity changes is to the left. The resolution is ca. 127 µm. The profiles are superimposed on a digital picture 

along the axis of the cylinder of the wood sample. 
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Figure 5.6: 1D SPI magnitude profiles in the longitudinal direction of Scots pine at different times. The surface 
exposed to cyclic humidity changes is to the left. The resolution is ca. 127 µm. 
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We recall that one of the goals of the study was to retrieve information about the MBC from the MRI 
profiles. In Paper V, it is shown that there is a good correlation between the MBV measured 
according to the NORDTEST protocol and the integration of the MRI profiles. As shown in Figure 
5.7, it is possible, by direct integration of each profile at different times for the three orthotropic 
directions, and knowing the exposed surface area S and the variation in relative humidity during the 
cycle ΔRH, to determine the moisture uptake Δm of the samples and thereby the MBV defined in 
equation (3.19). The MBV calculated according to equation (3.19) is shown in Table 5.1 and is 
compared to the MBV achieved with the gravimetric method. It should be noted that the MBV of the 
sample having its axis in the longitudinal direction does not reflect its full moisture buffering potential 
since the ADP in this direction is longer than the sample. It should also be noted that the MBV given 
in Table 5.1 for the sample oriented along the radial direction corresponds to the case where the first 
millimetre of exposed wood consists of earlywood. A different result might be expected if latewood 
were exposed first.  

According to a MBV classification proposed by Rode et al. (2005), uncoated Scots pine would thus be 
classified as an excellent buffer of indoor humidity fluctuations when exposed in all three orthotropic 
directions. These results must however be taken with caution since only one measurement has been 
carried out in each orthotropic direction and the NORDTEST procedure involves a slightly different 
relative humidity cycle and greater exposed surface area. 

The results achieved in Paper V show that the technique developed is suitable to probe moisture 
profiles in wood materials at low moisture content. The major advantage of the method over the 
conventional gravimetric method proposed in Rode et al. (2005) is the access to spatial information in 
addition to the MBV. This is of utmost importance for the calibration of a moisture transport model, 
and it is expected to provide more information about the moisture buffering capacity of wood when 
different coatings are applied on the wood substrate. We have further confirmed that the moisture 
exchange between the indoor environment and wooden material is confined to a few millimetres below 
the wood surface during typical daily atmospheric moisture fluctuations when the moisture flow 
direction is along the radial and tangential directions. This indicates that 1H MRI technique is a suitable 
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Figure 5.7: Moisture uptake/release for the three different orthotropic directions calculated by integration of the 
moisture profiles. 
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tool to probe the moisture distribution in wood, when the moisture exchange is confined in spaces of 
few millimetres and below. 

 

Table 5.1: The MBV calculated from both the gravimetric and MRI method. 

 Moisture Buffer Value [g/m2·% RH] 

 Longitudinal Radial Tangential 

MBVGravimetric 4.14 2.71 1.91 

MBVMRI 4.22 2.69 2.21 

 

5.3 ASSESSMENT OF THE BUFFER PERFORMANCES OF COATED SCOTS PINE 

5.3.1 MATERIAL AND METHOD 

In Paper VI, sorption experiments of coated Scots pine similar to those of Paper V were performed. 
Samples of different coating composition were exposed to day-to-day relative humidity stepped cycles 
as shown in Figure 5.8. An estimation of the MBC was achieved from a gravimetric method described 
by the NORDTEST procedure and the computation of the MBV. Similarly to Paper V, the moisture 
distribution in different coated wood samples was appraised from MRI technique by using the SPI 
sequence. 

The different coating systems studied are thoroughly described in Paper VI. The coating system 1 and 
6 were both water-borne alkali silicate coatings. The coating systems 2 to 4 were water-borne linseed 
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Figure 5.8:  Record of the temperature and the step-wise change in relative humidity of the climate in which the 
samples where exposed during the experiment. 
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oil coating of different compositions. The coating substrate 5 was based on a water-borne alkali silicate 
primer and a linseed oil soap finish. The coating system 7 and 8 were identical water-borne acrylic 
coatings of dry film thicknesses 53 µm and 72 µm respectively. Reference samples of uncoated Scots 
pine samples were also prepared. 

5.3.2 RESULTS AND DISCUSSION 

The results shown in Figure 5.9 demonstrate that the coatings have a significant impact on the Moisture 
Buffering Capacity of the underlying Scots pine. The major finding is that the coating systems based on 
water-borne alkali silicate perform as well as uncoated Scots pine. We clearly notice a statistical 
difference at 95 % confidence level between the coating system 6 and the uncoated samples. It seems 
that the moisture buffering performance of the paint 6 is even slightly better than uncoated Scots pine, 
even though the coating is thick (70 µm). 

Furthermore, the moisture distribution in the wood sample was appraised for each coating system 
from proton Magnetic Resonance Imaging technique. Figure 5.10 shows the one-dimensional projection of 
the NMR signal intensity recorded along the coated and uncoated wood samples. The coating system 
3 is omitted in Figure 5.10 because it is similar to the coating system 2 apart from the pigmentation. 
The surface exposed to the day-to-day relative humidity cycle is positioned at the left side of the 
profiles shown in Figure 5.10. MRI profiles of the bound-water distribution were taken during the last 
cycle shown in Figure 5.8, at the end of the two relative humidity steps corresponding to the 
absorption and desorption phase. The grey surface describes a direct representation of the amount of 
moisture which has been stored in the material during the humidity cycle.  

From the MRI measurements, it was experimentally confirmed that the dynamic of moisture exchange 
between the indoor environment and wooden material is confined to a few millimetres behind the air-
wood interface considering typical daily moisture fluctuations of the surrounding air. The moisture 
penetration depth is particularly small for the coating systems 7 and 8. 
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Figure 5.9:  The mean Moisture Buffer Value for the different coating systems. The coatings are classified from the 
highest to the lowest MBV. The error bars depict the 95 % confidence intervals. 
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Figure 5.10:  1D Single-Point-Imaging profiles of the NMR signal intensity recorded for each coating system apart 
from the coating system 3. The surface exposed to cyclic humidity changes is to the left. The profiles were measured at 

the end of each one of the two relative humidity steps. The resolution is ca. 350 µm. 
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CCHHAAPPTTEERR  66::    
IINNDDOOOORR  CCOOMMFFOORRTT  AANNDD  PPEERRCCEEIIVVEEDD  IINNDDOOOORR  AAIIRR  QQUUAALLIITTYY  

 

This chapter illustrates the potentials a heavy timber construction may offer regarding the indoor comfort and the perceived 
IAQ. Some basics concerning the scientific field of hygrothermal comfort and perceived IAQ are given as an introduction. 
Results achieved from in-situ measurements and numerical simulations are then discussed to provide some answers to the 
last question posed in Chapter 1. 

6.1 BACKGROUND 

The comfort of the inhabitants and the perceived IAQ are closely related to the indoor temperature 
and relative humidity (ISO 7730, 1994; ASHRAE Standard 55, 1992; ASHRAE Standard 55a, 1995; 
Fang et al., 1998; Fang et al., 2000). The ISO standard 7730 (1994) defines the thermal comfort as being 
that condition of mind which expresses a thermal satisfaction with the environment. This standard 
presents a method for predicting the thermal sensation and the degree of discomfort, i.e. the thermal 
dissatisfaction of people exposed to a moderate thermal environment. The comfort equations are 
known as the Predicted Mean Vote index (PMV) and the Predicted Percentage of Dissatisfied (PPD). The 
PMV predicts the mean response of a large group of people according to a seven-point thermal-
sensation scale ranging from -3 (Cold) to +3 (hot), where 0 represents the neutral thermal sensation. 
The PMV is a function of the metabolic rate, the mean radiant temperature, the air temperature, the 
partial water vapour pressure and the air velocity. Figure 6.1 illustrates the comfort zones defined by 
the ASHRAE Standard 55a (1995), which are intended to provide acceptable thermal environment for 
occupants having a sedentary activity and wearing usual indoor clothing.  

The effective temperature, ET*, shown in Figure 6.1, depicts the uniform temperature of a radiantly 
black enclosure at 50 % relative humidity, in which an occupant would experience the same comfort, 
physiological strain and heat exchange as in the actual environment with the same air motion. The 
operative temperature is the temperature of a radiantly black enclosure in which an occupant would 
exchange the same amount of heat by radiation and convection as in the actual non-uniform 
environment. 

 

Figure 6.1: The comfort zones according to ASHRAE Standard 55a - 1995 [Source: Dear & Brager, 2001]. 
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Worthily, a revision procedure of that standard has been launched (Olesen & Parsons, 2002) since it 
has been recognised it suffers a lack of theoretical validity. The method applied in the standard to 
assess the thermal comfort perceived by people is still opened to discussion and subjected to 
speculation especially when considering dynamical thermal conditions stressing the body. The actual 
definition given by the standard does not reflect the procedure used to assess the acceptability of the 
indoor climate. Indeed, the calculation procedure is only based on the passive physiological response of 
an occupant. It does not take into consideration any psychological or behavioural acceptance of the 
thermal environment. Furthermore, the results are very sensitive to the evaluation of the metabolic 
heat production of the body as well as the level of clothing insulation. Adaptive methods have been 
developed lately (de Dear & Brager, 2001, Nicol & Humphreys, 2002). The adaptative principle 
stipulates that “if a change occurs such as to produce discomfort, people react in ways, which tend to restore their 
comfort” (Nicol & Humphreys, 2002). The adaptative models are influenced by multiple factors in 
addition to the steady-state heat balance equation, e.g. the integration of the past thermal history, the 
outdoor climate, the use of HVAC systems or natural ventilation, and the behaviour of the occupants. 
A literature review in this field may be found in Brager & de Dear (1998).  

Even though people experience a sensation of thermal neutrality, parts of the body may be exposed to 
conditions that result in a thermal discomfort. A local thermal discomfort may be due to draught, 
temperature gradients, radiation asymmetry, and uncomfortable floor temperature. It has been shown 
by Toftum et al. (1998a) that a local thermal discomfort may arise from the effect the humidity and the 
temperature has on the inhaled air. A respiratory discomfort comes from insufficient cooling of the 
mucous membranes in the upper respiratory tract cooling. The percentage of dissatisfied, PDrespiratory (%) 
due to an unacceptable inhaled air is defined by: 

))..(.).((..exp( sati
yrespirator pT

PD
⋅⋅−⋅+−−⋅+−+

=
ϕ0001054214015273301805831

100 ,            (6.1) 

where Ti (K) is the air temperature, φ is the air relative humidity (%) and psat (Pa) describes the saturated 
water vapour pressure of the air. The validity of this model is limited and normally applies for 
thermally neutral occupants having a sedentary activity and being exposed to a non-polluted indoor air. 
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Figure 6.2: Percent of dissatisfied with warm respiratory comfort according to equation (6.1). 
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The percent dissatisfied due to an unacceptable inhaled air is shown in Figure 6.2 at various 
temperature and as a function of the relative humidity. 10% of dissatisfaction is already reached at 20% 
relative humidity when the temperature is 26 ºC. At low temperature the relative humidity becomes less 
of importance to assess the respiratory discomfort. 

Toftum et al. (1998b) also investigated the local thermal discomfort that may arise from the skin 
humidity. They have shown that the relative humidity is not a parameter of first importance in this 
case.  

Research carried out by Fang et al. (1998) has shown that the acceptance of the inhabitants towards 
their perceived IAQ is a linear function of the enthalpy H (kJ.kg-1) on a scale from -1, where the IAQ 
is perceived as clearly unacceptable, to +1, where the IAQ is perceived as clearly acceptable. The 
perceived IAQ for clean air is defined by:  

662.1033.0 +⋅−= HAcc                   (6.2) 

The enthalpy in equation (6.2) is a function of temperature and humidity and hence the acceptability of 
the perceived IAQ too. The parameters of linearity shown in equation (6.2) are different considering 
non clean air (Fang et al. 1998). The perceived IAQ is shown in Figure 6.3 for different temperature 
and relative humidity. 

6.2 COMFORT AND PERCEIVED IAQ IN THE HEAVY TIMBER STRUCTURES 

The global thermal comfort, the respiratory comfort and the perceived IAQ of inhabitants living in a 
heavy timber construction were assessed by in-situ measurements and numerical simulations with the 
available standard and equations described in the preceding chapter. 

6.2.1 RESULTS FROM THE IN-SITU MEASUREMENTS 

The percent dissatisfied with warm respiratory comfort was calculated by (6.1) from the data gathered 
during the year 2003 in the four apartments at the Vetenskapsstaden building.  
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Figure 6.3: Acceptability of the perceived IAQ according to equation (6.2). 
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The cumulative probability distribution of the results is shown in Figure 6.4 for each apartment. One 
clearly notices that the percentage of dissatisfied is below 10 % during 50-70 % of the year 2003. The 
amount of time, where the percent dissatisfied is above 20 %, occurs during 15-20 % of the year 2003 
and that mostly during summer when the indoor temperature is high (see Figure 6.2, which depicts the 
influence of the temperature on the percent dissatisfied). Table 6.1 gives the mean value and the 
coefficient of variation of percent dissatisfied with warm respiratory. It is shown that the mean value in 
each apartment remains within an acceptable range. 

The acceptability of the perceived IAQ in each apartment is depicted in Figure 6.5 for the entire year 
2003. The results seem fairly good with a mean acceptability varying from 0.38 to 0.52. Furthermore, 
one notices a limited spread of the acceptability lying mostly between 0 and 1 as shown in Figure 6.3.  

One may of course question the validity of the equations (6.1) and (6.2). It is indeed not sure if these 
equations remain valid when considering the time-dependency and dynamic of the indoor temperature 
and relative humidity. It is indeed recall that these equations have been developed from steady-state 
studies. It is furthermore difficult to correlate the MBC of the building structure at the Vetenskapsstaden 
building with the results shown in Figure 6.4 and Figure 6.5. 

Table 6.1: Mean value and coefficient of variation of percent dissatisfied with warm respiratory in the four apartments 
at the Vetenskapsstaden building in 2003. 

 Apartment 1 Apartment 2 Apartment 3 Apartment 4 

Mean value [%] 7.9 12.5 9 9.6 

Coef. of variation 1 1 0.9 1.2 
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Figure 6.4: Cumulative probability distribution of the percent dissatisfied with warm respiratory comfort in the four 
different apartment of the Vetenskapsstaden building. 
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6.2.2 NUMERICAL SIMULATION 

To get a clear idea of the effect of the MBC of the building structure onto the PPD, the percent 
dissatisfied with warm respiratory and the acceptability of the perceived IAQ, a numerical simulation 
was carried out in Hameury (2004). The model is identical as the one developed in Paper IV. 
However, the water vapour concentration in the air (kg·m-3) was used as the moisture potential instead 
of the moisture content (%). The moisture transfer coefficient was also modified in order to take into 
account the application of a coating system on the inner surface of the structure (Hameury, 2004). In 
the modelling, the coating systems were considered as pure resistances with no moisture capacity and 
thickness. 

The room investigated is a rectangular living room of 6×5 m2 with a net volume of 78 m3. The room is 
situated south-west and the six-metre long exterior wall is exposed south. The room is situated at the 
second floor of a multi-storey heavy timber dwelling. The room is exposed to a synthetic Nordic 
climate during a summer day and a winter day as shown in Figure 6.6.  

The building structure is equivalent to the Vetenskapsstaden building. Both exterior walls exposed west 
and south are provided by a 2-glasses window of type Pilkington Optitherm SN4-15Ar-SN6, with a 
frame fraction of 1 %, and a frame U-value of 2 W·m-2·K-1. The U-value of the glazing is fixed to 
1.1 W·m-2·K-1, the solar heat gain coefficient to 0.6004 and the solar transmittance to 0.4788. The 
surface area of each window is fixed to 1.5 m2 and internal window shading is supplied composed of a 
light, tightly woven internal drape. Thereby, multipliers of 0.44 for the total shading coefficient, of 0.21 
for the short wave shading coefficient, and of 0.77 for the window U-value are provided (ASHRAE, 
1997). The windows stay closed during the whole numerical simulation. A convective internal mass 
corresponding of 40 % of the floor area is assumed with a heat transfer coefficient of 6 W·m-2·K-1. 
Furthermore lights of total power 100 W composed the indoor space. The lights are turned on 
between 6.00 am and 8.00 am, between 8.00 pm and 10.00 pm during the summer evenings, and 
between 5.00 pm and 10.00 pm during the winter evenings. The rate of heat gain from equipments is 

 

Figure 6.5: Distribution of the perceived IAQ in the four different apartment of the Vetenskapsstaden building. The 
results are given with the average and coefficient of variation. 
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fixed to 100 W and follows an identical time schedule as for the lighting. The air is considered well 
mixed in the zone and the air velocity is fixed to 0.1 m·s-1. 

During the winter daily period, 200 W of heating power is supplied to the room continuously. The 
ventilation system is of type CAV. The supply temperature is fixed to 20 °C during the winter period 
and 17 °C during the summer period. The simulation is launched for five different ventilation rates. 
The lowest ventilation rate is fixed to 0.3 h-1, corresponding to an airflow rate of 0.22 l·s-1·m-2. This 
value is below the minimum ventilation rate of 0.35 l·s-1·m-2 required by the Swedish Building Code 
BBR94. The other ventilation rates are fixed to 0.5, 0.8, 1, and 1.2 h-1, corresponding respectively to 
0.36, 0.58, 0.72, and 0.87 l·s-1·m-2. 

The zone is occupied between 6.00 am and 8.00 am and between 5.00 pm and 10.00 pm by two adults 
of body surface 1.8 m2. The metabolic rate of the occupant is set constant to 1 Met, which corresponds 
to 58.18 W·m-2 of body surface. This is the metabolic rate of a seated and relaxed person. The clothing 
insulation level is fixed to be 0.5 Clo in summer and 0.9 Clo in winter. 1 Clo is equivalent to a heat 
surface resistance of 0.155 m2·K·W-1. The moisture sources in the zone arise from the water vapour 
release from the occupants and from other sources, assumed constant throughout the day and fixed to 
0.5 g·m-3·h-1. 

In order to study the effect of the MBC of the heavy timber structure onto the climate comfort, three 
different cases were looked at. In Case 1, the wood inner surface of the structure is directly exposed to 
the indoor environment.  In Case 2, a water vapour permeable coating of permeance of 5.10-9 kg·s-1·m-

2·Pa-1 was applied onto the inner surface of the heavy timber structure. In Case 3, a water vapour 
impermeable coating of permeance 1.10-12 kg·s-1·m-2·Pa-1 was applied. The low permeance of the coating 
system hinders almost any moisture interactions between the indoor climate and the building structure. 

The calculated indoor relative humidity and temperature are shown in Figure 6.7 and Figure 6.8. One 
clearly notices the effect of the hygrothermal inertia of the heavy timber structure on the indoor 
relative humidity and temperature. The figures show the maximum and minimum achieved results 
during the considered period (i.e. a summer day, or a winter day), for each considered ventilation rates 
and for the three different cases. The amplitude of the relative humidity fluctuations decreases when 
increasing the MBC of the structure (i.e. decreasing the moisture resistance of the coating) during both 
the winter and summer day. Furthermore, the average indoor relative humidity is higher during a 
winter day when the MBC of the structure is fully activated, something which could be of benefit to 
prevent conditions of dry indoor air to occur during the winter period in a heavy timber structure.  
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Figure 6.6: Synthetic summer and winter day-to-day outdoor climate fluctuations in Stockholm/Bromma. 
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The increase of the average indoor relative humidity during a winter day is supposed to be due to a fall 
in the mean indoor temperature (and therefore a mean decrease of the saturated water vapour 
pressure) as shown in Figure 6.8. The moisture exchanges between the heavy timber structure and the 
indoor air seem indeed to cause a slight decrease of the maximum and minimum achieved indoor 
temperature during the winter and the summer day. However, the amplitude of the indoor temperature 
fluctuations remains almost the same. 

The PPD, the local comfort with warm respiratory and the acceptance of the perceived IAQ are 
shown respectively in Figure 6.9, Figure 6.10 and Figure 6.11. In Figure 6.9, the maximum and 
minimum PPD are shown for the three cases and for both a winter day and a summer day. For the 
summer period, one notices almost no influences of the MBC to the PPD. For the winter period, one 
notices a slight increase of the PPD when the MBC of the structure is fully activated, due to a 
combined drop of the mean indoor temperature and an increase of the mean indoor relative humidity. 
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Figure 6.7: Maximum and minimum calculated indoor relative humidity during a winter and a summer day as a 
function of the ventilation rate and the MBC of the structure. 
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Figure 6.8: Maximum and minimum calculated indoor air temperature during a winter and a summer period as a 
function of the ventilation rate and the MBC of the structure. 
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In Figure 6.10, it is shown that the MBC of the heavy timber structure decreases slightly the percent 
dissatisfied with warm respiratory during both seasons and especially at lower ventilation rates. One 
should not take into consideration the absolute results. Of more interest is the relative comparison 
between the three different cases. One also notices a decrease of the amplitude of percent dissatisfied 
with warm respiratory achieved during a winter and a summer day when we increase the MBC of the 
structure. 

The maximum and minimum calculated acceptability of the perceived IAQ is shown in Figure 6.11 for 
the three different cases and for a winter and summer day. Once again, the influence of the MBC on 
the acceptability of the perceived IAQ is less strong at a high ventilation rate. The minimum 
acceptability is increased for a summer day when the MBC of the structure is activated and the 
ventilation is decreased. The same conclusion may be drawn for a winter day but the effect is less 
strong since the acceptability is already good for the all range of ventilation rates. 

 

Winter Daily Period

0

10

20

30

40

50

60

70

80

90

100

0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2
Ventilation rate [1/h]

Pr
ed

ic
te

d 
Pe

rc
en

ta
ge

 
D

is
sa

tis
fie

d 
(P

PD
) [

%
]

Case 1: Maximum achieved PPD Case 1: Minimum achieved PPD
Case 2: Maximum achieved PPD Case 2: Minimum achieved PPD
Case 3: Maximum achieved PPD Case 3: Minimum achieved PPD

Summer Daily Period

0

10

20

30

40

50

60

70

80

90

100

0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2
Ventilation rate [1/h]

Pr
ed

ic
te

d 
Pe

rc
en

ta
ge

 
D

is
sa

tis
fie

d 
(P

PD
) [

%
]

Case 1: Maximum achieved PPD Case 1: Minimum achieved PPD
Case 2: Maximum achieved PPD Case 2: Minimum achieved PPD
Case 3: Maximum achieved PPD Case 3: Minimum achieved PPD

Figure 6.9: Maximum and minimum calculated Predicted Percentage of Dissatisfied during a winter and a summer 
day as a function of the ventilation rate and the MBC of the structure. 
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Figure 6.10: Maximum and minimum calculated Percentage of Dissatisfied due to warm respiratory during a winter 
and a summer day as a function of the ventilation rate and the MBC of the structure. 
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Figure 6.11: Maximum and minimum calculated Acceptability of the perceived IAQ during a winter and a summer 
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CCHHAAPPTTEERR  77::    
GGEENNEERRAALL  CCOONNCCLLUUSSIIOONNSS  AANNDD  NNEEEEDDSS  FFOORR  FFUURRTTHHEERR  RREESSEEAARRCCHH  

 

7.1 GENERAL CONCLUSIONS 

The hygrothermal performances of heavy timber constructions have been investigated in this Doctoral 
dissertation. The results presented are based on different scientific methods divided into the following 
moments: full-scale in-situ measurements, laboratory measurements, and modelling accompanied by 
numerical simulations. 

The in-situ measurement campaign carried out at the Vetenskapsstaden building has provided several 
indications about the contribution of a heavy timber structure to buffering the indoor temperature and 
humidity. A direct quantification of the heat stored in the structure has been provided for day-to-day 
and year-to-year periods as well as a direct quantification of the moisture stored in the structure for 
year-to-year periods. During the year 2003, the results show that the first 31 mm of the cross-laminated 
wood panels exposed to the indoor are able to store ca. 75 g·m-2 of moisture. However, the moisture 
penetration in wood is so small considering the day-to-day periods that the measuring technique used 
and based on a resistive method was not able to provide relevant information for this specific time 
period. Globally, we can conclude that the recorded indoor temperature and relative humidity in the 
four investigated apartments remain in between good ranges along the year 2003. The indoor relative 
humidity remains well below 70 %. Dry conditions between 15 % and 30 % relative humidity have 
been however measured during the heating season and this may create a risk for respiratory infections. 
But it shall be clear that the occurence of dry conditions is not a specificity of dwellings built from 
heavy timber structures and this problem occurs in every dwellings located in a cold climate and where 
no humidifiers operate during the heating season. Finally, the measured monthly mean water vapour 
excess in the four apartment remains very low and almost never reached the upper limit of the Indoor 
Climate Class 1 as defined in the European standard EN ISO 13788 (2001). The monthly mean water 
vapour excess in the four apartments is even found negative during the warm season, something which 
can only be explained by the high Moisture Buffering Performances of the heavy timber structure.  

The complicate and slow moisture penetration in wood indicates that the analysis of the hygric 
response of heavy timber structures exposed to a sudden increase or to day-to-day humidity 
fluctuations shall focus on the first millimetres of wood material exposed to the indoor humidity 
fluctuations. Magnetic Resonance Imaging of bound water in wood has proved to be a versatile method for 
gaining quantitative information on this space scale. A new method based on this technique has been 
developed in this Thesis to achieve information on both the spatial distribution of bound water in 
wood exposed to day-to-day moisture fluctuations and on the Moisture Buffer Value described in a 
Nordtest protocol. A high spatial resolution of ca. 127 µm was achieved in this work. It was shown 
that wood exposed in the longitudinal direction has the best Moisture Buffering Capacity followed by 
wood exposed in the radial direction, as expected. The Moisture Buffering Capacity of Scots pine exposed 
in the radial direction is slightly higher than in the tangential direction.  

Laboratory measurements of Scots pine coated with different finishes were carried out. The outcomes 
show that the finishes have a significant impact on the Moisture Buffering Capacity of the underlying 
Scots pine. In the case of Scots pine coated with finishes opened to moisture diffusion, the Moisture 
Buffer Value does not drastically decrease compared to uncoated Scots pine and may actually exceed or 
reach the same Moisture Buffering Value. This is the case for a waterborne alkali silicate coating studied in 
this Thesis and where it is demonstrated that the Moisture Buffering Value is higher than for uncoated 
Scots pine. From this result, the author would therefore recommend to use this type of coating system 
if one wants to preserve the overall Moisture Buffer Performances of heavy timber structures. Furthermore, 
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Scots pine coated by linseed oil paints sees its Moisture Buffer Value decreased but to a less extent in 
comparison to Scots pine coated by water vapour tight coating such as water-borne acrylic paints.  

Finally, it has been shown that the indoor comfort is influenced by the hygric performances of the 
heavy timber structures. The Moisture Buffering Capacity of a heavy timber structure has a good impact 
on the local thermal comfort in a cold climate area, especially during the winter period where dry air 
conditions occur. The local comfort with warm respiratory and the perceived Indoor Air Quality have 
been shown to be acceptable from the recorded data measured at the Vetenskapsstaden building. If these 
last results can be ascribed to the hygrothermal performances of the structure alone remains however 
to be proved.  

Numerical simulations have provided a valuable tool for the investigation of the day-to-day hygric 
performances of a heavy timber structure. A new model for heat and moisture transport in a massive 
wood envelope has been developed and implemented in the modular simulation environment, IDA 
ICE 3.0. The results of the numerical studies show that the Moisture Buffering Performances of a heavy 
timber structure is appreciable especially at the low ventilation rates, and increases greatly in 
effectiveness with a sufficiently large surface of wood exposed indoor and for high indoor moisture 
loads. It is further shown that the application of a coating of low water vapour permeability on the 
wood substrate exposed indoor decreases drastically the Moisture Buffering Performances of the structure. 

7.2 NEEDS FOR FURTHER RESEARCH 

There is a need for further research in the field of the hygrothermal inertia of the building envelopes in 
general. Some ideas are proposed thereafter in the light of the results achieved during this research 
work: 

1. Development of in-situ measurement methods based on portable Nuclear Magnetic Resonance 
imaging technique could provide a mean to probe the moisture distribution at the surface 
vicinity of the structure exposed indoor. This would be of particular interest to study in-situ 
how the structure performs against short peaks of indoor humidity, this information being not 
measurable at the Vetenskapsstaden building with the used resistive technology. The portable 
MRI technique already exists on the market and is especially used for quality control of 
products at the moment. The work would thus consist in developing a suitable pulse sequence 
to probe in-situ the moisture in the first millimetres below the inner surface of the building 
envelopes. A high spatial resolution and a short acquisition time shall be sought.  

2. The MRI method developed in Paper V shall be investigated further with a sensitivity analysis 
of the parameters used in the sequence, of the blurring artefacts and of the contrasts arising 
from the spatial distribution of the spin-lattice and spin-spin relaxation times. The development 
of an in-situ climate generator linked to the NMR magnet shall be envisaged so that the wood 
samples remain within the NMR probe during and between all the measurements. Finally a 
suitable calibration method to transpose the recorded NMR signal into moisture concentration 
shall be developed. 

3. The impact of the Moisture Buffering Capacity of heavy timber constructions on the energy 
consumption has not been studied in this Thesis. More generally, there is a growing interest to 
understand the influence of moisture transport in the building envelopes to the heat flows and 
ultimately the energy consumption. 

4. A NORDTEST was launched to define and develop a test protocol to quantify the MBC of 
building materials. The Moisture Buffer Value has been one of the outcomes but there are still 
needs to develop design methods for the architects who are willing to use the hygric 
performances of building materials to buffer the indoor humidity. 
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